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Geological disasters in deep engineering: mechanism, warning and risk mitigation


INTRODUCTION
With the increasing demand for infrastructure construction as the global economy progresses, the need for exploration and utilization of deep underground space becomes more crucial. Various deep underground projects are planned, are under construction, and have been built to encounter great construction challenges due to the complex geo-environment such as strong tectonic movement, fragile geo-environment and complex thermo-hydro-mechanical-chemical conditions. These deep engineering projects could be endangered by different kinds of geological disasters, such as intense rockburst, large deformation, strong water inrush, and large-scale collapse, which might result in massive loss of life and economic damage during the construction of deep underground projects.
Efforts are being called for strengthening science and technology innovation and cooperation in geological disaster mitigation and sustainable development during the construction of deep engineering projects. To mitigate the risk of geological disaster in deep engineering under the complicate geo-environment, the mechanism of the formation and evolution of geological disasters in deep engineering needs to be understood. The testing, monitoring, simulation, risk assessment and early warning methods for geological disaster in deep engineering are also needed urgently. New theories, methods and techniques related to the mechanism, warning and risk mitigation of geological disasters in deep engineering will be extremely helpful for the construction safety of deep engineering.
PROGRESS IN THE RESEARCH TOPIC
In order to attract scholars’ attention to geological disasters in deep engineering, the current Research Topic “Geological disasters in deep engineering: mechanism, warning and risk mitigation” was organized. This Research Topic has an overarching focus on new theories, methods and techniques that have been developed to reveal the mechanism and to warn and mitigate the risk of geological disasters in deep engineering. There are 38 papers in this Research Topic with 210 authors. According to the main content of these papers and the Research Topic, I summarized and divided the papers into three parts and 10 papers were selected to show as an example.
FORMATION AND EVOLUTION OF GEOLOGICAL DISASTERS IN DEEP ENGINEERING AND THEIR MECHANISM
Recognition of the characteristics, laws, and mechanisms of geological disasters in deep engineering is the basis for reasonable evaluation, warning, and control of them. Yuan et al. studied the influence of the Xianshuihe fault zone on in-situ stress field of a deep tunnel under construction in southwestern China and its engineering effect. Zhang et al. investigated the spatial and temporal distribution of mining-induced seismicity before and after multiple deep-hole blasting and simulated the stress and displacement in hard rock based on the engineering background of a panel of Dongtan deep coal mine. Zhang et al. studied the triggering and relationship between mine earthquake activities and stress of Earth tides during deep mining based on the Yanbei coal mine in China. Wang et al. elucidated the mechanism underpinning the surface deformation of the hanging wall in the eastern part of the Jinshandian iron mine based on surface deformation data collected over a period of 13 years. Zheng et al. studied the failure difference of hard rock based on a comparison between the conventional triaxial test and true triaxial test.
TESTING AND MONITORING TECHNOLOGIES FOR GEOLOGICAL DISASTER IN DEEP ENGINEERING
In order to study and reveal the formation mechanism of geological hazards in deep engineering and provide a warning, a series of monitoring and analysis techniques have been developed and optimized, such as microseismic monitoring technology, stress measurement technology, et al. Li et al. studied the influence of the microseismic sensor coordinate error on the microseismic source location and a calculation method for the microseismic sensor coordinate error threshold was proposed and used in Beiminghe iron mine in Hebei Province in China. Zhang et al. proposed an effective denoising method based on cumulative distribution function thresholding and applied it in a metal mine. Wang et al. proposed a deep borehole in-situ stress measurement method based on multi-array ultrasonic scanning technology based on the wall collapse in deep borehole.
RISK ASSESSMENT AND WARNING METHODS FOR GEOLOGICAL DISASTER IN DEEP ENGINEERING
Risk assessment and warning methods for geological hazards in deep engineering are the basis for specifying prevention strategies and adopting reasonable prevention measures, as well as the prerequisite for avoiding risks and ensuring the smooth implementation of deep engineering. Guo et al. proposed a method that takes into account the in-situ stress, rock mass integrity, span length, and depth of highly damaged zone to determine the excavation damage zone in underground engineering. Wei et al. developed a hybrid model based on information entropy and unascertained measurement incorporating four membership functions to evaluate the tunnel squeezing, which is able to enrich the available risk evaluation methods for deep underground excavation projects.
DEVELOPMENT TREND
Research on evolution mechanism, warning, and risk mitigation of disasters in deep engineering in different fields, such as water conservancy and hydropower, transportation, national defense, and deep basic physics laboratories, is a major topic in engineering construction and operation. The failure characteristics of rockmass in deep engineering are significantly different from those in shallow engineering, posing a huge challenge to the research on rock mechanical properties and disaster mechanism recognition, warning and analysis theory, and risk mitigation. There are various types of disasters in deep engineering, such as rockburst, deformation, water intrusion, collapse, et al. A rockburst is defined as damage to an excavation that occurs in a sudden or violent manner and is associated with a seismic event. The author of this Editorial is mainly engaged in research on the mechanism, monitoring, warning, and control of rockburst in deep engineering. Here, several suggestions on rockburst for future research are given as an example.
Considerable progress has been made in the study of rockburst development process. It includes the characteristics, types, induced effects of construction methods, mechanisms, testing and observation monitoring methods, as well as the theory and technology of rockburst warning and risk mitigation.
OBSERVATION, MONITORING AND MECHANISM OF ROCKBURST IN DEEP ENGINEERING
Currently, a systematic indoor and on-site comprehensive observation and monitoring technology for rockburst in deep engineering has been established. The mechanism of rockburst development in deep engineering was revealed to a certain extent. A deeper understanding of the mechanism of immediate rockburst was obtained. However, the monitoring technology and mechanism of time-delay rockburst and intermittent rockburst in deep engineering still need further research.
WARNING OF ROCKBURST IN DEEP ENGINEERING
The author of this Editorial has conducted a large amount of research on the warning of immediate rockburst in deep engineering and proposed a real-time quantitative warning method for rockburst in deep tunnel. Rockburst warning has been changed from qualitative to quantitative through the method. The method has been tested and applied in a large number of deep engineering projects. However, there is still a lack of effective warning methods for time-delay, intermittent, and fault slip rockbursts.
RISK MITIGATION OF ROCKBURST IN DEEP ENGINEERING
The prevention and control of rockburst in deep engineering has changed from passive to active. And for intense and extremely intense rockbursts, the prevention and control method has risen from empirical to a scientific method. The future direction of efforts is to research new and efficient stress release technologies, energy absorption support systems, and more engineering practices.
ROCKBURST CASE DATABASE AND ARTIFICIAL INTELLIGENCE
The development process of rockbursts in deep engineering is a complex process. A large rockburst case database has been established. Using artificial intelligence methods, such as big data and deep learning, to conduct deep learning on rockburst databases and establish a fully intelligent system is a direction that needs urgent efforts. The rockburst mechanism and risk in different deep engineering projects are different with each other. Taking specific engineering examples to conduct rockburst research and enrich the mechanism understanding, warning, and risk mitigation technologies of rockburst in deep engineering are also the future development directions.
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Surrounding rock squeezing deformation is a common and prominent hazard in tunnel engineering projects, which often induces the shield jamming disaster during the TBM tunneling process. Based on the 139 groups of historical squeezing deformation cases, this study developed a hybrid PCA-IWGO-PNN model for squeezing classification. According to the influencing factors and characteristics of squeezing deformation, the strength-stress ratio, tunnel burial depth, tunnel equivalent diameter, rock mass quality index, and support stiffness were selected to establish the prediction index system of squeezing level. Because the probabilistic neural network (PNN) requires that the input variables are independent, principal component analysis (PCA) was used to preprocess the original data to eliminate the correlation between prediction indexes and achieve dimensionality reduction. The spread coefficient was the critical hyper-parameter in the PNN, and the improved gray wolf optimization (IGWO) algorithm was used to realize its efficient automatic optimization. Then, the PNN model was applied to engineering practice. Only 1 of 20 test samples was misjudged, achieving the 95% prediction accuracy. Finally, the comparison analysis with the artificial neural network (ANN) model, support vector machine (SVM) model, and random forest (RF) model was conducted. Among them, the PNN model achieved the highest prediction accuracy, followed by the artificial neural network (85%), RF (85%), and SVM (80%). In addition, the PNN model had the fastest running speed, which only consumed 5.6350 s, while the running time of ANN, SVM, and RF was 8.8340, 6.2290, and 6.9260 s, respectively. The hybrid PCA-IWGO-PNN model developed in this research provides an effective method for surrounding rock squeezing classification, and it has superiorities in both prediction accuracy and running speed.
Keywords: tunnel engineering, surrounding rock squeezing deformation, squeezing classification, probabilistic neural network, improved gray wolf optimization
1 INTRODUCTION
In recent years, limited by the shallow resources, underground space development and tunnel engineering construction have ushered in a peak period (Zhu et al., 2019). TBM (tunnel boring machine) is widely used in deep-buried and ultra-long tunnels because of high excavation efficiency, low construction cost, and minor environmental disturbance (Liu et al., 2016). However, most of these tunnels are located in areas with high seismic intensity, complex surface topography, and harsh geological conditions. These tunnels’ safe and efficient construction faces enormous challenges, especially when TBM traverses the deep-buried, high-stress, weak, and broken stratum. Due to the narrow overcut gap between the TBM shield and surrounding rock, shield jamming disaster will be caused when the squeezing deformation of surrounding rock exceeds the overcut gap (Hasanpour et al., 2014). The handling of TBM jamming accidents not only seriously delays the construction schedule and threatens the safety of equipment and workers, but also causes huge economic losses and social impacts. Therefore, carrying out the study on the advancing prediction of surrounding rock squeezing levels is essential for TBM jamming disaster prevention and control.
Early studies primarily focused on empirical criteria, such as Singh B (Singh et al., 1992), Jimenez R (Jimenez and Recio, 2011) and Farhadian H (Farhadian and Nikvar-Hassani, 2020) proposed empirical criteria based on tunnel burial depth and rock quality index, and Jethwa J L (Jethwa, 1981), Aydan (Aydan et al., 1996), and Barla G (Barla, 1995) put forward empirical criteria based on tunnel burial depth, rock specific gravity, and uniaxial compressive strength. However, squeezing level prediction is a complex nonlinear problem, and it is difficult for empirical criteria to consider this nonlinear relationship between influencing factors and squeezing. With the deepening of researches, some soft science methods based on artificial intelligence have been introduced to solve nonlinear problems (Liu et al., 2020; Yin et al., 2021a; Zhang et al., 2020a; Zhang et al., 2021b; Yin et al., 2021b; Ge et al., 2021; Zhang et al., 2021a; Yin et al., 2022; Ge et al., 2022; Zhang and Phoon, 2022). Zhang J et al. (Zhang et al., 2020b) proposed a BP neural network method for predicting the squeezing level. Feng X and Jimenez R (Feng and Jimenez, 2015) adopted the strength-stress ratio, tunnel burial depth, tunnel diameter, rock quality index, and support stiffness as predictive indicators and established a Bayesian network (BN) model to predict the squeezing level. Sousa et al. (Sousa and Einstein, 2011) proposed a Bayesian network (BN)-based perception model of harsh geological conditions in front of the tunnel face with TBM tunneling data. R. Hasanpour et al. (Hasanpour et al., 2020a) applied the artificial neural network (ANN) and Bayesian network (BN) to TBM tunneling risk assessment under adverse geological conditions, such as the large squeezing deformation. Sun Y et al. (Sun et al., 2018) proposed a multi-class support vector machine (SVM) method based on tunnel burial depth, tunnel diameter, rock quality index, and support stiffness to evaluate the squeezing level. Chen Y et al. (Chen et al., 2020) developed a novel probabilistic multi-classification prediction framework for the squeezing level. The above prediction methods reveal the laws of squeezing occurrence from different aspects, which enriches the theory of squeezing deformation prediction. However, due to many factors influencing squeezing deformation, its inoculation mechanism is still unclear. It is necessary to make full use of the evaluation index information, explore the intrinsic relationship between the evaluation index characteristics and squeezing level, and combine multiple prediction techniques to conduct the squeezing level prediction, achieving a higher accuracy. Therefore, this study developed a novel multi-algorithm fusion prediction model based on PCA-IGWO-PNN for the squeezing level.
Probabilistic neural network (PNN) has the advantages of simple structure, easy training, fast convergence speed, and robust fault tolerance, etc. It can use a linear learning algorithm to realize the function of a nonlinear learning algorithm, and it has been widely applied to pattern classification problems such as fault diagnosis (Zhang et al., 2021c). When the activation function of the PNN adopts the Gaussian function, the evaluation index need to be uncorrelated and identically distributed. In fact, there is a certain correlation between most of the evaluation indexes of squeezing levels and it is necessary to eliminate the correlation between them before applying PNN.
Common methods to eliminate the correlation between variables include limiting the number of variables, separating overlapping elements, modifying indicator weights, principal component analysis, and factor analysis, etc. Considering that there are multiple evaluation indexes selected in this research, the principal component analysis method (PCA) is used to preprocess the evaluation indexes of squeezing levels. In addition to eliminating the correlation between the indexes, it can also achieve dimensionality reduction and improve the training and prediction speed of the PNN. Finally, this study established a hybrid squeezing level prediction model based on the PCA and PNN, and the hyper-parameter of PNN was automatically tuned by the improved gray wolf optimization (IGWO) algorithm.
2 METHODOLOGY
2.1 Probabilistic Neural Network
Probabilistic neural network (PNN) is based on the radial basis neural network, using activation functions derived from statistical methods to replace sigmoid activation functions. The decision boundary realized by PNN approaches the Bayesian optimal decision surface, which is an organic fusion of radial basis network, Bayesian decision theory, and non-parametric probabilistic density function estimation (Sanal Kumar and Bhavani, 2019). The PNN network is composed of input, pattern, accumulation, and output layers (Dukov et al., 2019), and the network topology is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The topology of probabilistic neural network.
The input layer receives training samples and the number of neurons is equal to the length of the input vector.
The pattern layer is used to calculate the matching relationship between the input vector and each pattern and returns a scalar value. The number of neurons in this layer is the same as the number of input training samples. The vector x is input to the pattern layer, then the output relationship of the j-th neuron of the i-th type pattern in the pattern layer is:
[image: image]
where: d is the dimension of the metric space, σ is the spread coefficient, xij is the j-th center of the i-th sample, and ϕij is the output value of the j-th neuron of the i-th pattern in the pattern layer.
The main function of the accumulation layer is a linear summation and then weighted average. The number of neurons in this layer is the same as the total number of patterns.
The output layer is composed of competing neurons. The number of neurons is the same as the total number of patterns and each neuron corresponds to a pattern. The output of the neuron with the maximum posterior probability density is 1 and the others are 0.
2.2 Improved Gray Wolf Optimization
Gray wolf optimization algorithm is an intelligent algorithm based on the social behavior of wolves. Its basic idea is to search and locate prey for wolves with three leadership levels: α, β, and γ according to hierarchical social characteristics, and guide ω wolf to track and capture prey. The implementation steps of the gray wolf optimization algorithm are described in (Mirjalili et al., 2014a). The gray wolf optimization algorithm has fast optimization speed and high accuracy, but it still has the shortcoming of being easy to fall into the local optimum. Therefore, this paper proposes two strategies to improve the algorithm.
2.2.1 Non-Linear Decreasing Strategy of Convergence Factor
The performance of traditional gray wolf optimization algorithm is affected by the convergence factor a. The linear decreasing strategy of a cannot meet the balance of global and local search. Therefore, this paper proposes a cosine-based non-linear decreasing strategy (Eq. 2). This strategy is shown in Figure 2. As a gradually decreases, the ergodicity increases in the early stage and the local search can be emphasized later to balance the algorithm’s global and local search capabilities.
[image: image]
Where: t is the current iteration number; n is the maximum iteration number.
[image: Figure 2]FIGURE 2 | Convergence factor decreasing strategy.
2.2.2 Dynamic Weighting Strategy Based on Euclidean Distance
In the traditional gray wolf optimization algorithm, the guidance of α wolf, β wolf, and γ wolf to ω wolf is the same, which violates the unique social hierarchical characteristics of the algorithm. So, a dynamic weighting strategy based on Euclidean distance is proposed to handle this problem (Mirjalili et al., 2014b).
This strategy mainly calculates the learning ability of ω wolf against α wolf, β wolf, and γ wolf in the iterative process, and then finds the updated position of ω wolf under the guidance of α wolf, β wolf, and γ wolf, which can be expressed as:
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2.3 Principal Component Analysis
When a correlation exists between input variables, it will increase the information redundancy, and then increase the running time of the model (Yin et al., 2021c). To eliminate the correlation, dimensionality reduction provides a practical way, such as principal component analysis (PCA) (Schimit and Pereira, 2018).
The detailed procedure of PCA is introduced as follows:
1) Establish the raw data matrix [image: image] , in which m is the number of samples and n is the number of input variables;
2) Standardize the raw data matrix using;
[image: image]
where: [image: image] and [image: image] are separately the mean and the standard deviation of the j-th input variable.
3) Calculate the correlation coefficient matrix [image: image] based on the standardized raw data matrix, in which [image: image] represents the Pearson correlation coefficient between the y-th and z-th input variables;
[image: image]
where: [image: image] is Pearson correlation coefficient between input variables Y and Z; [image: image] and [image: image] are separately the mean of Y and Z.
4) Calculate the eigenvalues [image: image] and eigenvectors [image: image] of the correlation coefficient matrix;
5) Obtain the data matrix after dimensionality reduction using
[image: image]
where: [image: image] is the transform matrix, composed of the first k eigenvectors; [image: image] is the standardized raw data matrix.
The ratio ([image: image]) of the information contained in the dimensionality-reduced data to that contained in the raw data is calculated by Eq. 10. The criterion for determining k is that [image: image] is greater than 90%.
[image: image]
3 PCA-IGWO-PNN PREDICTION MODEL FOR SQUEEZING LEVELS
The model’s framework is: (1) Collect squeezing cases according to the selected indicators; (2) In order to eliminate the dimension and magnitude order differences between indicators, standardize the original data; (3) Use principal component analysis (PCA) to preprocess the data for eliminating the correlation between indicators and reducing data dimensionality; (4) Set the IGWO parameters such as the number of wolves, the maximum number of iterations, etc.; (5) Initialize the location of the wolf pack, utilize α wolf, β wolf and γ wolf to guide ω wolf, and select Eq. 11 as the fitness function; (6) Input the training and validation sets into the PNN and introduce the IGWO algorithm for iterative search to obtain the optimal spread coefficient σ of the PNN; (7) Bring the test set into the trained PNN and output the prediction results of the squeezing level; (8) Compare the prediction results of the PCA-IGWO-PNN with the actual situations and the prediction results of other models.
[image: image]
where: Accuracy is the model’s prediction accuracy on the validation set.
4 DATABASE DESCRIPTION
A total of 139 squeezing cases were collected from (Jiao et al., 2021), including China, Nepal, India, and so on (Supplementary Appendix SA). In the 139 cases, no squeezing (Ⅰ) accounted for 20% (28 cases), slight squeezing (Ⅱ) accounted for 27% (37 cases), medium squeezing (Ⅲ) accounted for 23% (33 cases), severe squeezing (Ⅳ) accounted for 19% (26 cases), and extremely severe squeezing (Ⅴ) accounted for 11% (15 cases) (Figure 3). The determination of squeezing levels was based on the relative strain (ε), namely no squeezing with ε < 1%, slight squeezing with 1%≤ ε ≤ 2.5%, medium squeezing with 2.5%< ε ≤ 5%, severe squeezing with 5%< ε ≤ 10%, and extremely severe squeezing with ε > 10% (Jiao et al., 2021). The relative strain (ε) is defined as .
[image: image]
where: [image: image] is tunnel convergence deformation; D is tunnel diameter.
[image: Figure 3]FIGURE 3 | Proportion of different squeezing levels in the database.
The occurrence of squeezing is closely related to geological structure, ground stress, rock mass conditions, and excavation disturbances (Hasanpour et al., 2020b; Xu et al., 2021). The selection of squeezing prediction indicators should meet: (1) they are easy to obtain; (2) they have strong representativeness; (3) they can reflect the characteristics of the squeezing from different aspects. In the early empirical methods, the tunnel depth (H), rock mass quality index (BQ), and strength-stress ratio (SSR) are the most widely used indicators. In addition, support stiffness (K) plays a vital role in controlling the surrounding rock deformation (Dwivedi et al., 2013) and the scale effect of tunnels, namely tunnel equivalent diameter (D0), should be taken into account (Goel et al., 1995). Therefore, five indicators [i.e., H, (BQ), SSR, K, and D0] are finally selected as the prediction variables of squeezing levels. Table 1 gives the acquisition methods of five prediction variables and Table 2 shows the basic statistical description of five prediction variables.
TABLE 1 | The acquisition methods of five prediction variables.
[image: Table 1]TABLE 2 | The basic statistical description of five prediction variables.
[image: Table 2]5 DATABASE PREPROCESSING WITH PCA
Table 3 shows the correlation coefficients among five prediction variables. It can be seen that the correlation coefficient between SSR and (BQ) is over 0.5, indicating that there is a relatively obvious correlation. These redundant information will reduce the operating efficiency of the model, so it is necessary to use principal component analysis to eliminate the correlation between the variables. To avoid the influence of variable dimensions on the dimensionality reduction process, we first use the Z-score method to standardize the original data (Eq. 7). Supplementary Appendix SB demonstrates the standardized data.
TABLE 3 | Correlation coefficients among the original prediction variables.
[image: Table 3]Table 4 shows the variance contribution rate of each principal component and their cumulative contribution rate. Referring to Table 4, the cumulative contribution rate of the first four principal components reaches 95.24%, indicating that the first four principal components contain 95.24% of the original information, which meets the requirement of principal component selection. Therefore, this paper selects these four principal components as the new prediction variables to replace the five original ones. By analyzing the correlation, it can be found that the new prediction variables (y1, y2, y3, and y4) are totally independent of each other and the correlation coefficients are all 0 (Table 5). Table 6 gives the principal component coefficient matrix, from which the relationship between the new prediction variables and the original ones can be expressed as Eq. 13. Supplementary Appendix SB shows the data after dimensionality reduction.
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where: [image: image] , [image: image] , [image: image] , [image: image] , and [image: image] separately refer to the standardized data of SSR, H, [BQ], D0, and K.
TABLE 4 | Calculation results of PCA.
[image: Table 4]TABLE 5 | Correlation coefficients among the new prediction variables.
[image: Table 5]TABLE 6 | The coefficient matrix of principal components.
[image: Table 6]6 MODEL CONSTRUCTION AND APPLICATION
The database after dimensionality reduction is split into three parts by the stratified sampling: the training set (99 samples), the validation set (20 samples), and the test set (20 samples) (Table 7). The training set is used to train the model, the validation set is used to calculate the fitness function and optimize the model hyper-parameter, and the test set is used to evaluate the model performance in engineering practice.
TABLE 7 | The number of samples with varying squeezing levels in the training, validation, test sets.
[image: Table 7]6.1 Hyper-Parameter Optimization With IGWO
The spread coefficient plays a vital role in the prediction performance of PNN. If the value of the spread coefficient is too small, it is easy to cause the network to overfit; if the value of the spread coefficient is too large, the details cannot be wholly distinguished and the network is close to a linear classifier. This study adopts an improved gray wolf optimization algorithm to optimize the spread coefficient automatically.
The prediction variables (y1, y2, y3, and y4) after dimensionality reduction constitute the input vector of PNN. Moreover, there are 99 sets of training samples and five squeezing levels. Therefore, the number of neurons in the input layer, pattern layer, accumulation layer, and output layer of the PNN are 4, 99, 5, and 5, respectively. In order to select the optimal spread coefficient, 99 sets of training samples are firstly input to train PNN, and then 20 sets of validation samples are input to calculate the fitness function under different spread coefficients.
The optimization range of the spread coefficient is set to (0, 10). The wolf pack size in the improved gray wolf optimization algorithm is set to 30, and the maximum number of iterations is 400. Figure 4 shows the evolution curve of the fitness function with the number of iterations. In the first 20 iterations, the fitness function dropped sharply. Between 20 and 140 iterations, the fitness function was stable, but then there was a decline. The fitness function did not truly converge until 150 iterations. The optimization result of the 400th iteration is used as the optimal spread coefficient. At this time, the spread coefficient is taken as 1.58 and the corresponding fitness function is 1.11.
[image: Figure 4]FIGURE 4 | The evolution curve of fitness function with the number of IGWO iterations.
6.2 Prediction Performance Evaluation
The optimized PNN model is applied to the test set, and the prediction results of 20 sets of test samples are shown in Figure 5. Only one of the 20 test samples was misjudged by the PNN, reaching a prediction accuracy of 95%. For this misjudged test sample, its actual squeezing level is medium squeezing, but it is predicted to be a severe squeezing. From the perspective of engineering safety, this phenomenon is acceptable, because it is more advantageous for the predicted level to be higher than the actual level in comparison with the predicted level to be lower than the actual level. In particular, in two types of catastrophic accidents, namely severe squeezing and extremely severe squeezing, the PNN showed 100% prediction accuracy.
[image: Figure 5]FIGURE 5 | PNN prediction results on the test set.
To further illustrate the superiority of the PNN model, its prediction results are compared with that of the artificial neural network (ANN), support vector machine (SVM), and random forest (RF) (Table 8). Among the above four models, the PNN has the highest prediction accuracy with 95%, followed by the ANN (85%), RF (85%), and SVM (80%). In addition, the running times of the four models are separately 5.6350s (PNN), 8.8340s (ANN), 6.2290s (SVM), and 6.9260s (RF). It can be seen that the PNN consumes the shortest running time, achieving the fastest running speed. In terms of both prediction accuracy and running speed, the PNN built in this paper has certain advantages (Table 9).
TABLE 8 | Comparison analysis of different prediction models.
[image: Table 8]TABLE 9 | Performance evaluation of different prediction models.
[image: Table 9]7 CONCLUSION
Surrounding rock squeezing deformation is a common risk source, which can induce shield jamming disasters in TBM-excavated tunnels. To accurately predict the squeezing levels, this study proposed a hybrid model of PCA-IGWO-PNN. The main conclusions are as follows.
1) The strength-stress ratio, tunnel burial depth, tunnel equivalent diameter, rock mass quality index and support stiffness constitute the evaluation index system for the squeezing level prediction. Considering the index independence requirement of PNN, the PCA is used to preprocess the original data to eliminate the correlations and achieve dimensionality reduction. After that, four independent principal components, which are linearly combined by the original evaluation indexes, are used as the comprehensive evaluation indexes of squeezing levels.
2) The spread coefficient has a significant influence on the PNN performance, and the IGWO optimization results indicate that when the spread coefficient is taken as 1.58, the fitness function converges to the global minimum (1.11). Among the 20 test samples, the built PNN model with the optimal spread coefficient only misjudges 1, achieving the prediction accuracy of 95% in engineering application.
3) Comparison results with the ANN model, SVM model, and RF model show that the PNN model has the highest prediction accuracy, followed by ANN (85%), RF (85%), and SVM (80%). In addition, the PNN model runs fastest in the above four models, only consuming 5.6350s, while the ANN, SVM, and RF separately consume 8.8340, 6.2290, and 6.9260 s. From the aspects of the prediction accuracy and running speed, the PNN model proposed in this paper is the most superior and feasible, which provides an effective method for surrounding rock squeezing classification.
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With the wide application of full-face rock tunnel boring machine (TBM) in tunnel construction, the self-adaptive adjustment of TBM tunneling parameters is of great significance for the safety and efficiency of TBM tunnelling. Aiming at the shortcomings of the current TBM data mining capability and optimization methods of tunneling parameters, this paper proposes a prediction method of TBM tunneling parameters based on particle swarm optimization-bi-directional long short-term memory (PSO-Bi-LSTM) model, which selects the complete tunneling cycle data to predict the TBM tunneling parameters, and uses a number of numerical methods such as binary state discriminant function and [image: image] criterion to preprocess the operation data of TBM3 bid section of Songhua River water conveyance project. By comparing with the Bi-LSTM model and evaluating the prediction effect under different surrounding rock levels, the applicability and prediction performance of the model to different strata are verified. The results show that the prediction accuracy of the model is proportional to the surrounding rock grade. Compared with the Bi-LSTM, the overall prediction effect of the proposed PSO-Bi-LSTM model is better, which can assist the intelligent construction of TBM with similar geological conditions.
Keywords: tunnel engineering, TBM, PSO-Bi-LSTM, tunneling parameter prediction, intelligent construction
INTRODUCTION
With the large-scale development of infrastructure construction and the continuous application of new technologies in China, large-scale engineering equipment integrating soil cutting, tunnel support and other functions, namely tunnel boring machine (TBM), has become the first choice for various medium and long-distance tunnel construction due to its remarkable advantages such as high efficiency, safety, and economy (Gao et al., 2019; Hou and Liu, 2021). However, due to the variability of TBM tunneling parameters and the complexity of geological conditions (Feng et al., 2015; Feng et al., 2022; Yang et al., 2022), it is difficult to quantitatively analyze the interaction law between TBM and rock. Tunneling often relies on human experience to adjust repeatedly, and the real-time matching is poor, and it cannot adapt to the complex geological environment (Zhang et al., 2018a; Afradi et al., 2021). Therefore, accurate and effective real-time prediction of TBM tunneling parameters has become an urgent problem to be solved in the field of tunnel engineering.
In recent years, scholars have proposed a series of prediction models around the prediction of TBM tunneling parameters, including theoretical prediction models (Evans, 1965; Zhou et al., 2016), empirical prediction models (Barton, 2000; Gertsch et al., 2007), and prediction models based on machine learning methods (Sun et al., 2018; Zhang et al., 2021a). Based on indentation test or full-scale laboratory cutting test, the theoretical prediction model quantifies the equilibrium force equation required for cutting force. For example, the CSM model proposed by the Colorado School of Mines (Rostami, 1997) summarizes rock breaking laws and calculates TBM tunneling parameters based on the results of full-scale laboratory cutting tests on plenty of rock samples. This type of model considers limited engineering factors and has certain limitations. For improving the applicability of the theoretical model, Yagiz (Yagiz, 2006) improved the CSM model and introduced the research on the brittleness and discontinuity of rock mass. Zhang et al. (Zhang et al., 2013) established a theoretical load prediction model for shield tunneling machines with Earth pressure balance considering the influence of soil-rock interlayer foundation. Zhou and Zhai (Zhou and Zhai, 2018) extended the theoretical cutter head torque model to mixed surface grinding. In addition to the above theoretical prediction models, different scholars have conducted multi-angle explorations on the prediction of TBM tunneling parameters based on empirical learning methods and have made certain research progress. Krause (Krause, 1976) proposed a widely used empirical formula for TBM load prediction. Xue et al. (Jing et al., 2019) studied the rock crushing process based on experiments. Entacher et al. (Entacher et al., 2014) proposed a rock crushing test method for cutting experiments and used an empirical method to estimate the load in the light of the test results. In addition, with the continuous improvement of test equipment, multi-factor prediction models represented by the Norwegian Institute of Technology (NTNU) model (Sun et al., 2018) have been widely used. Although the above models have achieved abundant research results, they still have different degrees of limitations in the prediction process. Based on the existing engineering experience and through regression analysis, the empirical prediction model establishes the empirical relationship between the TBM tunneling parameters and rock mass parameters, but it only has a good prediction effect on specific strata, and the factors considered in the prediction process are limited. It has great limitations and poor universality under different geological conditions. The theoretical prediction model is mainly based on the summary of test results and mechanical theoretical analysis and cannot sensitively capture the small changes of TBM load, which is quite different from the actual TBM tunneling construction.
With the rapid development of artificial intelligence technology and the continuous improvement of various detection technologies (Zhang et al., 2020a; Zhang et al., 2021b), to make up for the shortcomings of the above traditional prediction models, many scholars have proposed a series of new intelligent prediction models for TBM tunneling parameters based on machine learning algorithms. Wen et al. (Wen et al., 2009) established a predication model based on Monte Carlo-BP neural network and ranked the importance of parameters to improve the prediction accuracy of TBM tunneling speed. Mahdevari et al. (Mahdevari et al., 2014) and Tao et al. (Tao et al., 2015) applied support vector regression (SVR) and random forest to predict the penetration rate of TBM in hard rock conditions, respectively. Xiong et al. (Xiong et al., 2017) established a BP neural network model through MATLAB based on the surrounding rock and machine performance parameters to predict the penetration of TBM. Compared with other optimization algorithms, particle swarm optimization (PSO) has the several advantages, that is, fewer parameters need to be adjusted, the algorithm implementation is simpler, the efficiency is higher, the robustness is better, and it is easy to converge. Therefore, Hou et al. (Hou et al., 2020) improved the standard particle swarm optimization (PSO) algorithm and proposed a TBM prediction model based on the improved PSO to optimize the BP neural network. In addition, Hou et al. (Hou et al., 2019) proposed an exponential adjustment inertia weight immune particle swarm optimization to enhance the accuracy and reliability regarding the selection of shield tunneling parameter values. The application of machine learning algorithm effectively improves the prediction accuracy of TBM tunneling parameter. However, due to the timeliness of TBM parameters, the machine learning algorithm fails to consider the time variation characteristics of various parameters, which greatly increases the difficulty of feature extraction and analysis in the prediction process. Therefore, the further development of more robust and effective algorithms is still an urgent problem to be solved.
As a new field, deep learning (Zhang et al., 2021c) has the advantages of efficient learning, transferability and strong adaptability compared with traditional machine learning algorithms. Due to advanced optimization techniques and powerful GPU computing power, deep learning models have been successfully applied in practical engineering fields such as speech recognition (Zhang et al., 2018b), image processing (Graves et al., 2009), and machine translation (Tan et al., 2018). Recurrent neural network (RNN) (Jin et al., 2018) is a special network structure in neural network for processing time series data, which is widely used in sequence related fields such as language model (Zhao and Dong, 2018), part-of-speech tagging (Si et al., 2018). The long-short term memory (LSTM) network (Vlachas et al., 2018; Liu et al., 2019; Zhang et al., 2020b; Wang et al., 2021) improves the unit structure of the traditional recurrent neural network and effectively solves the long-term dependency problems such as gradient disappearance in the RNN network. However, LSTM network is a one-way sequence structure, which cannot use the subsequent time information to calculate the output, and the data processing process is cumbersome. To solve this problem, this paper improves the propagation mode of LSTM neural network, introduces a bidirectional learning strategy, optimizes the model by PSO, and puts forward a prediction method of TBM tunneling parameters based on PSO-Bi-LSTM model.
Taking the data set based on the TBM3 bid section of Songhua River water conveyance project as the research object, 9,350 tunneling cycles are randomly selected as the model training set in the light of the ratio of 17:1 by data mining method. Different from the traditional prediction method that uses the data of the ascending segment to predict the parameters of the stable segment, this paper selects the data of the complete tunneling cycle to predict the TBM tunneling parameters. Using Pearson correlation analysis, this paper extracts the 21 key parameters with the highest correlation with the predicted parameters from the 199-dimensional tunneling parameters of the complete tunneling cycle as the model input features. Meanwhile, the Adam optimizer is used to train Bi-LSTM, and the mean square error (MSE) is used as the loss function of the model. By comparing with the current relevant algorithms and analyzing the prediction effect under different surrounding rock grades, the prediction performance of the PSO-Bi-LSTM model and its applicability under different surrounding rock grades are verified, to provide a more feasible intelligent decision-making method of tunneling parameters for TBM-assisted intelligent construction.
BI-LSTM MODEL OPTIMIZED BY PSO
Unidirectional LSTM
RNN is a special kind of network structure used to process sequence data. Different from the traditional neural network model, the RNN network has a high-dimensional hidden nonlinear internal structure, which can memorize the information of the previous moment and apply it to the current output vector. Theoretically, the RNN network can process sequence data of any length. But in practice, the information that the RNN network can store is limited, and there may be varying degrees of information forgetting during long-distance data transmission, and the input of the hidden layer has a significant impact on the output of the network. The influence decays as the network loop continues to recurse, making it difficult to deal with long-term dependencies such as vanishing gradients.
To solve this problem, related scholars introduced a gating mechanism upon the RNN network to form a LSTM network. Compared with the RNN network, LSTM adds three control gates, namely input gate, output gate, and forget gate. The unit structure of LSTM is shown in Figure 1, which is mainly composed of one memory unit and three gating units. Through the gated unit structure, the memory unit can effectively filter the historical information. The output vector of the hidden layer at the previous moment and the information at the current moment are combined into the input vector at the current moment, and then be stored, forgotten and output adaptively through the LSTM unit.
[image: Figure 1]FIGURE 1 | LSTM structure diagram (Gao et al., 2019).
Bi-LSTM
LSTM network can effectively deal with long-term dependence problems such as gradient disappearance in variable-length sequences, but TBM tunneling parameters are time-dependent, and the data change law is not only related to past information, but also considers the impact of future information on the model prediction performance. For changing the limitation that the traditional LSTM network only draws conclusions from past information, some scholars have improved the propagation method of the LSTM network and proposed a Bi-LSTM network.
Bi-LSTM network is composed of forward LSTM and backward LSTM. Compared with traditional LSTM network, Bi-LSTM network can better adapt to sequence data with strong round-trip correlation and effectively capture the dynamic characteristics of TBM tunneling parameters. Figure 2 shows the Bi-LSTM network structure, which adds a backpropagation layer upon LSTM. The forward training sequence and the backward training sequence are two independent LSTM structures. The two structures are symmetrical, and the information transmission directions are opposite. The forward training sequence calculates the current moment information forward, and the backward training sequence calculates the same sequence backwards. Bi-LSTM predicts all input vectors based on the timing of the input features, the hidden layer integrates the past and future information and outputs to the output layer, and finally integrates the forward and reverse information to output the prediction result.
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where, [image: image] is the current state of the forward hidden layer; [image: image] is the current state of the reverse hidden layer; [image: image] is the input value of the input layer at the current moment; [image: image] is the output value of the output layer at the current moment; [image: image]、 [image: image]、 [image: image]、 [image: image]、 [image: image]、 [image: image] are the corresponding weight matrices of information propagating along the time series respectively.
[image: Figure 2]FIGURE 2 | Bi-LSTM network structure diagram.
Particle Swarm Optimization
PSO is a population-based computational method for intelligent bionic evolution, first proposed by American professors Eberhart and Kennedy in 1995. The concept of PSO originates from the research on the predation behavior of birds and realizes the intelligence of problem solving through cooperation and information sharing among individuals in the group. Compared with optimization algorithms such as genetic algorithm and ant colony algorithm, PSO has a relatively simple structure, fewer adjustment parameters, and has the advantage of fast convergence.
PSO uses the velocity-position iterative search method to determine the global optimal solution when solving the optimization problem. First, some particles are randomly initialized in the solution space. Each particle can be regarded as a search individual in the search space. The current velocity and position of the particle correspond to a candidate set of the optimization problem and are dynamically adjusted in accordance with the fitness function. The point where the fitness function is optimal is recorded as the current individual extreme value, also known as the local optimal solution. The local optimal solution is shared with other particles in the particle swarm, and the optimal individual extreme value is obtained by comparative analysis as the current global optimal solution of the whole particle swarm. The particle speed and position adjust the update state in the light of the two optimal solutions in the optimization process, and finally find the optimal parameters. According to the principle of the PSO above, the state update equation of the particle at time t+1 is as follows:
[image: image]
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where, [image: image] is the particle swarm velocity; [image: image] is the inertia weight (non-negative), the larger the value of [image: image], the stronger the global optimization ability and the weaker the local optimization; [image: image] is the particle swarm position; [image: image], [image: image] are a random function in the range [0, 1]; [image: image], [image: image] are the learning factor; [image: image] is the local optimal solution; [image: image] is the global optimal solution.
Bi-LSTM Model Optimized by PSO
The basic idea of constructing the PSO-Bi-LSTM model is to use the PSO to optimize the bias and weights of the Bi-LSTM neural network, thereby improving its convergence speed and prediction accuracy. Compared with some deterministic algorithms, the PSO, as an uncertain algorithm of bionic optimization, has self-organization, robustness, and essential parallelism. Each particle cooperates with each other to better adapt to the environment, ensuring the effectiveness and practicability of the algorithm under different conditions and environments. Figure 3 is the specific algorithm flow of PSO.
[image: Figure 3]FIGURE 3 | Flow chart of PSO algorithm.
The specific steps of PSO to optimize Bi-LSTM are as follows:
1) The method of constructing binary state discriminant function is used to preprocess the original data of TBM tunneling, and the data and outliers of the stop section are eliminated to obtain valid data samples.
2) Normalize the input data, import the PSO-Bi-LSTM model, determine the particle swarm search space, initialize the particle swarm parameters, set the optimization function, parameter dimension, number of iterations, and upper and lower limits of the parameters to be optimized.
3) Calculate the fitness value of each particle, update the particle based on the fitness function, and determine the local optimal solution; and compare the local optimal solution of each particle to obtain the current global optimal solution.
4) Determine the velocity and position of the particle at the current moment in the light of Eqs 4, 5.
5) Train the model and judge whether the predicted value reaches the expected value or reaches the maximum number of iterations. If the conditions are met, end the model training, and output the optimization result; otherwise, after recording the historical information, continue to execute the Bi-LSTM algorithm to train the model until it reaches the expectation.
6) In accordance with the optimized parameters of PSO, a PSO-Bi-LSTM model is constructed to predict the TBM tunneling parameters, and an appropriate evaluation function is selected to evaluate the prediction effect.
PROJECT OVERVIEW AND DATA PROCESSING
Project Overview
The Songhua River water conveyance project in Jilin Province has a total length of 263.01 km and a water diversion tunnel of 133.98 km. It is a large-scale cross-regional water diversion project with the largest scale, the longest water transmission line, and the most difficult construction in Jilin Province. The total length of the TBM3 bid section is 22,955 m, and the construction projects are mainly water diversion tunnels, shaft excavation, support, and drainage work. Among them, the tunnel excavation section with a total length of 20,198 m and a maximum buried depth of 260 m is mainly constructed by TBM and supplemented by the drilling and blasting method, and its engineering geological conditions are shown in Figure 4. The lithology of the stratum involved in this section is mainly granite and limestone, and the surrounding rock grades II to V are distributed. The groundwater is divided into five grades in the light of the degree of humidity. The distribution ratio of the granite area to the limestone area is 1:1.58; the proportions of grades II to V of the surrounding rocks in the granite area are 7.03, 65.23, 25.14 and 2.60% respectively; the proportions of grades II to V of the surrounding rocks in the limestone area are 5.19, 66.70, 22.83 and 5.28% respectively.
[image: Figure 4]FIGURE 4 | Statistics on geological conditions of TBM construction section. (A) Granite classification statistics; (B) Limestone classification statistics.
The data of the TBM3 bit section is taken as the research object. The data collection frequency is 1 Hz, and an average of 86,400 data are collected every day. Each data includes 199-dimensional TBM tunneling parameters such as the propulsion speed, total thrust, cutter head torque and cutter head power. As shown in Figure 5, the TBM tunneling process is composed of several tunneling cycles. Generally, the cylinder stroke is used as one tunneling cycle, with about 10–20 tunneling cycles per day. The tunneling data of a complete tunneling cycle is selected to predict the tunneling parameters of the stable segment of the next tunneling cycle, thereby judging the tunneling state of TBM.
[image: Figure 5]FIGURE 5 | Variation curve of TBM tunneling parameters in 1 day.
Data Preprocessing
Figure 5 shows that the TBM tunneling parameter-time variation in a certain day. The adjacent tunneling cycles are divided by the shutdown state. The shutdown data (that is, the data with the TBM tunneling parameter value of 0) belongs to useless data for the machine learning algorithm. For eliminating the influence of the shutdown state data, the binary state discriminant function is constructed to preprocess the original working data and extract the effective tunneling data of each tunneling cycle from the record file. The formula for judging whether the TBM tunneling parameter value is the data of the shutdown section is as follows:
[image: image]
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where, I is the binary state discriminant function; N is the propulsion speed; F is total thrust; T is cutter head torque; V is cutter head power. When the binary state discriminant function I = 0, it means that this segment of data is the shutdown segment data; when I = 1, it means that this segment of data is the TBM normal running state data.
Due to the influence of equipment factors, construction environment and construction experience of operators, there are abnormal working conditions in the collected data samples, which affect the prediction accuracy of the model. Therefore, the 3 [image: image] criterion is used to identify and remove outliers. The data processing flow is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Flow chart of data processing.
The original data is read row by row, and the input data is marked and judged based on total thrust. The first total thrust (non-zero value) data is marked as P1; then continue to read the next data, and the second total thrust (zero value) data is marked as P2. Subsequently, it is necessary to determine whether the data between P1 and P2 is within the range of 500 s to 5,000 s. If not, discard the data; if it is, output the data of P1 and P2 to the corresponding file. According to the above method, all data are sequentially extracted, and the data preprocessing process ends. Based on data preprocessing, a total of 9,900 groups of valid tunneling cycles were extracted, 9,350 groups of tunneling cycles were randomly selected as the model training set, and the remaining 550 groups of tunneling cycles were used as the model test set.
Tunneling Cycle Extraction
In accordance with the data preprocessing results, the working state of the TBM at each moment is determined, and valid data samples are extracted, wherein each group of continuous tunneling sequences corresponds to a complete tunneling cycle, and the data between adjacent tunneling cycles corresponds to a set of stop data. As shown in Figure 7, the TBM tunneling process can generally be divided into an ascending segment and a stable segment.
[image: Figure 7]FIGURE 7 | A certain complete tunneling cycle during TBM construction.
In the existing TBM tunneling parameter prediction research, several scholars such as Hou et al. (Hou et al., 2020) and Zhou et al. (Zhou et al., 2020) usually analyze and predict the parameters of the stable segment based on the data of the ascending segment, which helps the driver to judge the tunneling state and optimize the adjustment of parameters to a certain extent. However, the method of predicting TBM tunneling parameters by using the ascending segment data requires a lot of time to identify and extract data. The accuracy of the ascending segment identification directly affects the model prediction performance. Therefore, how to avoid the extraction of invalid features of the ascending segment is still an urgent problem to be solved. Secondly, the duration of the ascending segment is short, and the amount of data contained is limited, which cannot completely and accurately display the law of rock-machine interaction. In addition, the stable segment occupies most time of the total tunneling section. For the geological conditions that may be different from the ascending segment, when only the rock-machine interaction law of the ascending section is used to reflect the working state of the TBM stable segment, there will be large error. Therefore, this paper uses the data of the complete tunneling period to train the prediction model, which can effectively reduce the complexity and difficulty of the huge data processing generated during the TBM tunneling process, greatly improve the data preprocessing efficiency, and more accurately display the rock-machine interaction. It can provide a higher-quality intelligent decision-making method for TBM tunneling construction (Figure 8).
[image: Figure 8]FIGURE 8 | Comparison of the prediction processing flow between the ascending segment and the complete cycle. (A) Ascending segment prediction (Hou et al., 2020); (B) complete cycle prediction.
PREDICTION MODEL BASED ON PSO-BI-LSTM
Feature Selection
The construction conditions of TBM tunneling are often complex, and the data generated during the working process of the equipment contains 199- dimensional parameters. However, when predicting TBM tunneling parameters, the selection of characteristic variables is not the better. On the one hand, too many parameters will cause the model dimension to be too high and the calculation will be slow; on the other hand, some parameters are not highly correlated with the prediction parameters, and too many selections will reduce the model prediction accuracy. Therefore, it is necessary to perform feature selection on the 199-dimensional tunneling parameters in the TBM operating data, with the aim of assisting the optimization and adjustment of the TBM tunneling parameters.
There are many factors affecting the prediction of TBM tunneling parameters, but most of the parameters that characterize the law of rock-machine interaction are greatly influenced by human factors and have poor correlation with rock-machine interaction, so they cannot be directly used for model prediction and analysis. Therefore, this paper only selects the propulsion speed, total thrust, cutter head torque and cutter head power of the TBM tunneling stable segment as the output characteristics of the model.
The selection of input features is of great significance to the parameter optimization of the model and the efficiency of intelligent decision-making. Based on the complexity of the model, the accuracy of prediction and the comprehensive consideration of previous studies, this paper uses Pearson correlation analysis to identify the 199-dimensional TBM tunneling parameters, eliminates irrelevant parameter variables, and selects key model parameters as model inputs. The formula for calculating the Pearson correlation coefficient is as follows:
1) Calculate the average of the data:
[image: image]
2) Calculate the variance of the data:
[image: image]
3) Compute data covariance:
[image: image]
4) Calculate data correlation:
[image: image]
where, [image: image] is the mean of the data sample [image: image]; [image: image] is the mean of the data sample [image: image]; [image: image] is the input parameter; [image: image] is the frequency of occurrence of the input parameter; the larger the absolute value of [image: image], the stronger the correlation; the closer [image: image] is to 0, the weaker the correlation.
Based on the Pearson correlation analysis results, the PSO-Bi-LSTM model constructed in this paper selects the 21 key parameters with the highest correlation with the predicted parameters in the complete tunneling cycle data as the input features of the model, to realize the prediction and analysis of the four key parameter indicators in the TBM stable segment. The 21-dimensional input feature identification results corresponding to the four prediction parameters of the model divided according to the size of the correlation coefficient of each parameter are shown in Figure 9.
[image: Figure 9]FIGURE 9 | Model identification results for four key parameters.
To solve the problems of low prediction efficiency and slow convergence speed caused by the dimensional difference between the tunneling parameters, this paper normalizes the input data of the model, and the formula is as follows:
[image: image]
where, [image: image] is the normalized input parameter; [image: image] is the actual input value; [image: image] is the minimum value of the input parameter; [image: image] is the maximum value of the input parameter.
Model Establishment
Figure 10 shows the TBM tunneling parameter prediction model based on the PSO-Bi-LSTM. Before using the PSO to optimize, the Bi-LSTM model structure needs to be determined first. Compared with the unidirectional LSTM, a back-propagation layer is added. Each layer of this structure contains two parallel layers, which control the forward and backward outputs respectively, and can utilize the contextual information in the meanwhile.
[image: Figure 10]FIGURE 10 | Prediction model of TBM tunneling parameters based on PSO-Bi-LSTM.
After data preprocessing, the original data is divided into training set and test set in a ratio of 17:1. The 21 key parameters with the highest correlation with a certain tunneling parameter to be predicted in the complete tunneling cycle extracted from the training set are input into the Bi-LSTM. The Bi-LSTM is optimized by PSO, and the global optimal solution obtained by iterative optimization is input into the Bi-LSTM.
Model Training and Evaluation
To verify the generalization ability of the model, this paper adopts the goodness of fit [image: image] and the mean absolute percentage error (MAPE) as the performance indicators for evaluating the intelligent prediction model.
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where, [image: image] is the predicted value of the model; [image: image] is the true value; [image: image] is the sample number; [image: image] is the total number of samples in the test set.
The preprocessed data set is divided into training set and test set proportionally, in which the data of the training set is continuously used to iteratively optimize the model and update the model parameters; the test set is used to test the performance of the model and verify the generalization ability of the model. To improve the accuracy of the training model, this paper uses the Adam optimizer to update and optimize the network, and the loss function is the MSE function. The number of hidden layer nodes and layers will be discussed in Model Parameter Analysis. A fully connected layer is added after the hidden layer, and the learned distributed feature representation is mapped to the sample label space, so that the output feature dimension is represented as one dimension, which speeds up the model calculation efficiency. Considering the prevention of the model from overfitting, each layer of unit is regularized, and the dropout probability is set to 0.3. The maximum number of iterations is set to 50. When the number of iterations reaches the requirement or the average loss value no longer decreases with the iterations, the training is stopped.
Model Parameter Analysis
Before using PSO to optimize Bi-LSTM, the network structure of Bi-LSTM needs to be determined. Parameters such as the number of hidden layer nodes, the number of hidden layers, and the training learning rate [image: image] of the Bi-LSTM network need to be adjusted many times, so it is difficult to effectively judge the optimal state of the model. To improve the prediction accuracy, this paper takes the propulsion speed as an example to discuss the hyperparameters and determines the optimal parameters of the model through two indicators, namely the MAPE and the goodness of fit [image: image].
1) Discussion on number of hidden layer nodes in Bi-LSTM network
In the Bi-LSTM neural network, the selection of the number of hidden layer nodes is extremely important, which not only has a great impact on the performance of the neural network model, but also is the direct cause of overfitting. However, the theory of determining the optimal number of hidden layer nodes in neural networks is not yet mature. Research shows that the number of hidden layer nodes is not only related to the number of input/output layer nodes, but also depends on the complexity of the problem to be solved and the characteristics of the sample. If the number of nodes is too large, it is prone to over-fitting, which reduces the generalization ability of the model; if the number of nodes is too small, the model cannot fully learn the characteristics of time series data and reduces the performance of the model. To solve the above problems, scholars have proposed a variety of discrimination methods to determine the number of hidden layer units based on many experimental studies (Liu et al., 2012; Han et al., 2020; Zheng et al., 2020). In this study, the empirical formula is used to determine the value range of the number of hidden layer units:
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where, [image: image] is the number of nodes in the input layer; [image: image] is the number of hidden layer nodes; [image: image] is the number of output layer nodes; [image: image] is a constant, [image: image].
To prevent the model from overfitting and reduce the complexity of the model, the maximum number of iterations of the model in this section is 50, and the number of particle swarm populations is 30; other parameters such as the number of hidden layers is set to two according to experience, the learning rate is set to 0.001, and the value range of the number of the hidden layer is 3–13. Figure 11 shows the prediction of the propulsion speed with different numbers of hidden layer units based on lots of training samples. As the number of hidden layer units increases, the mean absolute percent error first decreases and then increases, and the goodness of fit first increases and then decreases. Too many or too few hidden layer nodes will reduce the prediction performance of the model. To sum up, when the number of nodes is 5, the prediction effect is optimal, so the number of hidden layer nodes in this model is set to 5.
2) Discussion on hidden layers of Bi-LSTM network
[image: Figure 11]FIGURE 11 | Prediction results of the propulsion speed under different number of hidden layer nodes.
For the sake of exploring the optimal network structure, the number of layers of the model is further analyzed and studied. Theoretically, the prediction performance of the model is proportional to the number of hidden layers, but the time cost of model training increases gradually with the increase of the number of layers, the convergence effect and efficiency drop sharply, and the model often falls into the dilemma of local optimal solution, which leads to training long-term dependency problems such as information loss and gradient disappearance in the process.
Taking the propulsion speed as an example, the number of hidden layer nodes is set to 5, the maximum number of iterations is 50, the number of particle swarm populations is 30, the range of layers is set to 1∼8 based on experience, and the learning rate is 0.001.
As shown in Figure 12, when the number of hidden layers of Bi-LSTM is 2, the model accuracy is higher than that of single layer. However, the increase of the number of layers did not improve the prediction performance of the model. On the contrary, it fell into the problem of unable to find the global optimal solution, which greatly increased the risk of overfitting. Therefore, the number of hidden layers in this paper is selected as 2.
3) Discussion on learning rate [image: image] for Bi-LSTM network training
[image: Figure 12]FIGURE 12 | Prediction results of the propulsion speed with different number of hidden layers.
After the Bi-LSTM neural network structure is determined, the training learning rate of the model needs to be discussed. As an important hyperparameter in deep learning, the learning rate determines whether the objective function can converge to the local minimum and the convergence efficiency. If the learning rate is set too small, the convergence process is very slow, and even the algorithm does not converge; if the learning rate is set too large, the algorithm is prone to oscillation or divergence, resulting in gradient explosion (Shen et al., 2020). Therefore, the maximum number of iterations of the established model is 50, the number of particle swarm populations is 30, the number of hidden layer nodes is set to 5, the number of layers is set to 2, and the learning rate is set to 0.0001, 0.0005, 0.001, 0.01, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 according to experience, respectively.
Taking the propulsion speed as an example, Figure 13 shows the prediction results of the model under different learning rates. When the learning rate is 0.001, the prediction result of the model is the most stable, the MAPE is relatively low compared to other cases, and the goodness of fit is relatively high, so this paper selects the model learning rate of 0.001.
[image: Figure 13]FIGURE 13 | Predicted results of the propulsion speed at different learning rates.
In summary, the final structural parameters of the model are determined through experimental research: the number of hidden layers is 2, the number of nodes is 5, and the learning rate is 0.001.
MODEL APPLICATION AND COMPARISON
Application of PSO-Bi-LSTM Model Under Different Surrounding Rock Grades
In the actual tunneling process, the interaction between the TBM and the surrounding rock produces a complex rock-machine relationship. How to realize the real-time perception of the current rock mass information and ensure that the current TBM tunneling state matches the complex and changeable rock mass conditions is still a hot issue in TBM construction. This section studies the prediction performance of PSO-Bi-LSTM model under different surrounding rock grades based on the construction database of TBM3 bid section of Songhua River water conveyance project in Jilin Province. The 21-dimensional parameters with the highest correlation with the predicted parameters in the complete tunneling cycle are selected as the input features of the model to realize the prediction and analysis of the four key parameters (total thrust, the propulsion speed, cutter head torque and cutter head power) in the stable segment of the TBM tunneling; and the goodness of fit [image: image] and the MAPE are used as evaluation indicators to judge the validity of the model prediction.
The data samples in this paper are collected from a certain construction section of the TBM3 bid section. Based on the data preprocessing, a total of 9,900 valid tunneling cycles are extracted, and 9,350 tunneling cycles are randomly selected as the model training set, and the remaining data are used as the model test set. It is used to verify the applicability of the trained model to different surrounding rock levels. Among them, the surrounding rock grades are mainly distributed in grades II to V, among which grade III surrounding rock accounts for the largest proportion in this tunneling section, and there are relatively few grades II and V surrounding rock.
Figure 14 shows the prediction results of the PSO-Bi-LSTM model under different surrounding rock levels. It can be seen from the analysis of the figure that the predicted result and the measured value of each tunneling parameter have a high degree of fitting, and there is a large deviation only in individual samples. In addition, the prediction agreement between the propulsion speed and total thrust is the highest under the conditions of different surrounding rock grades; the prediction agreement between cutter head power and cutter head torque is relatively low.
[image: Figure 14]FIGURE 14 | Prediction results of the PSO-Bi-LSTM model under different surrounding rock grades.
Table 1 shows the statistical analysis results of the evaluation indicators of the four key tunneling parameters under different surrounding rock grades. From the analysis of the goodness of fit and error of the prediction results, the PSO-Bi-LSTM model has high prediction accuracy. The higher the goodness of fit [image: image] of the TBM tunneling parameters, the lower the MAPE, and the better the prediction effect of the model. Comparing the goodness of fit, the average values of the goodness of fit of the cutter head power, cutter head torque, the propulsion speed and total thrust are 0.912, 0.933, 0.975 and 0.972, respectively, and the goodness of fit of all reached above 0.91. This shows that the PSO-Bi-LSTM model has excellent prediction effect for each parameter. The prediction accuracy of total thrust in surrounding rocks at all levels is relatively high, and the fluctuation of the goodness of fit of its samples is much lower than that of other parameters, and the goodness of fit of other parameters fluctuates greatly under different surrounding rock grades.
TABLE 1 | Statistics of evaluation indicators of four tunneling parameters under different surrounding rock grades.
[image: Table 1]In consideration of the influence of different surrounding rock grades on the prediction effect of the model, it can be found that the average values of [image: image] of the tunneling parameters of grade II surrounding rock, grade III surrounding rock, and grade IV surrounding rock are 0.971, 0.962, 0.943, and 0.916, respectively. This shows that the PSO-Bi-LSTM model has a good fitting effect and can sensitively reflect the interaction information between the surrounding rock at all levels and the TBM. By comparing the goodness of fit under different surrounding rock grades, it is found that the higher the surrounding rock grade, the better the stability. Similarly, among the four types of surrounding rock grades, the MAPE of each tunneling parameter of grade V surrounding rock is also relatively high, reaching 7.685%. The average MAPE of the other three types of surrounding rocks is not much different, and they are 2.850, 3.139 and 5.344% respectively according to the grades from high to low. This shows that the stability of low-grade surrounding rock is relatively poor, and the rock-mechanism relationship is greatly affected by human factors, so the prediction accuracy is lower than that of high-grade surrounding rock. In addition, the fitting fluctuations of the parameters of the low-grade surrounding rock are relatively large, and it is difficult for the model to learn its variation law. Meanwhile, compared with high-grade surrounding rock, the problem of the number of samples of low-grade surrounding rock may cause larger accidental errors, which is also one of the reasons for the decline of model accuracy.
Comparison With the Prediction Effect of the Bi-LSTM Model
The same set of data was selected to quantitatively analyze the prediction performance of the Bi-LSTM model under different surrounding rock levels. Since total thrust is less affected by external factors, and the propulsion speed and cutter head torque are greatly affected by external rock mass information factors and have high sensitivity to the rock-machine relationship, this section takes cutter head torque as the research object and predict and analyze different surrounding rock grades in turn, and the prediction result is shown in Figure 15.
[image: Figure 15]FIGURE 15 | Comparison of prediction results of cutter head torque by different models.
Figure 15 shows that the fluctuation of the prediction result curve of the Bi-LSTM model for cutter head torque under all levels of surrounding rock is significantly larger than that of the PSO-Bi-LSTM model. Combining with Table 2, among the grade II, III, IV and V surrounding rocks, the MAPE of the Bi-LSTM model is 1.938, 3.765, 1.890, and 3.408%, respectively, which is much larger than that of the PSO-Bi-LSTM model. On the one hand, it shows that the prediction accuracy of the traditional Bi-LSTM model is relatively poor; on the other hand, the Bi-LSTM model optimized by PSO can almost accurately predict the change law of tunneling parameters under different surrounding rock levels. This shows that the PSO-Bi-LSTM model has higher prediction accuracy and faster convergence speed for time sample series and can more effectively predict TBM tunneling parameters.
TABLE 2 | Comparison of evaluation indicators for prediction results of different models.
[image: Table 2]Given all of that, compared with the Bi-LSTM, the prediction model based on PSO-Bi-LSTM has better prediction performance and generalization ability. It can assist the safe and efficient tunneling of TBM under different stratum conditions and provide certain guidance for the optimization and adjustment of parameters.
CONCLUSION
To make the model better match the characteristics of TBM construction data under different surrounding rock levels, this paper uses PSO to optimize the Bi-LSTM model and establishes the PSO-Bi-LSTM model. This paper takes the construction data set of the TBM3 bid section of Songhua River water conveyance project as the research object and uses plenty of data processing methods such as constructing a binary state function and [image: image] criterion to correct the original data. Different from the traditional ascending segment data to predict the parameter values of the stable segment, this paper selects the 21-dimensional tunneling parameters with the highest correlation with the predicted parameters in the complete tunneling cycle as the model input features to realize the accurate prediction of the four key tunneling parameters in the TBM stable segment. The discussion of model hyperparameters is completed by experimental analysis. The prediction results of the model under different surrounding rock levels are evaluated, and the influence of different formation conditions on the prediction accuracy of the model is studied, and the Bi-LSTM model are compared. The conclusions and results obtained are as follows:
1) An intelligent prediction model of TBM tunneling parameters based on PSO-Bi-LSTM is proposed. The prediction analysis was carried out for the formation sections under different surrounding rock grades, and the time series prediction method of the tunneling parameters was given by the PSO-Bi-LSTM model. The average [image: image] of each parameter is above 0.910, and the highest is 0.996. The prediction results can provide certain guidance for the safe and efficient tunneling construction of TBM.
2) Different from the existing methods that use the data of the ascending segment to predict the tunneling parameters of the stable segment, this paper selects the data of the complete tunneling cycle to predict the tunneling parameters of the stable segment. The amount of data contained is rich, which can improve the quality of intelligent decision-making during TBM construction.
3) The higher the surrounding rock grade, the smaller the prediction error and the higher the prediction accuracy of the PSO-Bi-LSTM model. The fluctuations of the prediction results on the propulsion speed and total thrust are smaller in surrounding rocks at all levels, and the prediction performance is relatively stable.
4) Compared with the Bi-LSTM, the intelligent prediction method proposed in this paper has stronger prediction performance for different surrounding rock grades and different prediction parameters. This method can effectively assist the optimization and adjustment of tunneling parameters during TBM construction and can provide a more effective intelligent decision-making method for TBM-assisted intelligent construction.
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In order to study the variation law of support pressure and instability mode of excavation face under different soil parameters, a complete set of centrifugal model seepage test device is independently developed. The results of centrifugal tests with different C/D (where C is the overburden thickness of the tunnel and D is the tunnel diameter), internal friction angles, and heights of water head show that with the increase of the retreating displacement S of the excavation surface, the support pressure P of the excavation surface can be divided into three stages: rapid decline (S < 1.5D%), slow rebound after reaching the limit support pressure Plim (1.5D% ≤ S ≤ 3D%), and gradually reaching the stable value (3D% < S). With the increase of C/D, the limit support pressure on the excavation face gradually increases and tends to be stable. For different soil properties, when C/D > 1.5, the limit support pressure on the excavation face tends to be stable. With the increase of internal friction angle, the limit support pressure decreases gradually, and its influence on support pressure can be ignored when φ > 40°. With the increase of height of water head Hw, the limit support pressure increases linearly. By establishing a numerical analysis model and analyzing the instability modes of soil under different C/D, internal friction angles, and cohesion, the instability mode of soil in front of the excavation face can have a great correlation with C/D of the soil and internal friction angle, while the influence of cohesion is minimal. With the increase of C/D, the soil changes from overall failure to local failure, the change of C/D mainly affects the height of soil arching effect and the width of the wedge below, while the internal friction angle mainly affects the width of the wedge and the instability angle of soil.
Keywords: tunnel, stability, centrifugal test, numerical simulation, limit support pressure
INTRODUCTION
How to reasonably develop and utilize underground space has become an important step in the process of modern urbanization. In recent years, with the gradual increase of urban population and the increasing shortage of land resources, traffic congestion has become a major problem perplexing urban development. With the rapid development of urban rail transit, tunnel shield construction with high safety, fast construction speed, and less condition constraints has been widely used. However, if the setting of support pressure acting on the tunnel surface is unreasonable, it may cause soil collapse or uplift (Feng et al., 2015; Han et al., 2020; Feng et al., 2022). Therefore, calculating the support pressure required by a shield tunnel is very important to maintain the stability of tunnel working face. In order to obtain more accurate critical support pressure, the influencing factors and failure area must be determined at the same time.
Many scholars have conducted a series of theoretical and experimental studies on the stability of excavation face through different research methods (Zhang and Sun, 2018; Li et al., 2019; Liu et al., 2021; Yu et al., 2022). Horn (1961) first used the limit equilibrium method to construct the collapse form in front of the tunnel excavation surface, which is composed of a wedge and a simple warehouse on its upper part. This model provides a research basis for the subsequent limit equilibrium method to calculate the support pressure of the excavation surface. Broere (2001) applied it to multi-layer soil for analysis, and the calculation results are close to the actual project. Jancsecz and Steiner (1994) improved a new limit equilibrium model based on horn. The top of the model is composed of prisms. The soil arching effect in the soil is studied, and the relationship between the coefficient of soil lateral pressure and internal friction angle, tunnel buried depth ratio, and wedge angle is established. The calculation results are expressed by the three-dimensional earth pressure index. Anagnostou and Kovári (1996) established a wedge model to analyze the stability of tunnel excavation surface in a homogeneous soil layer. The results show that the limit support pressure of the excavation surface in dry sand layer is related to the buried depth of tunnel vault, tunnel diameter, internal friction angle of soil, cohesion of soil, and other factors, but there is no regular analysis on each influencing factor. Based on the upper bound theorem of limit analysis, Mollon et al. (2011) and others studied the stability of shield excavation face in heterogeneous sandy soil by constructing the failure mode of two-dimensional rotating multi block set. It is found that the results of limit support pressure and failure mode of the excavation surface obtained by this method are close to those obtained by finite difference numerical analysis. Liu et al. (2012) established the upper bound solution of stability limit and effective support pressure of shield excavation face in a saturated sandy soil layer under steady-state seepage. The research shows that under steady-state seepage, the shield buried depth and surface overload have little influence on the limit support pressure, and the seepage and shield diameter have a significant influence on the limit support pressure. Yang et al. (2010) and others analyzed the stability of the excavation surface of two-dimensional shallow tunnel by using the upper bound method, which assumed that the failure mode of the excavation surface was composed of a group of rigid blocks. The results show that the cohesion and friction angle of soil are positively correlated with the stability of the excavation surface. However, when the internal friction angle and cohesion of soil are small, the influence of tunnel buried depth on the stability of the excavation surface is obvious. In the numerical simulation and model test, Vermeer et al. (2002) used finite element analysis to simulate the stability of the excavation surface, and explored the effects of soil gravity, cohesion, and surface overload on the limit support pressure. Zhu et al. (2005) used FLAC 3D to model and analyze the relationship between support pressure and tunnel face soil deformation, and obtained their relationship curve. Oblozinsky and Kuwano (2006) studied the influence law of tunnel buried depth on the failure mode of the excavation surface and minimum support pressure in a sandy soil layer, and obtained the influence law between them. However, due to its single consideration factor, it has not been applied in engineering practice. Meguid et al. (2008) pointed out the advantages of centrifugal model test in the stability simulation of the excavation surface by summarizing the previous test results. Lv et al. (2019) studied the failure process of extreme instability of the excavation surface under different buried depths through model tests, and improved the traditional wedge model into a wide wedge model. Li et al. (2011) revealed the dissipation process of soil arch and the instability form of the excavation surface through a large-scale model test and combined with the stress state of the soil in front of the excavation surface.
Because the stress level of soil determines its own mechanical characteristics, while the stress level of the 1 g model test is small, and the test results still have a certain gap with the actual project (Taylor, 2005), it has become a reliable means to explore the support pressure of excavation face by using a geotechnical centrifuge. Through a series of centrifugal model tests and comparative analysis of numerical simulation, this paper studies the change and instability mode of excavation face support pressure under different buried depths, internal friction angles, cohesions, and head differences; reveals the response law of different cohesive soils in the process of instability; and provides a theoretical basis for the study of excavation face support pressure in shield tunnel construction.
CENTRIFUGAL MODEL TEST
Test Preparation
According to the three basic laws of similarity theorem and the results of the model test (Weng et al., 2019), the similarity ratio can be deduced through equation analysis to meet the similarity relationship. The soil is regarded as a homogeneous, continuous, and isotropic material, and only the self-weight stress is considered. The relationship is as follows.
From three governing equations, such as Eqs. 1–6:
[image: image]
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When conducting the model test, if the three governing equations of prototype and model are the same, the stress–strain relationship between prototype and model can fully meet the following conditions:
[image: image]
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According to Eqs. 4–6, in the centrifugal model experiment, if the geometric similarity ratio is N, the corresponding centrifugal acceleration is [image: image]; derivation can be obtained [image: image]. As shown in Table 1, the common similarity constants for the centrifugal test are shown in Table 1.
TABLE 1 | Similarity constants of commonly used physical quantities in centrifugal test (scale 1: N, C = prototype parameter/model parameter).
[image: Table 1]Test Device
The test was carried out on a TLJ-3 centrifuge, a large geotechnical centrifuge of Chang’an University, with a maximum capacity of 60 gt, a rotation radius of 2 m, and a maximum centrifugal acceleration of 200 g (Weng et al., 2019), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Geotechnical centrifuge of Chang’an University.
Figure 2 shows the centrifugal test device for tunnel face stability of the shield tunnel under different working conditions. The whole set of device consists of a model box, a lower water storage tank, a tunnel model (permeable tunnel face, steel shield shell), a cushion block, a high water level control hole, stress acquisition element FBG (fiber Bragg grating), a displacement stepping device, a loading dowel bar, etc.; the size of the model box is 700 mm × 400 mm × 500 mm. The front of the model box is high-strength transparent glass, through which it is easy to observe the characteristics of the tunnel face after instability. The other three sides and the bottom plate are high-strength steel plates. The shield model is mainly composed of shield shell, permeable excavation glass panel, FBG element, and stepper device to control displacement. Water level control is also an important part of the device. The water pump in the bottom water storage tank is used to pump water into the model box, the water level is kept unchanged through the water level control hole, and the overflow water flows back into the water tank to realize the displacement change of the shield excavation surface, which can be realized through the motor unit and the force transfer loading rod (Niu et al., 2020). When the centrifuge works, FBG can transmit the data of support pressure on the shield excavation surface to the external computer host by wireless transmission. Due to the symmetry of the tunnel, to reasonably observe the deformation and displacement, half of the tunnel model is made, that is, the shield shell with cross section of “D”, and the inner diameter of the shield shell is 100 mm. Because the test content of this paper mainly monitors the stress law and instability mode of the tunnel surface, the influence of materials on the tunnel structure and stress is ignored.
[image: Figure 2]FIGURE 2 | Centrifugal test model box for stability of shield tunnel excavation face.
Test Scheme and Steps
A series of comparative test conditions are set according to the influence of different soil parameters and working conditions. The main factors considered are shown in Table 2, where C is the overburden thickness of the tunnel, Hw is the height of water head at the center of the excavation surface, and D is the tunnel diameter. The internal friction angle is adjusted by mixing local clay with different proportions of river sand, which is measured by direct shear test. Combined with the power tunnel of Guangzhou trunk line, the tunnel diameter is 5 m, the scale of the model is 100 mm, and the centrifugal acceleration is designed as 50 g. In the instability mode analysis, C/D = 1 remains unchanged. In the whole test, the displacement control device is programmed to control the retreat of the permeable excavation surface of the shield model. The instability of the soil in front of the model is used to simulate the instability and failure of the soil in front of the shield excavation surface under seepage conditions. The support pressure on the excavation surface is measured by FBG, and the variation law and instability mechanism of each soil layer parameter on the support pressure under different working conditions are analyzed.
1) Put the prepared model box into the centrifuge test boom as a whole, and turn on the water pump to inject water into the box to the water level required for the test condition, that is, to reach the overflow hole (this process is not required for water free test).
2) Start the centrifuge, set the acceleration from 0 to 50 g, and stabilize for 30 min; this process keeps the position of the excavation surface unchanged, mainly to make the soil closer to the nature of the undisturbed soil.
3) After the support pressure remains stable, the displacement control device gradually retreats to the excavation surface at a certain rate, and the data are collected through the fiber Bragg grating system.
4) At the end of the centrifugal test, the acceleration gradually decreased from 50 g to 0. In the whole process, the displacement control was programmed by the stepper control system, and the support pressure of the excavation surface was monitored in real time by the FBG on the loading rod.
TABLE 2 | Conditions of centrifuge model tests.
[image: Table 2]Experimental Treatment
In order to prevent soil particles from flowing into the tunnel under high acceleration and seepage, Vaseline is applied between the excavation surface and the shield tunnel wall to fill the gap. At the same time, the contact between the shield tunnel and plexiglass plate and support is bonded with glass glue to prevent water, but although this measure can prevent soil particles from entering the tunnel. On the other hand, it causes the tunnel to retreat and produce certain friction during the test, which cannot be ignored. Especially for the high-sensitivity element FBG (Fiber Bragg Grating), it affects the accuracy of the support pressure data on the excavation surface (Niu et al., 2020). Using the method proposed by Idinger et al. (2011), the model box is idled without soil and water, and the centrifugal conditions are consistent with the test conditions, Under the condition of 50 g, the average value of the retreating friction of the excavation surface can be obtained by this calibration method. It should be pointed out that the retreating friction of the excavation surface in this test is significantly less than the test results of Chen et al. (2015). The main reason is that the excavation surface here is made of high-strength glass and the filling material is Vaseline, which has a lubricating effect.
FBG writes the grating on the optical fiber with ultraviolet light, which can directly measure the support pressure on the excavation surface through the conversion formula, and has the characteristics of high sensitivity and strong adaptability (Taylor, 2005).
INSTABILITY MODE ANALYSIS
Support Pressure Change Process
The variation law of the support pressure on the excavation surface of the core test tunnel is shown in Figure 3. The whole evolution process can be divided into three stages: the first stage is when the displacement is small (S < 1.5D%), the support pressure decreases rapidly with the increase of the displacement of the excavation surface, and the slope of the drawn line gradually decreases. The main reason is that with the retreat of the excavation surface, some collapsed soil mass is re-balanced under the action of surrounding forces. No more sliding with the soil below. The second stage is that the displacement of the excavation surface is between 1.5D% and 3D%. In this stage, with the increase of the retreat displacement of the tunnel excavation surface, the support pressure of the excavation surface reaches the limit state, and then the support pressure of the excavation surface rises slowly, which is in a circular arc shape in the graph. It can be seen from Figure 3 that the displacement points of soil mass with different internal friction angles reach the limit state and are also different at φ = 25°, the displacement of the excavation surface is S = 1.9D%, and the soil reaches the limit bearing state. Similarly, when at φ = 28° and 32°, the displacement of the excavation surface reaches the limit bearing state at 1.7D% and 1.5D%, respectively. The analysis shows that the fluidity of sandy soil is better than that of clay. When the proportion of sandy soil increases, the cohesion of soil decreases gradually. When the excavation surface retreats, the “reaction” time of soil deformation becomes longer. However, under seepage conditions, such as Hw = 1.5D and 2D, under the action of seepage force, the soil flow speed will be accelerated and the soil deformation time will be shortened. The greater the water level difference under the same conditions, the shorter the time to reach the limit point. The main reason for the rebound of support pressure is the increase of retreat displacement, which makes the deformation of soil above the collapse lag after reaching the limit state. At the same time, it can be seen that different soil bodies also have different rebound times at φ = 25°; the longest time is about 7 min, at φ = 32°, and the shortest time is about 3 min. Therefore, seepage does not play a major role in the rebound time of support pressure. In the third stage, when the displacement of the excavation surface is greater than 3D%, the support pressure of the excavation surface gradually tends to a stable value with the increase of displacement. In this stage, it can be judged that the soil has been unstable.
[image: Figure 3]FIGURE 3 | Relationship between limit support pressure and tunneling face displacement.
Change of Support Pressure on Excavation Face of Dry Soil
Figure 4 shows the soil support pressure displacement relationship curve with different internal friction angles. Under the same buried depth ratio C/D = 1, the increase of the internal friction angle of the tunnel significantly reduces the support pressure on the excavation surface. The limit support pressures of the three kinds of soil are 40.2, 35.4, and 26.1 kPa, respectively. The instability modes of different soils are also different. With the increase of the displacement of the excavation surface, the soil mass in front of it deforms, and the soil particles above this part of the soil mass loosen along the vertical direction, which directly leads to the rapid reduction of the vertical earth pressure of the soil mass, while the horizontal earth pressure increases rapidly, which shows that the horizontal soil mass is more dense. At this time, the soil arching effect plays a role and initially forms a soil arching. The introduced lateral pressure coefficient K = horizontal earth pressure/vertical earth pressure. When K > 1, that is, the horizontal earth pressure is greater than the vertical earth pressure, the stress direction of soil changes, resulting in the rotation of the principal stress axis. As the excavation surface continues to retreat, the K value in the upper area in front of the tunnel gradually increases to the maximum value. At this time, the soil arching effect plays an extreme value, and the minimum value of the support pressure on the excavation surface is obtained. Pmin is the limit support pressure obtained from the test, that is, the lowest point of the curve in Figure 3. There is a local shear failure area in front of the excavation surface, but at this time, the soil is in a limit equilibrium state. When the excavation surface continues to retreat, the K value gradually decreases from the peak value, and the local shear failure area develops into a shear sliding area. The sliding surface initially forms and extends upward, resulting in the failure of the original soil arch; the soil above the soil arch collapses and finally forms local instability failure. At this time, the support pressure of the excavation surface gradually increases, that is, the rebound in the second stage mentioned above. The soil arch continues to move upward, iterates over the new soil arch, and finally plays a bearing role. Due to different soil properties, when the horizontal earth pressure and vertical earth pressure reach equilibrium, the new soil arch is sufficient to bear the load of the upper loose soil, and the soil arch completes the whole extension process and finally ends in the local instability state.
[image: Figure 4]FIGURE 4 | Relationships between support pressure and tunneling face displacement under the different internal friction angles.
The continuous soil arch iteration makes the soil near the surface loose and the surface has small settlement. Currently, the loose soil is particularly sensitive. When the excavation surface continues to retreat, the loose soil will collapse with the soil arch iteration, resulting in large settlement of the surface, and overall instability and failure of the soil. In this process, the soil arching effect plays a role from bottom to top along the top of the tunnel, and destroys with the expansion of the unstable sliding surface, then produces loose soil areas, circulates in turn, and finally develops to the surface. The soil arching effect gradually fails, and the support pressure of the excavation surface tends to a stable value, that is, the third stage mentioned above. The surface settlement is similar to funnels and chimneys, which is mainly related to soil quality, C/D, and hydrological conditions.
Variation of Support Pressure on Excavation Face of Saturated Soil
It can be seen from the curve of limit support pressure displacement under different head pressures in Figure 5 that when Hw = 1.5D, the limit effective support pressure P’lim = 48.7 kPa, which is 37.6% higher than that under dry conditions. When Hw = 2D, the limit effective support pressure P’lim = 57.8 kPa, which is 63.3% higher than that under dry condition and 18.7% higher than that under Hw = 1.5D condition. The data fitting shows that the limit effective support pressure increases linearly with the increase of head pressure.
[image: Figure 5]FIGURE 5 | Relationships between limit support pressure and tunneling face displacement under the different head pressures.
When the overall instability failure of the soil occurs, the surface presents a chimney shape. Under the action of seepage force, the deformation of the soil is accelerated, resulting in the expansion of the width and a larger volume of the collapse body, extending from the bottom to the surface, which intensifies the iteration speed and failure strength of the soil arch. In the theoretical calculation and numerical simulation, for the convenience of calculation, the seepage coefficient is often regarded as isotropic. In the comparison of the test results in this paper, it can be seen that the seepage force of the soil in the collapse area along the tunnel is significantly greater than that outside the failure surface, and the seepage force near the tunnel surface is significantly greater than that far away from the tunnel surface. It is not difficult to see that if the excavation surface continues to retreat, under the action of seepage force, the soil particles with original force balance will be carried to the lower part, making the chimney shape wider and wider, and finally leading to the tunnel filled with soil. This is also the key to increase the support pressure of the excavation surface in time to prevent the further development of collapse and prevent water and mud gushing in the process of shield instability.
FACTOR INFLUENCE ANALYSIS
Influence of C/D on Limit Support Pressure of Tunnel
The variation law of tunnel limit support pressure with C/D is shown in Figure 6. It can be seen that with the increase of C/D, the limit support pressure gradually decreases and tends to a stable value φ = 28°, increased by 7.6%, 1.7%, and 0.6%, respectively, with the increase of C/D. When C/D = 2, the limit support pressure is stable at 41.7, 36.2, and 26.7 kPa. From φ = 32° to φ = 25°C at C/D = 0.5, the limit support pressure is reduced by 28.4%. When C/D = 0.5, because it is a shallow buried tunnel, overall instability will occur. At this time, P is 35.2 kPa. With the increase of C/D, when C/D = 1, the buried depth increases, the soil arching effect is further developed, and local instability will occur. At this time, P is equal to 40.2 kPa with an increase of 14.2%, which is shown in the figure, where the first half of the curve is steep. When φ is 28°, the slope of the first half section decreases compared with that at 25°, which is mainly due to the more effective role played by the soil arching effect with the increase of internal friction angle. Similarly, when φ is 32°, the limit support pressure is hardly affected by C/D, and only increases by 3.5%. When C/D > 1.5, the buried depth has little effect on the limit support pressure of the tunnel. It can be seen that the soil with larger internal friction angle is more likely to produce a soil arching effect, which plays a more effective role. In the construction of a shallow buried tunnel, attention should be paid to the soil with a smaller internal friction angle.
[image: Figure 6]FIGURE 6 | Relationship between limit support pressure and ratio of tunnel C/D.
Influence of Internal Friction Angle on Limit Support Pressure of Tunnel
It has been known from the section Influence of C/D on Limit Support Pressure of Tunnel that when C/D > 1.5, P will tend to be stable, so this group selects C/D = 1.5 for the test. The variation law of tunnel limit support pressure with internal friction angle is shown in Figure 7. It can be seen that with the increase of internal friction angle, the limit support pressure decreases linearly. Due to the limited test conditions, the test with larger internal friction angle is not continued. However, it can be seen from literature (Du and Han, 2010; Idinger et al., 2011), when internal friction angle φ is more than 40°, that P gradually tends to a stable value with the continuous increase of φ. Taking Hw = 1.5 as an example, with the increase of internal friction angle, it decreases by 16.6% and 17.9%, respectively. At the same head height, with the increase of Hw, φ = 28° more than φ = 25°. The limit support pressure is reduced by 15.5%, 16.9%, 20.3%, and 21.6%. It can be seen from the comparison that in the case of no water, with the increase of internal friction angle, the reduction rate of limit support pressure is slow, and when the height of water head increases continuously, it will accelerate the reduction of limit support pressure. The main reason is that under the action of seepage force, the formation of soil arch effect is accelerated, its iterative development is terminated, and smaller limit support pressure is obtained. With the increase of head height, there is no significant increase between Hw = 1 and Hw = 1.5. The main reason is that during the centrifugal test, because the head water level is lower than the soil layer height, the overflow of the centrifuge is blocked by soil particles at high acceleration, resulting in the actual head height being greater than the control the height of water head and no head increment of 0.5 Hw. It can be seen that in the construction of high water level or shallow buried tunnel, the value of soil limit support pressure with a low internal friction angle should be more conservative.
[image: Figure 7]FIGURE 7 | Relationship between limit support pressure and internal friction angle of tunnel.
Influence of Height of Water Head on Limit Support Pressure of Tunnel
It can be seen from Influence of Internal Friction Angle on Limit Support Pressure of Tunnel that with the increase of internal friction angle, the limit support pressure gradually tends to a stable value. That is, the larger value of φ is, the smaller the influence on the support pressure of the excavation face is, so φ = 32° is selected. This group of tests shall be carried out for 32° soil. It can be seen from Figure 8 that with the increase of Hw, the limit support pressure increases linearly, and there is a sudden change when C/D = 1 and Hw = 1.5. The reason is the same as that in Influence of Internal Friction Angle on Limit Support Pressure of Tunnel. The overflow is blocked by soil particles, which also provides improvement ideas for researchers who conduct subsequent centrifugal tests. When Hw = 1, with the increase of C/D, the limit support pressure increases by 3.4%, 6.3%, and 3.8%, respectively. When Hw = 1.5, it increases by 2.9%, 1.8%, and 5.7%, respectively. When Hw = 2, it increases by 3.3%, 3.2%, and 1.2%, respectively. It can be seen that under the condition of height of water head, with the increase of C/D, the increase of limit support pressure caused by Hw also gradually decreases, which is consistent with the fact that the increase of C/D obtained in Influence of C/D on Limit Support Pressure of Tunnel to a certain extent is no longer the main factor affecting limit support pressure. At the same time, with the continuous increase of Hw, the limit support pressure of the tunnel under different buried depths increases linearly. It can be obtained from Yu et al. (2020). Due to the influence of tunnel diameter, with the continuous increase of Hw, the seepage force on the tunnel excavation surface will not increase linearly, but gradually flatten. Due to the complex test conditions, the influence of tunnel diameter on the limit support pressure is not considered in the test, but this influencing factor cannot be ignored.
[image: Figure 8]FIGURE 8 | Relationship between limit support pressure and height of water head of tunnel.
NUMERICAL ANALYSIS
Due to the limited test conditions and the need to invest more human and material resources, and the uncertain randomness of the data results, in order to better analyze the research of different factors on the instability mode of the tunnel excavation surface, this paper will carry out modeling and analysis in combination with the finite element software, considering the directness of the analysis and the symmetry of the data. Half of the circular tunnel cut longitudinally along the central axis is used as the analysis model (Li et al., 2018, Lu et al., 2016). As shown in Figure 9, the tunnel diameter is 10 m, and the length and width of the model are 80 m and 55 m, respectively. The model is large enough to avoid boundary effect, where C is the buried depth of the tunnel. The soil model adopts the M-C model, and the lining structure is represented by the shell element, with a thickness of 35 mm. Earth pressure monitoring points are set within the three-dimensional and two-dimensional range in front of the tunnel excavation surface to judge the tunnel instability contour. In the result analysis diagram, the black contour is the tunnel body, the color line is the instability contour drawing, and the contour line is fitted and linearized.
[image: Figure 9]FIGURE 9 | Numerical analysis model.
The boundary conditions of the model are as follows: only the top surface of the model can move freely. The normal direction of all vertical planes is fixed. The bottom surface of the model is also fixed. The surface between soil and lining is fixed.
Influence of C/D on Tunnel Instability Mode
The influence of C/D on the tunnel instability mode is shown in Figure 10. Similar to the previous centrifugal test results, the tunnel is prone to overall instability under shallow buried conditions, such as C/D < 1. When the red line C/D in the figure is 0.5, the overall instability occurs, and the instability range is expanded in a trumpet shape. With the continuous increase of C/D, the soil arch effect plays a role. It can be seen that the soil arch continues to develop above the soil, up to 1.2D, but its development speed continues to slow down. With the increase of C/D, the instability angle of the tunnel also gradually slows down, the width of the wedge below increases, and the height of the soil arch continues to increase. In other words, for the same soil layer, with the increase of C/D, the soil mass in front of the tunnel excavation face gradually changes from initial overall instability to local instability, and the height and width of soil arch continue to increase. When C/D increases to a certain extent, the soil arch effect will no longer extend and play a role, and C/D will no longer have an impact on the limit support pressure of the excavation face.
[image: Figure 10]FIGURE 10 | Relationship between C/D and tunnel instability mode.
Internal Friction Angle φ Influence on Tunnel Instability Mode
The influence of the internal friction angle on the tunnel instability mode is shown in Figure 11. It can be seen from the figure that with the increase of the internal friction angle, the soil instability mode has not changed greatly, and the height of the soil arch is not greatly affected by the internal friction angle. With the increase of the internal friction angle, the height of the soil arch increases by 1/5D, while the width of the wedge below increases by 2/5D. For the collapse mode, the inclination angle of unstable soil decreases continuously and does not increase continuously with the increase of internal friction angle. With the increasing internal friction angle, the wedge will not continue to grow, but will tend to a stable instability state, which is similar to the conclusion obtained from the previous centrifugal test. For the soil layer with high internal friction angle, the increase of C/D has little effect on the support pressure of the excavation face. Instead, we should pay more attention to the expansion of the instability range in front of the excavation face, explore how to take effective measures to reduce the collapse volume of the soil in front, and pay more attention to the shallow tunnel with low internal friction angle.
[image: Figure 11]FIGURE 11 | Relationship between internal friction angle and tunnel instability mode.
Influence of Cohesion c on Instability Mode of Tunnel
In the centrifugal test, it is difficult to take the cohesion as the variable, so the influence of soil cohesion on the tunnel instability mode is studied in the numerical simulation stage. The relationship between cohesion and tunnel instability mode is shown in Figure 12. It can be seen that the overall instability mode and contour of the tunnel have not changed substantially. With the increase of cohesion, the height of soil arch has hardly changed, with a maximum increase of 0.1–0.2D, and the width of wedge below has a slight increase. Similarly, the influence of cohesion on the support pressure of the excavation face is not the main factor, which is why most scholars do not take cohesion as the main research object when studying the influence on the support pressure of the excavation face.
[image: Figure 12]FIGURE 12 | Relationship between cohesion and instability mode of tunnel.
CONCLUSION
Through the centrifugal model test and numerical modeling analysis of the instability of the excavation surface of the shield tunnel, comparing the support pressure and instability form of the lower excavation surface within different soil parameters, and analyzing its influence on the support pressure of the excavation surface and its effect on the instability mechanism, the following conclusions can be obtained:
1) The instability process of excavation face can be divided into three stages. In the first stage (S < 1.5D%), P decreases rapidly with the increase of S. In the second stage (1.5D% ≤ S ≤ 3D%), with the increase of S, the support pressure of the excavation face reaches the limit state, namely, PLIM, and then P rises slowly, showing a circular arc in the graph. In the third stage (3D% < S), as S continues to increase, P gradually approaches the stable value.
2) The C/D and internal friction angle are positively correlated with the ultimate support pressure of the excavation face. When φ > 40° or C/D > 1.5, the impact is small and can be ignored. With the increase of the height of water head, the limit support pressure increases linearly.
3) With the increase of C/D, the soil is in the gradual process from overall failure to local failure. The change of C/D mainly affects the height of soil arch and the width of wedge below, and the internal friction angle mainly affects the width of wedge and soil instability angle.
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In microseismic (MS) source localization, it is usually assumed that the sensor coordinates are accurate. However, there are generally measurement errors for the sensor coordinates in practical engineering, which severely affect the location accuracy of the MS sources. Therefore, based on the least square linear inversion equation, the theoretical analysis shows that the location error is proportional to the sensor coordinate error. To reduce the systematic error of the MS source location, a calculation method for the sensor coordinate error threshold is proposed. First, the theoretical arrival time of each sensor is calculated. Then, the sensor coordinate error is added and combined with the original sensor coordinate for location. Finally, the sensor coordinate error threshold that makes the location results reach the source location accuracy is obtained. Furthermore, based on this method and assuming that the sensor coordinate error is in a normal distribution, a comprehensive evaluation index of the sensor coordinates is proposed to evaluate the influence of the sensor coordinates on the MS source location. The application results of the Beiminghe Iron Mine in Hebei Province show that the farther the source is from the sensor array, the smaller the sensor coordinate error threshold is. The sensor coordinate error threshold in the sensor array is larger than that outside the sensor array. The sensor coordinate error threshold decreases rapidly in the sensor array and slowly outside the sensor array. After removing sensor No. 201, which has the greatest influence on MS source location and has a large measurement error, the average location accuracy of blasting test events is improved by 25.74%. The research results have a certain guiding significance for the sensor coordinate measurement.
Keywords: microseismic, sensor coordinate error, monitoring area, sensor array center, threshold, comprehensive evaluation index
INTRODUCTION
With the China’s 13th Five-year Plan on Technology and Innovation strengthening the development and utilization of deep resources, there are an increasing number of deep-buried mines and tunnels, and rockburst disasters are becoming increasingly severe. To effectively avoid and prevent loss caused by deep engineering geological disasters, the microseismic (MS) monitoring technique plays a key role as a new rock mass microfracture monitoring technique. Multiple mature MS monitoring systems have emerged, such as the Institute of Mine Seismology (IMS) in Australia, Engineering Seismology Group (ESG) in Canada, and SinoSeism (SSS) MS monitoring system jointly developed by the Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, and Hubei Seaquake Technology Co., Ltd. (Chen et al., 2021). The MS monitoring techniques can obtain the MS information in the process of rock mass disaster preparation in real time and evaluate the region, probability, and scale of rock mass instability, providing the basis for early warning and prevention of rock mass risk. Currently, this approach has been widely used in many fields, such as mines, slopes, and tunnels (Leśniak and Isakow, 2009; Xu et al., 2010; Feng et al., 2015; Dai et al., 2016; Feng et al., 2022; Yu et al., 2022; Zhang et al., 2022). In the MS research, the MS source location directly affects the calculation of radiant energy, the analysis of the MS activity, and the early warning of the rockburst. Therefore, the accuracy of the MS source location is directly related to the analysis and prediction of rock engineering disasters.
Scholars worldwide have carried out much research work on the MS source location and have achieved very fruitful results. According to the principle of the MS source location, the key factors affecting the MS source location mainly include the location method, sensor array, first-arrival waveform pickup, and velocity model. In terms of the location method, location methods based on different arrival times are widely used, mainly including noniterative methods (Liu and Gao, 2012), iterative methods (Geiger, 1912; Li et al., 2014b), and swarm intelligence methods (Kennett and Sambridge, 1992; Chen et al., 2009). In terms of the sensor array, the field mainly has D-optimal design theory and C-optimal design theory (Kijko, 1977a; Kijko, 1977b), and layout optimization and evaluation methods of the MS sensor array based on D-optimal design theory (Gong et al., 2010) and the influence mechanism of the two-dimensional plane sensor array (Li et al., 2014a; Li, 2014) have been further proposed. In terms of first-arrival waveform pickup, there are many mature methods for P-wave and S-wave arrival time pickups, such as the correlation method (Bai and Kennett, 2000), energy ratio method (Saragiotis et al., 2002), and maximum amplitude method (Paige and Saunders, 1982; Cao and Greenhalgh, 1993; Boschetti et al., 1996). In terms of the velocity model, most scholars use the uniform velocity model, which simplifies the velocity of the regional rock mass and ignores the difference in rock mass characteristics. In addition, the uniform velocity model simplifies the calculation process and has strong stability. To adapt to the stratigraphic conditions, the layered velocity model (Crosson and Peters, 1974) and the anisotropic velocity model (Mooney et al., 1998) have been proposed and applied, greatly reducing the MS source location error.
In addition to the above factors affecting the MS source location, the sensor coordinates have measurement errors, which also will affect the MS source location. At present, research on the influence of sensor coordinate errors on localization mainly focuses on satellite navigation (Zhang et al., 2018), missile location (Yang and Ho, 2009; Wei et al., 2010; Sun and Ho, 2011), radar detection (Wang and Ho 2013), and communication systems (Rockah and Schultheiss, 1987; Kovavisaruch and Ho, 2005). Due to the concealment and mobility of the observation stations, research efforts are mainly aimed at the development of high-performance location methods with observation station coordinate errors. However, in the MS monitoring field, the influence of sensor coordinate errors on MS source location is rarely studied. In mine and tunnel engineering, the sensor is often installed in the borehole of the sidewall or the vault, which increases the difficulty of the sensor coordinates measurement. At the same time, the size effect of the sensor, the accuracy of the measurement equipment, and the improper operation of the measurement personnel also lead to large measurement errors in the sensor coordinates. When there is a measurement error in the sensor coordinates, the location accuracy of the MS source is significantly reduced. The sensors installed in different spatial positions have different effects on the MS source location. Therefore, to reduce the systematic error of the MS source location, it is indeed necessary to propose a corresponding sensor coordinate error threshold and quantitatively evaluate the influence of different sensors on the MS source location.
Therefore, the influence of the sensor coordinate error on the MS source location error is theoretically analyzed by the least square linear inversion equation, and the calculation method of the sensor coordinate error threshold is proposed. The influence of different sensors on the MS source location is comprehensively evaluated, which is applied in engineering. The research results have a certain guiding significance for installation and sensor coordinate measurement in actual engineering.
LEAST SQUARE LINEAR INVERSION EQUATION AND LOCATION ERROR ANALYSIS
Least Square Linear Inversion Equation
In the MS source localization, the objective function (Liu 2007) is
[image: image]
[image: image]
where [image: image] is the observed arrival time of the ith sensor and source parameters [image: image]; ([image: image]) are the MS source coordinates, and [image: image] is the seismogenic time; ([image: image]) are the coordinates of the ith sensor, and [image: image] is the theoretical arrival time of the ith sensor.
The nonlinear function [image: image] is expanded by the Taylor series in the neighborhood of the initial solution [image: image], and the terms above quadratic are omitted:
[image: image]
where [image: image] is the source parameter correction.
We substitute Equation 3 into Equation 1:
[image: image]
From the extreme value theory of multivariate function, we let [image: image]:
[image: image]
We let [image: image], which is the partial derivative matrix, and [image: image], which is the data residual vector. Then, the linearized inversion equations in the sense of least squares are
[image: image]
where the coefficient matrix [image: image], and [image: image]. Solution vector [image: image], and n is the number of triggering sensors.
The expression of coefficient matrix A is
[image: image]
We let [image: image], which is the location solution of the MS source in the k+1-th iteration, and [image: image] is the kth iteration solution.
Location Error Analysis
After the MS monitoring system is arranged, the sensor coordinates need to be measured. During the measurement, the sensor coordinates inevitably have errors, as shown in Figure 1 where Ti represents the ith sensor. The arrival time information is received by the sensor in the actual position. Therefore, when the sensor coordinates and the arrival time information do not match, systematic errors will arise.
[image: Figure 1]FIGURE 1 | Schematic diagram of the source location with sensor coordinate error.
The coordinate error of the sensor is mainly reflected in the coefficient matrix A. The error of the coefficient matrix A is [image: image], and the location error is [image: image]. Then (Li et al., 2008),
[image: image]
We subtract Equation 6 from Equation 8:
[image: image]
[image: image]
The norm of Equation 10 is obtained as follows:
[image: image]
Equation 11 shows that as the sensor coordinate error increases, the coefficient matrix error [image: image] increases, and the location error [image: image] increases accordingly. The condition number of the coefficient matrix [image: image], which is related to the sensor array and the position of the MS source, reflects the sensitivity of the location solution to the original data. Therefore, the location error is proportional to the sensor coordinate error for the determined sensor array and source position. To control the systematic error of the MS source location in practical engineering, it is necessary to study the influence of the sensor coordinate error on the MS source location.
INFLUENCE EVALUATION OF THE SENSOR COORDINATE ERROR ON THE MICROSEISMIC SOURCE LOCATION
Sensor Array Center
For the sensor array arranged at the vertex of the regular geometry, the center of the array is the center of the regular geometry. For example, the center of the cube array is the center point of the cube, and the center of the spherical array is the center point of the sphere. However, the sensor arrangement in actual engineering is usually presented as an array in the form of irregular geometry, whose array center is often difficult to determine, so it is urgent to study the center position of the irregular sensor array.
Kijko (1977a), Kijko (1977b) proposed an objective function for evaluating the optimal layout of the sensor array based on the D-optimal design theory. After that, Gong et al. (2010) established the expression of the covariance matrix based on the D-optimal design theory after considering the influence of the P-wave velocity error and the P-wave arrival time error:
[image: image]
The diagonal elements in the diagonal matrix W can be expressed as:
[image: image]
where [image: image] and [image: image] are the variances of the P-wave velocity and P-wave arrival time, respectively, and v is the P-wave velocity.
The geometric significance of the covariance matrix [image: image] is described by the confidence ellipsoid, and the characteristic value of [image: image] is the length of the principal axis of the ellipsoid. According to the D-optimal design theory, the volume of the ellipsoid is proportional to the determinant of the covariance matrix [image: image]. The smaller the volume of the ellipsoid is, the more concentrated the distribution of the source parameters and the more accurate the location results. Therefore, the center of the sensor array is defined as the position where the determinant [image: image] of the covariance matrix is minimal.
Sensor Coordinate Error Threshold
The larger the sensor coordinate error is, the larger the location error of the MS source. To reduce the systematic error of the MS source location and guide the measurement of sensor coordinates, it is necessary to propose the corresponding sensor coordinate error threshold under the MS source location accuracy required by the project. Therefore, a calculation method of the sensor coordinate error threshold is proposed for an MS source. The flow chart is shown in Figure 2, and the specific steps are as follows:
1) The coordinates of the sensor are given, and the sensor coordinate error c = Δ, and the step length is Δ. The MS source location error is E, and the number of sensors is n.
2) For an MS source in the monitoring area, the theoretical times of the sensor are calculated based on the sensor coordinates.
3) It is assumed that there are errors in the x, y, and z directions of the sensor coordinates, and the error value can be taken as c or -c. Therefore, the number of coordinate error combinations in the x, y, and z directions is 2n, so the number of coordinate error combinations of the whole sensor array is 2n × 2n × 2n.
4) The coordinates of each sensor are added to the corresponding coordinate error, and localization is carried out in combination with the theoretical arrival time of the sensor. The 2n × 2n × 2n location results are obtained, and the maximum value of the location error is obtained by comparison, which is set as Q.
5) When Q ≤ E, we let c = c+Δ and proceed to step 3). When Q > E, the calculation is stopped, and c-Δ is the sensor coordinate error threshold of the MS source.
[image: Figure 2]FIGURE 2 | Calculation method of the sensor coordinate error threshold.
Since the coordinate errors of each sensor are different, it is difficult to make the coordinate errors of all sensors equal to the sensor coordinate error threshold, so the calculated sensor coordinate error threshold is an upper limit value. The sensor coordinate error threshold solved is not less than the coordinate errors of all the sensor. Therefore, the sensor coordinate error threshold is a value with high safety factor.
In the above method, there are 2n × 2n × 2n sensor coordinate error combinations for each increased step length Δ and corresponding 2n × 2n × 2n location times. When the number of the sensors n is small, the calculation amount is small. However, as the number of sensors n increases, the calculation amount increases exponentially. Therefore, it is necessary to simplify steps 3) and 4) in the above method. The coordinate errors of the whole sensor array in the x, y, and z directions are calculated separately, and the coordinate errors of n sensors in the x, y, and z directions are all 2n. Taking the sensor coordinate error in the x direction and no coordinate error in the y and z directions as an example, the sensor coordinate error combinations in the x direction are obtained when the location error is the largest, which is denoted as xa. Similarly, the corresponding sensor coordinate error combinations in the y and z directions are yb and zc, respectively. The influence of the sensor coordinate errors in each direction on the MS source location can be superimposed. Therefore, for the whole sensor array, when the coordinate error combinations in the x, y, and z directions are xa, yb, and zc, respectively, the calculated location error is the maximum value in the 2n × 2n × 2n location results. Therefore, the number of localizations is simplified from 2n × 2n × 2n to 3 × 2n+1, and the amount of calculation is greatly reduced.
Comprehensive Evaluation Index
In the same monitoring area, each sensor has a different influence on the MS source location. Therefore, it is necessary to evaluate the influence degree of different sensors on the MS source location. For an MS source in the monitoring area, when calculating coordinate error threshold of the sensor based on calculation method of the sensor coordinate error threshold, it is assumed that one sensor in the array has a coordinate error in a normal distribution and the other sensors have no coordinate error. Accordingly, steps 3) and 4) in Sensor Coordinate Error Threshold subsection are modified as follow:
3) The sensor coordinate errors in the x, y, and z directions follow the same normal distribution, respectively, i.e., x ∼ N ([image: image],c), y ∼ N ([image: image],c), and z ∼ N ([image: image],c). The sample number of normal distribution is set to Nm.
4) The coordinates of each sensor are added to the corresponding coordinate error, and localization is carried out in combination with the theoretical arrival time of the sensor. The location error of Nm samples are obtained, and its average value is set as Q.
Similarly, the coordinate error thresholds of other sensors can also be obtained. Then, the normalization transformation is performed on the coordinate error thresholds of all sensors, and the formula is as follows:
[image: image]
where [image: image] is the coordinate error threshold of the ith sensor and [image: image] is the normalization result of [image: image], which is recorded as the evaluation index of the ith sensor. In addition, [image: image] and [image: image] are the maximum and minimum coordinate error thresholds of all sensors, respectively.
It is necessary to comprehensively evaluate the influence of the sensor coordinate error on the MS source location for the whole monitoring area Ω. Therefore, the monitoring area is meshed, where each grid point is taken as an MS source, and the number of MS sources is M. The evaluation indexes of all MS sources are comprehensively analyzed, and the comprehensive evaluation indexes of the ith sensor in the monitoring area Ω are as follows:
[image: image]
where [image: image] is the evaluation index of the ith sensor in the jth MS source and [image: image] is the comprehensive evaluation index of the ith sensor in the whole monitoring area.
The larger the comprehensive evaluation index [image: image] is, the greater the influence of the ith sensor coordinate error on the MS source location in the monitoring area.
FIELD APPLICATIONS
The workers of the Beiminghe Iron Mine in Hebei Province have found abnormal phenomena in the mining area many times since 2017, mainly located in the substation on the -122 m level and the excavation roadway at the -185 m level. It is preliminarily inferred that these phenomena are related to illegal mining. Therefore, to protect mineral resources and production safety, the mine has introduced a new generation of SinoSeism (SSS) MS monitoring systems jointly developed by the Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, and Hubei Seaquake Technology Co., Ltd. Due to the limitation of site conditions, a total of 10 mono-component sensors and 2 three-component sensors are arranged at the roadways of the -230 m level. The sensor coordinates initially measured are shown in Table 1, and the plane diagram of the sensor layout is shown in Figure 3.
TABLE 1 | Sensor coordinates.
[image: Table 1][image: Figure 3]FIGURE 3 | lane diagram of the sensor layout and -200 m level in the mining area.
Sensor Array Center in the Mine
Based on the sensor coordinates of the initial measurement, the determinant of the covariance matrix is calculated by Equation 12, and its spatial distribution diagram is shown in Figure 4. The expected velocity of the P-wave is 5222 m/s, the variance in the velocity is 50 m/s, and the P-wave arrival time error is 0.005 s. Figure 4 shows that there is a minimum determinant of the covariance matrix in the space, which is the array center. The farther the MS source is from the center of the sensor array, the larger the determinant of the covariance matrix [image: image]. To find the position of the sensor array center, the particle swarm optimization (PSO) algorithm is used to search for the minimum value of [image: image]. The PSO algorithm parameters (Feng et al., 2017) are set to: the learning factor [image: image], inertial weight w = 0.8, population number [image: image] = 4,000, flying times [image: image] = 5000, and fitness conditions [image: image]. The range of coordinates is [image: image], [image: image], and [image: image]; and the unit is m. It can be obtained by calculation that when [image: image] is the smallest, the coordinates of the array center are (1892.10, 8698.89, -232.82), and the unit is m.
[image: Figure 4]FIGURE 4 | Spatial distribution diagram of [image: image].
Sensor Coordinate Error Threshold and Comprehensive Evaluation Index in the Monitoring Area
The coordinate range of the -200 m level in the Beiminghe Iron Mine is set to [image: image] (1600, 2000), [image: image] (8400, 8800), z = -200, and the unit is m. The plane diagram of the monitoring area at the -200 m level is shown in Figure 3. The monitoring area at the -200 m level meshes, and the grid spacing in the x and y directions is 5 m. The MS source location accuracy is set to 15 m, and the calculation method of the sensor coordinate error threshold is used to solve the sensor coordinate error threshold of the monitoring area. The contour diagram of the sensor coordinate error threshold at the -200 m level is shown in Figure 5. The farther the MS source is from the sensor array, the smaller the sensor coordinate error threshold. The sensor coordinate error threshold inside the array is larger than that outside the array, and the sensor coordinate error threshold decreases rapidly inside the array and slowly outside the array. The minimum value of the sensor coordinate error threshold within the -200 m level is 0.27 m, indicating that the measurement error of the sensor coordinates should not exceed 0.27 m when the MS source is in the -200 m level, and the corresponding coordinate is in the lower boundary point L (1760 m, 8400 m, -200 m). From the location relationship between the lower boundary point L and the sensor array center, it can be seen that the minimum sensor coordinate error threshold in the -200 m level is located on the boundary line farthest from the array center. Therefore, the minimum value of the sensor coordinate error threshold of the whole monitoring area can be quickly calculated through this law.
[image: Figure 5]FIGURE 5 | Contour diagram of the sensor coordinate error threshold at the -200 m level.
To evaluate the influence of different sensors on the MS source location, the area near stope No. 7 is further selected as the key monitoring area. The plane diagram of the key monitoring area is shown in Figure 3, and the scope of the key monitoring area is shown in Table 2. The key monitoring area meshes, and the grid spacing in the x, y, and z directions is 5 m. The grid point is taken as the MS source and the sample number Nm of normal distribution is set to 500. Then, the comprehensive evaluation index of each sensor in the key monitoring area is calculated through Equation 15. The comprehensive evaluation index of each sensor is shown in Table 3.
TABLE 2 | Vertex coordinates of the key monitoring area.
[image: Table 2]TABLE 3 | Comprehensive evaluation index of each sensor.
[image: Table 3]Table 3 shows that in the key monitoring areas, the number of sensors whose coordinate error affects the MS source location from large to small is 201, 204, 206, 105, 203, 205, 202, 102, 106, 101, 103 and 104. Therefore, in sensor coordinates measurement, the sensor with a large comprehensive evaluation index should be focused on to improve the measurement accuracy of their sensor coordinates.
Comparison of the MS Location Results Before and After Remeasurement of Sensor Coordinates
According to the above calculation results, the coordinate errors of sensors 201, 204, 206, and 105, whose comprehensive evaluation index exceeds 0.6, have the greatest influence on the MS source location in key monitoring areas. Therefore, it is necessary to recheck the coordinate accuracy of the four sensors. The coordinate accuracy of sensors No. 204, 206, and 105 is within the sensor coordinate error threshold through remeasurement by the field staff. There is a fault fracture zone in the area near sensor No. 201, whose position and crushing degree are not detected in time, and hole collapse occurs in the borehole. Therefore, sensor No. 201 is not installed at the bottom of the borehole. Due to the permanent grouting installation, the coordinates of sensor No. 201 in Table 1 inevitably have measurement errors and cannot be remeasured. When the blasting events occur in the key monitoring area, the measurement error of sensor No. 201 severely affects the location accuracy of the MS source. Therefore, when the number of trigger sensors meets the minimum number of sensors required by the location method, sensor No. 201 can be discarded to improve the location accuracy of the MS source.
Five blasting tests are carried out in the key monitoring area. The locations of the test points are shown in Table 4, and the arrival time information of each test events is shown in Table 5. Since the blasting test area is far from sensors 101 and 102, these two sensors do not receive the 5 blasting test signals. The number of triggering sensors in the five blasting tests exceeds 4, so sensor No. 201 with large measurement errors should be discarded during localization. Based on the original sensor coordinates (as shown in Table 1), the location results of the five blasting test events are shown in Table 6. After removing sensor 201, the location results of the five blasting test events are shown in Table 6. After the sensor coordinates are remeasured, the location errors of the five blasting test events are reduced by 0.05 m, 5.89 m, 4.08 m, 8.22 m, and 0.13 m. The average location error is reduced by 3.67 m, and the location accuracy is improved by 25.74%.
TABLE 4 | Blasting test location.
[image: Table 4]TABLE 5 | Arrival time of the sensor for the blasting test event.
[image: Table 5]TABLE 6 | Comparison of location results before and after sensor coordinate adjustment.
[image: Table 6]The accuracy range of the sensor coordinates can be obtained based on the calculation method of the sensor coordinate error threshold to guide the on-site sensor coordinate measurement. The comprehensive evaluation index of sensor coordinates is used to evaluate the influence of different sensor coordinates on the MS source location and accurately identify the sensors that have a greater impact on the MS source location. Finally, sensors with large coordinate measurement errors are focused on to improve the location accuracy of the MS sources.
CONCLUSION
The influence of the sensor coordinate error on the MS source location is studied, and the following conclusions can be drawn:
1) The influence of the sensor coordinate error on the location error is theoretically analyzed, and it is concluded that the location error is proportional to the sensor coordinate error.
2) The sensor array center is obtained based on D-optimal design theory. A calculation method for the sensor coordinate error threshold is proposed to obtain the sensor coordinate error threshold of different MS sources.
3) A comprehensive evaluation index of the sensor is proposed to evaluate the influence of different sensors in the monitoring area on the MS source location. The larger the comprehensive evaluation index is, the greater the influence of the sensor coordinate error on the MS source location and the higher the required accuracy of the sensor coordinate.
4) The distribution of the sensor coordinate error threshold at the -200 m level shows that the farther the source is from the sensor array, the smaller the sensor coordinate error threshold. The sensor coordinate error threshold in the array is larger than that outside the array, and the sensor coordinate error threshold decreases rapidly in the array and slowly outside the array.
5) The application results in the key monitoring areas of the Beiminghe Iron Mine show that the average location accuracy of blasting test events is improved by 25.74% by remeasuring the coordinates of sensors whose comprehensive evaluation index exceeds 6 and discarding sensors with large measurement error.
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The force chain method is a powerful tool to analyze the pressure arch of a tunnel, which has important influence on the seismic stability of tunnel structures. The force distribution around the tunnel before and after an earthquake was observed with numerical simulation and shaking table test, and then some parameters related to the pressure arch around the tunnel were analyzed. The discrete element method software PFC was used to numerically simulate the variation of shape and height of pressure arch with tunnel depth before and after an earthquake. The effect of tunnel depth, span, section shape, lining stiffness, seismic spectrum, and seismic amplitude on the shape and height of pressure arch was numerically simulated. The numerical results show that the tunnel depth, span, section shape, and seismic amplitude have great effect on the pressure arch shape, while the lining stiffness and seismic spectrum has little effect on the pressure arch shape. In addition, the shaking table tests were conducted to observe the pressure arch shape before and after an earthquake, and the experimental results were applied to verify the numerical simulation results.
Keywords: force chain, pressure arch, earthquake action, shaking table test, influential factors
INTRODUCTION
A great number of tunnels are planned, are under construction, and have been built all over the world (Feng et al., 2015; Feng et al., 2022; Yu et al., 2022). For example, there are 20 tunnels that are greater than 15 km long and 12 potential focal regions along the under-construction Sichuan–Tibet Railway in China, and the seismic intensity is partly up to 0.3 g (Peng et al., 2020). Therefore, seismic tunnel disasters are increasingly observed, and, for example, 40 of 59 investigated tunnels suffered from the 2008 Wenchuan earthquake in China, among which 19 tunnels were seriously damaged (Zang, 2017). As a consequence, much attention is paid to the seismic stability of tunnel structures. The pressure arch, which exists widely in most tunnels, has a direct effect on the bearing capacity of tunnels.
Much achievement has been obtained in pressure arch research. In 1884, Roberst firstly provided the concept of “granary effect,” namely, the “pressure arch effect,” by observing the phenomenon in which the pressure at the granary bottom will be constant when the grain accumulation height is greater than a given value. Terzaghi testified the existence of pressure arch with the trap-door experiment (Terzaghi, 1936). Inst Min Eng (IME) considered that the pressure arch resulted from the stress redistribution and exists at every excavation cavern (IEM, 1936). Handy described the pressure arch with the path of minor principal stress which is approximately like a catenary (Handy, 1985). Tien analyzed the arching mechanism in terms of the micro-level by photo-elasticity modeling (Tien, 2001). Song Yuxiang numerically simulated the formation process of pressure arches in terms of principal stress around tunnels and analyzed various factors influencing the pressure arch (Song et al., 2017). Zeng Xinping used numerical simulation to explore the formation mechanism of deeply buried tunnels and the distribution of vertical Earth pressure (Zeng, 2018). Shang Bin et al. numerically simulated the internal and external boundaries of pressure arches and provided the formula for the surrounding rock pressure with linear regression analysis (Shang et al., 2020). In addition, they considered that the surrounding rock pressures are basically affected by tunnel depth H, span B, internal friction angle φ, and rock unit weight γ.
The pressure arch is traditionally considered as a shield for the tunnel, and hence the evolution of the pressure arch under the earthquake may have great effect on the seismic stability of the tunnel. However, little attention has been paid to the research in the pressure arch under earthquakes.
After tunnel excavation, the initial stress field is disturbed, and the surrounding rock moves due to unbalanced force. When the new balance state is reached, the surrounding rock within a certain scope is in the unidirectional compression state, just like an arch, which is defined as the pressure arch. The formation and shape of the pressure arch is closely related to the microscopic motion of rock particles.
A force chain is defined as a line segment that supports a compressive force (Socolar et al., 2002), which is a powerful tool to analyze the microscopic displacement and motion of rock particles. The pressure arch may be considered to consist of one or more strong force chains, and thus the shape and stability of the pressure arch can be analyzed by the force chain method.
Many scholars have carried out in-depth research on the force chain. Dantu observed the tree-pattern structure of the force chain with photo-elasticity method (Dantu, 1957). Sanfratello et al. firstly obtained the structure of the force chain within a dense 3D granular assembly by observing the internal force chain structure with magnetic resonance elastography technique (Sanfratello et al., 2009). Oda observed the microstructure in shear band with micro-focus X-ray computed tomography and found that the local dilatation in a shear band is inevitably related to the extensive rotation of particles (Oda et al., 2004). Miao Tiande observed the contact force at the bottom of 3D ordered granular arrays jointly by the aluminum-plastic board and carbon paper techniques and found that all arrays have obvious arching effect and the force distribution depends largely on the crystal structure (Miao et al., 2007). Sun Qicheng numerically simulated the force chain pattern and stress distribution of 12,000 static sand grains by 2D discrete element method (DEM) based on strict contact theory and found that the friction coefficient of particles has great effect on the force chain behavior (Sun and Wang, 2008). Majmudar used PFC2D to analyze the tangential and normal grain-scale forces inside 2D photo-elastic disks subject to pure shear and isotropic compression (Majmudar and Behringer, 2005). Iwashita analyzed the force chain by slightly modified DEM and found that the applied stress is basically transferred by the force chain which is parallel to the principal stress, and the force chain varies with stress (Iwashita and Oda, 2000).
Therefore, it is feasible to study the shape and influential factors of a pressure arch with force chain due to its successful development.
NUMERICAL SIMULATION
The Particle Flow Code (PFC) was developed by Itasca Consulting Group, Inc., in America to analyze the mechanical properties and behavior of granular and solid materials in terms of a microscope, and PFC consists basically of variably sized rigid spherical particles. The conventional macroscopic constitutive relation and its corresponding parameters can be automatically determined in PFC, and only the geometric and mechanical parameters of rigid particles and their contact need be defined. The motion of each particle arising from the contact and body forces acting upon it is determined by Newton's second law, while the contact forces arising from the relative motion at each contact is updated by the force-displacement law. Thus, PFC may well simulate the mechanical behavior of inherently loose granular materials such as soil. In addition, PFC is especially suitable for the simulation of large deformation problems such as fracturing, and therefore it has been widely used in the tunnel and underground engineering.
The force chain pattern around the tunnel before and after an earthquake were numerically simulated by the DEM software of PFC and then was used to analyze the shape and influential factors of a pressure arch under an earthquake.
The microscopic parameters of soil and lining for numerical simulation were determined by adjusting them in a numerical triaxial model until the macroscopic behavior of the numerical model was almost identical to the experimental counterparts (Badakhshan et al., 2020; Chen et al., 2022; Wang and Zhao, 2022). Finally, the parameters were obtained, as listed in Tables 1 and 2 (Chang-nü et al., 2021; Hu et al., 2021; Zhou et al., 2022).
TABLE 1 | Microscopic parameters of soil.
[image: Table 1]TABLE 2 | Microscopic parameters of tunnel lining.
[image: Table 2]The particles in PFC2D are generally formed by generating non-overlapping sets of balls with the ball generate command or by distributing overlapping balls to match a specified size distribution with the ball distribute command. The two particle generation methods are greatly different from each other. In this paper, the particles were formed by the ball generate command which generates non-overlapping balls. This process stops when the number of attempts to place balls without overlap is achieved or when the target number of balls is created. By default, the ball positions and radii are drawn from uniform distributions throughout the model domain. Therefore, the set of balls is greatly affected by the state of the random-number generator. The optional range is applied to each ball upon generation, and, if the ball does not fall within the range, it is not added to the model and does not affect the stopping criteria.
Various contact models are provided in PFC2D, and the linear parallel bond model, which has constant normal and shear stiffness at the contact point and permits some tension between the contact, was applied in this paper. According to the force-displacement law for the linear parallel bond model, the contact force and moment are updated by
[image: image]
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where [image: image] is the contact force, [image: image] is the linear force, [image: image] is the dashpot force, [image: image] is the parallel-bond force, [image: image] is the contact moment, and [image: image] is the parallel-bond moment. The parallel-bond force is then resolved into a normal and shear force which are computed by
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where [image: image] is the parallel-bond normal force, [image: image] is the normal stiffness, [image: image] is the contact area, [image: image] is the relative normal-displacement increment, [image: image] is the parallel-bond shear force, [image: image] is the shear stiffness, and [image: image] is the relative shear-displacement increment.
The balls were appropriately scaled up during model generation for the purpose of higher computation efficiency. A total of 35,762 particles were formed, and the established model is shown in Figure 1.
[image: Figure 1]FIGURE 1 | 2D PFC model of tunnel.
The pressure arch shapes before and after an earthquake were firstly simulated based on force chain pattern, and then the effects of tunnel depth, span, section shape, lining stiffness, seismic spectrum, and seismic amplitude on the pressure arch shape were analyzed.
Effect of Tunnel Depth
The magnitude of contact force between particles can be represented in terms of the thickness of force chain. The thicker the force chain, the larger the contact force, and vice versa (Chen-Peng, 2021; Deng et al., 2021; Wang et al., 2022). The force chain patterns of 15 and 25 m deep tunnels before and after an earthquake are shown in Figures 2 and 3, respectively.
[image: Figure 2]FIGURE 2 | Force chain pattern of 15 m deep tunnel. (A) Before earthquake. (B) After earthquake.
[image: Figure 3]FIGURE 3 | Force chain pattern of 25 m deep tunnel. (A) Before earthquake. (B) After earthquake.
Figure 2 shows that the force chain around a shallow tunnel before an earthquake is thick, with obvious pressure arch structure, indicating that the stress within the surrounding rock is large. In addition, the upper pressure arch is relatively weak in structure. When the shallow tunnel suffers from the horizontal earthquake, the force chain around the tunnel becomes thin, indicating that the stress within the surrounding rock decreases, and the lining deforms largely due to the increasing stress of lining structure. The results demonstrate that the pressure arch may be weakened to some extent when the tunnel is subject to seismic load.
Figure 3 shows that the pressure arch exists for deep tunnel before an earthquake, with strong structures at the left and right sides and weak structures above the tunnel. After the horizontal earthquake is applied, the force chain around the tunnel becomes thick, and the pressure arch expands and moves away from the tunnel, with little change in tunnel deformation. It is inferred that the seismic load may damage the original pressure arch around the deep tunnel and cause the surrounding rock to be denser. Thus, a new stronger pressure arch forms, with some change in shape and position.
Therefore, the tunnel depth has a large effect on the pressure arch under an earthquake. For a shallow tunnel, seismic load may totally or partly damage the original pressure arch, and no new pressure arch forms. For a deep tunnel, seismic load may change the shape and position of the original pressure arch, and a new stronger one forms. Because the vertical load applied on the tunnel depends largely on the height of the pressure arch above the tunnel, the heights of the pressure arch before and after an earthquake are listed in Table 3.
TABLE 3 | Factors influencing the height of pressure arch above tunnel.
[image: Table 3]Effect of Tunnel Span
The force chain patterns of circular tunnels with diameters of 4, 8, and 12 m were numerically simulated under the same horizontal seismic acceleration, respectively, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Force chain patterns of circular tunnel with diameters of 4, 8, and 12 m after earthquake. (A) Diameters of 4 m. (B) Diameters of 8 m. (C) Diameters of 12 m.
Figure 4 shows that when the tunnel span is small, the force chain around the tunnel is thick and continuous, with small lining deformation, indicating that a complete pressure arch exists and the tunnel lining is stable. When the tunnel span is moderately large, the force chain above the tunnel is thin while those at the two sides are thick, with relatively large lining deformation, demonstrating that the pressure arch above the tunnel tends to fail and the left and right sides of lining are subject to large stress. When the tunnel span is large, the force chain above the tunnel disappears and those at the two sides become thin, with large lining deformation, which indicates that the pressure arch fails and the tunnel lining is not stable. Therefore, under the same horizontal seismic acceleration, the small-span tunnel may be stale. As the tunnel span increases, the pressure arch above the tunnel firstly fails, then the other pressure arch, and the seismic stability tends to decrease rapidly. The height of the pressure arch under various span conditions before and after an earthquake are listed in Table 3.
Effect of Section Shape
The force chain patterns of circular and rectangular tunnels with identical span and lining structure were numerically simulated under the same horizontal seismic acceleration, respectively, as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Force chain patterns of circular and rectangular tunnels after earthquake. (A) Circular. (B) Rectangular.
Figure 5 shows that the force chain of a circular tunnel is thick and complete, indicating that the pressure arch is continuous and the lining is stable, while the force chain of a rectangular tunnel is thin above the tunnel and thick on the two sides of the tunnel, indicating that the upper force chain tends to fail and the lining may become unstable due to the large applied stress. Therefore, the circular tunnel has better seismic stability than the rectangular tunnel. The height of the pressure arch of circular and rectangular tunnels before and after an earthquake are listed in Table 3.
Effect of Lining Stiffness
The force chain patterns of circular tunnels with lining stiffness of 1e10, 5e10, and 10e10 N/m (the selected value is close to the actual project) were numerically simulated under the same horizontal seismic acceleration, respectively, as shown in Figure 6.
[image: Figure 6]FIGURE 6 | Force chain patterns of circular tunnels with various lining stiffness after earthquake. (A) Lining stiffness of 1e10N/m. (B) Lining stiffness of 5e10N/m. (C) Lining stiffness of 10e10N/m.
Figure 6 shows that, as the lining stiffness increases, the force chain of a circular tunnel changes a little, and the lining deformation decreases, indicating that the lining stiffness has little effect on the shape of the pressure arch. In addition, the increase in lining stiffness can reduce the lining deformation and improve the seismic stability of the tunnel. The height of the pressure arch of tunnels with various stiffness before and after an earthquake are listed in Table 3.
Effect of Seismic Spectrum
The El Centro earthquake, Kobe earthquake, and Wenchuan earthquake have different seismic spectra and were selected to numerically simulate force chain patterns of circular tunnels under the same horizontal seismic acceleration. Three seismic waves of various types are shown in the Figure 7.
[image: Figure 7]FIGURE 7 | Three seismic waves of various types. (A) El Centro earthquake. (B) Kobe earthquake. (C) Wenchuan earthquake.
The numerical results are shown in Figure 8.
[image: Figure 8]FIGURE 8 | Force chain patterns of circular tunnels under earthquake of various spectra. (A) El Centro earthquake. (B) Kobe earthquake. (C) Wenchuan earthquake.
Figure 8 shows that the force chain patterns are almost identical under three various earthquakes, indicating that the seismic spectrum has little effect on the pressure arch. The height of pressure arch of tunnels before and after earthquakes of various spectra are listed in Table 3.
Effect of Seismic Amplitude
The force chain patterns of circular tunnels with seismic amplitudes of 0.1, 0.2, and 0.3 g were numerically simulated under the El Centro earthquake, respectively, as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Force chain patterns of circular tunnels under earthquake of various amplitudes. (A) 0.1 g. (B) 0.2 g. (C) 0.3 g.
Figure 9 shows that, as the seismic amplitude increases, the force chain around the tunnel becomes thick, especially on the two sides, and the lining deformation increases greatly due to the increasing stress, indicating that the lining structure may suffer great deformation or even failure under the large horizontal seismic amplitude. In addition, the pressure arch around the tunnel may become thick if the seismic amplitude increases. The height of the pressure arch of tunnels before and after the El Centro earthquake of various amplitudes are listed in Table 3.
Table 3 shows that the tunnel depth has the largest effect on the shape of the pressure arch; the span, section shape, seismic amplitude, and lining stiffness have moderate effect, and the seismic spectrum has little effect. The factor sensitivity after the earthquake is greater than that before the earthquake, and the reason is as follows: before the earthquake, it is a static problem, and after the earthquake, it is a wave dynamic problem. The six influencing factors have different mechanisms for static and dynamic effects, so their sensitivities are also different. In addition, only the values about the pressure arch above the tunnel are listed in Table 3, and the values about the pressure arch under and on the two sides of the tunnel differ from the values in Table 3.
SHAKING TABLE TEST
The shaking table test was conducted to verify the numerical results about the force chain and pressure arch around the tunnel under an earthquake.
The device for the test is the hydraulic ES-5 shaking table system, which was manufactured by the Suzhou Sushi Testing Instrument Co., Ltd, China, and consists mainly of the platform, power amplifier, sensors, and controller, with maximum acceleration of 40 m/s2, maximum load of 1,500 kg, and rated excitation force of 50 kN. The model has a scale of 1:50, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Shaking table and model box.
The grid was notched on the glass window of a model box to observe the shape variation of the pressure arch, and some foam board was installed to reduce the boundary effect (Wen-guang et al., 2005). The lining materials are usually made of waterproof sponge, latex, molded polystyrene foam, and rubber. The friction along the contact surface may be simulated by means of a thin layer of polystyrene foam on the inner lining surface. According the laboratory equipment conditions and testing requirements, an about 22.5 cm thick layer of molded polystyrene foam was chosen as the shock absorption structure on the inner lining surface, as shown in Figure 11.
[image: Figure 11]FIGURE 11 | Shock absorption structure of molded polystyrene foam for shaking table test
The surrounding rock for the shaking table test was made by a mixture of river sand, laundry liquid, and sawdust. The river sand was selected as the aggregate because it not only matches well the general requirements of aggregate similarity but also has better simulation on the discreteness of the surrounding rock due to the great variability of its grain size. Additionally, the water content of the mixture was kept almost constant because the river sand has low moisture content, ensuring good stability in the physical and mechanical properties of the mixture. The sawdust was used to adjust the unit weight of the mixture and enhance the stabilization in the mixture properties because the sawdust can absorb much water and cementation material. The laundry liquid has low cementation and thus reduces the mixture strength to better simulate the mechanical behavior of surrounding rock. Furthermore, the three different materials did not react chemically with each other after mixing, so the physical and mechanical properties of the mixture was very stable. The major mechanical parameters of the original surrounding rock and the mixture materials are listed in Table 4.
TABLE 4 | Major mechanical parameters of original surrounding rock and mixture materials.
[image: Table 4]The mixture ratio of the simulated Class-V surrounding rock for the shaking table test was finally determined by a series of trial tests, as listed in Table 5.
TABLE 5 | Mixture ratio of simulated Class-V surrounding rock.
[image: Table 5]The tunnel excavation was simulated with a special device by the aeration and deflation of a balloon. This device is basically made with two layers of rubber acting as the tunnel and lining, respectively. The tunnel layer is divided into two parts, one over the tunnel axis and another beneath the tunnel axis. The upper part and arch support jointly form an arch area. Each aeration bag has one inlet and one outlet. The outside of the arch support is attached with several strain gauges or connected to a pressure gauge. When the aeration bag is fully aerated through the inlet, the arch-shaped bag and the lining can be tightly joined. When the air in the aeration bag is drained through the outlet, the stress change in the arch support can be measured by the strain gauges or pressure gauge. Thus, the tunnel excavation processes can be judged.
The fully aerated bag embedded in the soil is used to simulate the tunnel excavation. The pressure gauge connected to the aeration bag is used to simulate the stress release of tunnel excavation by releasing air to some extent and therefore the effect of excavation method on the formation and variation of the pressure arch and the seismic performance of the tunnel structure. To gain the goals above, the fully aerated bag is firstly embedded in the soil to simulate the tunnel conditions before excavation, and then some air is released with the pressure gauge to simulate the tunnel excavation. Thirdly, the outside bag is aerated to simulate the tunnel reinforcement by controlling the pressure gauge. Finally, various seismic waves are exerted on the model bottom. The formation of the pressure arch and the variation of soil particles before and after the earthquake were recorded with a camera. Thus, the shapes of the pressure arch can be compared with these photos and numerical results.
In terms of tunnel depth, seismic spectrum, and seismic amplitude, a total of 12 testing situations were schemed for the shaking table test, as listed in Table 6.
TABLE 6 | Seismic loading scheme for shaking table test.
[image: Table 6]According to the testing scheme in Table 6, the El Centro earthquake, Kobe earthquake, and Wenchuan earthquake were separately applied on the model in terms of the tunnel depth, seismic spectrum, and seismic amplitude. The experimental and numerical results are shown in Figures 12–14 for comparative purposes.
[image: Figure 12]FIGURE 12 | Experimental and numerical results of 15 m deep tunnel after earthquake. (A) Experimental results. (B) Numerical results.
[image: Figure 13]FIGURE 13 | Experimental and numerical results of 20 m deep tunnel after earthquake. (A) Experimental results. (B) Numerical results.
[image: Figure 14]FIGURE 14 | Experimental and numerical results of 25 m deep tunnel after earthquake. (A) Experimental results. (B) Numerical results.
Figures 12–14 show that the shape of the pressure arch by the shaking table test is basically identical to that by numerical simulation. When the tunnel is shallow, the failure plane extends to the ground surface, and thus no pressure arch is formed. The soil pressure around the tunnel decreases gradually with the tunnel depth, indicating that the pressure applied on the tunnel also decreases gradually with tunnel depth. In addition, the collapse degree of the pressure arch under the earthquake reduces obviously with the tunnel depth, which demonstrates that it is feasible to use the force chain to analyze the shape of the pressure arch.
CONCLUSION
In this paper, the force chain was used to analyze the shape of the pressure arch around the tunnel before and after an earthquake, and the effect of some factors on the shape of the pressure arch was studied. In addition, the shaking table test was carried out to verify the numerical results. Some preliminary conclusions were obtained as follows:
1) The shape of the pressure arch can be well represented by some easily visible indexes such as the thickness, integrity, and density of the force chain. Thus, the force chain is a powerful tool for the study on pressure arches around a tunnel.
2) The area of the pressure arch decreases gradually with the tunnel depth, indicating that the smaller the area of the pressure arch, the less surrounding rock that the tunnel self-stabilization needs, the more stable the tunnel, and the better the seismic stability of the tunnel. When the tunnel depth reaches a given value, the tunnel depth has little effect on the seismic stability of the tunnel.
3) As the tunnel span increases, the area of the pressure arch increases, and the tunnel becomes less stable. Therefore, the larger the tunnel span, the less the seismic stability of the tunnel. The rectangular tunnel has a larger area of pressure arch than the circular tunnel, and thus it is less stable than the circular tunnel. The lining of a rectangular tunnel suffers from large deformation after an earthquake. The lining stiffness has little effect on the shape of the pressure arch. However, the lining stiffness has a direct effect on the seismic stability of the tunnel. The larger the lining stiffness, the better the seismic stability of the tunnel.
4) The seismic spectrum has little effect on the shape of the pressure arch because the tunnel has less self-vibration characteristics than the on-ground buildings. As the seismic amplitude decreases, the tunnel deformation and pressure arch height decrease gradually. Therefore, the smaller the seismic amplitude, the more stable the tunnel.
5) This paper mainly calculates and analyzes the change law of the pressure arch shape around the circular tunnel lining structure; it has similar conclusions under the conditions of other lining shapes (horseshoe and rectangle).
Generally, it is suitable to analyze the variation of pressure arch shape by means of the force chain. This paper is an attempt to study the pressure arch through the force chain, and the next step needs to be combined with theoretical methods to conduct in-depth research. Only the 2D numerical simulation was conducted in this paper, and the 3D visualization study on the force chain may be carried out by transparent soil model test in the next stage. The research results of this paper can be used for seismic calculation and design of tunnel and underground engineering.
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The depth of the excavation damage zone in the surrounding rock mass is an important parameter to determine the support design scheme, and is also of great reference significance to evaluate the stability of the surrounding rock. An acoustic test is the most commonly used method to obtain the depth of the excavation damage zone in surrounding rock. However, under high stress conditions, the surrounding rock is seriously broken and the internal structural planes are significantly developed, leading to the test error reaching meter-level. This paper, based on dimensional analysis, proposed the surrounding rock damage-fracture ratio R, which was defined as the depth of excavation damage zone to the depth of highly damaged zone, to characterize the relationship between the excavation damage zone and highly damaged zone. The established indicator considered the stress condition of the engineering zone, rock integrity, tunnel excavation span, and rock fracture zone depth and was verified with allowable error in engineering practice. The results show that the model can overcome the limitations of the acoustic wave testing method in surrounding rock testing of deep underground caverns, and the method of determining the depth of the surrounding rock damage zone based on the damage-fracture ratio R provides a practical and alternative method for determining the damage zone of surrounding rock excavation.
Keywords: damage-fracture ratio, excavation damage zone, highly damaged zone, underground engineering, surrounding rock
INTRODUCTION
In the early 1980s, a large number of verification and promotion work on the supporting theory of loose circle, based on the excavation damage zone (EDZ) in domestic mines, was carried out. Kelsall et al. (1984) put forward the importance of the excavation damage zone of the surrounding rock. The academic seminars, 1988 in Winnipeg, Canada, 1998 in Paris, and 2003 in Luxembourg, are based on the excavation damage zone (EDZ) and safe storage of the waste issues related to the theme, and greatly promoted the scholars in the research of the excavation damage zone (EDZ). Harrison, et al. (2000) hold the opinion that the damage in the surrounding rock can be divided into inevitable damage during excavation and extra damage caused by the excavation method. Zou and Xiao, (2010); Zhou and Qian, (2007), according to some engineering examples, put forward the theory of zonal disintegration in the excavation damage zone. Eberhardt and Diederichs, (2012) further distinguished the excavation damage from construction damage zone (CDZ)and stress-induced excavation damage zone, (EDZSI). Siren, et al. (2015) proposed the concept of excavation disturbed zone (EdZ), which is in essence the same as the excavation disturbed zone (EDZ) proposed by Malmgren, (2007). Yang et al. (2020) estimated the rock mass properties of the excavated damage area (EDZ) based on the generalized Hoek-Brown damage criteria. Fan et al. (2021) and Feng et al. (2022) also analyzed the influences of stress unloading path induced by blasting excavation and tunnel boring machine (TBM) excavation on the EDZ using theoretical calculation and numerical simulation. The study of rock burst is also involved in the energy change of the excavation damage zone (Fan et al., 2015; Feng et al., 2015; Yu et al., 2022).
In fact, whatever the causes of damage, construction personnel are more focused on the depth of rock damage in the surrounding rock, which is vital to determine the economic and reasonable supporting scheme. Therefore, the surrounding rock can be divided into two major categories: excavation damage zone and the original rock zone (Figure 1).
[image: Figure 1]FIGURE 1 | Two major categories in surrounding rock.
The original rock zone refers to the area not affected by excavation. The excavation damage zone (EDZ) is characterized by internal fissure expansion and the acoustic wave velocity falling; it is partially connected to isolated damage and is invisible, in which the observed interconnected macro-fractures are defined as the highly damaged zone (HDZ). Scholars have studied the influence of different factors on the damage of rock mass, such as the burial depth and the cross section shape (Pusch and Stanfors, 1992), surrounding rock support (Jing, 1999), the excavation blasting (Sato et al., 2000), stress field (Baechler et al., 2011), and the joint in rock mass (Sun et al., 2019).
There are two main ways to achieve the depth of excavation damage zone in the surrounding rock: theoretical calculation and field measurement method. Wu et al. (2009) established the quantitative relation of damage zone of the surrounding rock according to the unloading strain energy released in the process of the rock mass excavation. Zou and Xiao, (2010) nonlinearly fitted the damage depth considering the uniaxial strength and stress field. Also, Huang et al. (2016) derived the elastic-plastic theory for the damage zone of surrounding rock based on D—P criterion. However deep underground excavation engineering practice shows essential difference in the mechanical behavior of surrounding rock compared with shallow buried rock mass (Xie et al., 2015); the theoretical calculation method on the premise of simplified assumption of the surrounding rock is of inadequate applicability to deep underground engineering. Therefore, the evaluation of the actual measured data is accepted as the most intuitive and reasonable method to determine the excavation damage zone. The acoustic test method has the advantages of being simple to cost-effective to operate and is the most commonly used method in current engineering practice.
It is essential for construction safety to determine the depth of the excavation damaged zone (EDZ) and highly damaged zone (HDZ) in rock masses around a tunnel. Sun et al. (2021) found there is a certain relationship between the excavation damage zone and highly damaged zone for columnar jointed rock mass in Baihetan based on field test data.
In this paper, the in situ test data of the excavation damage zone from a deep buried engineering case was further analyzed. In combination with field excavation condition, in-situ stress testing, acoustic test, and test results of borehole camera, the dimensional analysis method is employed to generate an expression for surrounding rock damage-fracture ratio (R), which was defined as the depth of excavation damage zone to the depth of highly damaged zone. The method was verified as being reliable. Moreover, the idea behind the proposal of this evaluation method, and some relevant problems facing its application, were also discussed.
LIMITATIONS OF ACOUSTIC TEST IN DETERMINING EXCAVATION DAMAGE ZONE
Acoustic testing is to excite the ultrasonic wave to propagate in the rock mass medium, and the propagation speed of the wave depends on the integrity of the rock mass. The wave velocity of intact rock mass is generally high, but it decreases relatively in the loose zone where the stress drops and the fracture expands. Therefore, there is an obvious change of wave velocity in rock mass with different damage degrees. In the highly damaged zone, there are visible cracks in the rock mass, which can be obtained by borehole television test. In the minor damaged zone, although there is no visible fissures, the propagation of sonic wave velocity in this area still drops significantly compared with that of the original rock mass. Moreover, there is obvious uncertainty in the excavation disturbed zone, part of which becomes the original rock zone as the elastic deformation recovers, while the other part of rock mass produces damage during stress dissipation (a crest in the curve due to stress adjustment) and becomes part of the excavation damaged zone (minor or highly damaged zone). The curve of wave velocity at different lengths of drilling from the surface of the surrounding rock can be obtained by using the propagation characteristics of ultrasonic wave, and then the EDZ depth of the surrounding rock can be inferred according to the variation curve (V-L curve) and relevant geological data.
The acoustic test method is restricted in the following conditions as shown in Figure 2. When sound waves spread in the fractured rock mass, the test result is significantly lower because of ultrasonic propagation in air. When the test is carried out in an upward borehole with great inclination, the coupling water creates instability, leading to the low acoustic wave velocity and inability to obtain valid test data. In addition, site construction, vehicles, and other drilling vibrations will also cause inaccuracy in acoustic test results. Thus, the applicability of the acoustic test method in deep underground engineering is limited, and errors caused by severe test conditions may exceed meter-level.
[image: Figure 2]FIGURE 2 | Limitations of acoustic test in determining excavation damage zone.
Digital borehole televiewers can intuitively reflect the drilling geological characteristics of surrounding rock from borehole, and more importantly, the test method has strong anti-interference immunity from the influence of environmental change. As shown in the engineering case, the position of crack initiation and expansion obtained from digital borehole televiewers corresponds with acoustic wave velocity descent (Figure 3), even in some visible fractures of rock mass, where the results of the acoustic test are unable to accurately determine the location of the crack (Figure 4).
[image: Figure 3]FIGURE 3 | Test in area with several fractured zone.
[image: Figure 4]FIGURE 4 | Visible fracture of rock mass from digital borehole televiewers.
EVALUATION METHOD OF ROCK MASS DAMAGE BASED ON SURROUNDING ROCK DAMAGE-FRACTURE RATIO
3.1 Definition and parameters of surrounding rock damage-fracture ratio
Testing practices in deep underground engineering show that there is local similarity in the depth of the excavation damage zone and highly damaged zone (Sun et al., 2021). Surrounding rock damage-fracture ratio (R) is defined as the depth of excavation damage zone to the depth of the highly damaged zone. That is,
[image: image]
Obviously, R is a dimensionless quantity and directly related to the excavation damage zone and highly damaged zone of the surrounding rock. Guo et al. (2017) put forward the rock mass integrity index (RMIBT) (by measuring the proportion of rock mass without macroscopic fissures in the borehole wall) based on digital borehole televiewer; it can be used to characterize the relation of the rock mass integrity and damage or fracture state of rock mass. It was applied in multiple deep rock excavations and proved to be useful. In addition, the RMIBT can be used to dynamically assess the integrity of macroscopic rock masses and the evolution of fractures in the excavation damaged zone.
The most common damage zone theoretical model showed the damage area affected by the stress conditions in the deep surrounding rock mass (Martin et al., 1999). Richards and Bjorkman, (1978) emphasized the influence of excavation shape and size on the development of the surrounding rock damage. Given the test data, we considered the excavation span along the damaged direction without the effect of shape.
Mathematical Model for R
Dimensional analysis, which is often used in the mathematical model of complex engineering problems, is adopted to determine the mathematical expression of R affected by multiple factors.
It involves the principal stress difference of stress field σ1-σ3, the rock mass integrity index RMIBT, the excavation span along the damaged direction B, the depth of excavation damage zone HEDZ, and the highly damaged zone HHDZ, then,
[image: image]
Dimensions for each control variable are:
[image: image]
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K as the objective function of the dimensional matrix, and,
[image: image]
Solving zero space for matrix K,
[image: image]
Therefore, the dimensionless factors are [image: image], [image: image], [image: image]. Solution of dimensional matrix zero space showed no correlation between R and the stress field of the surrounding rock. The equivalence relation of the objective function is,
[image: image]
Determination of the Parameters in R
With better integrity of the surrounding rock, the depth of the excavation damage zone (HEDZ) and the highly damaged zone (HHDZ)can be obtained by acoustic test and digital borehole televiewers. The established model should meet the requirement that there is a very small difference between the calculated value and the measured value:
[image: image]
The test data were shown in Table 1; the appropriate relation and suitable parameters can be derived from the engineering practice.
TABLE 1 | Test data in Baihetan engineering practice.
[image: Table 1]Using a hybrid explicit and implicit algorithm, the expression of R can be shown in the following form:
[image: image]
In which R is the surrounding rock damage-fracture ratio, HHDZ is the depth of highly damaged zone, RMIBT is the rock mass integrity index, and they can be determined by digital borehole televiewer. B is the excavation span along the damaged direction. According to the test data from the engineering practice, the parameters bi are b1 = 1.7015, b2 = −0.1532, b3 = −0.1419.
The Error Analysis
Comparing the measured R from different rock mass integrity conditions with the calculated value, the error analysis is shown in Figure 5. The error between measured data and calculated data is relatively small both in good or bad integrity conditions. However, in the area with low strength or with already released stress, the depth of excavation damage zone and highly damaged zone are close to each other, and the calculated EDZ is obtained from calculated R of greater safety reserves.
[image: Figure 5]FIGURE 5 | Error analysis of the proposed method.
Compared with the acoustic test, the proposed method, considering the integrity of rock mass and excavation span of surrounding rock, is only dependent on the results of borehole camera which has strong anti-interference and applicability.
ENGINEERING PRACTICE
The test data were obtained from famous deep underground engineering. After evaluating the integrity of the surrounding rock mass using the RMIBT method proposed by Guo et al. (2017), the surrounding rock masses were divided into intact rock (RMIBT≥0.5) and broken rock (RMIBT<0.5), as shown in Figure 6. Twenty randomly selected boreholes in the cavern with 14 m excavation spans were used as training samples to solve the coefficient in the model, and two boreholes, T4-2 and T7-4, were used as test samples to validate the calculation model.
[image: Figure 6]FIGURE 6 | Drilling arrangement in engineering case.
The lithology of the surrounding rock mass in T4-2 is polychromatic marble. The observation results in Figure 7 showed that the depth of the highly damaged zone is 1.8 m with an integrity index RMIBT 0.568. The acoustic test showed 2.6 m for the excavation damage zone, so the test surrounding rock damage-fracture ratio of the surrounding rock is 1.4, while the calculated damage-fracture ratio of the surrounding rock is 1.45.
[image: Figure 7]FIGURE 7 | Test result in borehole T4-2.
The lithology of the surrounding rock mass in T7-4 is grey marble. The observation results in Figure 8 showed that the depth of the highly damaged zone is 0.6 m with an integrity index RMIBT of 0.75. The acoustic test showed 1.2 m for the excavation damage zone, so the test damage-fracture ratio of the surrounding rock is 2.0 while the calculated ratio is 2.07, and there is little difference between the calculated value and the measured value.
[image: Figure 8]FIGURE 8 | Test result in borehole T7-4.
The calculated values of the T4-2 and T7-4 are basically consistent with the acoustic test values, which indicates that the established model of the surrounding rock damage-fracture ratio R can be used to evaluate the depth of EDZ under different surrounding rock integrity conditions.
DISCUSSION
The applicability of this method has been verified to be good. It is worth noting that when the method is used independently, as several parameters involved in the calculation model are obtained from field tests, the values of the parameters are highly susceptible to affecting the accuracy of the calculation results, and in order to clearly understand the influence of these parameters on the calculated value, a parameter sensitivity analysis was performed on the recommended surrounding rock damage-fracture ratio model.
Variance-based sensitivity analysis, often referred to as the Sobol method (Sobol, 2001), is a form of global sensitivity analysis that can handle nonlinear effects. The calculation results are relatively robust and reliable. It has been widely used in sensitivity analysis of large nonlinear models in environmental and economic fields. In this method, the total variance of the model can be decomposed into a combination of individual parameters and multiple parameter interactions.
[image: image]
Where D is the total variance of the model. [image: image] is the variance generated by parameter [image: image]. [image: image] is the variance resulting from the interaction of parameter [image: image] and parameter [image: image]. [image: image] is the variance produced by the co-action of several parameters.
Normalizing the above equation, the sensitivity of the model to each parameter and the correlation of each parameter can be achieved.
[image: image]
Then the Total-effect index of the model can be expressed as,
First-order index [image: image]
Total-effect index [image: image] Where, [image: image] is called the first-order sensitivity index or “main effect index”. This is the contribution to the output variance of the main effect of [image: image]; therefore, it measures the effect of varying [image: image] alone. [image: image] is the total-effect index. This measures the contribution to the output variance of [image: image] including all variance caused by its interactions, of any order, with any other input variables. Higher values mean a greater impact for both indexes.
[image: image] is the variance resulting from all parameters except [image: image].
The global sensitivity analysis of the damage-fracture ratio R of the surrounding rock was carried out, and the sampling was carried out according to the range of the independent variables, and the sampling method was adopted by the Monte Carlo method. 40,000 sets of model parameters were randomly selected, and the calculation results tended to converge after the calculation. The results of the first-order index and total-effect index of the parameters are shown in Table 2 below.
TABLE 2 | Results of the sensitivity analysis.
[image: Table 2]The results showed that the damage-fracture ratio R is more influenced by the depth of the highly damaged zone than the integrity of rock mass. And the total sensitivity of the parameters does not differ much from the first-order sensitivity, which indicates that the model is immune from the multiple parameter interactions.
In this model, several parameters were obtained from the engineering practice based on the available data. In fact, it is also feasible to select other characteristic parameters, such as principal stress ratio, strength stress ratio, and high-span ratio, to establish the model. However, it is not advisable to use more parameters, because too many parameters will make it difficult to determine the special solution of matrix zero space, thus introducing more influencing factors. On the other hand, more parameters may make the calculation results satisfactory at the expense of the applicability of the method in engineering. After all, construction workers are not good at performing complex calculations and error analysis of the results.
CONCLUSION
An acoustic wave test is still a commonly used method to determine the excavation damage zone (EDZ) because of its low cost and easy implementation. However, the performance of the method is negatively affected by the drilling environment and the fracture of the rock mass.
This paper proposed a method that takes into account the in-situ stress, rock mass integrity, span length, and depth of highly damaged zone to overcome these effects for reliable determination of EDZ. First, surrounding rock damage-fracture ratio (R) is defined as the depth of the excavation damage zone to the depth of the highly damaged zone. Multiple factors were summarized from the existing research results of surrounding rock damage as the dominant influence. Then, the dimensional analysis method was employed to generate an implicit expression. To determine the impact of selected parameters on the results, the parameter sensitivity analysis was demonstrated. For better practicality, different deep engineering case data were verified in the proposed method. The results prove that the proposed method is remarkably successful in the determination of EDZ evaluation of deep buried engineering projects, and also has strong anti-noise capability due to the independence of the acoustic test.
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The artificial ground freezing method has been widely used in shield end reinforcement and connecting channel reinforcement of urban subway tunnel in water-rich soft soil. Accurate quantification of micropore change and redistribution due to freeze-thaw is important to understand frost heave and thaw settlement of soft soils including mucky clay and silty clay. This paper presents Mercury Intrusion Porosimetry (MIP) data for mucky clay and silty clay specimens before and after freeze-thaw and compression. MIP tests were conducted on the soil samples of undisturbed soil, frozen-thawed soil, compressed soil and compressed frozen-thawed soil. The pores of clays were divided into five groups according to the diameter, including 1) macro pore, 2) medium pore, 3) small pore, 4) micro pore, 5) ultramicro pore. Micro pores and ultramicro pores account for more than 80% of clays’ total pore volume and pore surface area. The pore distribution characteristics of mucky clay and silty clay were studied, and the pore volume and pore surface area distributions’ capacity dimension was estimated. The particle contact, pore changes of clays due to freeze-thaw and compression were analyzed quantitatively. Total pore volume and pore surface area of clays increased due to freeze-thaw, and decreased due to compression correspondingly. The distribution of clays’ pore volume and pore surface area have statistical self similarity, and it is effective to quantify the microstructure changes of clays due to freeze-thaw and compression by estimating capacity dimension, which can provide a new way to reveal the internal micro-pore change of clays due to freeze-thaw and compression quantitatively.
Keywords: micro pore, mercury intrusion porosimetry, freeze-thaw, compression, clay
1 INTRODUCTION
The artificial ground freezing method (AGF) has been widely adopted in urban subway construction in Ningbo, a coastal city in eastern China, which is located in a soft soil area that is rich in water (Wang et al., 2017; Wang et al., 2018; Fan et al., 2019). However, the AGF would cause frost heaves and thaw settlement in water rich areas (Yamamoto and Springman, 2014; Marwan et al., 2016). The key problem to be solved is to reduce the thaw settlement deformation caused by the AGF (Civan, 2000; Jin et al., 2010; Shen et al., 2018). For soft soil, due to its unique soil structure, the change in the microstructure before and after the freeze-thaw is the fundamental cause of macro thaw settlement deformation (Yamamuro and Wood, 2004; Cuisinier et al., 2011; Lieb-Lappen et al., 2017).
At present, the research methods for investigating soil microstructure mainly include mercury intrusion porosimetry (MIP), gas absorption operations (BET), energy dispersive spectroscopy, computed tomography (CT), and scanning electron microscopy (SEM) (Yamamuro and Wood, 2004; Grimstad et al., 2010; Cuisinier et al., 2011; Gu et al., 2013; Lopes, 2016; Lieb-Lappen et al., 2017). Among them, MIP has been widely used due to its large measurement range and good repeatability of measurement results (Romero and Simms, 2009; Lubelli et al., 2013; Lopes, 2016; Wang et al., 2016). Cui and Tang (2011) used MIP to study the evolution of the pore size distribution of natural structures in soft soil during compression, and proposed the concept of the pore structure damage potential, which is used to characterize the variation in the pore distribution with load. Tang and Yan (2015) revealed the micromechanism of the effect of freeze-thaw cycles on soil strength through mercury intrusion tests and scanning electron microscopy. In addition, the application of MIP in studies of soil microstructure has included the following aspects: 1) the variation law of the soil pores under different degrees of compression (Cudny and Vermeer, 2004; Liu and Zhang, 2014; Jarvis et al., 2017; Wang et al., 2020), 2) the consolidation and dynamic load conditions based on mercury intrusion tests (Dean et al., 1987; Jiang et al., 2014; Tang and Li, 2018) and SEM analyses (Kang et al., 2003; Cui and Jia, 2013), 3) the micropore characteristics and their changes with engineering properties such as compression deformation and seepage consolidation (Kawaragi et al., 2009; Le Runigo et al., 2009; Aldaood et al., 2014; Yi et al., 2015; Lei et al., 2019; Liu et al., 2020).
Fractal theory is a very popular, active new theory (Mandelbrot, 1967). The most basic characteristic of fractal theory is to describe and study objective things from the perspective of fractal dimension and mathematical methods, that is, to describe and study objective things using the mathematical tools of the fractal dimension (Mandelbrot, 1983; Avnir et al., 1985; Avnir, 1989; Moore and Donaldson, 1995; Zeng et al., 1996; Liu et al., 2011). It breaks away from the traditional barriers of one-dimensional line, two-dimensional surface, three-dimensional shapes, and even four-dimensional space-time. Its results are closer to the description of the real attributes and states of complex systems, and they are more in line with the diversity and complexity of objective things. Since Tyler (Tyler and Wheatcraft, 1992) introduced the use of fractal theory in the study of soil structures, many scholars have carried out fractal research on the quantity distribution, mass distribution, volume distribution, surface area, and contour line of particles in geotechnical media (Peyton et al., 1994; Zeng et al., 1996; Cai et al., 2010; Caruso et al., 2011; Zhang et al., 2015; Zhao et al., 2017; Wang and Guo, 2019), and many important achievements have been made in the study of the microstructure of non-freeze-thaw soils. However, research on the microstructure of frozen soils has mainly focused on the compression deformation of disturbed perennial and seasonal frozen soils, the shear damage, and the change in the soil properties under freeze-thaw cycles (Zhang and Zhang, 2006; Tang and Yan, 2015; Ding et al., 2019). Numerous qualitative studies have been carried out in combination with mercury intrusion tests, SEM image processing, and CT scanning technology (Chunhua et al., 2005; Bornert, 2010; Hamamoto et al., 2016; Ding et al., 2019). Because of the large number of micro parameters, it is difficult to establish a macroscopic quantitative expression based on the microstructural parameters that reflects the actual engineering problem.
The structure of the disturbed soil has changed, and its microscopic particle state, interparticle contact state, and pore characteristics cannot fully reflect the structural characteristics of the undisturbed soil. Little research has been conducted on the micro-mechanism of undisturbed artificial frozen and thawed soils. Tang et al. (2011) (Zhou and Tang, 2015a; Zhou and Tang, 2015b; Tang and Yan, 2015; Jie and Tang, 2018; Tang and Li, 2018; Zhou and Tang, 2018) compared and analyzed the micromechanisms of the dynamic characteristics of frozen and thawed dark green silty clay by combining the microstructure scanning pictures of the soil before and after freezing. Taking the fourth layer of muddy clay in Shanghai as the research object, we studied the influence of the soil freezing temperature on the pore diameter, pore shape, directivity, porosity, and surface void ratio.
Many achievements have been made in the study of the microstructure of rocks and soils, while little research has been conducted on the micro-mechanism of the thawing settlement characteristics of undisturbed artificial frozen-thawed soils. Systematic research on the pore distribution and variation law of undisturbed soft soil, frozen-thawed soil, compressed undisturbed soil, and compressed thawed soil is still lacking. Therefore, through MIP tests and based on fractal geometry theory, quantitative and qualitative research was carried out. Therefore, it is necessary to study the pore distribution characteristics and the micro-mechanism of thaw settlement.
2 EXPERIMENTS
2.1 Soil Samples
Mucky clay and silty clay samples were obtained from 12 to 35 m below the ground surface using a thin-walled sampler (11 cm ID) and carefully transported to the laboratory from a site in Ningbo, China. Table 1 presents the soils’ index properties.
TABLE 1 | Soil index properties of the tested samples.
[image: Table 1]2.2 Apparatus for the Freeze-Thaw Simulation
Figure 1 shows a schematic of the apparatus designed to simulate the freeze-thaw process using the artificial ground freezing method (AGF). It consists of a temperature controlled environmental chamber, a specimen tube, top and bottom plates, a makeup water device, a loading device, and a temperature and vertical displacement monitoring system.
[image: Figure 1]FIGURE 1 | Schematic of the freeze-thaw simulation apparatus. 1-Cold plate, 2- Specimen tube, 3- Makeup water, 4- Loading device, 5- Displacement transducer, 6-Warm plate, 7-Temperature transducer, 8-Soil sample, 9- Loading rack, 10-Environmental chamber.
The main steps of the experiment are as follows: 1) The undisturbed soil sample was cut into a cylinder with a diameter of 79.8 mm and a height of 50 mm using a soil cutter. 2) The soil specimen was packed into a tube and wrapped with an insulation layer. Then, the tube was placed in the environmental chamber with a constant temperature. The top and bottom plates were connected to the cold liquid circulation pipeline, the displacement sensor was installed, and the temperature of the thermostat and the top and bottom plates was set to 1°C. The sample was held constant for 6 h, and the temperature and deformation were monitored. 3) When the initial temperature of the sample equally reached 1°C, the water supply pipeline was opened, the water level of the water supply device was adjusted, and the freeze-thaw test began. 4) The temperature of the bottom plate was adjusted to −10°C, and the sample was frozen from the bottom to the top. The temperature of the environmental chamber and the warm end was maintained at 1°C. The initial water level was recorded, and the water level, temperature, and deformation was recorded in real time. The frost heave test was completed when the height change of the sample was less than 0.02 mm in 2 h 5) After the frost heave test, the upper and lower cold plate supply and the water supply device were closed, and the temperature of the environment box was adjusted to 20°C to simulate the thawing of frozen soil in a natural environment. The temperature and deformation were recorded in real time. 6) Within 2 h, the height change value of the sample was less than 0.05 mm, and the test was complete. The components of the instrument were dismantled, the sample was removed, and the next test was carried out.
2.3 Consolidation Test
To study the compressibility of undisturbed and frozen-thawed soils, the maximum compressive load was set to 600 kPa based on the burial depth. The test was carried out according to Standard GB/T50123-2019 for the Geotechnical Test Method. Additional details can be found in references (Morgenstern and Smith, 1973; Chai et al., 2004; Cui and Jia, 2013; Zhang et al., 2016).
2.4 Mercury Intrusion Porosimetry
Mercury intrusion porosimetry (MIP) was used to observe the change of the soil’s micropore after the freeze-thaw and compression. The MIP test was carried out using an Auto-pore 9,500 mercury porosimeter with a pore size range of 5–360,000 nm. The mercury injection test samples were prepared by the liquid nitrogen vacuum freeze-drying method, which had little effect on the microstructure of the soil samples. As shown in Table 2, the specimens were prepared under four different test conditions (undisturbed samples, compressed samples, frozen-thawed samples, compressed samples upon freezing-thawing) and were immersed in mercury. The mercury was gradually pressed into the pores of the specimens by applying pressure on the mercury. MIP is a common method used to study the pore size and distribution of solid materials such as rocks and soils. The testing process is divided into two stages: low pressure and high pressure. The pore size measurement capability ranges from several nanometers to several hundred microns. The experimental principle is that non-wetting liquids (such as mercury) will not flow into the pores of solid materials without external pressure. An assumption was made that cylindrical flow channels with a radius r exist in the soil, and the radius of the pores are intruded by mercury under an applied pressure, p. For a cylindrical pore, the Washburn Equation can be used to calculate the pore radius (Washburn, 1921).
[image: image]
where p is the applied external pressure (psia); σ is the surface tension coefficient of the mercury (N/m), taken as 0.484 N/m at normal temperatures; α is the infiltration angle of the mercury into the soil, taken as 130°; and r is the radius of a cylindrical pore (m).
TABLE 2 | Test groups and samples.
[image: Table 2]3 RESULTS AND ANALYSIS
3.1 Freeze-Thaw Characteristics
The freeze-thaw properties and the physical properties of soft clay were obtained through freeze-thaw tests and are presented in Table 3.
TABLE 3 | Freeze-thaw properties and physical properties of the specimens.
[image: Table 3]3.2 Compression Characteristics
The e-p curves obtained from the compression tests on the mucky clay and silty clay samples before and after the freeze-thaw are shown in Figure 2. The overall curve can be divided into two stages by the red line in the figure: the rapid decrease in the void ratio and the slow decrease in the void ratio. During the process of clay compression, when the load is small, the compression mainly destroys the structure of the soil sample. The freeze-thaw action destroys the original skeleton structure of the soil and reorganizes it into a new structure. For the mucky clay and silty clay samples, the reduction in the void ratio of the soil after the freeze-thaw and compression was greater than that in the undisturbed soil. In addition, the compression coefficients of the mucky clay and silty clay samples after the freeze-thaw were reduced by nearly 20%, which indicates that the structure of the soft clay was disturbed by the freeze-thaw, and its compressibility was decreased.
[image: Figure 2]FIGURE 2 | e-p curves for the soil specimens before and after the freeze-thaw.
3.3 Analysis of the Mercury Intrusion Porosimetry Test Results
According to the shear’s pore size division theory (Shear et al., 1993) and the microstructure and pore size characteristics of clays in the Ningbo area, the pore size of clays can be divided into the following five categories according to the diameter (d): 1) macro pore (d > 20 μm), including intergranular pores and some intragranular pores; 2) medium pore (10 μm < d < 20 μm), mainly intragranular pores; 3) small pore (2 μm < d < 10 μm), including intragranular pores and some intergranular pores; 4) micro pore (0.1 μm < d < 2 μm), mainly intergranular pores; and 5) ultramicro pore (d < 0.1 μm), mainly intragranular pores.
3.3.1 Mercury Intrusion Characteristics of Clays
According to the principle of MIP, different mercury injection pressures correspond to different pore sizes. A complete mercury injection test includes two processes: mercury injection and mercury withdrawal.
Figures 3A,B show the cumulative mercury injection and mercury pressure curves of the mucky clay and silty clay, respectively. The mercury injection curves of the mucky clay and silty clay can be divided into three stages. The two soils exhibit the same trend: the first stage pressure was less than 100 psia, the second stage pressure was 100–10,000 psia, and the third stage pressure was greater than 10,000 psia until the set pressure value reached 300,000 psia. The overall curve shows that in the first stage, the mercury pressure was small, and the amount of mercury injection increased slowly. In the second stage, the mercury injection pressure increased continuously, and the cumulative mercury injection volume increased rapidly. In the third stage, the mercury pressure continued to increase to the set value, but the cumulative mercury intake growth was gentle at this stage. Only the first stage of the thawed silty soil stopped at 300 psia, and the increase rate in the second stage was higher than that in the other two stages, which is likely due to the heterogeneity of the soil samples.
[image: Figure 3]FIGURE 3 | The cumulative mercury intrusion amount of different pressures. (A) Mucky clay, (B) Silty clay.
In the mercury withdrawal stage of the mucky clay and silty clay samples, the curve was smooth. The mercury pressure decreased continuously in the mercury withdrawal stage, and the cumulative mercury injection volume did not return to 0. The mercury injection curve and the mercury withdrawal curves are not closed, which indicates that some mercury remained in the soil pores after the mercury withdrawal stage. The residual amount remaining in the pores is related to the pore characteristics of the soil samples. The larger the pore size and pore volume, the greater the residual mercury content.
3.3.2 Distribution of the Cumulative Pore Volume and Pore Surface Area
According to the cumulative distribution curve or differential curve of pore size corresponding to different pressures in mercury injection experiment, the cumulative pore volume or pore surface area can be calculated. Figure 4 shows the curves of the cumulative mercury injection versus pore size for the mucky clay and silty clay. As can be seen, the pore volumes of the silty undisturbed soil, compressed undisturbed soil, and compressed thawed soil are mainly distributed in the less than 6,000 nm pore diameter range, while the pore size of the frozen-thawed soil is mainly distributed in the less than 1,000 nm pore diameter range. The pore volumes of the clay undisturbed soil, compressed undisturbed soil, and compressed thawed soil are mainly distributed in the less than 6,000 nm pore diameter range, while that of the frozen-thawed soil is mainly distributed in the less than 2,000 nm pore diameter range. The results show that the pore size of soft soil decreases and the proportion of micropores increase. The curve for the mucky clay and silty clay thawed soils after compression plot above those of the frozen-thawed soils, which indicates that the compression improved the pore connectivity and decreased the pore volume of the large-diameter pores.
[image: Figure 4]FIGURE 4 | The cumulative pore volume at different pore sizes. (A) Mucky clay, (B) Silty clay
Figure 5 shows the curves of the cumulative pore surface area versus pore size for mucky clay and silty clay. The pore surface areas of the mucky clay and silty clay are mainly distributed in the pores with pore diameters of less than 1,000 nm.
[image: Figure 5]FIGURE 5 | The cumulative pore area at different pore sizes. (A) Mucky clay, (B) Silty clay.
3.3.3 Pore Distribution Characteristics of the Soil Samples After the Freeze-Thaw and Compression
The total pore volumes and the total pore surface areas of the mucky clay under different conditions are shown in Figure 6A and Figure 7A, respectively. After the freeze-thaw, the total pore volume and the pore surface area decreased. Total pore volume and pore surface area of the samples was shown in Table.4, compared with the undisturbed soil, the pore volume and pore surface area of the thawed mucky clay soil decreased by 20.49 and 8.03%, respectively. The pore volumes and surface areas of the soil samples were decreased by the compression. The pore volumes of the undisturbed soil and the frozen-thawed soil decreased by 5.47 and 5.73%, respectively, and their pore surface areas decreased by 2.45 and 7.66%, respectively. As the volume of the soil sample decreased after the freeze-thaw, it can be concluded that the soil particles are incompressible, so the pore volume inevitably decreased. With decreasing pore volume, the proportion of the pore volume accounted for by the small pores increased, so the pore surface area decreased. The freeze-thaw process transformed the pores larger than the mesopores into micropores and ultramicropores, decreasing pore sizes smaller, and it transformed the pores within some of the aggregates into pores between and within the particles. The pore surface area of the sludge was mainly distributed in the micropores. Although some of the pore volume accounted for by the pores larger than micropores, their pore surface area can be ignored. For mucky clay, the proportion of ultramicropores in pore surface area is high, up to about 70%. The remaining 30% of the pore surface area is almost microporous.
[image: Figure 6]FIGURE 6 | The pore volume distribution. (A) Mucky clay, (B) Silty cla.
[image: Figure 7]FIGURE 7 | The pore area distribution. (A) Mucky clay, (B) Silty clay.
TABLE 4 | Total pore volume and pore surface area of the samples.
[image: Table 4]The total pore volumes and total pore surface area distributions of the silty clay under different conditions are shown in Figures 6B, 7B, respectively. The pore volume and pore surface area of the silty clay increased after thawing, and the pore ratio of the clay was increased by the freeze-thaw process. Compared with the undisturbed soil, the pore volume and pore surface area of the silty clay increased by 9.99 and 15.62% due to freeze-thaw, respectively. The pore volume of the undisturbed soil and the thawed soil decreased by 7.33 and 10.11%, respectively; and the pore surface area decreased by 32.43 and 22.47%, respectively due to compression (shown in Table 4). The freeze-thaw process transformed the pores larger than the micropores in the silty clay into micropores and ultramicropores, increasing the pore size, even if the pores within some of the aggregates were transformed into pores between and within the particles. The pore volume ratios of the micropores and ultramicropores increased after compression of the undisturbed and frozen-thawed soils, whereas the proportion of the micropores decreased, that is, the transformation of the small pores into micropores and ultramicropores. The pore surface area of the clay is mainly distributed in the ultramicropores and micropores, accounting for 99%. Compared with the micropores, the area distribution ratio of the ultramicropores is larger, about 80% for the undisturbed soil and the compressed undisturbed soil and about 70% for the frozen-thawed soil and the compressed thawed soil, which indicates that the freeze-thaw process decreased the surface area of the ultramicropores, creating pores larger than micropores.
4 FRACTAL QUANTITATIVE CHARACTERISTICS OF THE SOIL MICROPORES
4.1 Computation of the Capacity Dimension
Fractal features are usually expressed as the fractal dimension. The fractal dimension D is used to quantitatively describe the complexity and irregularity of the different fractal graphics. The larger the D value, the richer the details. In this paper, the fractal dimensions of the pore volume distribution and the pore surface area distribution were calculated using the capacity dimension method as follows:
[image: image]
In the calculation, D was the particle size or pore diameter, ln D was taken as the abscissa, and lnN(d) was the logarithm of the pore volume lnv(d) or the logarithm of the pore surface area lnA(d), which was larger than the pore diameter, was taken as the ordinate. If there is a linear segment in the curve, the pore volume distribution and the pore surface area distribution has fractal characteristics. The negative slope value of the stable straight-line section was taken as the fractal dimension value of the pore volume distribution and the pore surface area distribution. The pore size, pore volume, and pore surface area were directly obtained from the mercury injection test.
The geometric meaning of the fractal dimension of the pore volume distribution and the pore surface area distribution are as follows: the larger the fractal dimension, the more uneven the distribution of the pore volume, and the larger the pore volume (or pore surface area), the smaller pore diameter. Based on the pore volume, the pore surface area of soft clay, and the linear correlation degree in a specific particle size range, the self-similar interval was determined. Finally, the pore diameter range was determined to be 0.4–3.5 μm for pore volume distribution, and 0.01–0.25 μm for the pore surface area distribution.
It was found that the pore volume distribution and the pore surface area distribution of the soil have fractal characteristics. Taking the calculation of the pore volume distribution fractal dimension of the mucky clay as an example, the pore volume of the mucky clay is mainly distributed in the less than 0.1–2 μm pore diameter range, but there are still a small number of pores in the 2–10 μm pore diameter range, so the upper limit of the pore size is 2.5 μm. By taking ln (d) as the abscissa and lnv (d) as the ordinate, the regression line was obtained, and the negative number of the slope of the straight line was taken as the fractal dimension. In a linear regression, when the number of test points is more than 10, the correlation coefficient is greater than 0.95, which indicates that the correlation is very good. When the lower limit of the aperture range was 0.05 μm, the linear regression correlation coefficient was less than 95%; and when the lower limit was 0.10 μm, the linear regression correlation coefficient was greater than 95%, which meets the requirements. Therefore, the lower limit is 0.1 μm, and the fractal dimension is 0.589. The larger the fractal dimension, the more uneven the distribution of the pore volume; and the smaller the pore diameter, the larger the pore volume.
4.2 Fractal Quantitative Characteristics of the Soil Pore Volume Distribution
According to the method described in the previous section, the pore volume of the silty soil under various states has fractal characteristics within the pore size range of 0.1–2.5 μm. The fractal dimension regression curve of the pore volume distribution of the silty soil for under different states is shown in Figure 8A.
[image: Figure 8]FIGURE 8 | Capacity dimension distribution curve of the soil pore volume. (A) Mucky clay, (B) Silty clay.
As can be seen from Figure 8A, the fractal dimension of the pore volume distribution of the undisturbed soil is smaller than that of the frozen-thawed soil; that of the compressed undisturbed soil is slightly smaller than that of the undisturbed soil; and that of the compressed thawed soil is smaller than that of the frozen-thawed soil. The fractal dimension of the pore volume increases by 75.38% after the freeze-thaw, and the fractal dimensions of the pore volume distributions of the undisturbed soil and the frozen-thawed soil decreased by 15.95 and 66.11% due to compression, respectively. The fractal dimension of the pore volume distribution of the frozen-thawed soil is larger than that of the undisturbed soil, which indicates that the pore volume distribution in this pore size range is uneven due to the freeze-thaw action. The pore volume distribution of the smaller pore size is greater than that of the slightly larger pore size. The fractal dimension of the pore volume distribution decreases after compression, which indicates that the distribution of the pore volume in each pore size range is made more uniform by the compression. In particular, the distribution of the pore volume tends to be more uniform after compression. The fractal dimension of the pore volume distribution is approximately positively correlated with the proportion of the pore volume in this range. The larger the proportion of the pore volume in this range, the larger the fractal dimension of the pore volume distribution.
The pore volume of the silty clay is mainly distributed in the less-than-0.1–2 μm pore size range, but there are still some pores in the 2–10 μm pore size range, so the upper limit of the pore size is 3.5 μm. Taking the undisturbed silty clay as an example, the correlation coefficient is only 88% when the lower limit is 0.1 μm, and the correlation coefficient is greater than 95% until the lower limit of 0.4 μm. The pore size range is 0.4–3.5 μm. The fractal dimension of the pore volume distribution of the silty clay is shown in Figure 8B.
Figure 8B shows that the pore volume integral dimensions of the thawed clay soil and the undisturbed soil are very similar, and the pore volume distribution fractal dimensions of the undisturbed soil and the frozen-thawed soil increase slightly after compression, but the increase is not very significant. The fractal dimension of the pore volume distribution of the silty clay decreased by 19.79%, and the fractal dimensions of the pore volume distributions of the undisturbed soil and the frozen-thawed soil decreased by 4.51 and 32.81%, respectively. The fractal dimension of the pore volume distribution of the frozen-thawed soil is smaller than that of the undisturbed soil, which indicates that the pore volume distribution of the clay within this pore size range is homogenized by the freeze-thaw action. The fractal dimension of the pore volume distribution is increased by compression, which indicates that the pore volume distribution of the clay is non-uniform in this pore size range due to compression. In particular, the pore size range tends to be more uneven after compression. The fractal dimension of the pore volume distribution is approximately positively correlated with the proportion of the pore volume in this range. The larger the proportion of the pore volume in this range, the larger the fractal dimension of the pore volume distribution.
4.3 Fractal Quantitative Characteristics of the Soils’ Pore Surface Area
The pore surface areas of the mucky clay and silty clay soils are mainly distributed in the less-than-0.1 μm pore diameter range, and the proportion is greater than 60%. The method of calculating the fractal dimension of the pore surface area distribution is the same as that for calculating the fractal dimension of the pore volume distribution. By taking ln(d) as the abscissa and the natural logarithm of the hole surface area lnA(d) as the ordinate, the regression of the straight line was obtained, and the negative value of the slope of the straight line was taken as the fractal dimension. It was found that there is a good linear relationship in the 0.01–0.25 μm range. The larger the fractal dimension, the more uneven the distribution of the pore surface area, that is, the smaller the pore diameter, the greater the pore surface area.
The numerical value of the fractal dimension of the pore surface area of the mucky clay soil does not vary significantly, and it has a certain regularity. As shown in Figures 9A,B after thawing, the fractal dimension of the pore surface area distribution increases slightly, and the fractal dimensions of the pore surface areas of the undisturbed soil and the frozen-thawed soil increase slightly. As shown in Figure 9B, the numerical value of the fractal dimension of the pore surface area of the silty clay soil does not vary significantly, and it has a certain regularity. The fractal dimension of the pore surface area distribution slightly increases after thawing, and it decreases slightly after the compression of the undisturbed soil and the frozen-thawed soil. The fractal dimension of the pore surface area distribution of the silty clay is 2.08% larger than that of the undisturbed soil, and the fractal dimensions of the pore surface area distributions of the undisturbed soil and the frozen-thawed soil decrease by 4.90 and 10.66%, respectively. The fractal dimension of the pore surface area distribution of the frozen-thawed soil is greater than that of the undisturbed soil, which indicates that the pore area distribution of the clay within this pore size range is non-uniform due to the freeze-thaw action. The fractal dimension of the pore surface area distribution increases after compression, which indicates that the pore surface area distribution of the clay is uniform in this pore size range. In particular, the pore size range of the frozen-thawed soil tends to be more uniform after compression.
[image: Figure 9]FIGURE 9 | Capacity dimension distribution curve of the soils’ pore surface area. (A) Mucky clay, (B) Silty clay.
5 LIMITATIONS AND ENGINEERING IMPLICATIONS
The soil skeleton structure is a function of the three-dimensional stress on the stratum, and in the natural state, it retains its inherent structural, shape. In this paper, to determine the change in the soil pores under freeze-thaw action and compression more accurately, original soil samples were tested. We ignored the influence of the disturbance on the soil pore structure caused by the sampling and the sample preparation processes. Furthermore, as the sample size of the MIP is small, to avoid the influence of the structural differences between the soil samples in different states, for all the states, mercury intrusion tests were run in triplicate and the three groups of parallel test data were averaged.
6 CONCLUSION
This study 1) presents micropores test data obtained from MIP tests conducted on undisturbed samples, compressed samples, frozen-thawed samples, and compressed samples upon freezing-thawing; 2) analyzes the quantitative changes in the micropores of mucky clay and silty clay after freeze-thaw and compression; and 3) establishes the quantitative relationship between the pore volume and pore surface area based on the fractal dimension. The following conclusions are drawn from the results of this study:
1) Freeze-thaw action and compression have different effects on the pore characteristics of mucky clay and silty clay. The results show that the pore volume and pore surface area of the mucky clay decreased by 20.49 and 8.03% due to freeze-thaw, respectively, which is in accordance with the law of the smaller pore ratio. The pore volume and pore surface area of the thawed silty clay soil increased by 9.99 and 15.62% due to freeze-thaw, respectively, which is in line with the law of the larger pore ratio. After compression, for the mucky clay, the pore volumes of the undisturbed and frozen-thawed soils decreased by 5.47 and 5.73%, respectively; and their pore surface areas decreased by 2.45 and 7.66%, respectively. For the silty clay, the pore volumes of the undisturbed clay and the frozen-thawed soil decreased by 7.33 and 10.11%, respectively, and their pore surface areas decreased by 32.43 and 22.47%, respectively.
2) Micro pores and ultramicro pores account for more than 80% of clays’ total pore volume and pore surface area. The proportion of the micropores in the pore volume is about three times that of the ultramicropores. The pore surface area is also mainly distributed in the micropores and the ultramicropores, accounting for about 99% of the total pore surface area. The proportion of the micropores in the pore surface area is about four times that of the ultramicropores.
3) Both the pore volume distribution and the pore surface area distribution have fractal characteristics. The pore volume of the mucky clay has fractal characteristics in the 0.1–2.5 μm pore diameter range, the pore volume of the silty clay has fractal characteristics in the 0.4–3.5 μm pore diameter range, and the pore surface area has fractal characteristics in the 0.01–0.2 μm pore diameter range. The fractal dimension is positively correlated with the proportion of the pore volume and the pore surface area.
4) The fractal dimension of the pore volume distribution of soft soil is smaller than that of undisturbed soil, and it decreases after compression. The fractal dimension of the thawed clay soil is smaller than that of the undisturbed soil, and it increases after compression.
5) The fractal dimension of the pore surface area distribution of soft soil is similar to that of undisturbed soil, and it increases after compression. The fractal dimension of the thawed clay soil is larger than that of the undisturbed soil, and it decreases after compression.
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The in-situ stress distribution near a fault zone is affected by factors such as tectonic movement and rock mass property deterioration, and it often shows unique characteristics and further affects the mechanical response of the rock mass and the safety of underground engineering construction. The Xianshuihe fault zone is one of the most active fault zones in the world. To understand the impact of the Xianshuihe fault zone on a tunnel under construction in southwestern China, the in-situ stress measured near the tunnel site at different distances from the faults of the Xianshuihe fault zone is obtained. Furthermore, the characteristics of the in-situ stress at the tunnel site and its engineering influence effect are analyzed. The results indicate the following: 1) Around the Xianshuihe fault zone, the fault mainly affects the maximum horizontal principal stress and the minimum horizontal principal stress in the shallow strata, and the in-situ stress closer to the fault is more greatly affected. 2) In the shallow area near the Selaha-Kangding fault, the maximum horizontal principal stress, minimum horizontal principal stress and lateral pressure coefficient at a borehole increase with increasing distance from the fault. Greater than 600 m from the fault, the horizontal stress plays a dominant role. In the deeper strata, the maximum horizontal principal stress, the minimum horizontal principal stress and the lateral pressure coefficient exhibit no obvious change with distance from the fault. 3) According to the inversion of the in-situ stress field and the stress in the tunnel site, the in-situ stress in the tunnel barrel is affected by the depth and the fault. The in-situ stress is higher at greater depths. The in-situ stress is partially released at the fault so that the in-situ stress is relatively low, and the degree of stress decline at different faults is different. 4) Tunnel rockbursts tend to occur in surrounding rock sections with high stress, which are usually located in the middle of a rock mass between two faults. Large deformation mainly occurs in the fault and its influence zone.
Keywords: fault zone, in-situ stress, underground engineering, rockburst, large deformation
INTRODUCTION
Regarding underground engineering construction, the in-situ stress field environment affects the mechanical response of the surrounding rock during excavation, so it is necessary to investigate the in-situ stress characteristics of the surrounding rock (Lu et al., 2012; Ai et al., 2020). As the number of deeply buried long tunnels in complex and dangerous mountain areas increases, the difficulties tunnel construction faced, such as rockburst and large deformation, are becoming more prominent, which is closely related to the geological environment (Jia et al., 2020; Lin et al., 2017). For example, the tunnel of the Shiman expressway had serious deformation, which was related to the tectonic effect of the Yunxi-Yunxian fault zone in the crossing area (Luo et al., 2006). The geological structure of Pajares in the Cantabrian Mountains in northern Spain or the geomechanical anisotropy of the rock contact zone with its strength differences affected the high-speed railway tunnels in this area, resulting in significant deformation along some areas of four tunnels during excavation (Hijazo and de Vallejo, 2012). Gaoligong Mountain is located in the southern Hengduan Mountain near the collision suture zone between the Indian plate and Eurasian plate. Due to large topographic fluctuations, complex structures and strong activity, tunnel construction was facing many problems (Yu et al., 2017). The rock mass along a tunnel of the Iranian water conveyance system located in the contact zone between the Iranian plate and the Arabian plate intensified the problems related to tunnel excavation and compression due to strong joints and faults in the surrounding rock (Ajalloeian et al., 2017). The in-situ stress field will be disturbed when the tunnel crosses the fault zone. And the in-situ stress field is an important factor that determines the stress, displacement distribution and failure form of the surrounding rock encountered in underground engineering (Li et al., 2017; Zhang et al., 2019). Therefore, studying the influence of faults on the in-situ stress field is helpful to analyze the geological information and risk of tunnel rock mass instability, to ensure the safe design and construction of underground engineering.
Many scholars (Li and Miao, 2016; Guo et al., 2017; Cao et al., 2018; Zhao et al., 2019; Qiao, 2021; Zhang, 2021) have analyzed the characteristics of in-situ stress based on measured data or stress field inversion results, and some scholars (Zoback and Roller, 1979; Bell and Babcock, 1986; Stephansson and Angman, 1986; Martin, 1990; Aleksandrowski et al., 1992; Lei and Chen, 2011; Li et al., 2012; Ren et al., 2019; Pham et al., 2020; Yang, 2020) have studied the influence of fault zones on in-situ stress. Ren Huiliang et al. studied the influence of composite structures, including faults and folds, on the distribution patterns of the in-situ stress field (Ren et al., 2019). Yang Yalun investigated the influence of fault structure on the in-situ stress field by establishing a small-scale model of a fault area (Yang, 2020). Aleksandrowski et al. found that in a NE-trending normal fault, the stress orientation on one of the two sides of the fault was consistent with the regional stress orientation, while the maximum horizontal principal stress of the other plate was deflected by nearly 90°. Near a fault in Canada, the maximum deflection was measured to be more than 45° from the direction of a regional principal stress (Aleksandrowski et al., 1992). Lei Xianquan et al. applied the discontinuous contact model to study the impact of faults on crustal stress and concluded that the fault zone had a high shear stress, while the maximum horizontal principal stress in the nearby local area was weakened to a certain extent (Lei and Chen, 2011). Zoback found that the horizontal principal stress increases with increasing depth and increases gradually with increasing distance from the fault (Zoback and Roller, 1979). The maximum principal stress and shear stress near a fault are low. With the gradual increase in the distance between a measuring point and a fault, the two types of stress values increase significantly. Some scholars also found that the change in the maximum horizontal principal stress near a fault zone was not continuous. There have been many studies on the distribution characteristics of the in-situ stress field. However, because a fault is usually simplified into a homogeneous rock mass in simulation and in-situ stress data measured across faults are relatively scarce, the influence of a fault zone on the local in-situ stress is still not particularly clear (Chen, 2022). Therefore, it is of great significance to further study the influence of fault zones on the in-situ stress field.
Taking a tunnel in the Xianshuihe fault zone as the research object, this paper analyzes the influence of the Xianshuihe fault zone on the local in-situ stress field based on measured in-situ stress data. Combined with the three-dimensional inversion of the in-situ stress field, the distribution characteristics of the in-situ stress along the tunnel are studied. The prediction and analysis of tunnel rockburst and large deformation are carried out, which provides a reference for the design of engineering construction and safety plans.
GEOLOGICAL SETTING
Topography
The tunnel is located on the southwestern margin of the transition between the Sichuan Basin and the Tibetan Plateau. The Minjiang River, Dadu River and other river systems with severe cutting result in large topographic height differences and complex landforms. The surface elevation of the region is 2,715–4,225 m, and the exogenous forces are mainly glacial water erosion and freezing and thawing, accompanied by biological weathering. The tunnel site topography is a typical plateau landform as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Topographic map of the tunnel site.
Formation Lithology
As shown in Figure 2, the strata exposed in the tunnel site mainly consist of Quaternary Holocene sediments: the colluvial layer is coarse breccia soil, gravel soil and block rock soil, the alluvial-diluvial layer is silty clay (breccia), fine pebble soil, pebble soil and drift rock soil, and the slope residual layer is silty clay (breccia), coarse (fine) breccia soil and gravel soil (breccia). The underlying bedrock is metamorphic quartz sandstone with slate of the Upper Triassic Zagunao Formation. The strata in this area also include granodiorite, fine-grained biotite monzogranite and mylonitized granite.
[image: Figure 2]FIGURE 2 | Geological section of the tunnel site.
Geological Structure
The tunnel is located west of the junction between the Yangtze block and the Qiangtang-Sanjiang orogenic system, the Kang-Yunnan basement complex belt of the Yangtze block in the east, and the Yajiang remnant basin of the Qiangtang-Sanjiang orogenic system in the west. The tunnel site is located in the southeastern margin of the Songpan-Ganzi orogenic belt, where folds and faults are well developed and predominantly trend NNE, followed by NS and NNW. In terms of first-order structure, the tunnel site is located at the junction of the Sichuan-Yunnan syncline, Kang-Yunnan syncline and Longmenshan fold belt of the Songpan-Ganzi fold belt on the western margin of the Yangtze platform, adjacent to the Kang-Yunnan axis to the west, the Longmenshan structural belt to the north, the Western Sichuan platform depression of the Sichuan platform depression to the east, and the Liangshan depression fold bundle to the south. In terms of secondary structure, it is located in the Xianshuihe structural belt. The orientations of the structures near the tunnel site are mainly N20°∼30°W, which is consistent with the strike of the Xianshuihe fault zone, as shown in Figure 3. The faults developed around the tunnel and were greatly influenced by the Yalahe fault and Selaha-Kangding fault. The Yalahe fault is near the entrance end of the tunnel, and the rocks at the entrance end of the tunnel have been seriously crushed. The rocks are obviously cataclastic, and joints have developed. The tunnel site is dominated by NW-trending faults, followed by NE-trending faults (interpreted faults).
[image: Figure 3]FIGURE 3 | Fault distribution map of the tunnel site.
IN-SITU STRESS MEASUREMENTS AND MAIN CHARACTERISTICS
The In-Situ Stress Testing Method
The hydraulic fracturing method, one of the recommended methods for determining rock stress issued by the ISRM Commission on Testing Methods in 1987, was used to measure the in-situ stress of deep holes near the tunnel. The test section of each borehole was determined according to the test requirements and the actual situation of the corresponding test hole, and the straddle packer system was used for the test. Water was injected into the test section through the drill pipe, and the water injection pressure was recorded through the wireless pressure sensor placed on the surface. The measured record curve was analyzed to obtain the characteristic pressure parameters and the minimum principal stress of the formation. Then, according to the corresponding theoretical formula, the magnitude of the maximum horizontal principal stress at the measuring point and the rock mechanical parameters such as the hydraulic fracturing tensile strength of the rock were calculated. The baseline orientation and fracturing crack orientation can be obtained through the impression tool and orientation tool, and the orientation of the maximum horizontal principal stress can be further calculated. Thirteen boreholes were tested for in-situ stress by the hydraulic fracturing method. Their positions are shown in Figure 4, and the measurements are shown in Table 1. Based on the measured data, the in-situ stress magnitude, maximum principal stress direction and lateral pressure coefficient of the tunnel section were analyzed.
[image: Figure 4]FIGURE 4 | The location sketch of boreholes.
TABLE 1 | Statistical table of in-situ stress and rock types in the tunnel site of the Xianshuihe fault zone.
[image: Table 1]The In-Situ Stress Value
Table 1 shows that the maximum horizontal principal stress (SH) measured in the Xianshuihe fault zone ranges from 6.18 to 41.69 MPa, the minimum horizontal principal stress (Sh) ranges from 4.37 to 29.84 MPa, and the vertical stress (SV) ranges from 7.41 to 35.85 MPa within the hole depth range of 279.5–1,353 m. According to the measured borehole stress data, a scatter diagram of the stress value and depth is shown in Figure 5. In general, the in-situ stress increases gradually with increasing depth. Through linear fitting, the formula of the principal stress gradient can be obtained:
[image: image]
[image: image]
where H represents the depth, m. The maximum and minimum horizontal principal stress gradients are approximately 5.33 MPa/100 m and 3.82 MPa/100 m, respectively, and the Sh gradient is less than 2.66 MPa/100 m of the vertical stress gradient.
[image: Figure 5]FIGURE 5 | Scatter diagram and fitting curves of |in situ stress.
Maximum Principal Stress Direction
Figure 6 shows the relationship between the principal stress directions and depth of the measured holes near this tunnel, and the dominant orientation of the maximum horizontal principal stress is NW. The direction of the maximum horizontal principal stress is mainly N40°W ∼ N75°W, and the azimuth angle of the maximum horizontal principal stress becomes more concentrated in distribution with increasing burial depth. Faults in the tunnel site mainly strike NW, and the direction of the maximum horizontal principal stress is consistent with the strike of fault.
[image: Figure 6]FIGURE 6 | Direction of the maximum horizontal principal stress.
Lateral Pressure Coefficient
The lateral pressure coefficient k is used to study the distribution law of horizontal stress. The closer this value is to 1, the closer the stress state is to hydrostatic. The larger the value is, the more dominant the horizontal tectonic force. The lateral pressure coefficient k is also expressed by the ratio of the average value of the two horizontal stresses to the vertical stress, and the calculation formula is as follows:
[image: image]
According to Formula (3), the lateral pressure coefficients of each measured hole are shown in Table 2. The lateral pressure coefficients range from 0.560 to 1.744. The lateral pressure coefficients of holes DZ-S-02, BDZ-S-02, DZ-S-03-1, DZ-S-05, DZ-S-04 and DZ-DS-S-04 are greater than 1, and the in-situ stress is SH＞Sh＞Sv, indicating that horizontal tectonic activity is dominant in the vicinity of these holes. The lateral pressure coefficients of holes DZ-DS-01, BDZ-S-03, DZ-S-06, DZ-S-07 and DZ-X-01-2 are mainly less than 1, and the in-situ stress mainly shows SH＞Sv＞Sh, indicating that the self-weight of the rock plays a dominant role in determining the stress state near these holes.
TABLE 2 | Lateral pressure coefficients of different boreholes.
[image: Table 2]INFLUENCE OF THE FAULT ZONE ON THE STRESS DISTRIBUTION OF THE TUNNEL SITE
The Xianshuihe fault zone mainly experienced two periods of tectonic stress field activity (Xie et al., 1995). At present, the Xianshuihe horizontal fault zone is characterized by sinistral strike-slip movement, and its activity may affect the local in-situ stress field.
Influence Characteristics of the Fault Zone on the In-Situ Stress
To understand the influence of the Xianshuihe fault zone on the in-situ stress as a whole, the boreholes near a tunnel are divided into four categories according to the distance perpendicular to the nearest fault strike: 0–500 m, 500–1,000 m, 1,000–1,500 m and 1,500–2000 m. The relationships between the measured maximum horizontal principal stress, minimum horizontal principal stress, maximum principal stress direction and the burial depth and distance to the fault are shown in Figures 7A,B,C, respectively. As shown in Figures 7A,B, the maximum horizontal principal stress and the minimum horizontal principal stress linearly increase with increasing burial depth. Regardless of the distance from the fault, the rate of increase in the maximum horizontal principal stress with burial depth is greater than that in the minimum horizontal principal stress. In addition, when the burial depth is less than 600 m, the farther the borehole is from the fault, the greater the measured maximum horizontal principal stress and minimum horizontal principal stress. When the burial depth is greater than 600 m, the variations in the maximum horizontal principal stress and minimum horizontal principal stress with increasing distance to the fault are not consistent. Therefore, the fault has a significant differential impact on the in-situ stress of the shallow stratum. The fastest rates of increase in the maximum horizontal principal stress and minimum horizontal principal stress, which are 0.0910 MPa/m and 0.0534 MPa/m, respectively, are observed at the boreholes less than 500 m from the fault. When the distance from a borehole to the fault is greater than 500 m, the trend of the rate of increase in maximum horizontal principal stress with the distance from the borehole to the fault is not obvious, and the rate of increase in the minimum horizontal principal stress increases slightly with increasing distance from the fault. As shown in Figure 7C, when a borehole is less than 1,000 m from the fault, the direction of the maximum principal stress of the borehole is different from the dominant NW direction of the maximum principal stress in the area, instead showing a NE direction. The in-situ stress direction near the fault is complex and may be deflected under the influence of the fault.
[image: Figure 7]FIGURE 7 | In-situ stress at different spatial locations (A) Maximum horizontal principal stress (B) Minimum horizontal principal stress (C) Direction of maximum horizontal principal stress.
To investigate the distribution characteristics of in-situ stress in the control area of a single fault in the Xianshuihe fault zone, the measured in-situ stress values of boreholes perpendicular to the strike of the Selaha-Kangding fault are selected for analysis. Because the factors affecting the in-situ stress are mainly the burial depth and fault, the horizontal principal stress of the same burial depth is selected for comparison between different boreholes to eliminate the influence of burial depth. Considering that there are some differences in the range of the measured sections of the boreholes, boreholes with the same depths are selected for analysis. According to the above analysis, the in-situ stress obeys different laws in deep and shallow strata. Therefore, for the borehole measured sections selected, burial depth ranges of less than 600 m and more than 600 m are selected for comparison (namely, burial depths of 450 and 750 m). Among them, boreholes DZ-X-01-2, BDZ-S-03, DZ-S-03, DZ-S-04 and DZ-S-05 are selected for the 450 m burial depth, and boreholes BDZ-S-02, DZ-S-02, DZ-DS-01, DZ-S-03-1 and DZ-S-06 are selected for the 750 m burial depth. The stress values of each burial depth are obtained based on the approximate linear relationship between the measured stress value and the burial depth. The relationships between the maximum horizontal principal stress, the minimum horizontal principal stress, the lateral pressure coefficient and the distance from the borehole to the fault are shown in Figure 8. As shown in Figure 8A, for the boreholes near the Selaha-Kangding fault, when the burial depth is 450 m, the overall maximum horizontal principal stress and minimum horizontal principal stress increase with increasing distance from the fault. The maximum horizontal principal stress and the minimum horizontal principal stress of the borehole farthest from the fault increased by nearly 47 and 66%, respectively, compared with the maximum horizontal principal stress and the minimum horizontal principal stress of the borehole nearest to the fault. Figure 8B shows that when the borehole is close to the fault, k is less than 1, which means that the geostatic stress is dominant; however, when the fault distance is greater than 600 m, k is greater than 1, which means that the tectonic stress is dominant. This may be because in the shallow area, the tectonic influence is weakened due to the deterioration of rock mass properties near the fault, so the horizontal stress is reduced more. As shown in Figures 8C,D, when the burial depth is 750 m, the variation pattern of the maximum horizontal principal stress, minimum horizontal principal stress and lateral pressure coefficient with the distance from the borehole to the fault is not significant, which may be due to the greater influence of gravity of the rock mass in the deep area and the weakening of tectonic influence, so the change in horizontal stress is not obvious.
[image: Figure 8]FIGURE 8 | The relationship between horizontal principal stress and lateral pressure coefficient of borehole and the distance to the fault (d represents the distance from borehole to fault) (A) Horizontal principal stress at 450 m burial depth (B) Lateral pressure coefficient at 450 m burial depth (C) Horizontal principal stress at 750 m burial depth (D) Lateral pressure coefficient at 750 m burial depth.
Distribution Characteristics of the In-Situ Stress at the Tunnel Barrel
To ensure the safety of tunnel construction, it is necessary to determine the in-situ stress distribution along the tunnel. Therefore, based on the inversion of the in-situ stress field at the tunnel site, the contour map of the maximum principal stress of the section where a tunnel is located and the line map of the maximum principal stress at the tunnel depth are extracted, as shown in Figure 9. It can be seen from this figure that the maximum horizontal principal stress of the tunnel is 3∼44 MPa, and the in-situ stress of the entrance and exit of the tunnel is low, while the in-situ stress in the surrounding rock of the tunnel barrel is high. The maximum horizontal principal stress of the tunnel barrel is affected by the depth and fault. The maximum horizontal principal stress increases with increasing depth, while the in-situ stress release at the fault leads to a decrease in the in-situ stress, which corresponds to an area of lower in-situ stress at the fault on the contour map of the maximum horizontal principal stress. However, the in-situ stress increases away from the fault, and there is usually a maximum in-situ stress in the tunnel segment between two faults due to the dual influence of burial depth and fault. For example, the highest maximum horizontal principal stress between the Yalahe fault and the Sandaoqiao fault is 34 MPa, which is approximately three times the maximum horizontal principal stress at the Yalahe fault and the Sandaoqiao fault. The highest maximum horizontal principal stress between the Sandaoqiao fault and the Selaha-Kangding fault is approximately 28 MPa, which is approximately three times the maximum horizontal principal stress value at the Sandaoqiao fault and approximately twice the maximum horizontal principal stress value at the Selaha-Kangding fault. From the variation in the maximum horizontal principal stress between the Sandaoqiao fault and the Selaha-Kangding fault, it is obvious that the variation in the maximum horizontal principal stress of the rock mass between the two faults is roughly the same as that of the burial depth of the tunnel barrel. This phenomenon indicates that the maximum horizontal principal stress of the middle segment is mainly controlled by depth. Moreover, there is stress concentration near the fault due to tectonic influence.
[image: Figure 9]FIGURE 9 | The contour map and line chart of the maximum horizontal principal stress of a tunnel.
The relationship between the maximum horizontal principal stress in the intersection area of the tunnel barrel and fault and depth is shown in Figure 10. The maximum horizontal principal stress in the intersection area of the tunnel barrel and fault increases roughly with increasing depth, except at the Sandaoqiao fault, Yala River fault and the interpreted fault of mile D6K276 + 996. That is, the depth of the tunnel barrel section of one fault is less than that of the tunnel barrel section of another fault, but the in-situ stress value of the former may be greater than that of the latter. For example, the depth of the Sandaoqiao fault (1,467 m) is greater than that of the D6K270 + 565 fault (1,396 m), while the maximum horizontal principal stress value of the former (10 MPa) is less than that of the latter (15 MPa). This indicates that different faults have different effects on the in-situ stress.
[image: Figure 10]FIGURE 10 | Maximum horizontal principal stress and depth in the intersection area of fault and the tunnel barrel.
ENGINEERING EFFECT ANALYSIS
On the whole, the formation of the fault zone reflects the considerable tectonic activity and high in-situ stress in this region, and the disturbance of tunnel excavation under high in-situ stress can easily induce underground engineering disasters such as rockburst and large deformation (Zhang et al., 2021). Many scholars have carried out relevant research (Aydan et al., 1993; Feng et al., 2015; Chen et al., 2020; Feng et al., 2022; Yu et al., 2022). In this section, the prediction of rockburst and large deformation in the tunnel site are carried out.
Rockburst Prediction at the Tunnel Site
The occurrence of rockburst is affected by many factors, so these factors should be comprehensively considered to establish their prediction criteria. In this paper, the strength-stress ratio method is used for prediction and combined with the results of the geological analysis method. The geological analysis method mainly aims at macroscale prediction, taking geological exploration data as the basis and similar engineering data as the analogy to make a simple macroscale prediction of the research object from the aspects of in-situ stress, lithology, hydrology, structural geology and so on. The strength-stress ratio rule is used to establish the quantitative index of rockburst prediction according to the in-situ stress and rock mass properties, which is calculated according to the following formula (National Railway Administration of the People Republic of China, 2016):
[image: image]
where p is the rockburst classification index, and the relationship between its value and rockburst classification is shown in Table 3. Rc is the saturated uniaxial compressive strength of the rock mass; σmax is the maximum in-situ stress. Although the occurrence of rockburst is caused by stress redistribution due to excavation, the stress redistribution is based on the initial stress of the rock mass. Therefore, the initial maximum horizontal principal stress of the surrounding rock is used in this paper to reflect the relative magnitude of stress redistribution after excavation.
TABLE 3 | Rockburst grade of hard rock section (National Railway Administration of the People Republic of China, 2016).
[image: Table 3]The strength-stress ratio method and geological analysis method were used to analyze and predict a tunnel rockburst. Due to the complex strata, broken rock mass and severe weathering, the surrounding rock is mostly grade Ⅳ∼Ⅴ, and only some parts of ηγ3N2 are grade Ⅲ. First, it is preliminarily found that the surrounding rocks of grade Ⅳ and below do not have the conditions of rockburst, so rockburst is not considered, and only the possibility of rockburst occurring in the surrounding rocks of grade Ⅲ and above is considered, so the rockburst discrimination and prediction analysis is carried out only for the surrounding rocks of grade Ⅲ. According to the rock burst prediction results of a tunnel obtained by the strength stress ratio method and geological analysis method (as shown in Figure 11A), rockburst occurs mainly in grade III surrounding rock of ηγ3N2, where the rock mass strength is higher, and the section is mainly in the middle of a rock mass between two adjacent faults, so the maximum principal stress value is relatively high (greater than 30 MPa). The tunnel is mainly subject to moderate rockburst, and the length of the tunnel with moderate rockburst is 980 m.
[image: Figure 11]FIGURE 11 | Prediction results of underground engineering disasters (A) Rockburst prediction of a tunnel (B) Large deformation prediction of a tunnel.
Prediction of Large Deformation at the Tunnel Site
The classification index for large deformation prediction of soft rock segments is calculated according to the strength-stress ratio formula (5)(National Railway Administration of the People Republic of China, 2016):
[image: image]
where q is the large deformation classification index, and its value and corresponding large deformation classification are shown in Table 4. Rb is the strength of the surrounding rock mass; σmax is the maximum in-situ stress.
TABLE 4 | Large deformation grade (National Railway Administration of the People Republic of China, 2016).
[image: Table 4]According to the numerical results of the tunnel axis stress corresponding to the mileage section of the in-situ stress simulation and geological prospecting section division, the identification and division of the large deformation of the surrounding rock were carried out, and the prediction results of large deformation were obtained (as shown in Figure 11B). The results of large tunnel deformation include slight large deformation, moderate large deformation, and severe large deformation, and most of them occur in fault zones or affected areas of fault zones. Although the in-situ stress at the fault is relatively low, the rock strength here is also low, so large deformation easily occurs. In the statistical range, the length of the section with severe large deformation is 1900 m, accounting for 11% of the total length of the tunnel, and almost all of them occur at the fault. In these sections, the in-situ stress is higher than 12 MPa, mostly at the moderate stress level. Due to the low strength of the surrounding rock, the final strength-stress ratio is low. The moderately large deformation section is 3,170 m, accounting for 18.35% of the total length of the tunnel. Most of these sections are faults or fault-affected areas. There are two situations: one is that the in-situ stress value is equal to or even slightly lower than the in-situ stress value of the section with severe large deformation, and the strength of the surrounding rock is slightly higher than that of the section with severe large deformation; the other is that the in-situ stress value of the ηγ3N2 stratum is very high (all greater than 40 MPa), and the strength of the surrounding rock is relatively high. In both cases, moderate deformation is more likely to occur. The section with slightly large deformation is 2,940 m, accounting for 17.02% of the total length of the tunnel. Most of these sections are affected areas of fault zones or T3z and myl strata. The in-situ stress level of this section is relatively low, mostly below 20 MPa, and the strength of the surrounding rock is relatively high.
CONCLUSION
The in-situ stress of a tunnel site in the Xianshuihe fault zone is analyzed, and the following conclusions are drawn:
1) Regarding the overall situation of the Xianshuihe fault zone, the fault mainly affects the maximum horizontal principal stress and the minimum horizontal principal stress in the shallow stratum. The in-situ stress near the fault is greatly affected, resulting in a deviation in the direction of the maximum principal stress from the direction of the regional dominant principal stress. In the shallow area near the Selaha-Kangding fault, the maximum horizontal principal stress, minimum horizontal principal stress and lateral pressure coefficient of the borehole increase with increasing distance from the fault. Farther than 600 m from the fault, the horizontal stress is greatest. In the deeper area, the maximum horizontal principal stress, the minimum horizontal principal stress and the lateral pressure coefficient exhibit no obvious change with increasing distance from the fault.
2) According to the inversion of the in-situ stress field in the studied tunnel site and the stress in the tunnel, the maximum principal stress in the axial direction of a tunnel is 3∼44 MPa, the in-situ stress at the entrance and exit of the tunnel is low, and the in-situ stress at the tunnel barrel is high. The in-situ stress around the tunnel barrel is affected not only by the burial depth but also by the fault. The in-situ stress at greater burial depths is high, and the in-situ stress at the fault has been released to a certain extent. The in-situ stress is relatively low, and the degree of stress decline at different faults is different.
3) The rockburst prediction results for the tunnel are obtained by the comprehensive strength-stress ratio method and geological analysis method. The prediction results are as follows: the length of the moderate rockburst risk is 980 m, accounting for 5.67%, which tends to coincide with the rock section with high stress located in the middle of a rock mass between two faults. The large deformation grade of the tunnel is obtained by the strength-stress ratio method, which mainly indicates in slight large deformation, moderate large deformation, and severe large deformation mainly occurs in the fault and its influence zone. The length of slight large deformation is 2,940 m, accounting for 17.02%. The length of moderate large deformation is 3,170 m, accounting for 18.35%. The length of severe large deformation is 1900 m, accounting for 11%.
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When sublevel caving is used in metal mines, the stress state in the rock mass that initially existed around the mined-out area will be destroyed. This will lead to the rock strata deforming and moving and also, potentially, to large-scale collapse and cracking of the ground surface. Such ground surface deformation can cause significant damage to buildings and other structures. Therefore, it is very important to study the mechanism responsible for this ground surface deformation so that methods can be devised to protect the mine’s production facilities as well as the property and safety of nearby residents. In this study, the mechanism responsible for the surface deformation of the hanging wall in the eastern part of the Jinshandian iron mine was investigated by analyzing monitoring data collected in situ on the surface (from 2008 to 2020) and other related information (occurrence of surface cracking and collapse and geological conditions). The results show that the ground surface deformation can be divided into four stages (initial, creep, slow, and accelerating deformation stages). A flexural toppling failure model is proposed to account for the surface deformation. The model suggests that large-scale deformation of the ground surface at the hanging wall occurs due to the combined effect of in situ ground stress, occurrence of steep dip discontinuities and faults, the dips and strikes of the two parallel orebodies, and underground mining activity. Furthermore, the surface deformation can be divided into six regions corresponding to caved, rapidly-accelerating deformation, slowly-accelerating deformation, acceptable deformation, slight deformation, and no deformation zones. In the rapidly-accelerating deformation zone, the ratio of the horizontal to vertical displacement is greater than 1 and some major cracks can be found. Large-scale cracks begin to form when the horizontal velocity of the ground surface is greater than 1 mm/day.
Keywords: metal mine, underground mining, hanging wall, in situ monitoring data, discontinuities and faults, ground surface deformation
1 INTRODUCTION
In China, the number of open-pit mines is decreasing and more metal mining is taking place deep underground. Sublevel caving is one of the most widely used mining methods employed in such mines. However, as the orebodies are mined out using this method, the rock strata begin to deform and this deformation gradually spreads to the surface. On reaching the surface, the deformation may cause a significant amount of damage to the buildings and structures erected there. Therefore, the deformation not only affects the safety of the underground mining activity but also threatens the safety of the mine’s production facilities and the nearby residents. The geological disasters (ground surface collapse and cracking) often occur in the mining area, because of the deep underground mining activities. What is worse, sometimes rockburst is found in deep underground (Feng et al., 2015; Feng et al., 2020). Consequently, it is imperative that the mechanism driving the surface deformation induced by underground mining is understood in great detail. Much research has been carried out on surface deformation using a variety of approaches including theoretical analysis, physical modeling experiments, numerical simulation, and in situ monitoring.
Hoek (1974) used a limit equilibrium approach to analyze the failure of the rock masses in the hanging wall. Lupo (1996a) has carried a lot of research on metal mines and suggested that the ground surface deformation can be divided into three zones: a caved zone, large-scale surface cracking zone, and a continuous surface subsidence zone. Lupo (1996b) also pointed out that shear failure is the dominant failure mechanism in the footwall, while a combination of shear and toppling failure occurs in the hanging wall. Lupo (1997) subsequently introduced an analytical model that combines a limit equilibrium approach for the hanging wall and footwall with a Coulomb-type surface-traction force to represent the caved rock. Svartsjaern (2019) used conceptual models to refine calibrated models detailing the damage development process and failure mechanisms acting. Physical modeling experiments have been used to predict the ranges of collapse pits and figure out the mechanism responsible for surface collapse (Wu et al., 2009; Wang et al., 2019). Also, many scholars have used numerical simulation to study metal mines/tunnels. For example, codes PHASE2 (Villegas and Nordlund, 2008a; Blachowski and Ellefmo, 2012), FLAC3D (Parmar et al., 2019), PFC2D (Villegas and Nordlund, 2008b; Svartsjaern and Saiang, 2017), UDEC (Pinheiro et al., 2015; Svartsjaern et al., 2016), 3DEC (Wang et al., 2012) and FEM/DEM-DFN (Vyazmensky, 2008) have been used to study break and limit angles, ground surface subsidence, caved rock zone deformation, and failure mechanisms in discontinuous rock masses. Finite-difference continuum damage mechanics approach was used to study roof caving (Eremin et al., 2020).
Many scholars have also studied surface deformation by directly monitoring it in situ. For example, time–displacement, time–inverse velocity, and time–velocity curves were generated and used to analyze the ground surface deformation at the Kiirunavaara mine in Sweden at different mining stages (Villegas and Nordlund, 2012). Xia et al. (2016a), Xia et al. (2016b), Xia et al. (2019b) extensively studied the ground deformation, movement, and collapse mechanism at the Chengchao iron mine in China based on deformation data monitored in situ and field investigations. Studies centered on the Jinchuan Nickel Mine in China found that the horizontal displacement of the underground roadway was larger than its vertical displacement and that the maximum cumulative vertical displacement at the hanging wall surface was smaller than that at the footwall. In the mining area, almost all of the plane displacement vectors were found to point towards the mined-out area. Moreover, three failure mechanisms were suggested to be involved: double-sided embedded-beam deformation, fault activation, and cantilever-articulated rock beam failure (Ma et al., 2012; Ma et al., 2013; Zhao et al., 2013; Ma et al., 2015; Ding et al., 2018; Lu et al., 2018). Xia Y. et al. (2018) have also used a combination of techniques (D-InSAR and GIS) to identify the scope of illegal underground mines. LiDAR mapping and geological penetration radar (GPR) were used to analyze roof damage (Evanek et al., 2021; Li et al., 2021).
According to the scholar’s research, few of them study the mechanism of ground surface deformation, with consideration of geological condition (such as steeply dipping discontinuities and faults), especially the unique geological condition like Jinshandian Iron Mine. The geological conditions in the eastern part of the Jinshandian mine in China are complicated. There are discontinuities with steep dip angles, four faults distributed in the area with east–west strikes, and two orebodies that are essentially parallel. There are also a large number of buildings and structures on the surface in the hanging wall region. The surface first collapsed in 2008 near a private mining site (site no. 3) and a further surface collapse occurred in 2013. Since October 2016, the underground roadway has become damaged due to the ground pressure in the hanging wall which has also led to large-scale collapse and cracking, both underground and on the surface (Yang, 2019). The deformation of the surface has also resulted in buildings and other structures suffering from subsidence, becoming inclined and cracked. However, there is a lack of research on the characteristics of surface deformation and deformation mechanisms in metal mines with steeply dipping discontinuities and two parallel orebodies. In this study, the mechanism underpinning the surface deformation of the hanging wall is elucidated based on surface deformation data collected over a period of 13 years. The results can be used to help guide subsequent underground mining work and relocate residents on the surface in a safe and timely manner. The result can be a refence to the underground metal mines which have the similar engineering geology condition.
2 ENGINEERING GEOLOGY OF THE MINING SITE
The Jinshandian iron mine is located near Jinshandian town, which is 30 km southwest of Huangshi in Hubei province, China. The eastern area is taken to lie between exploratory lines nos. 25 and 43. Its east–west extension corresponds to nearly 1,000 m and its north–south extension is 990 m. Mining started at the –270 m level (altitude, the sea level is 0). There are two main orebodies present (‘Fe I’ and ‘Fe II’) that are separated by a 50–150 m thick rock wall.
2.1 Strata Lithology
The lithographic forms most widely distributed in the eastern part of the Jinshandian iron mine are hornstone, marble, magmatic (mainly diorite), orebody, and fault (Figure 1). The hornstone (labeled A in Figure 2) can be subdivided according to its distance from the orebody. Type A1 hornstone (located far from the orebody) shows good quality, whereas type A2 hornstone (close to the orebody) has poor quality. Marble is labeled using the letter B, while the magmatic rocks are labeled C. The latter can also be subdivided into types C1 (rocks that are far away from the orebody and have good quality) and C2 (rocks that are close to the orebody and show poor quality). The orebodies (D) can also be divided into two types: D1 (block structure; good condition) and D2 (powdery structure; poor condition). In terms of rock mass quality, the lithography can be ranked from good to poor as follows: C1 > A1 ≥ C2 > A2 ≥ B > D1 > D2.
[image: Figure 1]FIGURE 1 | Lithology, faults, and private mining sites in the study area.
[image: Figure 2]FIGURE 2 | Geological sections along exploratory lines 34 and 36. (A) Exploratory line 34. (B) Exploratory line 36.
2.2 Discontinuities and Faults
2.2.1 Discontinuities
An in situ geological investigation was carried out on the ground surface and –340, –354, –368, –382, and –396 m levels in July 2018.
The discontinuities in the hanging wall were then classified. It can be seen that there are three main groups of dominating discontinuities in the hornstone (Table 1).
TABLE 1 | Major discontinuities in the hanging wall.
[image: Table 1]2.2.2 Faults
The mining area is crossed by four parallel fault zones with east–west strikes in plane projection. In addition, the upper parts of the faults tend to be steeper than their lower parts when viewed in cross-section along exploratory lines (as shown in Figure 1). Some specific observations can also be made:
1) Fault F1 extends eastwards from exploratory line 32. It is about 1,500 m in length and 15–35 m wide. It has a dip direction that ranges from 160° to 200° and a dip angle of 60°–75°.
2) Fault F2 extends eastwards from exploratory line 38 and its length is about 1,200 m. Its dip direction ranges from 180° to 190° and its dip angle is 55°–85°.
3) Fault F3 lies between exploratory lines 25 and 43 with a width that ranges from 15 to 35 m. It dips to the south and has a dip angle that ranges from 55° to 87°.
4) Fault F4 is roughly parallel to F3 and runs 25–150 m to the south of it. It also dips to the south. Its dip angle is in the range from 55° to 85° and its width is 10–35 m. F3 and F4 coalesce near exploratory line 42, forming a 100-m wide fault zone on the surface.
2.3 In Situ Ground Stress
The stress relief method, which is based on elastic mechanics theory, was used to measure the level of in situ ground stress. The rock mass is assumed to be an infinite elastic body. Any boreholes in the rock will thus be elastically deformed by the initial ground stress. Therefore, the stress state in the plane perpendicular to a borehole axis can be calculated by measuring the deformation (change in diameter) of the borehole during the stress relief process. Stress tests were carried out in situ in December 2019 in the –410 and –500 m levels. The results obtained are shown in Table 2.
TABLE 2 | In situ ground stress levels (December 2019). The principal stress is specified via three components: σH (maximum horizontal stress), σh (horizontal intermediate stress) and σv (minimum vertical stress). The angle θ is the angle between the horizontal principal stress and north direction.
[image: Table 2]2.4 Description of the Orebodies
2.4.1 Orebody Distribution
There are two main orebodies (Fe I and Fe II) in the eastern part of the Jinshandian iron mine that are parallel to each other. Between Fe I and Fe II, there is a rock wall composed of hornstone and quartz diorite with a thickness of 50–150 m. Fe I is 1,320 m long from east to west (stretching from exploratory line 23 to exploratory line 43). Fe II has a length of about 1,020 m (stretching from exploratory line 26 to exploratory line 43). Fe II lies to the north of Fe I and the two orebodies are imbricated when viewed in cross-section.
2.4.2 Mining Situation
In September 2005, the roof of the –270 m level began to cave. Orebody Fe I was mined from north to south, while orebody Fe II was mined from south to north. Due to relocation problems on the surface, mining work had to be suspended from early April 2009 to the end of February 2012. Mining resumed in early March 2012. Due to the COVID-19 pandemic, mining work had to be stopped on January 18, 2020; it subsequently resumed on March 21, 2020. See Table 3.
TABLE 3 | Mining situation.
[image: Table 3]Mining work is now taking place in the –382 and –396 m levels. The partly situation with respect to mined-out areas is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Planar projection of the collapse pits and cracks.
In addition, as parts of the orebodies were quite near the surface (some were even directly exposed on the surface), many private mining sites were set up. Among them, there are three main sites of interest (labeled site nos. 1, 2 and 3 in Figure 1). It is understood that the mining depth of these private mining sites is about –160 m and the amount of stoping ore involved is about 2 million tons. Much of the important information about the locations and shapes of the mined-out areas formed underground at these sites is unknown. However, the mining-out of these shallow orebodies was found to have a significant impact on the deformation of the surface, leading to collapse at several places near the private sites when the mining activity began.
3 NATURE OF THE GROUND SURFACE CRACKING AND COLLAPSE
3.1 Ground Surface Collapse
In April 2007, the ground surface collapsed at the no. 2 private mining site near exploratory line 36 (collapse pit no. Ⅰ). The area affected measured ∼250 m2 and three nearby houses were cracked and deformed. In September 2008, a second collapse occurred near the no. 3 private site (in the courtyard of a food company) affecting an area of ∼620 m2 (collapse pit no. Ⅱ). The evolution of the surface collapse and cracking processes in this region is shown in Figure 3 and Figure 4.
[image: Figure 4]FIGURE 4 | Aerial photographs of the mined-out area (main image captured in May 2020).
In February and May 2013, the surfaces near collapse pits II and I collapsed again (respectively). Thereafter, the two collapsed areas continued to extend outwards in all directions. In November 2013, a new collapse pit with an area of ∼300 m2 appeared on the surface just south of collapse pit II which gradually merged into one collapse pit with pit no. II.
In April 2017, a collapse pit with a diameter about 6 m and depth of about 3 m appeared next to the railway between exploratory lines 38 and 38-1 (collapse pit no. Ⅲ). This pit was funnel-shaped and left part of the railway hanging in the air. Due to the scale of the collapse, the railway became severely deformed and was demolished after it was found to be unusable.
In April 2018, a larger funnel-shaped collapse pit (diameter ∼20 m) appeared between exploratory lines 34-1 and 36 (collapse pit no. IV). By June 2018, the collapse pit had expanded slightly and deepened, and there were also many cracks visible in the ground nearby.
In November 2018, another funnel-shaped collapse pit (collapse pit no. V) appeared 150 m west of collapse pit I between exploratory lines 30-1 and 32. The diameter of this pit was ∼18 m and its depth was ∼10 m.
In June 2019, a pit with a depth of ∼5 m and diameter ∼5 m (collapse pit no. Ⅵ) appeared to the east of collapse pit no. IV. In the same month, a large number of collapse pits formed to the east of collapse pit no. II. One particular collapse pit, referred to as a ‘pit-in-pit’, measured ∼10 m (diameter) by ∼7 m (depth).
By the beginning of 2007, the area of the ground affected by surface collapse and cracking had expanded in all directions as the mining activity proceeded. As a result, the buildings and structures on the surface had been seriously damaged. Aerial photographs of the mining area taken in 2020 (Figure 3) clearly show the pattern in the surface deformation and damage caused by the underground mining activity. The scope of the surface collapse was investigated via in situ field investigation, three-dimensional (3D) laser scanning, and aerial photography, giving the results shown in Figure 4.
It can be seen that four of the collapse pits lie above orebody Fe I (nos. Ⅱ–Ⅳ and Ⅵ). The current area of collapsed ground associated with these pits is ∼15,800 m2. The surface subsidence in the region was originally caused by the private mining sites which led to funnel-shaped collapse pits nos. I and II being formed near the nos. 2 and 3 private mines. As the underground mining commenced, the scope of the collapse continued to increase in extent. When the mining was suspended, the collapse of the pits continued to extend slowly due to the creep characteristics of the rock masses. Then, when the mining was restarted in March 2012, the collapsed area extended further still. After October 2016, the underground roadways in the hanging wall were destroyed by underground pressure (Yang, 2019) which led to large-scale deformation of the surface. From April 2017 to June 2019, the collapse of pits nos. Ⅲ, Ⅳ, Ⅴ, and Ⅵ occurred sequentially in that order. At present, the deformation of collapse pits nos. II, III, IV, and VI above orebody Fe Ⅰ continues to increase. The rock mass of roof was fractured which influenced by F4 and F3 fault, and steeply dipping discontinuities. After the roof collapsed, chimney caving emerged above the mined-out area. In effect, by June 2019, the caving of the deep rock mass propagated to the ground surface forming a large-scale area of deformation above the mined-out area.
3.2 Cracking and Damage to the Ground Surface, Buildings, and Other Structures
An investigation of the surface cracking (from 2016 to 2020) and damage to buildings and structures (investigation made in December 2020) was made in the hanging wall (see Figure 3 for details). Due to the effect of the underground mining, a large number of cracks had appeared on the surface. Before 2016, there were clearly more cracks in the footwall than the hanging wall. Xia et al. (2019a) explained this by suggesting that the footwall rock mass had undergone slipping–toppling failure. After October 2016, the cracks in the hanging wall had gradually increased.
The cracks around the collapse pits are essentially parallel to their boundaries and have the same strike as orebody Fe I. The cracks that are far away from the collapse pits are essentially parallel to the strikes of the discontinuities. For example, cracks (1), (3), and (4) are consistent with the first group of discontinuities in Table 1 and crack (2) is consistent with the second group of discontinuities.
Due to the deformation and destruction of the ground surface in the hanging wall, the buildings and structures have become cracked and show signs of subsidence. The buildings close to the collapsed pits have become strongly inclined and subsided and the displacement in the vertical direction is greater than that in the horizontal direction—for example, (b) and (c). A certain distance from the collapse pits, cracking and horizontal movement can be seen to occur in buildings that have good integrity [for example, the building (a) in the concrete frame structure]. Other buildings with poor integrity have also cracked but the dip direction of these cracks deviate from those of the collapse pit, as shown by the (d) in Figure 3.
Affected by the steeply dipping discontinuities, cracks around the collapse pits are essentially parallel to the boundaries of the pits, while the cracks far away from the pits are consistent with the strikes of the discontinuities.
4 NATURE OF THE GROUND SURFACE DEFORMATION
The horizontal and vertical deformation of the ground surface in the hanging wall region was studied based on the monitored GPS and level data. Some of the monitoring points used are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Locations of some of the GPS (in blue) and level (in magenta) monitoring points used.
4.1 Methods Used to Monitor the Deformation
A GPS technique was used to monitor the horizontal displacement. HiPer II and V receivers (manufactured by Topcon) and the Sheshan coordinate system were used. The radius of the ellipsoid used is 6,378,245 m, the reciprocal of curvature is 298.3, the central meridian is 114° E, and the offset value is 500,000 m. The 3D coordinates of the two reference points employed are G1 (3,335,533.049 m, 578,779.2745 m, 110.59958 m) and G2 (3,335,331.055 m, 579,266.8118 m, 47.42427 m). The position coordinates of the monitoring points can be calculated using the GPS receivers and two known reference points.
Two methods can be used to monitor the vertical displacement. One is based on GPS measurement. These measurements can be made simultaneously with the horizontal displacement measurements (using the same monitoring points). The other method involves level monitoring. In this work, Leica DNA03 digital levels were employed.
A number of monitoring points in the hanging wall were selected to determine the characteristics of the surface deformation (36 GPS and 18 level monitoring points). The monitoring data were then used to construct displacement–time and velocity–time curves. In addition, the data can be used to elucidate further deformation parameters at each monitoring point (cumulative horizontal and vertical displacements, ratio of horizontal to vertical displacement, and horizontal and vertical deformation velocities).
4.2 Surface Displacement–Time Curves
4.2.1 Horizontal Displacement
The horizontal displacement–time curves obtained at the various monitoring points present different deformation characteristics and can be divided into five types. The first type is generally found at points that lie close to the mined-out areas, e.g., points C10, C11, C15, C21, C56, C57, C60, C61, and C63-1. At these points, the displacement curves generally exhibited three inflection points which occurred around March 2009, February 2012, and October 2016 (Figure 6). At monitoring point C15, however, the third inflection point appeared to occur later, around October 2017. It shows that the deformation produced by the initial mining activity was quite small before March 2009. The surface deformation increased slowly thereafter due to the suspension of mining from April 2009 to February 2012. The deformation slowly increased from March 2012 onwards due to the resumption of the mining activity. Around October 2016, the deformation rate increased sharply. At point C15, however, the deformation increased only slowly after October 2017, and the cumulative horizontal displacement appeared to stabilize at around 63 cm now.
[image: Figure 6]FIGURE 6 | Horizontal displacement–time curves (A) With two and three inflection points. (B) With one inflection point.
The second type of displacement curve has just two inflection points—March 2009 and February 2012—as found at points C16, C18, and C19 for example (see Figure 6 for details). The third type of curve has just one inflection point which occurred around October 2016, e.g., points C69, C91, and C92. The fourth type of curve has no inflection points, the displacement generally increasing linearly in time, e.g., C100, C102, C103, D02, X1, X2, X6, X7, X15, X22, X23, and X35 (where the displacement of X1, X2, X6, X7, X15, and X35 appear to be larger and faster than the others). The fifth type of curve corresponds to data that undergoes small fluctuations, e.g., X12, X13, X14, X16, X17, X24, X25, X46, and X47.
In order to better understand the surface deformation data recorded at the monitoring points during different mining periods, the first type of deformation curve with three inflection points is divided into four stages: Period 1 (P1) from 2008/5/5 to 2009/3/23; Period 2 (P2) from 2009/3/23 to 2012/2/25; Period 3 (P3) from 2012/2/25 to 2016/10/18; and Period 4 (P4) from 2016/10/18 to 2020/12/22. These divisions are also used when considering other GPS and level monitoring points. The cumulative horizontal displacements (until December 2020) in the first three types of displacement curve lie in the ranges 62.96–479.5 cm, 13.89–22.72 cm, and 172.74–420.40 cm, respectively. Those in the last two types lie in the ranges 2.28–152.95 cm and 0.5–2.84 cm, respectively. The point that exhibited the largest horizontal displacement is C11 where the maximum displacement reaches 479.5 cm.
For a given monitoring point, the horizontal displacement gradually increased as the mining activity proceeded. Also, the deformation suffered over a given period of time gradually increases the closer the point is to the void boundary. Apart from the boundary points X14, X17, X24, and X25, the horizontal displacement vectors were measured at each GPS monitoring location points towards the mined-out areas. The main deformation seemed to occur after October 2016. For example, the horizontal deformation at C11 during P4 exceeded 450 cm, which is 19 times larger than the sum of P1, P2 and P3.
4.2.2 Vertical Displacement
The vertical displacement–time curves presented here are based on the level monitoring data recorded. Two types of curves are found (Figure 7). The first type features 4 inflection points (around September 2008, May 2010, February 2012, and October 2016) as found at points A29, A30, F02, E08, E09, S02, and S03. In September 2008, collapse pit no. II was formed. There was a lot of rain from March to May 2010 but the vertical displacement changed very little around June 2010. The vertical displacements of the monitoring points range from –11.32 to –165.22 cm (the largest displacement occurring at S02).
[image: Figure 7]FIGURE 7 | Vertical displacement–time curves (A) With four inflection points. (B) With two inflection points.
The data recorded at points A31, A32, A38, A40, A44, A47, A48, F01, D01, and D02, however, exhibit two inflection points (around September 2008 and May 2010) and the displacements (until December 2020) range from –1.47 to –11.5 cm.
As can be seen, some points (C10, C11, C56, C57, C60, C61, C63-1, C69, C91, C92, X6, and X7) experienced large vertical displacements (until December 2020) that range from –71.51 to –378.25 cm. Point C69 suffered the largest change (–315.74 cm) in P4, which is more than 5 times larger than P3. The vertical displacements (until December 2020) of points C15, C16, C18, C19, C21, C100, X1, X2, X13, X15, and X35 fall in the range –11.84 to –45.76 cm. In contrast, the vertical displacements measured at C102, C103, D02, X12, X14, X16, X17, X22, X23, X24, X25, X46, and X47 are rather small (between –0.4 and –8.92 cm). For a given monitoring point, the vertical displacement tends to increase as the mining activity becomes deeper. In addition, the closer the monitoring point is to the mined-out areas, the greater the deformation suffered over a certain period of time.
4.3 Surface Displacement Velocity–Time Curves
The influence that the mining activity has on the ground surface is also reflected in the rate at which the deformation of the ground surface changes. Therefore, the data were used to construct horizontal and vertical velocity–time curves, as shown in Figure 8 and Figure 9.
[image: Figure 8]FIGURE 8 | Horizontal velocity–time curves (A) C60; (B) C15; (C) C21; (D) C69.
[image: Figure 9]FIGURE 9 | Vertical velocity–time curves (A) A29; (B) F01; (C) A47; (D) S02.
The horizontal velocity–time curves (constructed using the GPS monitoring data) illustrate the 6 kinds of horizontal velocity variation found in the area. The first type is exemplified by points such as C10, C11, C56, C57, C60, C61, and C63-1. Here, the horizontal velocity undergoes large fluctuations at first but the amplitudes of the fluctuations become smaller as times passes. After a while, the velocity increased rapidly in a linear manner (starting around October 2016). At C11, for example, the horizontal velocity had reached 9.5 mm/day by August 2019.
The second type of behavior was found at C15, C16, and C18. Here, the horizontal velocity fluctuated sharply at first but this fluctuation decreased in significance as time progresses. That is, the velocity–time curve constantly fluctuated but the amplitude of the fluctuation became relatively small after October 2016. The third type was observed at points such as C21. The curve fluctuated at first, then increased linearly around October 2016, and continued to fluctuate after April 2017.
The fourth type of horizontal velocity curve (e.g., C69, C91 and C92) fluctuates steadily at first and then more rapidly after October 2016. In the fifth type of curve (e.g., X1, X2, X6, X7, X15, X35, C100, C102, C103, D02, and D07) it was fairly linear. The behavior was established after October 2016 and fluctuated steadily at a certain velocity (although the velocities at points X6, X7, and X35 are higher than the others). The sixth type of curve involved constant fluctuation—C19 and other monitoring points were included in this type.
The horizontal velocities at points C10, C11, C56, C60, C61, C69, C91, C92, X6, X7, and X35 are all greater than 1 mm/day in the P4. In fact, the velocities in this interval fall in the range 1.10–3.07 mm/day. On the other hand, their velocities (except for X6, X7 and X35) in P3 lie in the range 0.05–0.54 mm/day. The velocities of points X1, X2, X15, C21, C57, and C63-1 range from 0.55 to 0.92 mm/day in the interval P4. The horizontal velocities at points C15, C16, C18, C19, D02, C100, C102, and C103 are all very small in P4 (ranging from 0.06 to 0.24 mm/day and increasing slowly). The horizontal velocities of the other monitoring points in P4 range from 0.02 to 0.21 mm/day. For the displacement-time curves with four stages, most of the horizontal velocities obey the following rule: P4 > P3 > P1 > P2.
Vertical velocity–time curves were also drawn using the level monitoring data. There were four kinds of types classified and summarized. At point A29, the vertical velocity fluctuates at first but an obvious change occurs around October 2016. Points A30, A31, A32, A38, A40, A44, F01, F02, D01, and D02 essentially appeared to be in a constant state of fluctuation. However, the amplitude of the fluctuations was large at first but then became smaller with a demarcation point around July 2014. Points A47 and A48 fluctuated at first and the amplitude of the fluctuation appeared to increase linearly. However, the velocity was basically zero after July 2014 implying that these points essentially stopped moving up/down. Points S02, S03, E08, and E09 had vertical velocities that fluctuated strongly at first and then showed an obvious inflection point around October 2016 after which the downward velocity increased sharply.
The vertical velocities of points C10, C11, C56, C57, C60, C61, C63-1, C69, C91, C92, X6, X7, and X35 are in the range –0.18 to –2.8 mm/day during the interval P4. Moreover, the velocity of point C61 in P4 is 26 times larger than that in P3. Apart from points X46 and X47, the other GPS monitoring points have velocities ranging from –0.02 to –0.33 mm/day. The vertical velocities of S02, S03, E08, and E09 during P4 are in the range from –0.3 to –1.53 mm/day. The velocities of the rest of the level monitoring points are between 0 and –0.06 mm/day.
The velocity–time curves all fluctuate to some degree. Such fluctuations were studied by Ma et al. (2007). When underground mining is carried out, strain energy accumulates in the rock strata. When this energy exceeds a certain critical threshold, the energy is released and the velocity of the rock mass will increase. As the stored energy is subsequently dissipated, the velocity of the rock mass will decrease.
The monitoring results presented here allow the following conclusions to be drawn. The horizontal displacement–time curves (from May 2008 to December 2020) that have three inflection points can be divided into four stages: P1, P2, P3, and P4. P1 corresponds to the initial deformation stage. In this stage, both the displacement and velocities are small with some fluctuation. The deformation is small and mainly caused by the private mining activity. P2 is the ‘creep’ deformation stage and is caused by the creeping movement of the rock. There is a small increase in deformation at this stage. Therefore, the displacement and velocity are again small but occur at a rate that is greater than that in the P1 stage. P3 is a slow deformation stage in which the deformation increases steadily at a certain rate. Finally, P4 is the accelerating deformation stage in which there is a significant increase in the rate of horizontal and vertical deformation. Almost all of the monitoring points that have four stages are such that their horizontal velocities show the same rule: P4 > P3 > P1 > P2.
Depend on the GPS monitoring points, the horizontal displacement velocity of C60, C61, C11, C92, are larger than 1 mm/day. At the meantime, many major cracks are found there, like crack (1) to crack (4). Especially C92, it was close to crack (1) which emerged on September 2020, and the horizontal displacement velocity of C92 was 1.43 mm/day. So did the crack (2) which was found on October 2019, and the horizontal displacement velocity of GPS points C11 and C69 was 3.48 mm/day and 2.40 mm/day. Depend on the horizontal displacement velocity of GPS monitoring points close to major crack, we get the conclusion that major cracks on the surface will emerge when horizontal velocities exceed 1 mm/day.
4.4 Ratio of Horizontal to Vertical Displacement
Most of the monitoring points have horizontal to vertical displacement (H/V) ratios that increase the further the point is away from the void boundary. According to our statistical analysis, 26 of the 36 GPS monitoring points have H/V values that are greater than 1 until December 2020. This shows that the current surface deformation process is dominated by horizontal displacement.
According to the displacement–time curves, displacement velocity–time curves, and ratio of horizontal to vertical displacement, a conclusion can be got, that is the horizontal displacement plays an important role in ground surface deformation. This is mainly affected by in situ ground stress, and steeply dipping discontinuities. When the orebody is mined in the deep, the in situ ground stress is released which cause the rock column cut by steeply dipping discontinuities to topple. Disturbed by the rock mass F4 fault start to slip, the failure of F4 fault and rock mass gradually spreads to the surface in months.
5 DEFORMATION MECHANISM AND GROUND SURFACE ZONES
5.1 Ground Surface Deformation Mechanism
Many researchers have used physical models to study the mechanism responsible for the ground surface deformation in the Jinshandian iron mine region (Cai et al., 2006; Chen, 2006; Ren et al., 2010). Xia K. et al. (2018) pointed out that the majority of the deformation above the mined-out area was gradually spreading upwards from the deep regions to the surface. Yang (2019), based on the results of in situ field investigations, deformation and microseismic monitoring experiments, and theoretical analysis, managed to explain why ground pressure had been produced in the haulageway of the mining level after October 2016. Moreover, the work of Brady and Brown (2006) and Xia et al. (2016a), Xia et al. (2016b) showed that it was mainly toppling failure occurring in the metal mine. Also, Du et al. (2020a) and (2020b) did lots of study on rock failure depend on acoustic emission.
The discontinuities in the rock mass are steeply dipping in the eastern part of the Jinshandian mine. The first group of discontinuities cut the hanging wall of the rock mass into column-shaped blocks. In addition, the rock masses surrounding the mined-out area are of relatively poor quality. As the underground mining activity proceeds, the initial stress in the rock is released after the rock mass near the void is disturbed. This caused the forces acting on the opposite sides of the columnar rock masses to become unbalanced. When the tensile strength of a column is reached, it will be subjected to flexural toppling failure. Failure occurs on the side of the rock column near the void. As a result, a large amount of caved rock will be created that will fall into the void. As the mining activity moved to greater depths, the upper part of fault F4 slipped and caved, further damaging the rock columns. The scope of the caved rock masses is also extended (see Figure 10 for details).
[image: Figure 10]FIGURE 10 | Schematic diagram showing the deformation mechanism in the deep rock strata.
The deformation of the hanging wall can now be seen to be highly significant. The deformation is closely related to the dips and strikes of the orebodies in the mining area, the distributions of the discontinuities and faults, and the direction of the initial ground stress. The two orebodies are parallel to each other and have strikes in nearly east–west directions and dip towards the south. In addition, four faults are distributed around the orebodies with east–west strikes which means the quality of the rock masses around the orebodies is poor. The steeply dipping discontinuities play a crucial role in the surface deformation. Also, the initial ground stress is oriented in a nearly north–south direction. After the underground orebody is mined out, the initial stress is released and the rock mass and roof near the mined-out area are destroyed due to the in situ ground stress, pressure from the overlying rock masses, and the effect of gravity on them. When a large amount of orebody has been mined, the deformation in the deep rock strata gradually spreads to the surface. This, in turn, leads to subsidence and horizontal movement of the ground surface and hence damage and destruction of buildings and other structures thereon.
5.2 Ground Surface Zones
Lupo (1996a), Fu et al. (2015), Xia et al. (2020), and Pang et al. (2020) have carried out a great deal of research on surface deformation zones. In this paper, the surface deformation in the hanging wall is divided into six zones based on the results of our GPS and level monitoring data, the cracks observed in the Jinshandian surface and its state of collapse, and the results of other studies. Here, we refer to the zones as: (i) the caved zone (CZ), (ii) fast-accelerating deformation zone (FADZ), (iii) slowly-accelerating deformation zone (SADZ), (iv) acceptable deformation zone (ADZ), (v) slight deformation zone (SDZ), and (vi) no deformation zone (NDZ). The suggested boundaries of these zones are shown in Figure 11.
[image: Figure 11]FIGURE 11 | The zones formed on the ground surface.
The CZ, which is located directly above the void, may contain a large amount of caved rock (which moved to the mined-out area under the action of its own gravity). After a certain amount of time, the deformation gradually spreads to the surface, causing the surface to collapse and crack. On the surface near the collapsed pit, there are a lot of large cracks and the soil layer is very soft. The CZ boundary (CZB) is based on the topographic map generated by 3D laser scanning and other observation methods (aerial drone photography, GPS and level monitoring, and field investigation). The CZB lies about 5 m away from the collapsed pit boundary (CPB) and a large number of tension cracks are visible on the surface which are quite deep and have strikes parallel to the CPB. Due to the large deformation encountered in the CZ, no monitoring points are set up inside it in the interest of safety. As found previously by Lupo (1997), the CZ is dominated by vertical deformation.
The columnar rock masses in the FADZ undergo flexural toppling (towards the void side) due to the subsidence and horizontal movement of the rock masses in the CZ. The numerous failing rock columns lead to the formation of a slip surface. The failed rock masses are relatively broken and will readily move to the mined-out area along the sliding surface along with the caved rock masses in the CZ. In the FADZ, the buildings are sinking heavily and the surface cracks are large. The monitoring points in this area exhibit obvious signs of accelerated deformation. At the same time, it can be seen that the H/V ratios of the GPS monitoring points in this area are all greater than 1 and their horizontal velocities are greater than 1 mm/day. The FADZ boundary (FADZB) is determined by the locations of the major cracks on the surface and the coordinates of the GPS monitoring points whose horizontal velocities exceed 1 mm/day.
In the SADZ, there are a few cracks on the ground surface and the deformation is mainly that caused by the flexural toppling failure of the rock masses. The SADZ boundary (SADZB) is drawn according to the horizontal displacement field derived from the GPS monitoring data. A critical strain value of 6 mm/m (0.006) is used to define the boundary based on Chinese specification (The Coal Industry Bureau of the People’s Republic of China, 2017).
Pang et al. (2020) has carried out a lot of research on ADZs. In the ADZ, there is movement and deformation of the ground surface but cracks do not form. However, a few cracks can be found on the buildings and other structures. The rock mass below this zone is disturbed and the displacement–time curves of the monitoring points on the surface show a fluctuating and increasing trend. The ADZ boundary (ADZB) is drawn, based on the horizontal displacement field, using a critical strain value of 2 mm/m (0.002).
In the SDZ, there is only slight movement of the ground surface and the underground rock mass is subject to minimal disturbance. As a result, the deformations of the monitoring points in the zone fluctuate. Using the horizontal displacement field, the SDZ boundary (SDZB) is drawn with a 1 cm displacement boundary contour curve in consideration of measurement errors.
In the NDZ, the underground rock mass and the surface are not deformed at all. The monitoring points exhibit small fluctuations due to measurement errors.
The zones and zone boundaries outlined above change dynamically as the underground mining activity deepens.
6 CONCLUSION
Based on the monitoring data, some conclusions can be drawn as follows, the result in this paper can be a refence to the metal mines which have the similar engineering geology condition.
1) The cracks around the collapse pits are essentially parallel to the boundaries of the pits and the cracks far away from the pits are essentially consistent with the strikes of the discontinuities. The closer one is to the mined-out area, the more severe the damage observed in buildings and structures.
2) The horizontal displacement–time curves exhibit five types of behavior. Curves with three inflection points can be divided into four stages: initial deformation stage, creep deformation stage, slow deformation stage, and accelerating deformation stage. Currently, the horizontal to vertical displacement ratio is greater than 1, indicating that the horizontal displacement is playing the dominant role in the surface deformation.
3) The failure mechanism acting in the hanging wall is flexural toppling of rock column and slipping of F4 fault. The large deformation in the hanging wall is due to the combined effect of in situ horizontal ground stress, steeply dipping discontinuities and faults, the dip directions and strikes of two parallel orebodies, and the underground mining activity. The deformation in the deep rock strata gradually spreads to the surface which causes the crack and damage on the ground surface and buildings.
4) The surface deformation can be divided into six zones (CZ, FADZ, SADZ, ADZ, SDZ, and NDZ). The caved zone boundary extends 5 m beyond the collapse pit. The boundary of the fast-accelerating deformation zone is determined by the occurrence of major cracks and surface points with horizontal velocities >1 mm/day. The slowly-accelerating deformation zone, acceptable deformation zone, and slight deformation zone boundaries can be defined in a similar way (corresponding to horizontal deformations of 6 mm/m (0.006), 2 mm/m (0.002), and 1 cm displacement, respectively). Moreover, the data indicate that large-scale cracks will emerge when the horizontal velocity of the ground surface exceeds 1 mm/day.
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Constant stiffness confining condition seems more reasonable than constant stress confining condition to simulate the actual confining stress environment of in situ rock which varies with the lateral strain. Compression tests of sandstone samples with two different confining conditions were conducted to study the energy evolution characteristics of rock under constant stress confining condition and constant stiffness confining condition. Except for the conventional triaxial compression tests, CFRP-confined rock samples were also used to simulate the constant stiffness confinement of the rock specimen in the laboratory. The stress–strain curve and failure mode of the samples under different confining conditions were compared. The influence of confining condition on the characteristics of rock energy evolution was investigated. The results show that the stress–strain curves under the confining conditions of constant stress and constant stiffness exhibited strain softening and strain hardening, respectively. Under constant stress confining condition, the specimen failed in the ductile mode while the specimen exhibited a sudden and brittle failure behavior under constant stiffness confining condition. The evolution trend of the elastic strain energy was greatly affected by the magnitude of confining stiffness. The elastic strain energy of the specimen under low stiffness confining condition decreased slightly after reaching its peak. As the confining stiffness increased, the elastic strain energy would not decrease but continued to increase until the failure of the specimen. The maximum elastic strain energy under the confining condition of the high confining stiffness is greater than that of constant stress. Considering the influence of confining stiffness on the storage and release of the strain energy, to obtain the true mechanical behavior of the rock mass under confining conditions, stiffness confining conditions should be taken into consideration in the laboratory.
Keywords: constant confining stress, constant confining stiffness, energy evolution, elastic strain energy, fracture mode
INTRODUCTION
In deep underground rock mass engineering, engineering activities can induce severe rock failure of the surrounding rock masses due to the release of strain energy stored in the rocks (Ma et al., 2020; Yu et al., 2022). The mechanical behavior of the rock mass is an important factor affecting the failure mechanism. Due to high confining stress in situ, the mechanical characteristics of deep rock are significantly different from those of shallow rock (Xie H. P. et al., 2021). The mechanical behavior of rock under confining conditions is a critical topic concerned in engineering. In previous studies, scholars investigated rock under different lateral pressures to simulate the confining environment in situ (Li et al., 1999; Chen and Feng, 2006; Zhang and Zhao, 2014). Triaxial loading tests are the most common laboratory method and the mechanical behavior of rock under constant confining stress has been widely investigated by means of laboratory tests and numerical modeling (Fang et al., 2019; Liu et al., 2020; Xie H. et al., 2021). However, for the in situ rock, its constraints come from the surrounding rock mass, and the confining stresses are not fixed during the deformation and failure process. When the rock deforms outward, it will squeeze the surrounding rock mass, and the confining stress will increase accordingly. It means that the confining stress is dependent on the lateral strain of the rock. The confining condition can be regarded as a constant confining stiffness condition. For the laboratory test, a constant stiffness confining condition seems more reasonable than constant stress confining condition to simulate the actual confining environment.
The mechanical behavior of the rock is driven by the evolution and release of energy (Xie et al., 2009; Bagde and Petroš, 2009; Feng et al., 2022). Energy evolution can better describe the deformation and failure mechanisms of the rock (Wang and Cui, 2018; Jia et al., 2019; Zhang et al., 2021). Some researchers have carried out studies to analyze the energy evolution characteristics of the rock under various confining pressures (Peng et al., 2014; Zhang and Gao, 2015; Meng et al., 2022). Li et al. (2017) studied the characteristics of energy evolution and dissipation during hard rock during triaxial failure with different loading and unloading paths. Huang and Li (2014) studied the conversion characteristics of strain energy with conventional triaxial unloading tests at different unloading rates and initial confining pressures. The results show that the confining pressure has a significant influence on the energy evolution of rock. Increases in the confining pressures can improve cumulative strain energy density and effectively limit the energy dissipation and release due to fracture or failure of the rock. However, most of the research to date has focused on the mechanical behavior and energy evolution of rock under constant confining stress. Few studies have been conducted to explore the mechanism of the energy evolution of rock under constant confining stiffness. Tests on the concrete showed that axial stress–strain curves under constant confining stiffness were obviously different from those under constant confining stress (Dong et al., 2015). The stiffness of the loading system has also been proven to have an important impact on the energy release of the rock (Feng et al., 2014; Wang and Kaunda, 2019). Therefore, the influence of confining stiffness on the evolution and release of the rock strain energy is a critical issue that should be further clarified.
In this study, compression tests of sandstone samples with different confining conditions were conducted to study the energy evolution characteristics of rock under constant confining stiffness and constant confining stress. Except for the conventional triaxial compression tests, CFRP-confined rock samples were also used to simulate the constant confining stiffness of the rock in the laboratory. The stress–strain curve and failure mode of the samples under different confining conditions were compared. The influence of confining condition on the characteristics of rock energy evolution was investigated.
STIFFNESS CONFINING CONDITION
In order to simulate the confining conditions with different constant stiffness, fiber-reinforced polymer (FRP) was used as the confining material to form the FRP jackets in the hoop direction of the specimen. FRP materials have high tensile strength and deformation modulus, and it has been widely used as confining materials for concrete structures to improve the performance of the concrete building (Lam and Teng, 2004; Jiang and Teng., 2007). Due to their ultra-high ductility and strength, FRP materials could provide a substantially constant confining stiffness for the test rock core (Dong et al., 2015). Different confining stiffness of rock samples can be achieved by overlapping FRP materials with different layers.
The following analytical model can be used to quantify the confining stiffness provided by FRP when the fibers of the FRP are wrapped in the hoop direction. As shown in Figure 1, considering the equilibrium condition in the in-plane direction of the rock core section, the confining stress in the rock core can be calculated as follows:
[image: image]
where [image: image] is the hoop stress in FRP; [image: image] is the thickness of FRP; and [image: image] is the diameter of the rock core.
[image: Figure 1]FIGURE 1 | Analytical model of confining stiffness of FRP.
Assuming that the FRP is linearly elastic until rupture, its stress–strain relation can be written as follows:
[image: image]
where [image: image] is the hoop strain in FRP and [image: image] is the Young’s modulus of FRP.
Considering the compatibility condition in the in-plane direction of the rock core section, the strain of the FRP is equal to the circumference strain of the rock core,
[image: image]
Substituting Eq. 2 and Eq. 3 into Eq. 1, an expression between the confining stress and the confining strain can be obtained as follows:
[image: image]
The structural confining stiffness of the FRP jacket can be calculated as the ratio of confining stress to the confining strain. It can be evaluated as in the following equation:
[image: image]
Based on Eq.5, the specific confining stiffness corresponding to different layers of the FRP jacket can be calculated. For the convenience of the following discussion, confining stiffness can be normalized by the elastic modulus of the rock core sample. A new parameter, confining stiffness ratio, can be introduced as in the following equations:
[image: image]
where [image: image] is the Young’s modulus of the rock sample.
It can be found that confining stiffness is directly proportional to the thickness of the FRP material. Different confining stiffness can be achieved conveniently by different layers of fiber jackets. Several types of FRP have been used in practice. In the present experimental work, 200 g class I carbon-fiber-reinforced polymer (CFRP) was selected as the confining material. It has the advantages of high tensile strength, lightweight, and small-fiber diameter. The carbon fiber sheets had a nominal thickness of 0.111 mm. Its elastic modulus is 241 GPa, and its tensile strength along the fiber direction is greater than 1600 MPa. The calculated confining stiffness for different thicknesses of confining jackets is listed in Table 1.
TABLE 1 | Calculated confining stiffness for different thicknesses of confining jacket.
[image: Table 1]Considering that the rock in situ is confined by the surrounding rock mass, one layer of CFRP jacket can be regarded as a rock sleeve with a certain thickness. Assuming that the rock core was confined by the rock sleeve with a certain thickness, an equivalent thickness of the surrounding rock sleeve can be obtained based on the equal confining stiffness. The surrounding confining rock sleeve can be regarded as a thick-walled hollow cylinder. The elastic solution of the thick-walled hollow cylinder under uniform internal radial pressure can be used to obtain the relationship between the radial stress and the radial strain. According to the definition, the confining stiffness of the rock sleeve can be determined by the ratio of radial stress and radial strain as shown in Eq. 8. By equating the confining stiffness of Eqs 5 and 8, the equivalent thickness of the rock sleeve can be obtained. The calculated equivalent thickness of the rock sleeve for different numbers of CFRP layers is shown in Figure 2. It can be found that one layer of CFRP jacket is equivalent to a 5 mm rock sleeve in confining stiffness. When the thickness of the surrounding rock sleeve approaches infinity, the equivalent number of CFRP layers is 4.3. It means that 4.3 layers of CFRP jacket can be used to simulate the confining stiffness of surrounding rock in situ.
[image: image]
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where [image: image] is the radius of the rock core, and [image: image] is the radius of the confining rock sleeve.
[image: Figure 2]FIGURE 2 | Equivalent thickness of surrounding rock for different numbers of CFRP layers.
SPECIMEN PREPARATION AND TESTING
A total of 27 specimens were prepared from a sandstone block in Jining of Shandong, China. Cylindrical specimens were drilled and prepared with a diameter of 50 mm and a height of 100 mm as shown in Figure 3. The specimens were divided into two groups to be tested under different confining conditions as listed in Table 2. The preparation of the CFRP-confined specimens followed a standard procedure, which has been described elsewhere (Jiang and Teng, 2007; Micelli and Modarelli, 2013).
[image: Figure 3]FIGURE 3 | Specimens for tests. (A) Cylindrical samples; (B) CFRP-confined rock specimens.
TABLE 2 | Two groups of specimens with different confining conditions.
[image: Table 2]The tests were carried out on the RLJW-2000 rock mechanics testing apparatus. The tests under constant confining stress and constant confining stiffness were conducted following the standard procedure of triaxial tests and uniaxial tests, respectively. The axial pressure was applied in a displacement-controlled way, and the loading rate was 0.005 mm/s. Both the axial and circumferential strains were recorded by the LVDT during the tests.
TEST RESULTS
Stress-Strain Relationship Under Different Confining Conditions
The typical deviatoric stress–axial-strain curves of sandstone samples under different confining pressures are shown in Figure 4. It can be seen that both the peak deviatoric stress and corresponding peak strain increase as the confining pressure increases. When the confining pressure increases from 8 to 32 MPa, the peak deviatoric stress and peak strain increase by 43.15% and 36.75%, respectively.
[image: Figure 4]FIGURE 4 | Deviatoric stress axial strain curves under different confining pressures. Stress–strain relationship under constant confining stiffness tests.
The typical axial stress–strain curves under different confining stiffness ratios are shown in Figure 5. It can be found that the curve shape under constant confining stiffness is not the same as that under constant confining stress. The stress–strain curve under constant confining stress exhibits strain softening. But the stress–strain curve under constant confining stiffness may not have a descending portion. For low confining stiffness, the stress–strain curve would first exhibit strain softening and then exhibit strain hardening. For high confining stiffness, the stress–strain curve would exhibit strain hardening only. The axial stress ascends to a certain turning point and then continues to ascend at a slower rate.
[image: Figure 5]FIGURE 5 | Axial-stress–axial-strain curves under different confining stiffness ratios.
Furthermore, it can be seen from Figure 5 that with the increase in confining stiffness ratio, the ultimate axial stress and ultimate axial strain increase. When the confining stiffness ratio increases from 0.37 to 1.10, the ultimate stress and strain increase by 127% and 33%, respectively.
Failure Mode Under Different Confining Conditions
The typical failure modes of the specimens under different confining conditions are shown in Figure 6. Different failure modes are exhibited for the specimen under constant confining stress and constant confining stiffness. As shown in Figure 6A, for the tests under constant confining stress (triaxial test), the failure mode of rock samples is basically the same even with different confining pressures. The macroscopic shear fracture surface can be seen when the failure of the rock specimen occurs. However, for the specimen under constant confining stiffness, the failure mode appears more complex. Failure of CFRP-confined specimens occurred in a sudden and explosive way due to fiber rupture that reached their ultimate tensile strain. The rock specimens expanded outward and were severely damaged. For the specimen under low confining stiffness, the CFRP jacket broke in the upper section of the specimen accompanied by spalling of the broken rock. For the specimen under high confining stiffness, a cone-shape failure surface is generated in the mid-height region of the specimen. Both the stress–strain curve and the failure mode of the samples show a significant differentiation between the two confining conditions.
[image: Figure 6]FIGURE 6 | Failure mode of the specimen under different confining conditions. (A) constant confining stress; (B) constant confining stiffness.
EVOLUTION OF STRAIN ENERGY
Calculation of Strain Energy
During the process of loading, the test machine does work on the specimen. Part of the energy is transformed from the mechanical energy of the test machine into the deformation energy of the rock, which is stored in the rock mass. And the other part is dissipated due to the plastic deformation and crack propagation in the specimen. Assuming that there was no heat exchange between the specimen and the environment during the loading, the total input energy generated by external force work can be written as follows:
[image: image]
where [image: image] is the total strain energy, [image: image] is the elastic strain energy stored in the specimen, and [image: image] is the dissipated strain energy.
Under triaxial loading conditions, the total strain energy [image: image] and elastic strain energy [image: image] can be calculated as follows:
[image: image]
[image: image]
The total energy absorbed by the rock sample can be obtained by the integral of the stress–strain curve. Considering that medium principal stress is equal to small principal stress for this test, then Eq. 10 and Eq. 11 can be written as follows:
[image: image]
The elastic strain can be obtained by the unloading elastic modulus and Poisson’s ratio.
[image: image]
Existing studies have shown that the unloading elastic modulus and Poisson’s ratio were close to the initial value of uncracked rock (Yu et al., 2005; David et al., 2012). So the initial elastic modulus and Poisson’s ratio were used for the calculation. For constant confining stiffness conditions, the confining pressure of the specimen can be calculated by Eq. 4 based on the measured strain of FPR.
Evolution of Strain Energy Under Constant Confining Stress
Based on the above calculation method, the energy evolution curves of rock specimens under different confining pressures are given in Figure 7. It can be seen that the evolution curves of the specimen under different confining pressures exhibit great similarity. The total strain energy absorbed by the rock sample and the dissipated strain energy show a nonlinear increasing trend. The elastic strain energy presented a trend of first increasing and then decreasing. The evolution process can be divided into several stages. In the initial stage, the total absorbed strain energy was mainly converted into elastic strain energy, and the dissipated strain energy was very low. With the crack initiation and plastic deformation, the dissipated strain energy begins to increase when the axial strain reaches about 0.015. Before the peak point, the dissipated strain energy is much smaller than the elastic strain energy. The elastic strain energy reaches its peak at the peak strength of the specimen and is then released quickly. In the post-peak stage, the dissipated strain energy increases rapidly until the failure of the specimen.
[image: Figure 7]FIGURE 7 | Energy evolution curve of the specimen under different confining pressures. (A) Confining pressure = 8 MPa; (B) confining pressure = 16 MPa; (C) confining pressure = 24 MPa; (D) confining pressure = 32 MPa.
It can also be found that [image: image], [image: image], and [image: image] corresponding to the peak point are all increased with the increase in confining pressure. When the confining pressure is increased from 8 to 32 MPa, the total strain energy absorbed by the rock sample at failure increases by 102.7%. The elastic strain energy corresponding to the peak point increased by 104%. It means that the stored energy of the confined specimen before failure increases appreciably with the increase in confining pressure.
Evolution of Strain Energy Under Constant Confining Stiffness
The energy evolution curves of rock specimens under different confining stiffness ratios are given in Figure 8. It can be seen that different energy evolution characteristics are exhibited for the specimen under constant confining stiffness. The total strain energy [image: image] and the dissipated strain energy [image: image] show a nonlinear increasing trend, which is similar to the condition of constant confining stress. However, the evolution trend of the elastic strain energy is greatly affected by the magnitude of confining stiffness. When the confining stiffness is small, the elastic strain energy decreases gradually after reaching its peak. But the magnitude of the decrease is less than the condition of constant confining stress. As the confining stiffness increases, the elastic strain energy will not decrease but continue to increase until the failure of the specimen.
[image: Figure 8]FIGURE 8 | Energy evolution curve of the specimen under different confining stiffness. (A) [image: image]; (B) [image: image]; (C) [image: image]; (D) [image: image].
It can also be noted that [image: image], [image: image], and [image: image] are all increased with the increase in confining stiffness. When the confining stiffness ratio is increased from 0.37 to 0.92, the total strain energy absorbed by the rock sample and the elastic strain energy corresponding to the peak point increase by 104% and 127%, respectively.
COMPARISON UNDER DIFFERENT CONFINING CONDITIONS
It is well-known that the failure mode of the rock is to a large extent dependent on the release of the stored elastic strain energy. In order to analyze the difference between the two conditions, the evolution curve of elastic strain energy under different confining conditions is compared in Figure 9. For the constant confining stress, there is a declining stage of elastic strain energy after reaching its peak. In this stage, the volume of the specimen expands gradually with the initiation, propagation, and coalescence of new cracks. The elastic strain energy decreases gradually with an axial strain increase. The failure process of the specimen exhibits ductile failure behavior. For the constant confining stiffness, the elastic strain energy continues to increase with the increase of axial strain until the sudden rupture of the CFRP jacket. At this stage, the confining stress increases with the increase of dilatational strain of the specimen because of the constant confining stiffness. And then the increased confining stress further limits the internal crack propagation of the specimen. A proportion of the absorbed energy is converted to the elastic energy of the CFRP jacket. When the strain of CFRP reaches the ultimate tensile strain, failure occurs in a sudden and explosive way, and the failure process of the specimen exhibits brittle failure behavior.
[image: Figure 9]FIGURE 9 | Energy evolution curve of elastic energy under different confining conditions. (A) Constant confining stress; (B) constant confining stiffness.
In order to compare the energy evolution characteristics between the two conditions under the same confining pressure standard, according to the measured hoop strain, the confining stress provided by the CFRP jacket can be calculated by using Eq. 3 and Eq. 4. Considering that the confining stress of the CFRP jacket changes continually in the loading process, the maximum confining stress corresponding to the ultimate strain of the CFRP jacket before failure was selected to compare with the constant stress condition. Based on the measured ultimate strain of the CFRP jacket, the ultimate confining stresses are about 8 and 16 MPa for the specimen, with a confining stiffness ratio of 0.79 and 1.33, respectively. Figure 10 shows the comparison of the total absorbed and elastic energy evolution curve between the two confining conditions. It can be found that the total absorbed energy of the specimen under the confining condition of constant stress is greater than that of constant stiffness when the confining stiffness is low. But for the high confining stiffness, an opposite conclusion can be observed. It indicated that confining stiffness conditions should be simulated reasonably in the laboratory to obtain the actual mechanical behavior of the rock in situ. In addition, it can be noted that the maximum elastic strain energy under the condition of constant stiffness is greater than that of constant stress by a factor of 1.4–2, corresponding to confining stress from 8 to 16 MPa. The confining stiffness of the rock has a significant effect on the storage and release of the energy. It is difficult to obtain the true mechanical behavior when only taking into consideration the confining stress conditions.
[image: Figure 10]FIGURE 10 | Comparison of energy evolution curve between the two conditions under the same confining stress standard. (A) Total absorbed energy (8 MPa); (B) elastic energy (8 MPa); (C) total absorbed energy (16 MPa); (D) elastic energy (16 MPa).
CONCLUSION
The stress–strain curve and failure mode of the samples are significantly influenced by the confining conditions. The stress–strain curves under the confining conditions of constant stress and constant stiffness exhibit strain softening and strain hardening, respectively. Under constant stress confining conditions, the specimen failed in the ductile mode with the generation of the macroscopic shear fracture surface. Under constant stiffness confining conditions, the specimen failed in a sudden and violent way, and the failure process exhibits brittle failure behavior.
The total absorbed strain energy, the dissipated strain energy, and elastic energy are all increased with the increase in confining stiffness. The evolution trend of the elastic strain energy is greatly affected by the magnitude of confining stiffness. When the confining stiffness is small, the elastic strain energy decreases slightly after reaching its peak. As the confining stiffness increases, the elastic strain energy will not decrease but continue to increase until the failure of the specimen.
Taking the ultimate confining stresses as a standard, the total absorbed energy of the specimen under the confining condition of constant stress is greater than that of constant stiffness when the confining stiffness is low. But for the high confining stiffness, an opposite conclusion can be observed. The maximum elastic strain energy under the condition of constant stiffness is greater than that of constant stress.
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Coal mine roof accidents are one of the main single risks faced by coal miners. According to the statistical data of coal mine accidents in China, there were 40 roof accidents and 55 deaths in 2020 alone, accounting for 32.8 and 24.4% of the total, respectively. Therefore, we can see its danger. To realize the comprehensive scientific assessment of coal mine roof accidents, first, through the collation and analysis of relevant literature reviews and accident investigation reports, combined with the expert investigation method, an assessment index system of coal mine roof accidents is constructed. Then, based on the analysis of the characteristics of the influencing factors of coal mine roof accidents, the assessment model of coal mine roof accidents is established by using the DEMATEL-ANP method. Finally, the established assessment model is applied to a coal mine to verify the rationality of the model.
Keywords: roof accident, index system, DEMATEL method, ANP method, assessment model
1 INTRODUCTION
Roof accident is the type of coal mine accident with the largest number of occurrences and deaths. No matter what the scale of the coal mine is, there will be a certain degree of roof safety hazards in the mining process (Zhu et al., 2018; Xu et al., 2021; Zhang et al., 2021). However, because the occurrence of roof accidents is affected by many factors, it is difficult to prevent and control them, which seriously restricts the safe production of coal enterprises. Therefore, analyzing the causes of roof accidents and determining the influence degree of various factors to formulate effective prevention and control measures is still an important work content of the coal industry.
Roof fall refers to the sudden and violent collapse of the roadway roof, resulting in the collapse of roof rock. Roof fall is different from the rockburst disaster in deep engineering (Feng et al., 2015; Feng et al., 2022; Yu et al., 2022a; Yu et al., 2022b). However, it is also very dangerous and causes serious economic losses. Early studies were mostly considered from the perspective of geology and considered that weak and defective roofs, changes in stress conditions, and bedding plane faults and folds were the main reasons for roof collapse (Molinda, 2003; Phillipson, 2003; Düzgün, 2005). In recent years, with the deepening of research, the vibration, humidity in the air, coal pillar stability, and roof rock hanging length after the use of explosives have also been found to have an obvious correlation with roof falling (Yasidu et al., 2019; Liu et al., 2018). Because of the obvious differences in geological conditions in different regions, some scholars have carried out research on the causes of roof accidents under specific geological conditions. For example, Wang et al. (2018) analyzed a roof fall accident in the Huangyanhui coal mine in the Taihang Mountain area of Shanxi Province, China, and found that tectonic stress and fault sliding caused by mining activities are the driving forces of roof fall; Fei et al. (2020) found that under the condition of a thin bedrock and clay roof, the movement of post-mining overburden is complex. The analysis of the causes of roof falls has laid a certain foundation for evaluating roof safety and putting forward control methods, and relevant research has also been carried out. Oraee et al. (2016) believed that the discontinuity of geological structures would lead to large-area roof collapse, and proposed a roof fall risk assessment method based on structural data and analysis of wedge geometry and stability in coal mines. Bai et al. (2021) took the roof separation and horizontal displacement as the key factors leading to roof falling and proposed that the horizontal displacement can be reduced by increasing the bolt pretension load. Xiong et al. (2021) combined the analytic hierarchy process and fuzzy comprehensive evaluation method and established the cloud model of roof fall risk evaluation by constructing a quantitative grade interval and calculating the weight of each index.
To sum up, the research on the causes of roof falls, roof evaluation, and control is very rich, and the relevant achievements have also played an important role in reducing roof accidents and realizing the scientific management of roofs. However, after further analysis, it is found that the existing research is mainly carried out from geological or closely related factors, and the occurrence of coal mine roof accidents is the result of the coupling of geological uncertainty, stress change, mining conditions, surrounding environments, and safety management (Shen et al., 2017; Tubis et al., 2020; Njock et al., 2021). There is a certain one-sidedness in analyzing only from the geological aspect, and in terms of safety management, because of China’s unique coal enterprise management mode and national policies, a roof safety management evaluation method based on China’s national conditions is needed.
The Decision Making Trial and Assessment Laboratory (DEMATEL) is a method to solve complex and difficult problems in the real world by using the graph theory and matrix tools. The Analytic Network Process (ANP) method is a decision-making method based on the Analytic Hierarchy Process (AHP), which is suitable for non-independent hierarchical structures. The combination of DEMATEL and ANP can effectively reduce the inconsistency and uncertainty caused by people’s subjective judgment in the evaluation of roof safety management. Therefore, first, through literature sorting and the collection and analysis of roof accident investigation reports in China in the past 5 years, find out the influencing factors involved in the coal mine roof accident, classify the influencing factors through expert interviews, establish the coal mine roof safety management evaluation index system, and then use the DEMATEL-ANP to establish the coal mine roof safety management evaluation model for empirical applications.
2 ESTABLISHMENT OF THE EVALUATION INDEX SYSTEM OF COAL MINE ROOF SAFETY MANAGEMENT
2.1 Identification of the Influencing Factors of Coal Mine Roof Safety Management
Identifying the influencing factors of coal mine roof safety management is an important step in establishing the evaluation index system. To achieve this goal, the following databases were searched: Elsevier Science Direct, CNKI, Google academic, and SpringerLink. The combination of search terms used is roof accident or event and influencing factors, roof accident or event and evaluation, and DEMATEL-ANP. References cited in the article are also used as additional sources for our search.
In addition, to make the research conform to the actual situation of China’s coal mine production and national supervision, the coal mine roof accident reports published in China in the past 5 years (2016–2021) were sorted and analyzed to determine the factors not mentioned in the literature. There are 96 accident reports in total, and each report is proposed by the official investigation team formed in accordance with the requirements of laws and regulations and includes the analysis of the influencing factors leading to the accident. Since the accident investigation report comes from different accident investigation teams, there may be inconsistencies in the description of the same influencing factor. Therefore, integrate the different descriptions of the same influencing factor. For example, the safety education and training work are not solid, the safety education and training are not effective, and the safety education and training are not in-depth unified into safety education and training. To sum up, through the literature review and sorting of accident investigation reports, representative evaluation indexes of coal mine roof accidents are obtained, as shown in Table 1.
TABLE 1 | Coal mine roof safety management assessment index.
[image: Table 1]2.2 Selection of Evaluation Indexes for Coal Mine Roof Safety Management
For the identified 26 evaluation indicators, five experts were invited to interview and classify the indicators, including three scholars who have long studied coal mine safety management and two managers engaged in coal mine safety management. During the interview, the experts defined the meaning of each index in detail and classified the index on the basis of fully understanding the connotation and value of the index. Finally, according to expert opinions, 26 coal mine roof accident evaluation indexes were established and divided into five dimensions: principal responsibility, site management, technical management, individual factors, and environmental change, as shown in Appendix 1.
2.3 Establishment of the Evaluation Index System of Coal Mine Roof Safety Management
To further determine the effectiveness of the selected indicators and the accuracy of classification, the expert investigation method is used to analyze the rationality of the evaluation indicators. When using the expert survey method, the number of members of the expert group is generally not less than 10, but not more than 20, because when the number is more than 20, it has little impact on the accuracy of the evaluation results (Lin, 2017). Therefore, a total of 15 questionnaires were distributed and recovered, with a questionnaire recovery rate of 100%.
Using a Likert scale to measure and count the importance of preselected indicators, they is divided into five levels: 1 indicates very unimportant, 2 indicates unimportant, 3 indicates average, 4 indicates important, and 5 indicates very important. The maximum and minimum values of each index score are counted and recorded as [image: image] and [image: image], respectively. The mean value, standard deviation, and coefficient of variation of each index score are calculated and recorded as [image: image], [image: image], and [image: image], respectively. The index meeting [image: image] and [image: image] is regarded as meeting the important requirements. At the same time, according to Wang et al. (2019), 2 subscale is used to measure the rationality of index classification. Unreasonable classification is represented by 0, 1 represents reasonable classification, and S is the proportion of the number of experts with 1 score in the total number of replies. When S-7, it is considered that the classification of the index is reasonable, which is expressed by √ and vice versa × express. Through the statistics of the questionnaire results, the index score results are obtained, as shown in Table 2.
TABLE 2 | Results of expert survey indicators.
[image: Table 2]It can be seen from Table 5 that the coefficient of variation of all indicators is less than 0.2, and the s value is greater than 80%, that is, the classification of all indicators is reasonable and does not need to be modified. To verify the rationality of expert opinions, the Kendall W synergy coefficient is used for the consistency test, and its calculation formula is as follows:
[image: image]
where [image: image] is the number of experts, [image: image] is the number of indicators, and [image: image] is the sum of the ranks of the [image: image] th indicator. The value of [image: image] is between 0–1. The larger the value is, the more consistent the expert opinion is, and the evaluation result is reasonable; otherwise, it means that the expert opinion is random and the evaluation result is unreasonable. Through spss25 0, calculate the [image: image] synergy coefficient of expert opinions, as shown in Table 3.
TABLE 3 | Expert synergy coefficient test.
[image: Table 3]It can be seen from Table 4 that the synergy coefficient of expert scoring is 0.621, indicating that the consensus of expert group members is strong, and the significance level [image: image] value of the synergy coefficient is less than 0.001, indicating that the synergy coefficient is significant. Therefore, the evaluation results are consistent. To sum up, the coal mine roof accident evaluation system is shown in Figure 1.
TABLE 4 | Relationship strength metric table.
[image: Table 4][image: Figure 1]FIGURE 1 | Coal mine roof safety management assessment system.
3 CONSTRUCTION OF THE COAL MINE ROOF SAFETY MANAGEMENT EVALUATION MODEL
3.1 Applicability Analysis of DEMATEL-ANP
The evaluation indexes of coal mine roof accidents affect each other, and the weight of each index is different. Enterprise managers need to not only know the evaluation results but also to clarify the influence relationship between various indicators and identify key factors, to take targeted measures for control and treatment. Using traditional evaluation and analysis methods, it is difficult to determine the complex relationship between indicators in a real situation, and the DEMATEL-ANP rule solves this defect well (Dehdasht et al., 2017). The DEMATEL has the advantages of not relying on big data samples and simplifying the factor correlation analysis. It can build a mapping structure with clear relationships between sub criteria for each criterion and establish a cause and effect diagram that can visualize the cause and effect relationship. In a network with relevant standards, the ANP can make the prediction more accurate through better priority calculation. At present, this method has been applied in many fields and received positive feedback (Chukwuma et al., 2021; Osintsev et al., 2021; Mubarik et al., 2021). Therefore, the application of the DEMATEL-ANP method for coal mine roof accident evaluation has the following applicability:
1) DEMATEL can clarify the relationship between evaluation indicators.
First, through the steps of determining the direct influence matrix, standardizing the direct influence matrix, and determining the comprehensive influence matrix, the influence diagram of coal mine roof accident evaluation indexes is drawn to intuitively show the interaction relationship between each index. Second, the ANP model of coal mine roof accidents is established by using the drawn influence relationship network diagram, to avoid the problem of being too subjective in determining the influence relationship of indicators. Finally, by calculating the influence intensity of the relationship between the indicators, the cause degree and centrality are determined. On this basis, the indicators are arranged according to the influence to identify the key factors affecting coal mine roof accidents and lay a foundation for formulating targeted control measures.
2) ANP determines the relative importance of the criterion layer and index layer of the index system.
After the DEMATEL identifies the relationship between coal mine roof accident indicators, the ANP can capture the interdependence between decision attributes to realize a more systematic analysis. First, compared with the AHP, which assumes that the relationship between indicators is independent, the ANP provides a more general decision-making model without assuming the independence between indicators at the same level and different levels. Second, by determining the index weight, enterprise managers can pay more balanced attention to the overall influence of various dimensions on roof accidents. Finally, when constructing the judgment matrix, the nine-level scaling method is used to assign the value, which greatly reduces the subjective influence caused by human reasons.
3.2 Evaluation Index Influence Relationship and Weight Establishment
3.2.1 Identifying the Impact Relationship Between Indicators

1) Determining the Direct Impact Matrix
To construct the network diagram of roof safety management evaluation, first, experts need to judge the influence relationship and degree of all indicators and form an influence relationship matrix. Among them, indicators [image: image] and [image: image] should be compared twice, which are the direct impacts of indicator [image: image] on [image: image]and the direct influence of index [image: image] on [image: image]. For the whole system, if there are [image: image] indicators, it needs to be compared [image: image] times. The index itself does not need to be compared, that is, the value on the diagonal of the matrix is usually represented by 0. The 5-point scale is adopted in the process of expert scoring, as shown in Table 4.
In actual decision-making, there will also be interactions between different dimensions and different indicators. It can be assumed that there is relationship between all indicators, but this assumption will lead to more complex problems. Therefore, this study assumes that the interaction relationship of 26 indicators is the same as that of five dimensions. The scoring results of each expert’s influence relationship are expressed in the matrix [image: image], where [image: image] represents the influence degree of dimension [image: image] on [image: image] considered by the [image: image] expert, and [image: image] experts form the 5-order matrix [image: image]. Treat the evaluation matrix of [image: image] experts according to the following equation:
[image: image]
The initial direct influence matrix [image: image] is obtained. The direct influence matrix represents the influence relationship and degree between the performance evaluation dimensions obtained by the arithmetic averaging of the opinions of each expert, as shown in Table 5.
2) Normalized Direct Impact Matrix
TABLE 5 | Direct impact matrix.
[image: Table 5]The normalized influence matrix can be obtained by standardizing the direct influence matrix [image: image] with Eqs (3), (4), as shown in Table 6.
[image: image]
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3) Determining the Comprehensive Impact Matrix
TABLE 6 | Norm influence matrix.
[image: Table 6]The comprehensive influence matrix [image: image] can be obtained by calculating the limit of the specification influence matrix [image: image] in Equation (5), as shown in Table 7. The comprehensive impact matrix shows all the direct and indirect impact relationships between the dimensions of the index system.
[image: image]
where [image: image] is the comprehensive influence matrix; the influence matrix is normalized into [image: image]; I is the identity matrix; and [image: image] is the inverse matrix of [image: image].
4) Calculating the Center Degree and Cause Degree of Each Index
TABLE 7 | Comprehensive influence matrix.
[image: Table 7]The sum of the values of each row and column of the comprehensive influence matrix [image: image] is calculated through Equations (6), (7) to represent the comprehensive influence value of the corresponding indicators of each row and column on all other indicators, that is, the influence degree and the affected degree, which are recorded as sets [image: image] and [image: image], respectively.
[image: image]
[image: image]
Based on the calculation of centrality and cause degree, using Equation (8), add the influence degree and affected degree of index [image: image] to obtain the centrality of the index, which is recorded as [image: image], indicating the position of the index in the evaluation index system and its role. Use Equation 9 to subtract the influence degree and affected degree of index [image: image] to obtain the cause degree of this element, which is recorded as [image: image]. If it is greater than 0, it indicates that this index has a great impact on other indexes, which is called cause element, otherwise, it is the result factor.
[image: image]
[image: image]
5) Drawing the Network Diagram
To more clearly describe the relationship between indicators, an impact relationship diagram with a threshold is established, which is used to deal with the impact value in the overall relationship comprehensive impact matrix [image: image]. The impact graph only describes the impact beyond the threshold, which simplifies the decision-maker’s identification of important information. The drawing of the influence relation diagram can be used as the basis of the ANP analysis. The indexes have mutual influence, one-way influence, and no influence, which are represented by a two-way arrow, one-way arrow, and no arrow, respectively.
3.2.2 Determining the Index Weight
By determining the relationship between the criterion layers of the coal mine roof safety management evaluation index system, we can identify the criteria that have great influence or are easily affected. According to the DEMATEL analysis results, we can put forward scientific and reasonable improvement measures, but we should also clearly realize that the criteria closely related to other criteria are not necessarily the most important in the evaluation index system, and the weight of each index needs to be identified to determine the real key factors of roof safety management. Therefore, the ANP method is applied to further clarify the weight of each index.
1) Constructing the judgment matrix
According to the internal correlation of risk evaluation indexes in the DEMATEL model, the network hierarchy diagram of roof safety management evaluation is formed. For all indicators with a mutual influence relationship, the importance judgment is carried out by using the 1-9 scale method (Table 8), to construct the pairwise judgment matrix of the relative importance of indicators in a certain dimension with different indicators as the sub-criteria. Each group of judgment matrix is summarized to form the initial relative importance judgment matrix after checking the consistency through the consistency index [image: image] and consistency ratio [image: image].
[image: FX 1]
2) Getting the unweighted super matrix
TABLE 8 | Reference table for assignment.
[image: Table 8]Each group of pairwise comparison matrices is standardized and transposed to obtain the eigenvalue vector [image: image]. The matrix obtained by summarizing the eigenvalue vectors of all pairwise comparison matrices is the unweighted super matrix [image: image], as shown in Equation (11). If the index in [image: image] and the index [image: image] in [image: image] are independent of each other, then [image: image]. Each set of eigenvalue vectors of the unweighted super matrix represents the weight of each index in a certain dimension under a certain criterion. The unweighted super matrix can select the criteria of the judgment matrix and the element set of the judgment matrix. The correlation of all elements in all element sets will be quantitatively reflected in the way of this judgment matrix.
[image: FX 2]
3) Getting the weighted super matrix
Although each of the unweighted hypermatrices is normalized, the overall unweighted hypermatrix is not normalized. Therefore, by multiplying the standardized importance judgment matrix of each dimension with the unweighted super matrix, the standardization of the super matrix is realized, that is, the weighted super matrix is obtained.
Taking the safety evaluation of coal mine roof construction as the criterion and dimension [image: image] as the sub-criterion, the relative importance of the dimensions with an influence relationship with [image: image] is compared in pairs. After traversing all dimensions, the judgment matrix [image: image] of each dimension is obtained, as shown in the following equation:
[image: image]
The matrix [image: image] is standardized to obtain [image: image], and the weighted super matrix [image: image] is obtained by multiplying [image: image] with the unweighted super matrix [image: image]. As shown in Equation (13), the weighted super matrix constitutes the weight of the normalized coal mine roof safety management evaluation index, but the super matrix is unstable and needs further limit treatment.
[image: image]
4) Calculating local and global weights
To reflect the dependency between elements, it is necessary to stabilize the weighted hypermatrix, that is, calculate the limit matrix of the matrix. Calculate the multiple power of the weighted hypermatrix, and note that the [image: image] power of [image: image] is [image: image]. When [image: image] is in [image: image], the limit exists, that is, [image: image].
5) Determining the comprehensive weight
When the column vectors are equal, the hypermatrix converges to stability to obtain the limit relative ranking of the indicators in each dimension, that is, the weight of each indicator. The weight determined by the DEMATEL-ANP considers the relative importance determined by the influence relationship between indicators, so it can better adapt to the characteristics of mutual influence among coal mine roof safety management evaluation indicators.
4 CASE ANALYSIS
4.1 Data Collection
Based on the established risk evaluation index system and the DEMATEL-ANP risk evaluation model, 12 of the 15 experts were organized to conduct a five-day field investigation in the SL coal mine during the construction of the index system, meeting the requirements of 8–15 experts for the DEMATEL method (Mavi and Standing, 2018). Then, according to the present situation of roof management in the coal mine, a questionnaire survey was carried out among experts. The details of the members of the expert group are shown in Table 9.
TABLE 9 | Overview of the members of the group of experts.
[image: Table 9]4.2 Establishment and Analysis of Influence Relationships Among Indicators
According to the data collected by the questionnaire, first calculate the arithmetic average value from Equation 2 to form the initial direct influence matrix. Second, standardize the direct influence matrix according to Eqs (3), (4) to form a standardized direct influence matrix. Finally, calculate the comprehensive influence matrix [image: image] according to Equation (5), as shown in Table 10. After many expert discussions, it is agreed that the comprehensive impact matrix [image: image] ≤0.2 indicates that [image: image] indicates that [image: image] has no impact relationship; 0.2–0.4 indicates that the influence of [image: image] on [image: image] is weak; 0.4–0.6 indicates that the influence of [image: image] on [image: image] is general; 0.6–0.8 indicates that [image: image] has a strong influence on [image: image]; and 0.8–1 indicates that the influence of [image: image] on [image: image] is very strong.
TABLE 10 | Comprehensive impact matrix of dimensions.
[image: Table 10]It can be seen from Table 10 that each dimension of coal mine roof safety management evaluation has an impact on the five dimensions (including itself) and is also affected by the five dimensions (including itself). But the degree of mutual influence is different.
Based on the comprehensive influence matrix [image: image], the influence degree [image: image] and affected degree [image: image] are calculated according to Equations (6), (7), and the centrality and cause degree of each dimension of coal mine roof accident evaluation are formed, as shown in Table 11. By analyzing the centrality and cause degree, we can identify the key factors affecting the safety management of coal mine roofs, and each key factor will form its own influence relationship network through the influence relationship.
TABLE 11 | Importance and causes of dimensions.
[image: Table 11]Finally, according to the results of Table 10 and Table 11, the network relationship model between each dimension is obtained, as shown in Figure 2. To show the strength of the influence relationship between different dimensions, Figure 2 is distinguished by the color and thickness of the line. The drawing of this model can lay a foundation for the drawing of the network structure in the ANP analysis.
[image: Figure 2]FIGURE 2 | Network relation model (NRM).
4.3 Calculation and Analysis of the Evaluation Index Weight
Based on the final influence matrix and network relationship model determined by the DEMATEL, the ANP network structure diagram of coal mine roof safety management evaluation is constructed by using super decisions software, as shown in Figure 3. A loop indicates that there is an interactive relationship within each dimension.
[image: Figure 3]FIGURE 3 | ANP decision network model.
After determining the structural relationship of the ANP network, the 19-scale method (Table 9) is used to compare the relative importance of two risk factors to obtain the judgment matrix at the dimension level and the unweighted super matrix at the index level to further obtain the weighted super matrix and limit super matrix. Finally, the local and global weights of each dimension and each index are shown in Table 12. In the whole calculation process, the software will conduct a consistency inspection. The consistency ratio [image: image] is a measure of consistency. When [image: image], it shows strong consistency. In this study, [image: image] is less than 0.1, which meets the research requirements.
TABLE 12 | Weight of the roof safety management assessment index in coal mines.
[image: Table 12]5 DISCUSSION
Through sorting out and analyzing the influencing factors of coal mine roof accidents, this study puts forward a coal mine roof safety management evaluation model based on the DEMATEL-ANP method. The model evaluates the overall risk of coal mine roof management by determining the main aspects and key factors. According to the analysis of literature reviews and roof accident investigation reports and through expert interviews, 26 risk factors related to coal mine roof accidents in five categories are determined.
The DEMATEL can be used to determine the interdependence between influence dimensions and the results are shown in Tables 10, 11. The centrality of site management ([image: image]) is the highest, which is 7.508, while the individual factor ([image: image]) is not different from it, which also reaches 7.163, followed by the principal responsibility ([image: image]), environmental change ([image: image]), and technology management ([image: image]). Because of the complex underground environment of coal mines, the site management involves the technology, individual, environment, and other aspects, which makes the underground site management closely related to other dimensions. Statistics show that the deviation of human behavior is the main cause of coal mine accidents (Chang, 2016), and people are very vulnerable to the influence of surrounding factors in the process of work, so the relationship between individual factors ([image: image]) and other dimensions is also very close. Although the centrality of principal responsibility ([image: image]), environmental change ([image: image]), and technology management ([image: image]) is slightly lower than that of the site management ([image: image]) and individual factors ([image: image]), because coal mine safety management is a systematic project, involving many factors and will have a certain impact on each other, the relationship between these three dimensions and other dimensions is also very close.
In terms of the cause degree, the order from large to small is the principal responsibility ([image: image]), environmental change ([image: image]), technology management ([image: image]), individual factors ([image: image]), and site management ([image: image]). The first three dimensions are positive, which means they have a strong impact on the other dimensions. The latter two dimensions are negative, indicating that they are easily affected by the other dimensions, which is also consistent with the aforementioned analysis. Taking the principal responsibility ([image: image]) as an example, the reason degree is as high as 0.821, which is related to China’s national policy. China has attached great importance to safety production for a long time and has written the implementation of enterprise principal responsibility into the work safety law of the People’s Republic of China, which has formed a consensus that China’s government and enterprises attach great importance to the implementation of principal responsibility.
According to table 13, the order of the weight of the five dimensions is principal responsibility, technology management, site management, individual factors, and environmental impact. Among the 26 indicators, three indicators have relatively large weights, exceeding 0.1, including hidden danger investigation and treatment (0.165), safety investment (0.160), and legal mining (0.148), indicating that key attention should be paid to coal mine management. However, other influencing factors should not be ignored, such as the safety production responsibility system, operation procedures, and technical measures, which are more than 0.05, and can be used as the next level of concern. Other indicators are directly related to roof accidents, such as support setting, knocking on the top, construction arrangement, labor organization, and monitoring system, which also exceed 0.01, so the management should be strengthened. Although the weight of other factors is small, no more than 0.01, sometimes roof accidents will occur due to improper control. Therefore, these factors should be properly managed.
To sum up, the DEMATEL-ANP method can directly reflect the causal relationship between the influencing factors of coal mine roof safety management, and clarify the weight of each index. The determination of the influence relationship between factors can help coal mine managers accurately find out the root causes affecting coal mine roof safety management, and the determination of the index weight is conducive to coal mine managers quickly identifying the key factors affecting coal mine roof safety management. The combination of the two can effectively guide coal mine supervision and managers to improve the level of roof safety management.
6 CONCLUSION
Roof fall is one of the important dangers faced by workers during underground coal mining. To realize the comprehensive and scientific evaluation of roof safety management of coal enterprises, first, the evaluation index system of coal mine roof safety management is constructed by combining literature reviews, accident investigation report analyses, and expert interviews. The system includes five dimensions and 26 indexes. Second, to determine the relationship and action degree between the influencing factors of roof management, a coal mine roof safety management evaluation model is constructed based on the DEMATEL-ANP. The application of this method can effectively reduce the inconsistency in the judgment process and make the evaluation results more objective. Finally, the empirical application of the model shows that the influence degree of the dimensions on roof safety management from high to low is principal responsibility, technical management, individual factors, site management, and environmental impact, while in terms of specific indicators, it is proposed that hierarchical control should be given according to the degree of influence.
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Seepage in the underground rock and soil is one of the main causes of geological disasters. Precursor information for geological disasters is provided by accurately measuring the seepage flow in rock and soil, so as to provide disaster warnings in time. This article analyzes the principle of seepage measurement in rock and soil based on heat transfer, deduces the relationship between the flow rate and temperature of the fluid with a seepage sensor, designs and manufactures an entire seepage measurement sensor, and designs a seepage measurement circuit. Finally, a set of portable geotechnical seepage measuring instruments is designed. An experimental platform is designed to realize seepage flow and temperature change experiments with the seepage sensor, it is proved that the sensor can effectively measure the seepage flow for different experimental samples, the measurement range is 0.06–0.160 ml/s. Based on the measured characteristic temperature of the seepage sensor, the calculated seepage flow is obtained, the relative error between the calculated value and the measured value is within 3%.
Keywords: seepage measurement, heat transfer, small flow rate, online monitoring, geological monitoring
INTRODUCTION
China has a large land area and a complex geological environment. As changes in natural conditions and the intensity of human engineering activities increase, the number of geological disasters caused by seepage deformation and ground subsidence caused by seepage in rock and soil is increasing year by year. Seepage in rock and soil refers to the flow of water in the porous media of underground soil and rock. Seepage in rock and soil can cause the seepage deformation of rock and soil and causes ground settlement (Wang et al., 2018), which can cause geological disasters such as leakages of gates and dams, the collapse of dams, instability of foundation pit slopes, landslides, soil movement, underground equipment damage, and building collapse (Ghafoori et al., 2020). The areas prone to geological disasters in China account for about 65% of China’s total land area. As of 2018, according to statistics, the country has nearly 230,000 hidden danger points of geological disasters, among which 25,000 are prone to super-large and large-scale geological disasters, which would seriously threaten the personal and economic safety of human beings.
Precursor information for the occurrence of geological disasters such as landslides and mudslides can be provided by measuring the seepage flow in rock and soil, so as to provide timely disaster warnings and to protect people’s lives. The current research on seepage measurement in rock and soil mainly focuses on the rule of water movement in rock and soil and the distribution of the seepage field, so that the degree of seepage can be calculated through the thickness of the permeable foundation, the permeability coefficient, etc. (He et al., 2021). Then, the potential of geological damage occurring is determined, and reasonable anti-seepage measures are given to effectively control the impact of seepage in rock and soil on the surrounding environment. At present, the relatively mature way to achieve accurate measurements of seepage in rock and soil is to use pore water pressure gauges and piezometers to measure water pressure in order to characterize seepage in rock and soil. Commonly used methods include sonar detection (Leifer et al., 2011), optical fiber monitoring (Su et al., 2017; Chen et al., 2019; Fang et al., 2019), the resistivity method (Panthulu, 2001; Bolève et al., 2011; Dusabemariya et al., 2021), the ground penetrating radar method (Galagedara et al., 2003), the electromagnetic method (Rosenberry and Morin, 2004), etc. Seepage flow in rock and soil has the characteristics of a low velocity, small flow, and complex composition. In traditional seepage monitoring methods, a pipe for measuring the pressure and an osmometer use the pressure of pore water to obtain the seepage flow in rock and soil indirectly. Because rock and soil materials in nature are often mixtures, their compositions are also complex and uneven, and the accuracy of the measuring instruments used is often not high enough, which results in unsatisfactory measurement results; further, there is no sufficient basis for qualitative and quantitative analysis, so it is difficult to accurately obtain the true amount of seepage in rock and soil (Rosenberry et al., 2020). The ground penetrating radar method is susceptible to interference from external magnetic fields, and requires large, expensive instruments, and researchers with instrument operation experience and image analysis capabilities. The resistivity method is realized by arranging a large number of electrodes, which is characterized by low accuracy and construction difficulties. The deeper the rock and soil depths, the lower the accuracy. The sonar detection method is expensive and is currently only used in the measurement of seepage flows in deep foundation pits. The distributed optical fiber temperature measurement method can realize distributed measurement, but it also requires large and expensive instruments (Selker and Selker, 2014). Skinner and Lambert (Skinner and Lambert, 2009) proposed a novel seepage meter composed of single self-referencing thermistor with a constant heat power to measure groundwater flow velocities. The device was particularly sensitive to very slow fluid flows in the range 0.03–3 mm/s, groundwater flow velocities as low as 0.01 μm/s (0.9 mm/day) could be measured using this sensor under certain conditions. In the (Ballard, 1996), In Situ Permeable Flow Sensor used a thermal perturbation technique proposed to directly measure the direction and magnitude of the full three-dimensional ground-water flow velocity vector in unconsolidated, saturated, porous media. The technology is able to measure flow velocities in the range of 5×10–6 to 1×10–3 cm/s.
In this paper, theoretical analysis and experiments are closely combined, and a method for measuring seepage in rock and soil for heat transfer is proposed. Based on the self-designed thermal seepage sensor, the design of a portable rock and soil seepage measuring instrument was completed. The experiment proved the feasibility of using heat transfer to measure seepage in rock and soil, and the temperature characteristic values with regards to the relationship between temperature differences and seepage flow rates were obtained. The temperature difference method can directly measure seepage flows in rock and soil, and can determine the seepage direction; the sensor can be buried in underground rock and soil for long-term measurement.
PRINCIPLE OF SEEPAGE MEASUREMENT BASED ON HEAT TRANSFER
The designed thermal seepage sensor is based on the principle of convection heat transfer in order to measure the temperature difference between the two ends of the sensor, so as to obtain the seepage flow in rock and soil. Among them, the seepage flow value in rock and soil is obtained by determining the heat exchange between the built-in heating source of the sensor and the fluid in the thin tube of the sensor (Rakesh et al., 2020).
The seepage sensor in rock and soil developed in this paper is shown in Figure 1. In this structure, a PT100 platinum resistance temperature measuring probe with metal sleeve protection is placed at both ends of the thin tube, and a ceramic heating rod is placed in the middle of the thin tube. One of the PT100 platinum resistance temperature measurement probes measures the initial temperature of the inflow end of the seepage liquid, and the other probe measures the temperature of the fluid flowing through the other end of the thin tube after it is heated. There is a temperature difference between the two probes due to the action of the heating rod. When the fluid flows through the heating rod, the heat taken away is directly related to the flow rate of the fluid. When the heating power of the heating rod is constant, the larger the flow in the thin round tube of the sensor, the smaller the temperature difference measured by the two platinum resistance probes, and vice versa (Shen et al., 2015; Solder et al., 2016).
[image: Figure 1]FIGURE 1 | Sensing structure of thermal seepage sensor.
According to the heat transfer principle, the relationship between the heat Q taken away by the fluid per unit time, the temperature difference ΔT between the heating rod and the fluid, and the flow velocity v of the fluid can be expressed by the following formula:
[image: image]
In the formula, ρ represents the density of the fluid; k1, k2, and k3 are constants in the same fluid.
If the cross section of the thin round tube structure of the sensor is A, its mass flow rate is qm = ρvA. When measuring the seepage in rock and soil, the ceramic heating rod with the resistance of Rj is heated by the current of Ij to heat the fluid in the thin tube. After a period of time, it will reach an equilibrium state. At this time, the heat generated by the heating rod per unit time is the same as the heat carried away by the surrounding fluid by the heating rod, that is, Q=Ij2Rj2, so there is a functional relationship between the mass flow qm and Q/△T, which can be expressed by the following formula (Munaf et al., 1993):
[image: image]
From equation (Ghafoori et al., 2020), it can be concluded that the seepage flow can be obtained by measuring temperature difference ΔT of the fluid at both ends of the thin round tube through the sensor when the current Ij flowing through the heating rod is constant.
Temperature changes can affect the physical and chemical parameters of water and soil, thereby affecting the distribution of seepage fields in the soil. The parameters closely related to seepage field and temperature field in rock and soil include porosity, specific heat capacity, heat conduction, thermal conductivity, and other parameters. With the increase of temperature, the viscosity of water decreases and the permeability coefficient increases. Due to the small power of the heating rod in this paper, the effect of temperature change on the seepage was ignored in the experiments and measurements (Huang et al., 2021).
SENSOR DESIGN
Structural Design of Thermal Seepage Sensor
The sensor structure shown in Figure 1 mainly includes a water filtration structure made of permeable stone, a heating rod, and a PT100 temperature measurement instrument (Aranzabal et al., 2019). A funnel-shaped water collection device was designed at both ends of the sensor to increase the flow in the thin tube. When the seepage in rock and soil flows into the sensor from left to right or from right to left, it first passes through the upstream PT100 platinum resistance temperature sensor to collect the initial water temperature flowing into the thin tube, and then the seepage flows through the heating rod to be heated. The fluid then flows through the downstream PT100 platinum resistance temperature sensor. The temperature measured downstream is the water temperature after it is heated by the heating rod. At this time, if the heating power of the heating rod is kept constant, the greater the seepage flow rate in the thin round tube, the smaller the temperature difference measured by the upstream and downstream platinum resistance PT100 sensors, and vice versa.
At present, distributed optical fiber temperature measurement technology is commonly used in seepage flow measurement in rock and soil. The temperature sensitivity of Brillouin method based on distributed optical fiber temperature measurement technology in practical projects is about ±4°C, and which in the laboratory is generally less than ±2°C, Raman method can reach ±0.5°C. However, the temperature measurement accuracy of the platinum resistance PT100 sensors can reach ±0.1°C. The system experimental tests are all measured at room temperature, the influence of the ambient temperature on its measurement can be ignored since the temperature difference between the two PT100 is measured.
Because seepage flows in rock and soil are very small, the smaller the diameter of the thin tube, the better the effect. An alumina ceramic heating rod with many advantages was used in the design, the power of the heating rod is 5 W under the power supply voltage of 5 V. It has been proved by experiments that the liquid in the thin tube will not produce air bubbles under this power value, so that it has little influence on the measurement results.
Principle of Water Level Detection
In Figure 1, two thin probes were designed and inserted perpendicular to the inner wall of the thin tube of the fluid meter. If the thin tube is filled with water, the water resistance between the two probes is a fixed value; if the thin tube is not filled with water, the resistance between the two probes becomes larger. During the actual experimental measurements, when the thin tube was filled with water, the resistance between the two probes was about 70 kΩ. A 70 kΩ matching resistance was selected in series with the two ends of the water level detection probe, and power was applied to both ends to measure the voltage on the matching resistance. The water level in the capillary could be easily determined.
Selection of Permeable Materials
The rock—soil seepage measurement sensor based on heat transfer designed in this paper needs to be placed in the rock and soil for actual applied measurements. Because the fine particles present in seepage in rock and soil can easily block the sensor, the sensor needs permeable materials to filter the seepage. At present, the commonly used water-permeable materials include fibrous materials, activated carbon, diatomaceous earth, porous ceramics, etc. The sensor needs to be placed in the rock and soil when used, so the water-permeable material needs to have good mechanical properties and stable chemical properties. Compared with other water-permeable materials such as fibrous materials, activated carbon, etc., porous ceramic materials have many advantages; for example, they can be used in high temperature, high pressure, acid, alkali, and organic environments; their pore structures and porosity can be controlled; their service life is long. The product has good regeneration performance, so porous ceramic materials were used as the water-permeable material in this design.
Structural Design of Seepage Meter
Because the sensor, heating rod, and porous ceramics are placed on the seepage sensor, high mechanical strength, and strict waterproofing are required. After repeated experiments, the structure shown in Figure 2A and 3D printing were used to form one piece to achieve a precise size and good waterproof performance. 3D printing uses transparent resin raw materials, which were convenient for observing the position and seepage of the temperature probe and heating rod in the thin tube during the experiment. The diameters of the funnel on both sides are 40 cm, and the diameter of the thin tube in the middle is 6 cm. There are tubular protrusions on the thin tube. In order to place the sensor in them easily and to waterproof them, the cylindrical housing and back cover of the sensor were designed at the same time, and the measuring structure was also placed in it by 3D printing. Its appearance is shown in Figure 2B. A physical map of the seepage sensor is shown in Figure 2C.
[image: Figure 2]FIGURE 2 | Seepage sensor (A) the structure of the sensor; (B) Seepage meter protective shell and packaging cover; (C) Physical image of seepage meter sensor.
The platinum resistance temperature probe, heating rod, and water level measurement probe were installed and wrapped with a heat-shrinkable tube. At the same time, they were filled with silica gel for waterproofing. In order to facilitate the observation of seepage, the structure of the sensor shell and the thin round tube funnel were made from translucent materials.
THERMAL SEEPAGE SENSOR SIGNAL ACQUISITION AND PROCESSING SYSTEM
Thermal Seepage Sensor Temperature Measurement Circuit Design
The principle of the temperature measurement is shown in Figure 3. The 1 mA constant current source generating circuit provides a constant current for the platinum resistance temperature measurement circuit. The temperature measurement circuit converts the resistance change in the platinum resistance into a voltage value change, which is then amplified by a precision amplifier circuit. The signal acquisition unit converts the collected temperature voltage value into a digital quantity and sends it to the microprocessor by A/D converter, and finally, the calculated temperature value is sent by the microprocessor through the serial port to the upper computer. The platinum resistance temperature measurement circuit is shown in Figure 4.
[image: Figure 3]FIGURE 3 | Block diagram of the temperature measurement principle.
[image: Figure 4]FIGURE 4 | The platinum resistance temperature measurement circuit.
The REF192ES in Figure 4 is a voltage reference chip used to generate a 2.5 V reference voltage. The 1 mA constant current source generation circuit uses the Howland operational amplifier current source structure. The constant current source circuit uses a low-noise and high-precision OP07CP operational amplifier, which uses a dual power supply. In this design, R1=R2=5 kΩ, R3=R5=5kΩ, R4=10kΩ; in order to ensure the accuracy of the constant current source, the resistance selects a BWL-EE type resistor with an accuracy of 0.1% and a temperature drift of 5 ppm. The Howland operational amplifier current source structure can be obtained:
[image: image]
Signal Acquisition Unit Design
The signal acquisition unit of the thermal seepage sensor is responsible for the acquisition of measurement process information and the transmission of data. Taking into account the needs of the measurement system, cost, power consumption, and other factors, it adopts STMicroelectronics’ STM32F103 series 32-bit MCU STM32F103ZET6 chip and its internal with an ARM Cortex-M3 core, which can use registers and library files for programming and which is very simple and easy to transplant. The signal acquisition program mainly completes the functions of water level detection, voltage value detection at both ends of the platinum resistor, temperature calculation, heating rod on–off control, flow calculation, results display and data transmission. The system program flow chart is shown in Figure 5.
[image: Figure 5]FIGURE 5 | System program flow chart.
Portable Geotechnical Seepage Measuring Instrument
For the portable application of the instrument, the designed and implemented thermal seepage measuring instrument is shown in Figure 6. It uses a 10.2-inch portable instrument waterproof box. The power supply, measurement circuit and control circuit are all placed inside the box. The panel is designed with various function buttons, a touch screen and a sensor card slot. The realized portable thermal seepage measuring instrument is powerful, the VGUS graphical design interface is easy to use, the VGUS built-in virtual serial screen can be used to easily design the display interface, display controls, touch functions, etc., and it also has a curve control to display the data as a curve.
[image: Figure 6]FIGURE 6 | The overall structure of the portable seepage meter.
In order to obtain the real situation of seepage in rock and soil, and to simulate the conditions and environment of seepage in rock and soil more realistically, the experimental platform built shown in Figure 6 was designed. It was connected by a transparent tube with a length of 110 cm and a diameter of 40 cm, an elbow with a DN40 caliber, and a transparent tube with a horizontal length of 50 cm and the diameter of the thin tube in the middle is 6 cm. The bottom plate adopted thick acrylic for counterweight. The schematic diagram of the experimental device in the circle is shown on the left in Figure 6. The horizontally placed transparent tube was the thin tube funnel part of the thermal percolation meter. Because the seepage direction was determined, the experimental device in the figure only used unidirectional water-permeable ceramics. The joints of the whole device were sealed and waterproofed with waterproof glue (Ma et al., 2014).
EXPERIMENTAL MEASUREMENT
Experiment on the Relationship Between Flow Rate and Temperature Change
Soil structures in different regions are different, and compositions of rock and soil are complex. Most rock and soil materials are composed of coarse sand or loose deposits with large particle diameters. According to Engineering Classification Standard of Soil (GB/T50145-2007), the particle groups of soil are divided according to diameter. The particle size and permeability coefficient reference values of various soils are shown in Table 1. The experiments were carried out using clay, powder, fine sand, moderate sand and coarse sand. The diameter of the clay was about 0.003 mm, and the permeability coefficient was 0.3 m/d, the diameter of powder was about 0.006 mm, and the permeability coefficient was 0.8 m/d, the water flow velocity in the experiment was about 4–5 drops/s; the diameter of fine sand particles was about 0.1 mm, and the permeability coefficient was 3 m/d, the flow rate is about 17–18 drops/s. In the above process, that each drop of water was about 0.05 ml based on calibration and repeated experiments (Abdullah et al., 2020).
TABLE 1 | Reference values of permeability coefficients of different diameter particles.
[image: Table 1]The restrictor valve was used to adjust the flow rate of water to simulate the seepage flows of different rock and soil materials in the experiment. Therefore, a restrictor valve was installed at the water outlet end of the thin tube of the test device. By adjusting the restrictor valve, the flow rate of water droplets can be controlled per second: 1 drop, 2 drops, 4 drops per second, etc. After repeated experiments under the same conditions, the volume of each drop of water could be considered constant, so the volume of 100 drops of water flowing out of the infusion device measured by a graduated cylinder was about 5 ml, and the volume of each drop of water under the same experimental conditions was about 0.05 ml. Figure 7 shows the temperature difference curves measured at different flow rates.
[image: Figure 7]FIGURE 7 | The relationship between different flow rates and corresponding temperature differences.
It can be seen from the Figure 7 that under different flow rate conditions, the temperature differences changed the most from about 0–4 min, the temperature differences for the PT100 at both ends of the seepage meter continued to increase, and the temperature differences changed slowly after 4 min. When the seepage flow rate was 0.025 ml/s, the temperature difference tended to remain unchanged at about 52°C after 20 min. When the seepage flow rate was 0.05 ml/s, the temperature difference tended to remain unchanged at about 30°C after 20 min. When the seepage flow rate was 0.10 ml/s, the temperature difference stabilized after 20 min at 12°C. When the seepage flow rate was 0.15 ml/s, the temperature difference stabilized after 4 min at 2°C.
In the experiments, if the temperature difference change rate within 5 min was less than 0.1°C/min, the temperature could be called the characteristic value Tt of the sample. Table 2 shows the data of the temperature characteristics and heating times under different flow rates for the silty sand, it can be determined that as the flow rate increased, Tt was decreased linearly, and the heating time became shorter. Tt and the seepage flow rate can be polynomially fitted to obtain the relational expression, where the ordinate y represents the temperature of the temperature difference of the value in degrees Celsius (°C), and the abscissa x represents the percolation flow rate in milliliters per second (ml/s), the goodness of fit of the curve is 0.988.
[image: image]
TABLE 2 | Measured temperature characteristics of seepage sensor under different seepage flows.
[image: Table 2]Seepage Measurement Experiment
To carry out the seepage measurement experiment conducted in this study, put equal volumes of clay, powder, fine sand, and coarse sand into a round pipe with a permeable ceramic backing, and measure its actual penetration according to the constant head permeability test. Add an equal volume of water, measure the temperature difference determined by the platinum resistance at the upstream and downstream ends of the thin round tube, and obtain the output characteristic curves of the clay, powder, fine sand and coarse sand shown in Figure 8.
[image: Figure 8]FIGURE 8 | Corresponding temperature difference curves of different diameter particles.
It can be concluded from Figure 8 that for the different rock soils used in the experiments, the temperature differences rose significantly in the first 4 min, and then increased slowly until they stabilized. After the system was powered on, the heating rod began to heat, and the temperature differences measured by the upstream and downstream PT100 platinum resistors increased rapidly, and after a period of time, the temperature differences increased slowly until they stabilized.
The characteristic temperature measured by the experiment is brought into the formula (Leifer et al., 2011), and the flow rate can be obtained, Table 3 shows the data of temperature characteristics, the measured seepage flow and the calculated seepage flow under different geotechnical condition, the relative error is defined as the absolute value of the calculated seepage flow minus the measured value divided by the measured value, and which are all within 3%.
TABLE 3 | Temperature characteristics and seepage flow under different geotechnical conditions.
[image: Table 3]CONCLUSION
Based on the basic principles of heat transfer in seepage measurement, a thermal seepage sensor was proposed, and the fabrication has been completed. The following conclusions were drawn based on the theoretical analysis and experimental results.
(1) The structure of the sensor is composed of a thin tube in the middle and two funnels connected at both ends of the thin tube. The small end of the funnel is fixed to the end of the thin tube and communicates with the thin tube. The heating rod is controlled inside the thin tube, the two ends of the thin tube are equipped with temperature sensors, and the probe needle is arranged in the middle of the thin tube.
(2) An experimental platform for thermal seepage measurement was built, and experiments on flow velocity and temperature changes, seepage meter calibration experiments, and rock and soil seepage measurement experiments were carried out. The temperature characteristic values of the silty sand with seepage flow of 0.025 ml/s, 0.050 ml/s, 0.100 ml/s and 0.150 ml/s are obtained by experiments, and measured temperature characteristic values are 52.0, 30.0, 12.0 and 2.0°C, respectively. Formulas for the characteristic values of seepage flow and temperature are presented.
(3) Based on the same experimental method, the temperature characteristic values and seepage flow of clay, powder, fine sand, and coarse sand were measured. The seepage flow rate under different sample conditions were calculated based on the relationship formula between seepage flow rate and temperature characteristic, the errors between the experimental value and the calculated value are within 3%.
Our future work will focus on the study of the influence on the seepage flow rate under different heating power conditions is extreme for the same sample. Secondly, we will expand the types of experimental samples to obtain more abundant experimental data.
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The underground powerhouse of China’s Wudongde hydropower station is one of the world’s underground powerhouses with the largest span and height. Because the underground powerhouse is all located in steeply-inclined layered rock masses, and the bedding plane strike of the rock mass has a small angle with the axis of the main caverns, there is a serious risk of high sidewall instability. According to the basic principles of the structurally-controlled concept, the mechanical properties of bedding planes and other discontinuities are largely attributed to this problem. A thorough investigation was conducted into the Wudongde underground powerhouse throughout the excavation process to clarify the possible mechanisms behind these failures and to realize the dynamic adjustment of construction. First, the geological conditions and mechanical properties of the rock masses in the study area were introduced in detail. The stability of the right bank underground powerhouse’s surrounding layered rock mass was then investigated using a discontinuum-based numerical method. Special attention was paid to the excavation-induced failure mechanisms of the steeply-inclined small-angle layered rock masses at the upstream high sidewall. The results show that the failure of steeply-inclined small-angle layered surrounding rock masses presents significant three-stage characteristics, i.e., 1) rock plate forms due to the unloading opening of the bedding plane; 2) rock plate cracks due to bending; and 3) rock plate buckles or slides due to crack penetration. Based on the understanding of the deformation and failure mechanisms of steeply-inclined small-angle layered rock masses, the excavation sequence needs to be optimized according to local geological conditions. In practice, it is vital to insist on the principles of excavation by thin layers and finish all the supports before the next-step excavation.
Keywords: steeply-inclined small-angle layered rock mass, large-span high-sidewall underground powerhouse, bedding plane, stability, discrete element method
INTRODUCTION
As part of one of China’s largest multipurpose water conservation projects, a hydropower station is being constructed downstream of the Jinsha River at Wudongde town. The Wudongde hydropower station consists of three parts: an underground powerhouse, a dam, and a navigation facility. The underground powerhouse covers both sides of the river in the downstream direction. The Wudongde underground powerhouse has the main powerhouse (333 m long, 30.5–32.5 m wide, and 89.8 m high), a transformation chamber (270 m × 18.5 m × 35 m), and three surge shafts (53 m in diameter, 100 m in height) (Figure 1). The main powerhouse is the largest underground main powerhouse in the hydropower industry in terms of height and span. The large-span high-sidewall underground powerhouse is excavated in steeply-inclined layered rock masses, with the bedding plane strike of the rock mass having a small angle (less than 30°) with the main powerhouse’s axis. Therefore, knowing the mechanical response of steeply-inclined small-angle layered rock masses under excavation unloading is crucial to the success of the Wudongde underground powerhouse construction.
[image: Figure 1]FIGURE 1 | Overview of the Wudongde underground powerhouse.
The excavation-induced response of rock masses is considered a stability problem of surrounding rock masses in underground engineering. A large amount of excavation generally induces substantial disturbance to the surrounding rock mass, leading to different kinds of engineering geological problems. Under low-moderate geostress, structurally-controlled instabilities are the primary form (Fekete and Diederichs, 2013), while stress-related issues are often encountered in deep-buried caverns (Diederichs et al., 2004; Martin and Christiansson, 2009; Cai and Kaiser, 2014). The rock mass structure; however, is undoubtedly one of the most salient factors influencing the stability of a large underground powerhouse.
Bedding planes, like other structural plane systems, introduce significant anisotropy both in deformation pattern as well as strength (Fortsakis et al., 2012). The places with more displacements and failures are closely related to the spatial relationship between cavern axes and bedding plane strikes (Zhou Y.-Y. et al., 2016; Zhou YY. et al., 2016). For example, typical geomechanical issues of underground powerhouses excavated in steeply-inclined layered rock masses are primarily the excessive deformation of high straight sidewalls. Failure mechanisms of steeply-inclined small-angle layered surrounding rock masses, however, become more complicated than massive, almost isotropic rock masses due to the presence of bedding planes. Combined failure types, such as tensile fractures through rocks plus shearing along bedding planes, are more commonly observed. Therefore, the bedding plane-induced discontinuous and anisotropic nature (Singh, 1973; Amadei and Pan, 1992; Marinos and Hoek, 2000; Xiao and Wang, 2002; Zhang and Liu, 2002; ZhanG et al., 2004; Wu et al., 2006; Zhang, 2006; Peng et al., 2007; Zhu et al., 2009; Fan and Wang, 2011) is critical to analyzing the stability of layered surrounding rock masses. This also indicates that successful pertinent support for layered surrounding rock masses should be used as an improved means to eliminate the negative impact of steeply-inclined bedding planes. In such a case, it is an important issue to evaluate the stability of steeply-inclined layered surrounding rock masses with or without support during the construction of a large-span high-sidewall underground powerhouse within these rock masses.
In this paper, the stability of the steeply-inclined small-angle layered surrounding rock masses at the upstream high sidewall of the Wudongde right main powerhouse is investigated using the discrete element method (DEM). The study mainly focuses on the excavation-induced failure mechanisms of the steeply-inclined small-angle layered surrounding rock masses at the upstream high sidewall between the seven# and eight# generator sections. Some suggestions for optimizing the excavation scheme and supporting measures are proposed. It is hoped that this case study will be of practical significance to other large-scale excavations with similar geological conditions.
ENGINEERING BACKGROUND
Geological Setting
The geological map of the Wudongde underground powerhouse on the right bank at an elevation of 850 m is demonstrated in Figure 2. The whole underground powerhouse on the right bank is situated in steeply-dipping layered carbonate rock masses belonging to the meso-proterozoic eon ([image: image]), most of which are moderately thick (bed thickness of 30–50 cm) to the thick (bed thickness of 50–100 cm). Slight metamorphism has been experienced in these areas, leading to some low-level metamorphic rocks in specific strata. According to the differences between lithological and engineering properties, the whole geological formation can be divided into several subsections. Here the symbol [image: image] is used to indicate one of these subsections, where 2L stands for the Luoxue formation, x means the xth member, and y means the yth submember. The surrounding rock mass of the underground powerhouse is mainly thick layered limestone and marble ([image: image]), thickly layered dolostone and moderately thick limestone ([image: image]), thick to moderately thick limestone ([image: image]), thick dolostone ([image: image]), and moderately thick limestone and marble ([image: image]) (Niu et al., 2011). The bedding plane strikes 260–280° and is inclined downstream with dip angles ranging from 75° to 85°.
[image: Figure 2]FIGURE 2 | Geological map of the underground powerhouse on the right bank at EL800 m (1) stratigraphic boundary, (2) fault, (3) moderate karst rock formation, (4) weak karst rock formation, (5) slight karst rock formation, (6) non-karst rock formation, (7) karst cave, (8) corrosion discontinuity, (9) spring, (10) strata code, (11) curtain.
There are no large-scale faults in the areas of underground powerhouse. Only five small-scale faults of several meters in length and several centimeters in width have been identified. There is a fold whose axial plane is also steeply dipping and oblique to cavern axes in the area of right underground powerhouse. The core stratum of the fold is made up of [image: image]. The orientations of the two flanks are 164°∠75° and (15–26)°∠(76–88)°, respectively. One large-scale fracture and one small fault are identified in the powerhouse (Figure 3). Fractures are sparse on the whole, being primarily trended in the SN direction and inclined in the west with a medium dip angle. Surrounding rock masses are generally unweathered, with some small karst caves and dissolution fractures in local areas. The thickness of the overburden strata on the underground powerhouse of the right bank is 220–390 m, and the horizontal buried depth is 120–140 m. The measured in situ stress magnitudes of the maximum and minimum principal stresses are 4.1–9.4 MPa and 3.0–5.0 MPa, respectively. From the measured in situ stress magnitudes, it is reasonably judged that the underground powerhouse area is a low-stress zone.
[image: Figure 3]FIGURE 3 | f42 fault in the main powerhouse of the right bank.
Excavation, Support, and Monitoring Plan
The powerhouse on the right bank was constructed in January 2013 and is designed to be excavated in 11 layers (Figure 4). Systematic supports for the powerhouse are comprised of rock bolts, prestressed cables, shotcrete with wire mesh, etc. Detailed support parameters are summarized in Table 1. At the beginning of June 2015, the excavation of Layer V and systematic support were finished.
[image: Figure 4]FIGURE 4 | Schematic view of the excavation sequence for the right bank powerhouse (Unit: m).
TABLE 1 | Systematic support parameters for the main powerhouse.
[image: Table 1]For the underground powerhouse, eight systematic monitoring cross-sections are chosen, including the central line of each generator as well as the main and auxiliary erection bays. The primary monitoring items are the displacements of surrounding rocks at different depths, stresses and forces in supports, and crane girders deformations. The pre-embedded multipoint extensometers are arranged around a typical monitoring cross-section in the roof, crane girder, and sidewalls on both sides. Rock bolt stress meters and anchor cable dynamometers are fixed to rock bolts or cables to record variations of stresses or forces, which are installed after excavation. The layout of the monitoring devices around a cross-section is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Layout of the monitoring devices instrumented for one of the cross-sections of the underground powerhouse.
CHARACTERISTICS OF LAYERED ROCK MASSES
The macroscopic behavior of a layered rock mass is generally determined by its components, that is, interlayered rocks and bedding planes. The mechanical behavior tests of layered or foliated rocks (Nasseri et al., 2003; Hakala et al., 2007; Cho et al., 2012) show that the directionality of deformation and strength are the most significant characteristics of these rocks. It is generally accepted that deformation perpendicular to the bedding plane is more pronounced than that parallel to the bedding plane. Therefore, greater deformation in the field is more likely to occur in the direction perpendicular to the bedding plane. In addition, normal joint stiffness is sensitive to changes in normal stress (Bandis et al., 1983) and decreases nonlinearly when unloaded. As a result, the bedding plane deformation can reach an acceleration phase gradually. When exposed to or experiencing environmental changes, various bedding planes, especially those with clay fill, may exhibit time-dependent behavior. Natural surface conditions of bedding planes typically exhibit mineral coatings and suffer from various degrees of weathering, which can significantly reduce bond strength compared with unweathered and cemented discontinuities. Based on these observations, it is reasonable to believe that layered rock mass provides the possibility of more deformation perpendicular to bedding and bedding plane opening when the surrounding constraints are suddenly reduced to a negligible level (Xu et al., 2017). Moreover, the spatial continuity of bedding planes provides another possibility that, once part of the bedding plane is kinematically admissible, it tends to move as a whole, resulting in an expansion of the fracture area. The last special feature of this rock mass that needs to be noted is that the plate shape of each layer makes it easier to bend than other massive or jointed rock masses (Zhou et al., 2017). Therefore, proper consideration of the distribution laws and mechanical properties of bedding planes in numerical simulations is the premise of reasonable analysis based on field geological analysis.
DISCONTINUUM ANALYSIS OF THE FAILURE MECHANISMS OF STEEPLY-INCLINED SMALL-ANGLE LAYERED SURROUNDING ROCK MASSES
Model and Parameters
In light of the anisotropic and discontinuous nature of layered rock masses, the excavation of the right bank powerhouse is simulated using the discrete element software 3DEC (Itasca Consulting Group and Inc, 2007). According to previous descriptions, the bedding plane strike of the steeply-inclined layered rock mass of the upstream sidewall between the seven# and eight# generator sections has a small angle with the main powerhouse’s axis. Furthermore, the bedding planes are inclined toward the interior of the powerhouse, which is unfavorable to the stability of the sidewalls after the excavation. Considering these conditions, all the rock mass of the seven# generator unit and part of the rock mass of the eight# generator unit are incorporated into the numerical model, and the stability of surrounding rock masses in these areas is particularly concerned in the simulation.
The numerical model includes the mountain, surrounding rock masses, and caverns (Figure 6). The total length of the model along the cavern axis is 82 m, and the maximum buried depth of the top arch of the main powerhouse is 286 m. To simulate the structure of steeply-inclined small-angle layered surrounding rock masses at the upstream sidewall, the rock masses are divided into layers with a thickness of 2 m. The angle between the bedding plane strike and the cavern axis is 14°, and the dip angle is 79°. There are 638,857 nodes and 257,041 elements in the model.
[image: Figure 6]FIGURE 6 | Simulated excavation sequence for the main powerhouse and main transformer chamber.
The in situ stress field is generated according to the investigation reports provided by relevant geological departments. Self-weight stress is applied as the maximum principal stress. The lateral pressure coefficients along and normal to the cavern axis are 0.8 and 0.6, respectively. The upper surface of the model is a free boundary, while normal constraints are applied to the rest of the surfaces. The internal unbalanced forces of rocks and bedding planes are calculated to equilibrium using the elastic constitutive model, and the equilibrium convergence value is 1 × 10−4. The input parameters of the model are shown in Table 2.
TABLE 2 | Input parameters for generating the in situ stress field.
[image: Table 2]In the numerical simulations, the Mohr‒Coulomb strength criterion is used for rocks, and the Coulomb strength criterion with residual strengths is adopted for bedding planes. Mechanical parameters of rock masses provided by geological departments are employed as input parameters (Table 3). Cable elements are used to simulate the reinforcement effects of the pertinent supports (systematic rock bolts and anchor cables) on the steeply-inclined small-angle layered surrounding rock masses at the upstream sidewall under supported condition. The input parameters for the systematic support are demonstrated in Table 4.
TABLE 3 | Input parameters for the excavation simulation.
[image: Table 3]TABLE 4 | Input parameters for systematic supports.
[image: Table 4]Protocol
The simulation is performed under supported and non-supported conditions. After excavation, the system supports are applied to the upstream sidewall in the corresponding elevation ranges, and the excavation sequence is simulated by the actual excavation, as shown in Figure 6. The support forms are demonstrated in Figure 7. Because the tailrace surge chambers are far from the main powerhouse, their excavation influence on the stability of the surrounding rock masses of the main powerhouse can be negligible. Therefore, the numerical model does not include the excavations of the tailrace surge chambers. The equilibrium convergence value is 1 × 10−4. The specific steps are shown as follows.
Step 1: Layers I of the main powerhouse and the main transformer chamber are excavated.
Step 2: Layers II and III of the main powerhouse and Layer II of the main transformer chamber are excavated, as well as the busbar tunnel and the outlet shaft.
Step 3: Layer IV of the main powerhouse, Layer III of the main transformer chamber, and the L3 tunnel are excavated.
Step 4: Layer V of the main powerhouse, Layer IV of the main transformer chamber, and the headrace tunnels are excavated.
Step 5: The top layer of the L3 tunnel of the main powerhouse is removed.
Step 6: Layers VI and VII of the main powerhouse are excavated.
[image: Figure 7]FIGURE 7 | Simulated systematic support for the main powerhouse.
L3 tunnel (9 m × 11–15 m) is pre-excavated in the lower part of the main powerhouse to excavate the headrace tunnel. After excavating Layer V, the thickness of the overburdened rocks on the top of the L3 tunnel is 2.7–7.6 m.
Results and Discussion
Under non-supported conditions, the deformation fields of surrounding rock masses and failure characteristics of bedding planes after Steps one to four are shown in Figures 8,9.
[image: Figure 8]FIGURE 8 | Deformation distribution of surrounding rock masses at the upstream sidewall after sequential excavations under nonsupported conditions (Unit: m). (A) step 1, (B) step 2, (C) step 3, and (D) step 4.
[image: Figure 9]FIGURE 9 | Failure characteristics of surrounding rocks on upstream sidewall after sequential excavations under unsupported condition. (A) step 1, (B) step 2, (C) step 3, (D) step 4, (E) front view after step 4. Red ball-tensile failure, blue ball-shear failure in previous steps, green ball-current shear failure.
Based on the distribution characteristics of deformation of surrounding rock masses, after step 1, the largest deformation occurs in the central line of the top arch and the floor (Figure 8). The location of maximum deformation gradually transfers to the steeply-inclined bedding planes and occurs on the bedding planes of the upstream sidewall after Steps two to four as the bench excavation proceeds. After Step 4, the largest deformation reaches 32 mm.
As shown in Figure 9, the tensile failure mode of bedding planes near the excavation boundary is mainly the unloading and opening of bedding planes. Furthermore, tensile failure occurs in the intact rocks, producing tensile cracks. The failure mode of the bedding planes inside the surrounding rock masses is dominated by shear failure, and the maximum depth where shear failure takes place gradually increases with excavation. The failure of bedding planes extends to the interior of the surrounding rock masses, activating internal bedding planes, causing certain shear slip in the surrounding rock masses, and also increasing the slipping area of a single bedding plane. This indicates that the influence of steeply-inclined small-angle layered rock masses on the stability of the main powerhouse’s upstream sidewall gradually increases with excavation.
Table 5 shows the maximum deformation of surrounding rock masses and their corresponding locations under supported and non-supported conditions. Compared with that under non-supported conditions, systematic support can reduce the maximum deformation of surrounding rock masses to some extent. In particular, when large deformations such as unloading openings and shear slip along bedding planes occur, the supports of systematic rock bolts can fully reinforce surface rocks, while anchor cables can inhibit the deformation of the interior bedding planes, as demonstrated in Figure 10. The main differences between rock bolts and anchor cables are their effective anchor length and loading capacity. Rock bolts are usually shorter than anchor cables, and have lower ultimate tensile strength and smaller pretension value. Therefore anchor cables can restrain failure of discontinuities deep inside rock mass, while rock bolts are mainly used to reinforce shallow rock mass.
TABLE 5 | Summary of the maximum deformation under supported and nonsupported conditions.
[image: Table 5][image: Figure 10]FIGURE 10 | Contour plot of the deformation distribution after step 4 excavation under the supported and unsupported conditions (Unit: mm). (A) non-supported condition, (B) systematic support condition.
Tables 6,7 demonstrate the failure indices of rock masses after each step in sequential excavations under non-supported conditions. Shear failure hardly ever happens inside the rocks, and almost all failures are exhibited as tensile failure under low-stress conditions. By comparing failure indices of surrounding rock masses after each step under the two conditions, it is concluded that systematic supports are effective in restraining tensile failure, while the inhibition effects on shear failures are limited. The reason is that systematic supports can bear axial tension and provide partial shear-resisting capacity. However, software built-in cable element mainly considers the axial force characteristics of support but cannot take the shear-resisting function into account. This explains the differences between numerical simulation and actual situations. For the sake of inhibiting their separation during construction, the rock bolts are designed to be approximately normal to the bedding planes. However, by theoretical and experimental results in the literature (Ge and Liu, 1988; Pellet and Egger, 1996), rock bolts strictly normal to the bedding planes cannot sufficiently play their roles in shear-resisting. Therefore, in actual situations, rock bolts, and cables are combined to inhibit the deformation and failure in the direction normal to bedding planes. Since systematic rock bolts are usually installed evenly around the tunnel, in different positions the angle between rock bolt and bedding plane must be different. In order to make full use of rock bolts and anchor cables in the case of sub-vertical bedding plane reinforcement, angles between bedding plane and these structural elements should be adjusted locally. More specifically, at the high sidewalls where bedding planes are more likely to separate or slip, the structural elements should form an optimized angle to the local bedding plane, depending on the predicted failure mode. If tensile failure is anticipated, reinforcements should be as perpendicular to bedding plane as possible, while for the slip failure case, an angle which can fully mobilize the shear resistance of rock bolts should be considered.
TABLE 6 | Summary of the rock mass failure indices under nonsupported conditions.
[image: Table 6]TABLE 7 | Summary of the rock mass failure indices under supported conditions.
[image: Table 7]The influences of steeply-inclined small-angle layered surrounding rock masses on the upstream sidewall’s stability are mainly reflected by the mechanical responses of original bedding planes in rock masses based on the numerical simulations. Either obvious deformation or failures on the surface and inside rock masses appear at bedding planes. Failed zones of bedding planes gradually increase with the sequential excavation. The characteristics of steeply-inclined small-angle layered surrounding rock masses are that, due to the unloading of normal stresses after excavation together with the anisotropy of rock mass deformation, the deformation of high sidewalls of the rock masses under this condition is more obvious than that of rock masses under other orientation conditions. This is particularly unacceptable for construction safety. Systematic support shows significant inhibiting effects on the separation and failure of bedding planes. However, to fully use the shear-resisting capacity of systematic supports, it is required to further investigate and optimize the layout of rock bolts and cables.
Figure 11 shows the schematic view of the failure mechanisms of the steeply-inclined small-angle layered surrounding rock masses in the right main powerhouse. As the profile of the main powerhouse is high and narrow, with a height of 90 m and a ratio of height to the span of close to three, the unexcavated rock masses can provide sufficient support for both sidewalls, thus constraining the deformation of the sidewalls. Layered excavation gradually reduces the supporting effect of the remaining rock masses. The failure of steeply-inclined small-angle layered surrounding rock masses presents significant three-stage characteristics during these excavations. 1) Bedding planes open due to large-scale excavation unloading, which makes the steeply-inclined small-angle layered surrounding rock masses form a plate-type structure. 2) High tangential stress inside the sidewall induced by stress redistribution leads to the bending of rock plates with fixed ends, resulting in a large number of cracks. 3) Rock plates with cracks buckle or slide due to their insufficient bending strength under the longitudinal load at the plate ends.
[image: Figure 11]FIGURE 11 | Schematic view of the deformation and failure mechanisms of the steeply inclined small-angle layered rock mass in the right bank powerhouse.
REINFORCEMENT PRACTICE AND VALIDATION VERIFICATION
Based on the abovementioned deformation and failure mechanisms of the steeply-inclined small-angle layered surrounding rock masses of the main powerhouse, excavation and support measures were optimized for these rock masses to reinforce the overall stability of the high sidewalls.
Optimization of Excavation Method and Sequence
Firstly, the heights of excavated layers in corresponding cavern sections were strictly controlled. A large layer was generally excavated into two sublayers with a height of 4‒5 m. In this way, stress inside the surrounding rock masses of sidewalls was slowly unloaded to avoid violent stress redistribution.
Secondly, each layer was excavated by the first middle groove and then protective layers. The middle groove and the protective layers were excavated through small gradient blasting and smooth blasting, respectively. Hereinafter, the unloading degree of surrounding rock masses of sidewalls for each blasting was further reduced, and the protective layers were able to provide certain lateral constraints for convergence deformation of sidewalls and decrease the damage of rock masses of sidewalls caused by blasting.
Finally, blasting parameters were optimized. The maximum explosive charge of each blasting was controlled by 20 kg. The row space and the diameter of blasting holes for excavating medium grooves were 3 m × 2.5 m and 90 mm, respectively. Moreover, the distance between perimeter holes, the diameter of cushion holes, the interval, and the diameter of blasting holes for excavating the protective layers through smooth blasting was 50 cm, 120 cm, 180 cm, and 42 mm, respectively. Controlled blasting can not only effectively decrease the damage degree of intact rocks, but also reduce vibration disturbance to other excavated parts, especially positions with unstable blocks.
Optimization of Support Design
Support optimization includes optimizing support installation time and parameters. As for installation time, according to the deformation characteristics of hard rocks after excavation, supports needed to be finished on time. Random rock bolts and shotcrete with wire mesh were required to be finished as soon as possible to control the unloading and relaxation of surface rocks, and then systematic rock bolts and cables were installed after excavation. Random supports were performed next to the working face immediately after excavation, while systematic supports were generally performed after the working face within 15 m. After excavation, the support with anchor cables was required to be finished within 1 month. As to support parameters, the angles of rock bolts were adjusted by the orientation of rock strata. The aim is to provide certain normal constraints for bedding planes to inhibit opening. Prestressed rock bolts of 9 m long with 50 kN of pretension forces were utilized to substitute the original fully grouted rock bolts applied in regions with small angles between the strike of rock strata and the cavern axis, while row space between anchor cables was adjusted to 3 m × 4.5 m.
Implementation Effect Verification
By 1 May 2015, Layer V of the main powerhouse had been excavated. The monitoring data obtained by the multipoint extensometers in the upstream sidewall and rock crane girder in the section of 7# and 8# generator units is shown in Figure 12. After excavating Layer V, the accumulated deformations of the surrounding rock masses are within 20 mm. Similar to the monitoring results (Wei et al., 2010; Fan et al., 2011) of other underground powerhouses, the displacement-time curve exhibits a stepwise shape: the displacement of surrounding rock masses significantly increases in a short time and gradually stabilizes after excavating each layer. The plateau of the curves shows that the current deformation of the surrounding rock masses is convergent.
[image: Figure 12]FIGURE 12 | Results of the multi-point extensometers at the crane girder and upstream sidewall of the 7# and 8# generator sections. (A) M15Y07 (7# generator, upstream sidewall, EL838.36), (B) M16Y07 (7# generator, upstream sidewall, EL812.35), (C) M06Y08 (8# generator, upstream sidewall, EL838.36), (D) M07Y08 (8# generator, upstream sidewall, EL812.35)
From the monitoring data, it can be seen that the displacement increments of surrounding rock masses induced by the excavation of each layer within the 7# and 8# generator units were generally within 5 mm. Compared with the accumulated deformations in other generator units whose strata do not form a small angle with the cavern axis, it can be found that the deformations in small-angle sections are usually larger. This indicates that the angle between the bedding plane strike and the main powerhouse’s axis is one of the controlling factors affecting the displacement and stability of sidewalls. Both the accumulated displacement values and the characteristics of curves demonstrate that the adopted excavation and support measures show desirable effects on the deformation and failure of high sidewalls.
CONCLUSION
The failure mechanisms of steeply-inclined small-angle layered surrounding rock masses at the upstream high sidewall during excavation in this study were first investigated using DEM. After excavation, the optimized excavation schemes and supporting measures for the steeply-inclined small-angle layered surrounding rock masses were then proposed to reinforce the overall stability of the high sidewalls. The main conclusions can be drawn as follows:
1) While shear failure is the most significant failure mode in deep regions, the failure of bedding planes close to the excavation boundary is dominated by tensile failure. With the increase in the exposed height of sidewalls, the failure range and depth of bedding planes also increase.
2) The failure of steeply-inclined small-angle layered surrounding rock masses presents significant three-stage characteristics, that is, 1) rock plate forms due to the unloading opening of bedding plane; 2) rock plate cracks due to bending, and 3) rock plate buckles or slides due to crack penetration.
3) The stability of steeply-inclined small-angle layered surrounding rock masses is largely attributed to the mechanical properties of bedding planes. Therefore, the spatial distribution of the main bedding planes needs to be first explored when the underground caverns are planned to be constructed in layered rock masses. Using discontinue mechanics, the rock masses are better treated as a discontinuous medium. The construction processes should be optimized by local geological conditions. Furthermore, it is suggested to insist on the principles of excavation by thin layers and accomplish all the supports before the next-step excavation.
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During the rainy season from March to May 2018, four ground fissures were generated in the rift valley area along the first phase of the Nairobi–Malaba Railway in Kenya, among which the ground fissures B3 highway, DK76, and DK77 were larger in scale, which seriously endangered the safety of the railway. According to the author’s previous study, the ground fissure B3 highway belongs to a typical fault-type fissure, and the ground fissures DK76 and DK77 are qualitatively concluded to be generated under the groundwater erosion of collapsible soils. To quantitatively summarize the mechanism of ground fissures, DK76 and DK77, physical model tests on the overlying soil properties, compactness, the intersection angle between hidden cracks and the water flow direction, the height of confined water level, and the groundwater flow rate are conducted to analyze the effect of these factors on the formation and expansion of ground fissures. The test results show that the soil with strong collapsibility under the action of underground erosion produces fissures, collapses, and holes similar to those in the rift valley area along the first phase of the Nairobi–Malaba Railway in Kenya; the loose overburden is conducive to the occurrence of surface collapse; the collapse of the soil surface is the most severe when the underlaid cracks are parallel to the water flow direction; the higher confined water level and faster inflow rate will aggravate the collapse of the overlying soil layer.
Keywords: Rift Valley area, ground fissure, underground erosion, physical model test, collapsibility, compactness
1 INTRODUCTION
From March to May 2018, it was the rainy season in Kenya, and four ground fissures appeared successively in the Rift Valley along the Nairobi–Malaba Railway (hereinafter referred to as Nei-Ma railway). Among them, three larger ones are named ground fissure DK76, ground fissure DK77, and ground fissure B3 highway. The three ground fissures are arranged and spread from southwest to northeast, extending approximately vertically. The ground fissure B3 highway is distributed along the eastern boundary fault zone of the East African Rift Valley and consists of a series of nearly north–south strike normal faults, which belongs to a typical fault-type ground fissure. Compared to the ground fissure B3 highway, ground fissures DK76 and DK77 are small in scale, and there are a number of uneven ground settlements (as shown in Figures 1A,B) and local collapses along the fissures (Figures 1C,D). As can be seen from the figures, the vegetation covering the local uneven settlement and the collapsed cave is largely intact, and this geomorphic feature indicates that the formation of ground fissures is due to the loss of bearing capacity of the underlying soil layer, rather than the scouring effect of rainwater on the surface soil.
[image: Figure 1]FIGURE 1 | Uneven settlement of the surface. (A) Surface uneven settlement with complete vegetation; (B) surface uneven settlement with holes; (C) collapsed hole; and (D) collapsed hole with the complete surrounding vegetation.
Leonard (1929) started the first research on the mechanism of ground fissures, and then scholars usually divided them into structural and non-structural ground fissures for research. Structural ground fissures are mainly caused by crustal tectonic movement. In crustal tectonic movement, sudden seismic activity and tectonic creep activity occurring under the slow accumulation of tectonic stress over a large area may trigger ground fissures (Dobrev and Košt'ák, 2000; Wheeler, 2006; Bergemann et al., 2020; Mibei et al., 2021). The ground fissure B3 highway is characterized by such ground fissures. Non-structural ground fissures mainly include collapse-type ground fissures (Billi et al., 2016; Xu et al., 2016; Venturi et al., 2018), settlement-type ground fissures (Liu et al., 2015; Jin et al., 2016; Peng et al., 2018; Li et al., 2019), soil physical property ground fissures (Lu et al., 2019, 2021), and meteorological ground fissures (Gutie´rrez et al., 2014). It has been shown that many ground fissures are not of a single cause but are integrated causes of fissures dominated by one cause and influenced by other conditions (Wang et al., 2018; Yang et al., 2018; Valenta et al., 2021).
Therefore, when analyzing the conditions of formation of ground fissures, it is necessary to conduct targeted research in connection with specific phenomena. The primary condition controlling the activity of ground fissures is the degree of tectonic activity, followed by the degree of dynamical activity of disasters such as collapse and landslide as well as the conditions of hydrodynamic activity (Zhang et al., 2014; Peng et al., 2016; Bergemann et al., 2019; Jia et al., 2019; Nina et al., 2019; Wang et al., 2019).
2 ANALYSIS OF INFLUENCING FACTORS ON GROUND FISSURES DK76 AND DK77
Through physical and mechanical tests on the soils at the ground fissures DK76 and DK77, combined with the results of the exploratory trench, our team proposed the conclusion that collapsible soils subjected to groundwater erosion is the mechanism of the ground fissures DK76 and DK77. First, during the geological tectonic activities, fractures and cracks form in the underlying bedrock, providing channels for groundwater intrusion into the overlying loose soil layer. During the dry season, the water level is low and the overlying soil layers are not affected by groundwater erosion, while in the rainy season, as the groundwater level rises, the groundwater flows along the bedrock cracks to the overlying soil layers, soaks the soils, destroying the cohesion of soils, stripping the soil particles, and subsequently leading to the continuous loss of soil-bearing capacity. As the water level drops, groundwater wrapped with stripped soil particles flows along the bedrock cracks to the lower part of the bedrock, causing the overlying soil layer to form a cavity at the bottom due to the loss of soil particles. With multiple cycles of groundwater fluctuations, the cavity at the bottom of the overlying soil layer gradually expands until the overlying soil layer loses its bearing capacity and collapses, manifesting as ground fissures and subsidence on the surface. Based on qualitative analysis, our research verified the rationality of the mechanism of ground fissures DK76 and DK77 by geotechnical and physical model tests (Hao et al., 2022).
From the previous mechanism analysis, it can be concluded that the main influencing factors for the formation and expansion of ground fissures DK76 and DK77 include: the influence of geological tectonic activities on the soil layer and the erosion of groundwater, etc. Geological tectonic activities, especially the tensional fault activities, will lead to the loosening of the overlying soil of the fault; the erosion action of groundwater is influenced by the confined water level, inflow rate, and outflow rate of groundwater and the intersection angle between hidden crack and the water flow direction.
On this basis, this study will analyze the effects of overlying soil collapsibility, compactness, confined water-level height, groundwater flow rate, and other factors on the formation and expansion of ground fissures through further physical model tests.
In addition, it is found that there are three hidden cracks in the bedrock through the ground fissure DK76 field exploratory trench, named LF1, LF2, and LF3, respectively (Figure 2), and there are three layers of soil overburden on the bedrock, the bottom layer is brownish-yellow silty clay (layer 1), the middle layer is green–gray volcanic ash (layer 2), and the top layer is grayish-yellow silty clay (layer 3). LF1 with a width of about 5 cm and no filler runs through the entire trench from south to north, and at its south end, a local collapse can be clearly seen in the soil profile corresponding to the ground fissure DK76 (the location of “this collapse” is shown in Figure 2A). LF2 filled with soil is intermittently distributed throughout the exploratory trench from south to north, and there is no surface collapse along LF2, but there are historical traces of large-scale collapse of the overlying soil at the southern end of LF2 (Figure 2B), and the structure of the overlying soil layer has changed, with layer 1 and layer 2 disappearing and only layer 3 covering the bedrock. LF3, which is about 5 cm wide and without fill, extends in an arc from the southwest corner of the exploratory trench to the east, while the volcanic ash layer of the overlying soil layer at the southern end of LF3 is about 5 cm lower than the volcanic ash layer at both sides (“predict the possible collapse in the future” in Figure 2C). To sum up, the overlying soil layers corresponding to LF1 and LF3 expose different degrees of settlement, while the overlying soil layers above LF2 are not, which results from the difference in the structure of the overlying soils. As shown in Figure 2, the overlying soil structure of LF1–LF3 from bottom to top is layer 1, layer 2, and layer 3, respectively. However, the overlying soil layer of LF2 is layer 3. The test study by Hao et al. (2022) shows that soil layer 1 has strong collapsibility compared with soil layer 2 and soil layer 3. Thus, it can be concluded that the soil property of the soil layer above the bedrock cracks is one of the factors affecting the formation and expansion of ground fissures under underground erosion.
[image: Figure 2]FIGURE 2 | Location relation of overlying soil collapse and bedrock cracks in exploratory trench nearby ground fissure DK76. (A) Location of “this collapse”; (B) position of “old collapse”; (C) position of “possible collapse in the future.”
Based on the mechanism analysis of ground fissures, DK76 and DK77, in this study, physical model tests will be conducted on the effects of properties and compactness of the overlying soil layer, confined water level, inflow and outflow rates of groundwater, and the intersection angle between hidden cracks and the water flow direction, so as to reveal the formation mechanism and expansion feature of ground fissures DK76 and DK77.
3 PHYSICAL MODEL TEST ON THE GENETIC MECHANISM OF GROUND FISSURES IN KENYA
3.1 Physical Model Design Principles
In the physical model test design, it should be given full consideration to the hydraulic conditions, property, and compactness of the overlying soil, to analyze the influence of various factors on the formation and expansion of ground fissures.
3.2 Test Modeling
Based on the aforementioned principles of the test model design, the model is designed into two parts, that is, a tempered glass chamber and a glass fiber-reinforced plastic tank, as represented in Figure 3. The bottom plate of the tempered glass chamber is set with three penetration joints with a parallel spacing of 50 mm to simulate hidden bedrock cracks; the test soil layer is laid on them. The tempered glass chamber is 780 mm diameter and 1000 mm height, the cracks are 5 mm wide and 760 mm long, and the chamber is equipped with a cover plate, and a positioning camera point is arranged in the center of the cover plate. A glass fiber-reinforced plastic tank is divided into the horizontal tank and vertical tank. The horizontal tank size is 1300 mm*1000 mm*500 mm, paved with stones to simulate the effect of the connecting channel under the hidden cracks and effectively reduce the speed of water influx and outflow. The top plate of the horizontal tank is equipped with an 800 mm diameter hole for positioning and installing a reinforced glass chamber, which simulates the change of the angle between the hidden cracks and the groundwater flow direction by rotating the reinforced glass chamber. There are four drainage holes with a diameter of 50 mm in front of the horizontal tank to control the falling speed of the groundwater level. The vertical flume size is 1000 mm*300 mm*1000 mm, for controlling the height of the water head and the rising speed of the groundwater level.
[image: Figure 3]FIGURE 3 | Designed test model. (A), (B) Hydrological condition control tank; (C,D) reinforced glass chamber of the simulated bedrock layer.
It is not difficult to obtain that the ratio of crack length to width is 152, and the ratio of crack spacing to crack width is 10. This design can better reflect the striking effect of hidden cracks and eliminate the mutual influence between cracks. In addition, the height of the reinforced glass chamber is set at 1000 mm to place the HD camera on the cover plate, to photograph the whole process of the soil surface change during underground erosion.
3.3 Test Design and Results Analysis
According to the factors affecting the breeding and development of ground fissures DK76 and DK77 mentioned earlier, quantitative physical model tests are carried out on the soil properties and compactness of the overlying soil layer, the angle between water flow direction and hidden cracks, the height of confined water level, inflow and outflow rates, and other factors.
3.3.1 Comparison Test of Overlying Soil Properties
Due to the shortage of undisturbed soil in the Kenya Rift Valley area, the test requirements could not be met. Therefore, based on the corresponding physical and mechanical properties obtained from geotechnical tests on undisturbed soil in the Kenya rift zone (basic physical indexes of soils are listed in Table 1). The northwest loess is used to replace layer 1, the brownish-yellow silty clay with strong collapsibility; the non-cohesive sand is used to replace the cyan–gray volcanic ash of layer 2; the silty clay with cohesive force but low collapsibility is used to simulate the grayish-yellow silty clay of layer 3, to compare and analyze the influence of soil properties of the overlying soil layers. The comparison test setup is shown in Table 2, and the tests are compared in two aspects: the first aspect is to observe the development degree of ground fissures after a long period of underground erosion. The comparison test group with thinner soil layer thickness and higher water flow rate is selected, which has a strong erosion effect, and the surface collapse can reach stability after a few times of water reserve and water discharge. The comparative analysis of the degree of collapse development can be carried out according to the collapse degree on the soil surface (Cases 1, 2, and 3). The second aspect is the collapsed form of the overlying soil layer in the process of erosion. The test group with a thicker soil layer and lower water rate, which has weaker erosion and slower development of bottom holes, was selected for the quantitative water reserve and discharge process, and the collapsed form can be observed from the profile and comparatively analyzed (Cases 4, 5, and 6).
TABLE 1 | Basic physical indexes of three types of soils.
[image: Table 1]TABLE 2 | Test design of soil property comparison.
[image: Table 2]3.3.1.1 Comparative Analysis of Soil Collapse Degree in Different Overlying Soil Layers
The test result of Case 1 is shown in Figure 4. The soil layer directly above the hidden cracks quickly infiltrates and quickly spreads to the whole soil layer when the silt clay is under erosion (e.g., Figures 4A,B); after repeated water reserve and discharge cycles, the surface collapses, followed by the formation of penetrating holes (e.g., Figures 4C,D), and a certain length of voids extend along the crack direction (e.g., Figures 4E,F).
[image: Figure 4]FIGURE 4 | Surface collapse process under sand erosion. (A) After the first water reserve–discharge cycle; (B) after three water reserve–discharge cycles; (C) after five water reserve–discharge cycles; (D) after seven water reserve–discharge cycles; (E) after ten water reserve–discharge cycles; and (F) after thirteen water reserve–discharge cycles.
Under the action of erosion, the surface layer of non-collapsibility silt clay in Case 2 does not appear phenomenal, such as wetting belt, cracking, and collapse after exposing the same water reserve-drainage process as silt clay.
The test result of Case 3 is shown in Figure 5. Loess under the action of erosion, the surface fracture directly above the hidden cracks appears during a few times of water reserve and discharge cycle, and the surface soil is completely infiltrated (e.g., Figures 5A,B); after multiple water reserve–discharge cycles, the holes are further developed (e.g., Figures 5C,D), and intermittent penetration channels appear intermittently along the crack direction (e.g., Figures 5E,F).
[image: Figure 5]FIGURE 5 | Surface collapse process under loess erosion. (A) After the first water reserve–discharge cycle; (B) after three water reserve–discharge cycles; (C) after five water reserve–discharge cycles; (D) after seven water reserve–discharge cycles; (E) after ten water reserve–discharge cycles; (F) and after thirteen water reserve–discharge cycles.
Comparing the test results of three types of soils, it can be seen that under the strong erosion effect, the test group with silt clay and loess as the overlying soil layer has an obvious collapse phenomenon, while the test group with silty clay has no surface collapse. The test results show that when the overlying soil layer is cohesionless or strong collapsibility soil, the ground surface is prone to ground fissures and collapses under erosion.
3.3.1.2 Comparative Analysis of Soil Collapse Forms in Different Overlying Layers
The profile comparison of the three categories of soils under weak erosion is given in Figure 6. The profile of Case 4 is shown in Figure 6A, it is obvious that silt forms a slide when it collapses, which is because the slit clay has low structural strength. When the silt particles at the bottom along the bedrock cracks are carried away by erosion and the bottom soil along the bedrock cracks is gradually lost, the upper soil gradually loses bearing capacity and slips toward the bottom, eventually forming a funnel-type hole or a slope-type groove above the bedrock cracks. During the test, the cracks expand to the surface at first and then filled by the slip silt, as shown in Figure 7. In the silt clay test, some small penetrating holes to the surface first appear by water reserve and discharge (Figure 7A); further water reserve and discharge makes the holes become larger, but some of the holes are filled gradually by slip silt (Figure 7B); finally, all the holes become larger and are filled by slip silt (Figure 7C). It can be seen that the characteristics of silt clay exhibits are significantly different from those investigated in field ground fissures. Figure 6B shows the test profile of Case 5, where the soil layer is undisturbed, due to the weak erosion of the low collapsibility silty clay.
[image: Figure 6]FIGURE 6 | Profile phenomena after the erosion of three types of soils. (A) Silt; (B) silty clay; and (C) loess.
[image: Figure 7]FIGURE 7 | Test phenomena of the sand surface under subsurface erosion. (A) After three water reserve–discharge cycles; (B) after five water reserve–discharge cycles; and (C) after ten water reserve–discharge cycles.
The profile of Case 6 is shown in Figure 6C, the loess forms holes at the bottom of the soil layer under erosion, and its collapse pattern is different from that of the silt clay, which is due to the difference in cohesive force. By the continuous water reserve and discharge, the bottom soil particles along the bedrock cracks are taken away, the collapse holes are formed above the bedrock cracks, and due to the cohesive force, the soil on both sides of collapse holes does not slip. From the test results of loess under weak erosion, it can be seen that holes appear on the surface of loess and ground fissures appear along the direction of bedrock cracks, which is very similar to the phenomenon of uneven surface settlement accompanied by holes in situ (Figure 8A).
[image: Figure 8]FIGURE 8 | Comparison between loess test results and ground fissures with holes. (A) After the first impoundment and drainage (red line is the direction of simulated hidden fissures); and (B) after five times of impoundment and drainage (the blue arrow is the flow direction of water).
As can be observed from Figure 8B, when the underground erosion reaches a certain extent, two types of holes begin to appear in the loess surface layer, one is the larger penetration hole, occurring at the location close to the water inlet. From the corresponding profile, it can be seen that the collapse is vertical subsidence, similar to the deeper, large holes found by field investigation, and the other is the smaller size non-penetration holes, occurring at a location close to the water outlet. The collapse also shows vertical subsidence with possible small channels through the bottom, similar to the smaller holes found in the field survey.
Comparison tests results show that soils without cohesion exhibit slope collapse under erosion action, while silty clay with cohesion but weak collapsibility does not collapse under erosion, and only soils with cohesion and strong collapsibility can have a similar phenomenon to that of the ground fissure in Kenya, which is consistent with the test results of Hao Bing’s study that the brownish-yellow silty clay of layer 1 at the LF1 crack has strong collapsibility. It also explains the phenomenon that the collapse occurred after rainfall when the overlying layer of bedrock at LF2 was soil layer 1, while the collapse did not occur after rainfall when the overlying layer of bedrock was filled with layer 3, which has cohesive force but low collapsibility.
The subsequent tests will be conducted with loess as the overlying soil layer and analyzed the effects of soil compactness, simulated cracks and water flow direction angle, confined water-level height, and flow rate on the formation and development of ground fissures. The test design is listed in Table 3.
TABLE 3 | Test design of loess erosion.
[image: Table 3]3.3.2 Comparison Test on the Compactness of the Overlying Soil Layer
The test results of Case 7 and Case 14 are used to compare and analyze the effect of overlying soil compactness on ground fissures’ incubation and development. The test results of compacted soil show local wetting near the water inlet and clear cracks appear on the top surface of the soil, while the test results of loose soil show penetration holes on the soil surface and locally connected collapse along the direction of hidden cracks. This indicates that the compacted soil has stronger resistance to erosion compared with the loose soil, and the loose soil is more likely to form ground fissures and collapses under the erosion of groundwater. The characteristics of this test are similar to the field investigation results. Combined with the previous study, it suggests that lower compacted site soils are more likely to form ground fissures and collapses under erosion.
3.3.3 Comparison Test on the Included Angle Between Simulated Crack and Water Flow Direction
Based on the test results of Case 8 and Case 14, we compare and analyze the effect of the included angle between hidden cracks and water flow direction on the incubation and development of ground fissures. The tests with an angle of 0° present discontinuous penetration holes on the surface, while the tests with an included angle of 90° present wetting and ground fissures on the surface. The test phenomenon of 0° is consistent with the distribution characteristics of ground fissures and collapses along the hidden cracks in the field.
3.3.4 Comparative Test of Different Confined Water Levels and Water Flow Rates
Tests are designed for a 2-cm-thick soil layer with a 1-cm high confined water level, and a 5-cm-thick soil layer with a 3-cm high confined water level two group tests. Each test set shows slow water reserve–slow water discharge, fast water reserve–slow water discharge, slow water reserve–fast water discharge, and fast water reserve–fast water discharge in four comparison groups. The phenomenon of the test group with a 2-cm-thick soil layer and a 1-cm high confined water level is the collapse process shown in Figure 7, which is not repetitious here. The phenomenon of the test group with a 5-cm-thick soil layer and 3-cm high confined water level is shown in Figure 9. Loess under the action of erosion, the surface fracture directly above the hidden cracks appears during the first water reserve and discharge cycle, accompanied by holes, and the surface soil is not completely infiltrated (e.g., Figures 9A,B); after multiple water reserve–discharge cycles, the soil is gradually infiltrated, the holes are further developed (e.g., Figures 9C,D), and holes of different scales appear intermittently along the direction of cracks (e.g., Figures 9E,F).
[image: Figure 9]FIGURE 9 | Test results of 2-cm-thick soil layer and 1-cm confined water level. (A) After the first water reserve–discharge cycle, (B) after three water reserve–discharge cycles; (C) after five water reserve–discharge cycles; (D) after seven water reserve–discharge cycles; (E) after ten water reserve–discharge cycles; and (F) after thirteen water reserve–discharge cycles.
To further explain the progress of ground fissure formation, the relative test profiles are drawn in Figure 10. It is seen that the collapse progress of collapsibility soil performs as follows: under the action of erosion, first the collapsibility soil layer is hollowed out and small holes are formed (Figure 10A); next, the holes gradually expand and interpenetrate (Figure 10B); then, the holes continue to expand upward to the surface and penetrate along bedrock cracks (Figure 10C) and eventually, forms collapse holes or gutters (Figure 10D).
[image: Figure 10]FIGURE 10 | Profile maps of the subsurface erosion test.
There are two kinds of water reserve speed settings: slow water injection and fast water injection: slow water injection is carried out by a water pipe with a diameter of 30 mm; rapid water injection is to calculate the water injection amount in advance and quickly inject the required test water into the water injection tank. Discharge speed is set to two forms middle double-hole and four-hole discharge. Each test ends after 20 cycles of water reserve and discharge.
The test phenomena under different reserve–discharge combinations with the same collapse form are very close, and it is difficult to conduct a comparative analysis. Therefore, it is necessary to quantify the test results and quantitatively analyze the effects of water reserve and discharge rate on underground erosion. Quantitative analysis of test pictures requires data processing of images, and binarization of the pictures is a simple and effective method for data processing of images. The RGB images of the test results are grayed out according to the test situation to obtain grayed-out images that retain information about the collapse, and then the grayed-out images are binarized by selecting a threshold value to obtain binarized images with only black and white color points. The binary images are read and the proportion of white spots is determined, to determine the proportion of the crack area in the whole shooting area. The specific processing method is as follows: Figure 11A is the original RGB image, and the image is processed to obtain a grayscale image where the ground fissures and the uncollapsed soil can be clearly distinguished, as shown in Figure 11B; an appropriate threshold is selected to make the image become a binarized image while keeping the shape of the cracks on the soil surface as much as possible, as shown in Figure 11C, from which the number of white spots is calculated as 6,92,386, accounting for 36.61% of the total points, and the crack development degree is determined to be 36.61%.
[image: Figure 11]FIGURE 11 | Display of picture-processing results. (A) Original picture, (B) grayscale picture, and (C) binary picture.
According to the aforementioned image-processing method, the crack development degree determined after processing the test results is listed in Table 4. It can be concluded that the closer the confined water level is to the soil surface, the easier it is to breed and develop ground fissures. Under the conditions of fast reserve and fast discharge, the proportion of crack area discrimination is the largest, while under the conditions of slow reserve and slow discharge, the proportion of crack area discrimination is the smallest, which shows that fast reserve and fast discharge aggravate the occurrence of cracks. Under the condition of the same layer thickness and confined water level, the discrimination ratio of a crack area in fast reserve–slow discharge test is larger than that in slow reserve–fast discharge test, which indicates that fast reserve is more likely to cause ground cracks than fast discharge.
TABLE 4 | Proportion of the crack discrimination area in the binary image.
[image: Table 4]4 DISCUSSION
Combining the previously mentioned tests for a comprehensive analysis, the overlying soil layer above the bedrock has strong cohesion and collapsibility. The continuous expansion of rock cracks loosens the overlying soil layer near the bedrock cracks, and the included angle between hidden cracks and the groundwater flow direction is close to 0°—are important factors to produce ground fissures DK76 and DK77. The closer the confined water level is to the soil surface, the faster the groundwater flows into and out of the overlying soil layer and the more obvious the development of ground fissures is. Based on the earlier findings, the inference of the formation mechanism of ground fissures in the valley floor area of Nei-Ma Railway in Kenya proposed by previous research is supplemented as follows:
First, during the geological tectonic activity, the bedrock is subjected to tension and pressure to produce hidden cracks, forming a channel for the upward and downward flow of groundwater; the continuous expansion of bedrock cracks makes the overlying soil near it loose and susceptible to underground erosion and makes groundwater flow easily along the direction of crack extension, providing tectonic conditions for the formation of ground fissures. During strong rainfall, the groundwater level in bedrock cracks rises continuously due to rainwater inflow, and groundwater flows upward through the hidden cracks, soaking the brownish-yellow silty clay layer with high cohesion and strong collapsibility, partially destroying its structure, and with the continuous erosion effect, the soil structure damage area increases and gradually spreads to the surface. After heavy rainfall, the groundwater level decreases due to seepage, and some soil particles flow out along bedrock cracks to lower cracks and cavities, forming small holes at the bottom of the overlying soil layer. Because of the high cohesive force of soil, there is still partial bearing capacity for the upper part of the soil layer, and the ground surface will not collapse immediately. During the strong rainfall season, the groundwater level keeps rising and falling, and the cavity at the bottom of the overlying soil layer gradually expands, leading to the gradual loss of its bearing capacity on the upper part of the soil layer. When the groundwater level is far from the surface of the soil layer and the flow rate is slow, it is easy to produce ground fissures, uneven settlement, and intermittent holes on the surface; when the groundwater level is close to the surface of the soil layer and the flow rate is fast, it is easy to trigger geological disasters such as surface collapses and gullies.
5 CONCLUSION
Based on the inference of the genesis mechanism of ground fissures DK76 and DK77 in the rift valley area of Kenya, through field investigation and combined with geological exploration data, this study concluded that the influencing factors of ground fissure incubation and development include the properties and compactness of the overlying soil on the bedrock, the included angle between the hidden cracks and the water flow direction, the height of confined water level, and the rate of groundwater flow. The main conclusions drawn from the item-by-item analysis in combination with the physical model tests are as follows:
1) The cohesive force and high collapsibility of the overlying soil layer on the bedrock are important factors for the generation of ground fissures DK76 and DK77. When the overlying soil layer has no cohesion, it is easy to form landslide collapse under the action of erosion; when the overlying soil layer has cohesion but low collapsibility, the surface is not easy to appear ground fissure or collapse; only when the overlying soil has cohesion and high collapsibility, it can produce geological phenomena similar to the field situation.
2) The small compactness of soil and the angle between hidden cracks and the direction of groundwater flow is close to 0° are important factors for the generation of ground fissures. Therefore, before the occurrence of a ground fissure, the continuous expansion of bedrock cracks loosens the overlying soil near the bedrock cracks, making it easy for groundwater to flow along the direction of crack extension, providing tectonic conditions for the formation of ground fissures.
3) The closer the confined water level is to the soil surface, the easier it is to breed and develop ground fissures; the faster the groundwater inflow and outflow rates are, the more remarkable the development of fissures is. When the groundwater level is far from the surface of the soil layer and the flow rate is slow, it is easy to produce ground fissures, uneven settlement, and intermittent holes on the surface; when the groundwater level is close to the surface of the soil layer and the flow rate is fast, it is easy to trigger geological disasters such as surface collapses and gullies.
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In the mining process of deep coal mines with a thick and hard roof, it is easy to form a large overhanging roof and accumulate a lot of strain energy. The sudden breaking of the suspended roof may induce seisms, which seriously threaten the safety of underground miners and equipment. To reveal the mechanism of weakening the thick and hard roof by blasting in deep mining, the four times deep-hole blasting in 63upper06 panel of Dongtan coal mine are considered. First, the temporal and spatial distribution of seismicity events monitored before and after blasting is investigated. Second, the process of deep-hole blasting is simulated using finite element and discrete element methods. After blasting, the small-energy mining-induced seismicities within 20 m of the roof suddenly increase and gradually transfer to the mined-out area and the front of the working face. Meanwhile, the high rock stratum is broken and a large amount of strain energy is released, which causes the range of fall zone enlarge a lot, and the stress in the roof is decreased obviously. With the increase in the number of deep-hole blasting, the pressure relief effect becomes more obvious, and the newly developed fracture is mainly located in the low strata. Microseismic monitoring results agree with the calculated results. Moreover, the rock caving steps are easily formed after deep-hole blasting, and the collapse is more sufficient. Furthermore, blasting cracks are most restrained in the vertical direction of the maximum principal stress. Moreover, the delayed blasting method is more conducive to the expansion and penetration of blasting cracks. Results show that the deep-hole blasting technology has a significant effect on weakening the roof of coal seam and preventing and controlling large-energy mining-induced seismicities.
Keywords: deep coal mining, deep-hole blasting, mining-induced seismicities, energy release, numerical simulation
INTRODUCTION
Coal is an important fossil energy. With the decrease of shallow coal resources, coal mining gradually shifts to the deep. Due to the deep mining environment with high stress (He et al., 2015), the rock will have the characteristics of good integrity and high strength, and then thick and hard roofs will be formed at the top of the coal seam. Therefore, long cantilevers will be formed during mining, resulting in rock burst (Senfaute and Chambo, 1997), mine seismicities (Gibowicz and Lasocki, 2001), land subsidence (Zhang, et al., 2022), and other hazards. At present, the main methods to prevent and control these disasters include the hydraulic fracturing method (Huang et al., 2015), the deep-hole blasting method, and so on. The deep-hole blasting method is used to weaken the thick and hard roof in the sixth mining area of Dongtan Coal Mine in Yanzhou, Shandong Province, China, and a good governance effect was obtained. Thus, combined with the actual engineering background, this work studies the mechanism of deep-hole blasting to weaken the thick and hard roof to prevent mine seismicities disasters.
The weakening mechanism of rock blasting is still an ongoing topic. The generally accepted theory is that after rock blasting, the instantaneous reflection and tensile effect of explosive stress wave and the gas wedge effect of detonation gas increase the radius of the blast hole cavity, and generate a crushing zone and a fracture zone, thereby reducing the strength of rock (Kutter and Fairhurst, 1971; Xie et al., 2017) Due to the large horizontal ground stress in deep coal mining, the elastic stage, plastic strain stage, and damage softening stage of rock failure are different from those of shallow rock. Researchers proposed a failure surface equation for concrete under large strain, high strain rate, and high pressure (Holmquist et al., 1993). On this basis, the RHT constitutive model is proposed (Riedel, 2004), which provides the possibility for the damage calculation of rock after blasting in a deep high-stress environment. Meanwhile, deep-hole blasting is equivalent to a black box, and how the rock damage and cracks in the roof evolve in the high-stress environment cannot be directly observed. So, the method of numerical simulation has become an important research way. The RHT constitutive model is embedded into the finite element software AUTODYN, and the research on the parameter setting of the RHT constitutive model has made great progress in the study of rock blasting weakening. It systematically analyzes the rock breaking process in borehole blasting and puts forward the ' dynamic and static pressure ' breaking principle of rock borehole blasting (Century Dynamics Ltd., 2000). More numerical models of borehole blasting began to be simulated by AUTODYN software, such as rock breaking process of single-hole and double-hole blasting, borehole non-coupling charge blasting, etc. (Chun et al., 2009). With the development of finite element software, the RHT constitutive model is applied to the penetration experiment of LS-DYNA, and better damage and fracture evolution are obtained. It is found that the blasting effect of triangle hole arrangement is better than that of traditional straight hole arrangement (Zuo et al., 2019). For this reason, this study establishes a triangular hole model by the LS-DYNA finite element software based on the RHT constitutive model to explore the damage evolution law of rock under high confining pressure.
In terms of the mechanism of induced mine seismicities in coal mining with the thick and hard roof, the initial caving interval of roof collapse above the coal seam is large, and the rotation and subsidence of the suspended roof will produce higher lateral support pressure above the working face, which is the main source of strong activity of rock strata above the working face (Chen and Liu, 2018). According to the research, the mine seismicities are prone to occur at the first square. The mechanism of rock movement and instability in the coal mine is studied when there are multi-layer thick and hard rock layers above the coal seam. The analysis shows that the early mine seismicities occur frequently in the low rock layer and the released energy is small, in the form of rotating sliding. With the advancement of the working face, it gradually shifts to the high strata. Shear slip often occurs in high strata, which leads to large-energy mine seismicities. A large mine seismicity will be caused by the synergistic rupture of multi-layer hard rock (He et al., 2015; Jiao et al., 2021). After rock fracture, the contact behavior is controlled by the asperity when the working face is disturbed again by the external force. The researchers compared and analyzed the application effect of two roughness peak recognition and evaluation methods in the three-dimensional field (Tang et al., 2022), which provides a worthy reference method for conducting laboratory experiments to study the mechanism of mineral seismicities generated by the remotion of fractured rocks due to the transport of overlying rocks.
In terms of the mechanism of weakening the thick and hard roof by deep-hole blasting, the blasting pressure relief technology was first used in the mining of metal mines in South Africa and achieved a good pressure relief effect (Guest et al., 1995). The monitoring results of the working resistance of the hydraulic support show that the deep-hole blasting technology can effectively shorten the periodic weighting step and reduce the variation range of the stress redistribution of the weathered rock. The mechanism of weakening the thick and hard roof is mainly reflected in the two aspects of static load reduction and dynamic load response (Lu et al., 2021). In the study of blast hole parameters, it is found by numerical simulation that when the aperture is constant, with the increase of the hole depth, the stress time of the unit at the same position is gradually extended, and the cracks in the coal seam are easier to expand, that is, the deeper the borehole is, the better the effect of weakening the thick and hard roof is (Liu et al., 2012). Finally, there are some studies on the evaluation of the blasting effect. Using the microseismic monitoring method, it is found that the microseismic waveform information induced by pressure relief blasting can describe the release process of blasting stress and mining stress, so the blasting efficiency index to evaluate the pressure relief effect can be proposed to better guide the actual production (Kan et al., 2022).
The existing research has made many in-depth discussions on the prevention and control of rock burst and mine seismicities disasters by blasting weakening the thick and hard roof in terms of theoretical analysis. However, the numerical analysis of practical engineering is mainly based on the observation of micro-hole cracks, which is lack macroscopic simulation of the whole mining process. It is unable to intuitively observe the migration and stress change of the hard roof after blasting. Based on the engineering background of the 63upper06 mining panel of Dongtan deep coal mine, this study statistically analyzethe spatial and temporal distribution of mine seismicities before and after multiple blasting. Moreover, the stress change in the hard strata above the coal seam is also studied. Both results are used to reveal the mechanism of blasting weakening the thick and hard roof to prevent mine seismicities.
ENGINEERING BACKGROUND
Geological Conditions of the Mining Area
The 63upper06 panel is located in the No.6 mining area of the Dongtan coal mine (see Figure 1). The coal seam in this mining area is gently undulating, and the dip angle of the coal seam is 0°∼14°, with an average of about 4°. The strata in the mining area generally have a large dip angle in the west, and gentle in the east. The main stratigraphic physical and mechanical parameters of the studied panel roof are listed in Table 1.
[image: Figure 1]FIGURE 1 | Distribution of mining areas in Dongtan coal mine and panels in No. 6 mining area.
TABLE 1 | Main physical and mechanical parameters of the strata in No. 6 mining area.
[image: Table 1]Mining-Induced Seismicities During Coal Seam Mining
A total of 1927 seisms occur in the 63upper06 panel of Dongtan coal mine from March 2020 to the first deep-hole blasting on March 9, 2021 (see Figure 2). Among them, there are 26 large seisms with the energy of 105 J and above, and the largest energy is 6.81 × 106 J (see Figure 3).
[image: Figure 2]FIGURE 2 | Distribution of the mining-induced seismicities on the 63upper06 panel before the treatment.
[image: Figure 3]FIGURE 3 | Strong mining-related seismicities (>105 J).
Deep-Hole Blasting Scheme and Seismicities Monitoring
A total of four times deep-hole blasting are conducted at the 63upper06 panel in the Dongtan No.6 mining area. The first deep-hole blasting is carried out when the working face is advanced by 597 m, with a total of 12 holes arranged, each at a depth of 90 m, in a vertical direction, with a charge of 90 kg. When the working face is advanced 651 m, the second blasting is carried out, 17 holes are set and the sequence of detonation is adjusted. When the working face is advanced to 712 and 753 m, the 3rd and 4th blasting are implemented, and 16 holes are arranged with a depth of 90m, breaking the sandstone layer in the range of 50–90 m above the coal seam. The holes are inclined to the trackside with an inclination of 80°∼90° (see Figure 4).
[image: Figure 4]FIGURE 4 | Schematic diagram of deep-hole blasting position.
The profile locations of mine-induced seismicities before and after blasting are shown in Figure 5, and the following analysis can be derived from the figure:
[image: Figure 5]FIGURE 5 | Profile distribution of mining-induced seismicities before and after deep-hole blasting: (A) distribution of mining-induced seismicities before blasting, (B) distribution of mining-induced seismicities after the first blasting at 597 m, (C) distribution of mining-induced seismicities after the second blasting at 651 m, and (D) distribution of mining-induced seismicities after the third blasting at 712 m.
Figure 5A shows that before blasting, the influence range of seismicity events is from 275 m in the goaf behind the working face to 80 m in front of the solid coal side. The seisms with large energy are mostly distributed in the range of 180–50 m in the goaf behind the working face, and the sections are 40 m, 60 m, and 140 m away from the coal seam roof on the profile, respectively.
Figure 5B shows that after the first blasting, the number of mining-induced seismicities in the 20 m range of coal seam roof and floor increased sharply, and the seisms are obviously transferred to the front of the working face. The influence range is from 116 m in the goaf behind the working face to 258 m in front of the solid coal side. The major mining-induced seismicities decrease and occur at 100 m in the goaf behind the working face and 80 m from the section to the coal seam roof on the profile. No mining-induced seismicities with energy greater than or equal to 106 J occur again.
Figure 5C shows that compared with the situation after the first blasting, the mining-induced seismicities and their energy increase significantly after the second blasting. The number of mining-induced seismicities continued to increase within the 20 m range of the roof and floor, a total of four major mining-induced seismicities occurred, and the magnitude of strong seisms energy is 105 J. The first major mine tremor occurs 63 m behind the working face and 200 m above the roof; the second occurs close to the working face, 157 m above the roof; the third large mine tremor occurs in the immediate roof of the coal seam and 140 m ahead of the working face; the fourth is 266 m behind the working face, 100 m above the coal seam. The influence range of mine earthquake after blasting is from 138 m behind the working face to 436 m in front of the solid coal side.
As shown in Figure 5D, after the third deep-hole blasting, the number of mining-induced seismicities decreases significantly, and the influence range is from 188 m behind the goaf to 470 m in front of the solid coal measurement. A major seism occurs 186 m behind the working face, 30 m above the coal seam.
According to the field monitoring data, the distribution of mining-induced seismicities before and after several deep-hole blastings can be concluded that after blasting, mining-induced seismicities may shift from the back of the working face to the front. The number of mining-induced seismicities within 20 m of the roof and floor of the coal seam increase significantly. Therefore, the average height of mine seismic events decreases, and the accumulated strain energy releases well. Compared with that before blasting, there has been a noticeable increase in the number of tremors with an energy of 104 J. However, the number of major mining-induced seismicities decreases, and those with energy that reaches 106 J basically disappear.
NUMERICAL SIMULATION OF THE DEEP-HOLE BLASTING
Plane Strain Model of Deep-Hole Blasting
Different from the shallow coal seam, deep coal features higher in situ stresses. The different blasting methods also have a great influence on the evolution of rock damage cracks. The smaller the blasting hole spacing is, the more concentrated the effective stress action range generated by the blasting stress waves. Meanwhile, the energy decay rate will be slower, the rock crushing plastic zone and fracture zone will be extended to a larger extent, and the blasting effect will be better. Therefore, the triangular hole plane strain model with concentrated stress action is established, and it is simulated in the following three conditions:
I. Basic group model A. The rock mechanics parameters using 63upper06 panel high rock sandstone physical and mechanical parameters, no confining pressure, and five holes simultaneously detonated (see Figures 7A,B).
II. Control model B. Based on A, the X direction is applied with 20 MPa compressive stress, and the Z direction is applied with 5 MPa compressive stress. The impact of high in situ stresses on explosive crack growth could be investigated by comparing models A and B (see Figures 7C,D).
III. Control group model C. Model C is a case of delay blasting with two holes on the top left and bottom right with 1 ms delay initiation (see Figures 7E,F).
LS-DYNA finite element software is used to simulate the fluid-solid coupling of air and rock. The constitutive model of rock is the RHT model, and RHT constitutive equations are as Eq. 1, Eqs 6, 8. The parameters are listed in Table 2. The curve of RHT can be divided into three stages: elastic stage (equivalent stress [image: image]), linear strengthening stage [image: image], and damage softening stage (see Figure 6). In the damage softening stage, the damage amount accumulates and leads to material softening. The yield stress decreases with the increase of damage amount, and finally decreases to residual stress [image: image]. The failure stress [image: image], elastic limit stress [image: image], and residual stress [image: image] are determined by the current pressure, deviatoric stress, and strain rate.
TABLE 2 | RHT constitutive model parameters.
[image: Table 2][image: Figure 6]FIGURE 6 | RHT constitutive model.
The failure stress [image: image] is given as follows:
[image: image]
[image: image]
The strain rate factor is given as follows:
[image: image]
where [image: image] is single-axis compressive strength; [image: image] is uniaxial tensile stress; [image: image]. [image: image]. [image: image], [image: image]; [image: image] and δ are material parameters; [image: image] is compressive equivalent stress strength of failure surface; and [image: image] is Lode angle [image: image].
[image: image]
where [image: image] is the ratio of the tensile and compressive strength.
Under quasi-static loading conditions, [image: image]
[image: image]
where [image: image] is failure surface parameters; [image: image] is failure surface index; and [image: image] is shear strength of pure shear.
When [image: image] satisfies continuity at [image: image], [image: image] can be obtained as follows:
[image: image]
The elastic limit stress [image: image] is given as follows:
[image: image]
[image: image]
where [image: image], [image: image], [image: image]; and Rc and Rt are material parameters.
The residual stress [image: image] is given as follows:
[image: image]
where [image: image], [image: image], and [image: image] are material parameters.
The equation of state parameters of the explosive and air are listed in Table 3 and Table 4, equations of state for the explosive and air, as shown in Eqs 5, 6. The model size is 12 m (length) × 6 m (height), the accuracy is 0.001 m, and the vertical and horizontal spacings between adjacent boreholes are 2 m.
TABLE 3 | Explosive material and its state equation parameters.
[image: Table 3]TABLE 4 | Air material and its state equation parameters.
[image: Table 4]The equation of the explosive state is given as follows:
[image: image]
where [image: image] is the pressure of detonation products; V is relative volume; E0 is the initial internal energy density; and [image: image], [image: image], [image: image], [image: image], ω are constants.
The equation of air state is given as follows:
[image: image]
where, [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] are coefficients of the state equation; [image: image] is unit initial internal energy of relative volume; and [image: image] , [image: image] is relative volume.
Expansion Mechanism of Rock Damage Under Blasting
After the model A damage stops expanding, the radius of the smash district is 2–3 times of the aperture, the radius of the fracture zone is 11–17 times of the aperture, and the longest fracture radius is more than 2 m. After the damage of model B stops expanding, the radius of the smash district is 1–2 times of the aperture, the radius of the fracture zone is 10–13 times of the aperture, and the longest fracture is about 1.6 m. Figure 7D shows that the maximum principal stress has a great inhibitory effect on the crack propagation in the vertical direction. After the damage of model C stops expanding, the radius of the smash district is 2–3 times the pore diameter, the radius of the fracture zone is 11–20 times, and the longest fracture radius is 2.5 m. According to the crack propagation direction in the crack zones of No. 1 and No. 5 holes, the holes with cracks produced by blasting have an obvious orientation to the crack propagation of the unexploded holes, and the crack zone of the blast hole with delayed initiation becomes an ellipse with long axis pointing to the blast hole. The stress wave and detonation gas produced by delay initiation further activate the existing cracks, expand the crack area of the blast hole, and deepen the penetration of the blast hole spacing.
[image: Figure 7]FIGURE 7 | Stress and damage nephogram of rock blasting: (A) stress wave expansion nephogram of model A, (B) final damage nephogram of model A, (C) stress wave expansion nephogram of model B, (D) final damage nephogram of model B, (E) stress wave expansion nephogram of model C, and (F) final damage nephogram of model D.
NUMERICAL SIMULATION OF MINING-INDUCED ROCK BROKEN AFTER BLASTING
Modeling and Numerical Simulation Methods
According to the engineering geological conditions and the expansion law of burst cracks under the deep high stress conditions as described earlier, a discrete element model of the whole process of mining on the 63upper06 panel is established by UDEC software. The size of the model is 1,200 m (length) × 735 m (height), which limits the displacement of each node on both sides of the model and at the bottom (see Figure 8). The block element of rock and coal seam adopts the Mohr-Coulomb constitutive model, and the contact constitutive model of the elastic-plastic joint zone with Coulomb slip failure is adopted. The cracks after blasting are approximately simulated by horizontal and cross joints, with a length of 8–10 times the aperture. From right to left, 500 m of excavation is divided into five steps, and then four times deep-hole blasting is carried out. The blasting positions are all within the range of 10 m behind the working face. Finally, 50 m of excavation is continued to observe the subsequent stress distribution. The horizontal ground stress is applied to the model at 23 MPa. The physical and mechanical parameters in Table 1 are used for the stratigraphic parameters.
[image: Figure 8]FIGURE 8 | Excavation and the blast hole model.
Pressure Relief Mechanism of Blasting Weakening the Thick Hard Roof During Deep Coal Excavation
Figure 9 shows the displacement and stress changes in the vertical profile after four simulated roof breaking. When the working face is advanced 597 m, the first blasting is carried out (see Figures 9A,B). The following three blastings are conducted when the working face is advanced at 651 (Figures 9C,D), 712 (Figures 9E,F), and 753 m (Figures 9G,H), respectively.
[image: Figure 9]FIGURE 9 | Stress and displacement nephograms of deep-hole blasting (+ represents the tensile stress, - represents compressive stress): (A) the stress nephogram after the 1st blasting; (B) the displacement nephogram after the 1st blasting; (C) the stress nephogram after the 2nd blasting; (D) the displacement nephogram after the 2nd blasting; (E) the stress nephogram after the 3rd blasting; (F) the displacement nephogram after the 3rd blasting; (G) the stress nephogram after the 4th blasting; and (H) the displacement nephogram after the 4th blasting.
After the first blasting, the suspended roof collapses rapidly. Within the range of 56 m above the coal seam and 80 m behind the working face, the roof weighting fracture and rotary instability failure occur in the low strata, which is easy to produce high-frequency and low-energy mining-induced seismicities. The range of tensile stress zone after roof cutting is expanded, and the stress concentration zone is formed within the range of 73–86 m above the roof near the end of the blasting hole. It is prone to mining-induced seismicities. Combined with the spatial and temporal distribution range of mining-induced seismicities in the mining area after blasting and the location of major mining-induced seismicities mentioned in Chapter 2, the results are close to the numerical simulation results, which verifies the feasibility of the model. Meanwhile, the suddenly forced roof caving causes the separation of the low rock layer from the upper mudstone layer and the separation of the mudstone layer, leaving a large space for the activity of the upper roof rock. (see Figure 10). The damage form of the blast hole is shown in Figure 11.
[image: Figure 10]FIGURE 10 | Delamination and rotary instability failure.
[image: Figure 11]FIGURE 11 | Blasting borehole damage.
After the second blasting, the cantilever made up of a long hard roof is further weakened. The mudstone in the hard roof fully collapses and fills the separation space generated by the first deep-hole blasting. The rock’s broken height rises rapidly and migrates violently, the stress changes sharply, and the accumulated energy released from the top cutting hole. The thick sandstone in the high layer above the working face suddenly bears great compressive stress, thus the extrusion shear failure occurs, as shown in Figure 12. On account of the energy accumulated in the high layer being much larger than that in the low layer, the possibility of major mining-induced seismicities increases. Combined with the field monitoring results, two large seisms with the energy of 105 J occur in the high layer above the working face after the second blasting. The simulation results are in accordance with the reality.
[image: Figure 12]FIGURE 12 | Vertical stress at the top of blast hole.
After the second blasting, the rock fully collapses and the space is filled. From Figure 13, the peak stress of the third and fourth blasting is significantly reduced, and lower than the peak stress of the working face without blasting. The peak compressive stress after blasting is in front of the working face and farther away from the working face. The newly emerged faults are mainly in the low layers, where the depth of mining-induced seismicities and their energy will be reduced. However, the frequency will be increased. Mining-induced seismicity events should be lower than the total number of events after either the first blasting or the second blasting.
[image: Figure 13]FIGURE 13 | Vertical stress of roof.
From Figure 9F and Figure 9H, it can be concluded that the rock strata with top-cutting blasting are more likely to form step collapse. In this way, in the process of advancing the working face, the roof collapse rate will slow down, but the collapse will be more fully and gradually stable filling goaf behind the working face, which is conducive to safe production.
CONCLUSION
Based on the engineering background of the 63upper06 panel of Dongtan deep coal mine, we first investigate the spatial and temporal distribution of mining-induced seismicities before and after multiple deep-hole blastings, and then the stress and displacement in hard rock are simulated. Results reveal the mechanism of blasting weakening the thick and hard roof to prevent and control mining-induced seismicities. The main conclusions are as follows:
1) After deep-hole blasting, the mining-induced seismicities gradually transferred from the back of the working face to the solid coal side in front of the working face, with an increase in small mining-induced seismicities and an overall decrease in major seismicities. Small mining-induced seismicities are more concentrated within 20 m of the near field.
2) After deep-hole blasting, the crack propagation perpendicular to the direction of the maximum principal stress is inhibited. Delayed blasting could enlarge the range of the fractured zone and deepen the penetration between blasting holes.
3) The first deep-hole blasting may generate a large number of voids and abscission layers in the thick roof. After the second blasting, the rock mass breaks and collapses, with the stress changing rapidly, and cracks developing faster. After the stress released by the second deep-hole blasting, the peak stress decreases significantly after the third blasting, and the energy accumulated in the high strata reduces a lot. The mining-induced seismicities may be greatly diminished and mainly occur in the low layer.
4) Deep-hole blasting cuts off the upper roof, which is easier to form stepped collapse. The roof caving rate is reduced, making the roof collapse more fully as well.
In conclusion, the deep-hole blasting technology has a remarkable effect on weakening coal seam roofs and preventing and controlling large-energy mining-induced seismicities.
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With the rapid development of high-speed railways in China, it is inevitable that some of the lines will have to traverse through the mine goaf ground, and there is little research on whether the “activation” of the foundation of the mine goaf ground occurs under the influence of train loads. In order to provide a safe and reliable basis for the construction of high-speed railway in mine goaf ground, a new classification method of mine goaf ground activation is proposed considering the stability and railway influence. First, the stability evaluation system of the mine goaf site is established with 3 primary indexes and 12 secondary indexes. The 47 groups’ data of the mine goaf ground site are collected as learning samples. Five machine learning methods including decision tree, discriminant analysis, support vector machine, and classifier ensemble are used to learn and test the data. The optimal algorithm is selected and the stability evaluation model is established to classify the stability of the mine goaf site. Second, influencing factors of railway are graded to establish an extension comprehensive evaluation model. Finally, based on the above two models, a new classification method of high-speed railway goaf ground activation considering the two factors and five sub-factors is proposed. Through the verification of two engineering examples, the prediction result of this method is “easily activation” and the need to treat the goaf area, and the actual construction is also taken to grouting treatment, proving that the method has certain guiding significance for the project.
Keywords: mine goaf ground, activation classification, high-speed railway, machine learning, extension theory
1 INTRODUCTION
With the acceleration of China’s railway network construction, construction conditions faced by railway engineering are becoming more and more demanding. Taking Shanxi Province as an example, due to its rich coal resources, after years of intensive mining, it has formed nearly 2300 km2 of goaf areas, the size of which makes it inevitable that many planned high-speed railway lines will have to pass through these goaf areas (Figure 1A). When the high-speed railway passes through the mine goaf ground (Figure 1B), the influence of the train load may lead to the separation closure or the instability of the stable structure in the mine goaf ground (Du et al., 2020), which leads to the “activation” deformation of the foundation and the uneven settlement of the high-speed railway subgrade, thus affecting the safety of the train operation (Jiang and Wang, 2019).
[image: Figure 1]FIGURE 1 | (A) Study area (B) Schematic diagram of high-speed railway crossing mine goaf site.
Many scholars have conducted extensive research on the stability of underground spaces and disaster prevention (Liu et al., 2020, 2021). Helm et al. (2013) established 1,320 numerical simulation models to analyze the influence of shallow-buried room-and-pillar mine goaf ground on surface traffic facilities, and pointed out that seasonal water-level changes would have a great impact on the stability of overlying strata and surface in the mine goaf ground. Liu et al. (2018, 2019) monitored the rock burst of the tunnel using the acoustic emission technology and infrared monitoring equipment. Cui et al. (2014) and Bell et al. (2001) analyzed the collapse instability cases of shallow mining areas after partial mining, and revealed that the partial mining instability was caused by the decrease of residual coal pillar strength, which made the internal and external stress arches interrelated. Li et al. (2016) proposed a calculation method of release space based on the pore distribution characteristics of rock strata above mine goaf ground and applied it to engineering practice to prove the effectiveness of this method. Hu and Li (2012) selected four indicators as the risk identification factors of mine goaf ground stability and proposed a mine risk analysis method based on Bayesian discriminant analysis. Through the training of 40 samples, the model accuracy reached 0.025. Qin et al. (2019) proposed an improved tradabost algorithm and introduced the concept of dynamic factor to improve the generalization ability of the algorithm for different mine goaf ground samples. The algorithm can also maintain high accuracy with fewer samples. Guo et al. (2019), based on fuzzy theory, established the instability risk evaluation model of an expressway construction site in the mine goaf ground. The weight and membership degree were determined by the gray correlation method and the Delphi method. The reliability of the model was verified by subgrade settlement monitoring data.
Although there has been some research into the stability of the mine goaf ground and the effects of external loads on the mine goaf ground, there has been less research into the “activation” of mine goaf ground of high-speed railway. The foundation problem of the mine goaf ground is an extremely complex problem, which is not only affected by mining technology, burial depth, and mining height but also by hydrogeology, spatial location distribution, and external load. In order to establish a reasonable evaluation system of high-speed railway mine goaf ground activation, first, collect a large number of mine goaf ground data, select the evaluation index of mine goaf ground stability, adopt the classification algorithm of machine learning to learn the samples, and complete the classification of stability grade so as to determine the stability grade of the mine goaf ground. Then, the information entropy-extension comprehensive evaluation model is established (Xie et al., 2021), and the mine goaf ground activation grade is obtained by combining the stability of the mine goaf ground and the influence of train load.
Compared with traditional evaluation methods, it not only solves the problem of subjective selection of weights in the comprehensive evaluation method but also solves the problem of difficult selection of parameters and complicated calculation in the mechanical analysis method.
2 STABILITY EVALUATION OF MINE GOAF GROUND
2.1 Evaluation Index System
The deformation of a mining site is an extremely complex process, and the most critical step in establishing a scientific index system for evaluating the stability of a mine goaf ground is to fully consider the impact of various factors on the mine goaf ground. Guo et al. (2019) and Zhao et al. (2021) established different evaluation index systems of mine goaf ground stability. In this study, the above three evaluation index systems are comprehensively considered, and the evaluation index system of mine goaf ground stability is established as shown in Figure 2. Compared with other evaluation systems, the two factors of final mining time and loose layer thickness are added to the consideration. The final mining time is related to the residual deformation of the mine goaf ground, which plays a relatively important role in the construction of the mine goaf ground site, and the thickness of the loose layer also has a certain influence. Many scholars have found that the loose layer will form a loose arch structure under a certain thickness, and bear part of the external load.
[image: Figure 2]FIGURE 2 | Stability evaluation index system.
2.2 Stability Classification
To be better combined with the analysis of train load, this study combined with the code for investigation of geotechnical engineering in the coal mine goaf (GB51044-2014, 2014) and the research of some scholars (Gong et al., 2008; Song et al., 2020;Song D. et al., 2021; Song DQ. et al., 2021). The stability grade of the mine goaf ground is divided into four grades according to Table 1, and the qualitative index grade is divided and assigned according to Table 2.
TABLE 1 | Stability classification of the mine goaf ground.
[image: Table 1]TABLE 2 | Qualitative evaluation index rating and assignment.
[image: Table 2]2.3 Filtering Algorithms
Machine learning and deep learning are the hotspots of artificial intelligence research, and many related algorithms and theories have been applied in many geotechnical engineering (Cai et al., 2020, He et al., 2020; Lawal and Kwon, 2021; Tarawneh et al., 2018). In the era of big data, the ability of machine learning to mine effective information in the data has been greatly improved. In order to better evaluate the stability of the mine goaf ground and excavate the key factors, this study selects five machine learning methods, namely, decision tree, discriminant analysis, support vector machine, nearest neighbor classifier, and classifier ensemble, to process the data, and selects AUC value (area under curve) and accuracy as the criteria for the evaluation algorithm. AUC (Toh et al., 2008) is defined as the area under the ROC curve, which is usually used as the evaluation standard of the machine learning model. The abscissa of the ROC curve is the false positive rate and the ordinate is the true positive rate.
The index data of mine goaf ground site in reference and the evaluation grade of mine goaf ground site based on unascertained mathematics and actual working conditions are used (Gong et al., 2008).
This study selected five algorithms and twenty models for training. The accuracy and AUC of each model are shown in Figure 3 and Table 3.
[image: Figure 3]FIGURE 3 | Performance of AUC values of each model. (A) Decision tree and discriminant analysis, (B) support vector machine, (C) K-nearest neighbor, and (D) classifier ensemble.
TABLE 3 | Optimal model performance data for algorithms.
[image: Table 3]It can be seen from Figure 3 and Table 3 that the accuracy of Subspace Discriminant and Quadratic SVM models in the integrated classifier algorithm is the highest, but the AUC value of the former reaches 1.00, which belongs to the perfect classifier. Therefore, this algorithm model is used to evaluate and predict the stability of the mine goaf ground.
3 CLASSIFICATION OF HIGH-SPEED RAILWAY INFLUENCE
The main problem faced by the construction of high-speed railway in the mine goaf ground is whether the project will cause the activation deformation of the mine goaf ground, and when the activation deformation occurs, whether the deformation will affect the train operation. The influence of railway engineering on the foundation of mine goaf ground generally has four aspects, namely, the train axle load (Shi and Hou, 2017), train speed (Bratov et al., 2014; Lamas-Lopez et al., 2016), track type (Connolly et al., 2020) and the distance between the railway line and the surface center of the mine goaf ground. In this study, according to the relevant norms (GB 51044-2014, 2014), the impact of each factor is divided into four levels.
3.1 Train Axle Load
The axle loads of different types of trains are also different. The greater the axle load of the train, the greater the force on the foundation of the goaf, and the deeper the influence depth. When the influence depth of the force reaches the fault zone area, it will have a safety impact on the use of buildings on the foundation of the mine goaf ground. The influence of axle load is analyzed by FLAC3D software to simulate the disturbance depth of train load under different axle load conditions. As shown in Figure 4, the influence depth of train is linearly related to the change of axle load. At present, the range of axle load in China is between 140–300 kN, considering the full load and no-load running vehicles. The influence degree of this classification and the corresponding axle load range are shown in Table 4.
[image: Figure 4]FIGURE 4 | Disturbance depth under different axial loads.
TABLE 4 | Classification of impact of axle weight.
[image: Table 4]3.2 Railway Speed
Train speed is the most obvious and indigenous factor affecting the dynamic load inside the subgrade of high-speed trains, and the magnitude of the dynamic load inside the subgrade is an important factor to determine whether the foundation in the mine goaf ground activated deformation. Based on the field measurement data, Bian et al. (2014) found that when the vehicle speed was lower than 150 km/h or higher than 300 km/h, the dynamic stress of subgrade no longer changed with the speed. When the train speed was between 150 and 300 km/h, the dynamic stress of the subgrade changed linearly with the vehicle speed. The influence degree and speed range of this classification are shown in Table 5.
TABLE 5 | Classification of impact of railway speed.
[image: Table 5]3.3 Track Type
The influence of track mainly lies in the selection of track type (Li et al., 2021) and the height of subgrade (Mosayebi et al., 2017). Li et al. (2018) proposed the attenuation formula of subgrade dynamic stress along depth as shown in Eq. 1:
[image: image]
where [image: image] is the attenuation coefficient; z is the subgrade depth; a and b are the fitting coefficients, ballastless track a = 2.12, b = 1.18; ballasted track a = 0.64, b = 0.86.
Since there are many types of orbital structures, four representative orbital structures are selected and divided into four grades according to Table 6.
TABLE 6 | Classification of orbital type impacts.
[image: Table 6]3.4 Railway Line Location
Through the study, Qian et al. (1996) found that after the mine goaf ground was mined, a region similar to the masonry beam structure appeared at both ends of the mine goaf ground. The length of this region was approximately 8 times the periodic pressure step distance of the working face cycle, and the stability of the masonry beam structure was mainly determined by the key block (Cao and Zhou, 2015). According to this study, the mine goaf ground is horizontally divided into four regions. As shown in Figure 5, the risk is small when the region far from the mine goaf ground boundary is constructed. It is most dangerous to build in the key block area of a masonry beam, which may make the masonry beam structure unstable. In the construction of the non-key block area of the masonry beam structure, although there is cushion support, the risk is still large. When the central area of the mine goaf ground is constructed, most of the area has been compacted, there are no large cracks and separate layers, and the risk is small.
[image: Figure 5]FIGURE 5 | Geographic division.
To study the different impacts of different distances between the railway trunk line and the surface center of the mine goaf ground, the influence degree is divided according to Table 7.
TABLE 7 | Classification of the influence of the railway main line location.
[image: Table 7]4 EXTENSION EVALUATION MODEL
Extension theory is a method proposed to solve complex problems by combining matter-element theory with extension set theory (Smarandache, 2012). The extension comprehensive evaluation model has been widely used in various fields.
In this article, the influence factors of mine goaf ground are simplified by the machine learning method, and the influence of the mine goaf ground is evaluated by the stability grade of the mine goaf ground site. The extension evaluation system of foundation activation for mine goaf ground of high-speed railway is constructed as shown in Figure 6. Referring to the specifications and research results, combined with the classification of the stability grade of the mine goaf ground and the train influence grade, the goaf foundation activation grade is divided into four grades (Table 8):
[image: image]
[image: Figure 6]FIGURE 6 | Activation evaluation system of mine goaf ground.
TABLE 8 | Activation grade classification table.
[image: Table 8]4.1 Identification of Classic and Joint Domains
Let
[image: image]
where N0j represents level j, cn represents each evaluation index of the model, and V0ji represents the value range of each evaluation index at level j.
According to the division of Tables 4–7, the classical domain construction is carried out. Because the track type cannot be quantitatively assigned, this study takes (0, 2), (2, 4), (4, 6), and (6, 8) as characteristic value ranges. When the track type is I, II, III, and IV, then 1, 3, 5, and 7 are given as the evaluation values, and the mine goaf ground stability is also treated according to this method. The influence of the main line position is related to the factors of the mine goaf ground itself, which needs to be calculated according to the actual working conditions.
The classical domain matter elements of mine goaf ground influencing each level established in this study are
R01 = [N01 Stability grade of mine goaf ground (0,2)]
R02 = [N02 Stability grade of mine goaf ground (2,4)]
R03 = [N03 Stability grade of mine goaf ground (4,6)]
R04 = [N04 Stability grade of mine goaf ground (6,8)]
The joint domain matter element is
RD = [D Stability grade of mine goaf ground (0,8)]
The classical domain matter elements of the train influencing each level are
[image: image]
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The joint domain matter element is
[image: image]
4.2 Matter Element
The data of the evaluation object ai are represented by matter elements, and the matter element Ri to be evaluated is obtained.
[image: image]
where pi is the ith evaluation object and vij is the value of pi with respect to characteristic index cj.
4.3 Index Weight
Evaluation of x requires I1, I2, ..., Im, m indicators, xj is the measured value of x on Ij. For xij, there are p evaluation grades c1, c2, … , cn, and let μjk = μ (xj ∈ ck) denote the degree to which xj belongs to the kth evaluation class ck.
[image: image]
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satisfies that μ of Eqs 2–4 is an unascertained measure, and the matrix
[image: image]
is called a single index measure evaluation matrix.
According to the influence degree division of 3.1–3.4 subsections, the single index measure function diagram of each factor can be obtained. As shown in Figure 7, the single index measure evaluation matrix of the instance can be obtained by substituting the instance data.
[image: Figure 7]FIGURE 7 | Uncertainty measurement function of different factors: (A) axle load, (B) train speed, (C) qualitative index grade, and (D) railway line location.
After getting the single index measurement matrix, it is necessary to determine the weight of each index. To make wj a weight of xj, wj needs to satisfy two conditions:
① 0 ≤ wj ≤ 1
② w1+ w2+…+ wm = 1.
At this time, the information entropy theory is used to calculate the weight, and the calculation steps are shown in Eqs 5, 6.
[image: image]
[image: image]
The determination of the index weight coefficient in the first layer of the extension system considers the value of other scholars in the evaluation system of goaf foundation stability. It is known that the weight of building load or traffic load is mostly between 0.116 (Zhang, 2009) and 0.232 (Wang, 2016). In this study, 0.2 and 0.8 are selected as the weight coefficients of train load and goaf stability, respectively.
4.4 Correlation Function
The calculation formula of the distance between point and interval is
[image: image]
When vki ∉ V0ji, the correlation function is
[image: image]
When vki ∈V0ji, the correlation function is
[image: image]
4.5 Correlation Degree
To facilitate analysis and comparison, the correlation degree is standardized by Eq. 10.
[image: image]
4.6 Activation Classification
The weight coefficient of each eigenvalue and the normalized correlation degree are calculated according to Eq. 11, and the comprehensive correlation degree of the evaluation object is obtained.
[image: image]
If
[image: image]
then the activation level of evaluation object p is k.
5 CASE STUDY
5.1 Case 1
Case 1 selects a section of the Tai-Jiao high-speed railway crossing the mine goaf ground site project to verify the established classification method of mine goaf ground activation. The length, width, and mining thickness of the mine goaf ground under the section of Tai-Jiao higher railway are about 110 m, 18, and 1.8 m, respectively. The overall buried depth of the mine goaf ground is 56 m. The wall rock is flooded for a long time, the rock mass structure is relatively loose, and the joint fissures are developed. There is an adjacent mine goaf ground near the section. The dip angle of the ore layer is 12°, the area ratio of the ore pillar is 15%, the stop mining time is 20 a, and the thickness of the loose layer is 15 m. The axle load of a high-speed railway is 17 t, and the designed speed is 250 km/h. The low subgrade of the ballasted track is used in the track, and the railway line is about 20 m away from the center of the mine goaf ground.
5.1.1 Stability Evaluation
According to the comparison test of the machine learning algorithm model, the subspace discriminant algorithm model is selected as the classifier for evaluating the stability of mine goaf ground. The input matrix of the engineering example to be verified is compiled in Matlab. According to the engineering situation, the input matrix is
[image: image]
The input matrix is imported into the ensemble classification learner, and the stability evaluation level of the mine goaf ground is grade III.
5.1.2 Activation Evaluation of Mine Goaf Ground
5.1.2.1 Extension Evaluation of Mine Goaf Ground Stability
The matter element to be evaluated is
R1 = [p1 Stability grade of mine goaf ground 5].
The correlation matrix K1 is obtained by calculating with Eqs 7–9.
[image: image]
According to Eq. 10, correlation matrix K`1 is obtained.
[image: image]
According to Eq. 11, the comprehensive correlation degree is calculated, and matrix Kp1 is obtained. Since this evaluation layer has only one index, the weight coefficient is 1.
[image: image]
5.1.2.2 Extension Evaluation of Train Impact
According to the general situation of the project, the matter element to be evaluated of Tai-Jiao high-speed railway is
[image: image]
The correlation matrix K2 is obtained by calculating with Eqs 7–9.
[image: image]
According to Eq. 10, correlation matrix K`2 is obtained.
[image: image]
Through the measure function of Figure 6, the single index evaluation measure matrix of train influencing factors is determined:
[image: image]
It can be seen from Eqs 5, 6 that
[image: image]
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According to Eq. 11, comprehensive correlation matrix Kp1 of the Tai-Jiao high-speed railway is calculated as follows:
[image: image]
5.1.2.3 Extensible Pre-Evaluation of Ground Activation Grade in Mine Goaf Ground
According to Eq. 11, the comprehensive evaluation of the first level of Tai-Jiao high-speed railway is as follows:
[image: image]
According to Eq. 12, the activation grade of mine goaf ground in the Tai-Jiao high railway section is “Easily activated.” In practical engineering, through a large number of exploration and tests in the early stage, the grouting treatment of goaf is decided. At present, the operation condition of this section is well, which proves that the method in this article has a certain reference value.
5.2 Case 2
In the second engineering case, a section of the Nan-Qin railway crossing the mine goaf ground along the coast of Guangxi is selected. The buried depth of the mine goaf ground under the Nan-Qin railway is 142 m, and the mining thickness is 5 m. The buried rock structure is loose, and the mine goaf ground is rich in water and high in water pressure. The dip angle of the coal seam is 20°, and the area ratio of the pillar is 15%. The stop mining time is 10 a, and the thickness of the loose layer is 10 m.
The axle load of the railway is 20 t, and the designed speed is 250 km/h. The low subgrade of the ballasted track is used in the track, and the Nan-Qin line is about 70 m according to the center of mine goaf ground.
5.2.1 Site Stability Evaluation
The input matrix of Nan-Qin railway is
[image: image]
The input matrix is imported into the ensemble classification learner, and the stability evaluation level of the mine goaf ground is grade III.
5.2.2 Activation Evaluation of Mine Goaf Ground
5.2.2.1 Extension Evaluation of Mine Goaf Ground Stability
According to the evaluation results of machine learning, the evaluation results of two engineering examples are the same, and the extension evaluation results should be the same. So, the correlation matrix is the same as that of instance one.
[image: image]
5.2.2.2 Extension Evaluation of Train Impact
According to the general situation of the project, the matter element to be evaluated of Nan-Qin high-speed railway is
[image: image]
Correlation matrix K2 is obtained by calculating with Eqs 7–9.
[image: image]
According to Eq. 10, correlation matrix K`2 is obtained.
[image: image]
Through the measure function of Figure 6, the single index evaluation measure matrix of the train influencing factors is determined:
[image: image]
It can be seen from Eqs 5, 6 that
[image: image]
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According to Eq. 11, comprehensive correlation matrix Kp1 of Tai-Jiao high-speed railway is calculated as follows:
[image: image]
5.2.2.3 Extensible Pre-Evaluation of Ground Activation Grade in Mine Goaf Ground
According to Eq. 11, the comprehensive evaluation of the first level of Nan-Qin high-speed railway is as follows:
[image: image]
According to Eq. 12, the activation grade of the mine goaf ground in the Nan-Qin high railway section is “Easily activated.” In the engineering construction, through the investigation of the site and the verification of the geological data, the constructor adopted the grouting method to reinforce the goaf. In the years of train operation, there was no activation deformation in the site, which proved that the research method in this article was effective.
6 CONCLUSION
Coal is the main energy in China, and the main coal base formed a large area of mine goaf ground due to high strength mining; at the same time, with the rapid layout of China’s high-speed railway network, some lines will inevitably cross the mine goaf ground, and whether the mine goaf ground is activated under the influence of the train load is an important research direction. Considering the stability of the mine goaf ground and the influence of train, a new classification method of ground activation in the mine goaf ground is proposed. The main conclusions are as follows:
1) The evaluation of the mine goaf ground activation is divided into the evaluation of the stability level of the mine goaf ground and the evaluation of the train impact level, and the overall evaluation is completed by combining the two evaluation results through the extension theory and the unascertained measure theory, which greatly simplifies the evaluation process of the activation level of the mine goaf ground.
2) Through numerical simulation, theoretical derivation, and reference to other scholars’ research, the factors influencing the construction of high-speed railways at mined sites are categorized into four main categories: axle weight, vehicle speed, trunk line location, and roadbed structure, and their influence levels are classified and described qualitatively and quantitatively.
3) The field engineering examples of the mine goaf grounds passed by the Tai-Jiao high-speed railway and the Nan-Qin high-speed railway are selected to verify the model established in this article. The analysis results of engineering examples show that the model established in this article is suitable for the ground activity analysis and discrimination of high-speed railway mine goaf ground.
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The study on the failure difference of deep hard rock based on the comparison between conventional and true triaxial tests can help us better understand the fracture processes and failure characteristics of the deep rock mass. Therefore, this article carries out a comparative analysis of the failure of hard rock under conventional and true triaxial stress states. Within the scope of this study, it is found that the brittle–ductile transformation properties can be intuitively reflected in the rock stress–strain curve and failure mode. The brittle–ductile transition point of rock can also be determined by the difference between peak and residual strengths. The rock failure strength increases with the increase of σ2, the peak strain decreases with the increase of σ2, the stress drop of the post-peak curve becomes more obvious with the increase of σ2, and the rock tends toward Class II brittle failure after the peak with the increase of σ2. When σ3 is relatively high, the rock fracture angle increases with the increase of σ2 with obvious regularity. Compared with conventional triaxial stress conditions, the differential stress-induced anisotropy failure is the biggest difference in rock fracture characteristics between true and conventional triaxial stress states. This study can supply useful references to the study of failure properties of hard rock under complex stress states.
Keywords: failure, deep hard rock, conventional triaxial, true triaxial, mechanical properties
INTRODUCTION
The continuous demand for resources makes human activities continue to expand to “deep space, deep sea, deep earth.” Among them, due to the complexity of the earth’s internal system and the uniqueness of the geological medium, the research of “deep earth” is in a “black box” state. The difficulty of scientific research on “deep earth” is no less than that of “deep space and deep sea.” The excavation depth of underground works in international and domestic industries such as transportation, water conservation, hydropower, mineral resource development, oil and gas reservoir development, geological storage, and military protection engineering is still increasing (Martin and Chandler 1994; Malan 2002; Hajiabdolmajid and Kaiser 2003; Diederichs 2007; Zhao et al., 2014; Zhuang et al., 2017; Bai et al., 2019; Feng et al., 2022). For example, the deepest oil well in the world is drilled by the Orlan platform of Chaivo oilfield, and its depth has reached 15,000 m. At present, there are more than 120 metal mines with a mining depth of more than 1,000 m in the world, and the mining depth of the Mponeng gold mine in South Africa is as deep as 4,350 m (Zhang 2020). Besides, there are many underground projects with a depth of more than kilometers in China. For example, the diversion tunnel in Jinping II hydropower station has a maximum buried depth of 2,525 m. The Jinping underground laboratory in China built on this diversion tunnel is also the laboratory with the largest rock coverage depth in the world with a buried depth of 2,400 m (Feng et al., 2018; Zhang 2020).
Different from shallow-rock mechanical engineering, in the deep tunnel construction process, it is inevitable to face the challenges of high ground stress, complex geological conditions, strong excavation unloading, and mechanical and blasting disturbance (Wang et al., 2004; Qiu et al., 2012; Feng et al., 2015; Gao et al., 2018; Feng et al., 2019; Do et al., 2020). Generally, the surrounding rock of the cavern is mostly high-strength hard rock. For example, the maximum ground stress of Jinping I Hydropower Station is 40 MPa, and the surrounding rock is mainly marble. The uniaxial compressive strength is 50–80 MPa (Gong et al., 2010). The Paoma mountain No. 1 tunnel is located in the northeast of Kangding City. The maximum buried depth of the Paoma mountain No. 1 tunnel is 1,250 m, more than 85% of the whole tunnel section is hard granite, and the saturated uniaxial compressive strength is 48.82–49.74 MPa.
Generally, there is a high possibility of stress-induced failure in deep buried hard rock tunnels, such as cracking, wall splitting, and rockburst, which will seriously threaten the lives of workers and the safety of construction equipment and will also affect the construction cycle and the final completion of the tunnel, resulting in huge economic losses. As shown in Figure 1, rockburst disasters occurred at different locations during the construction of the Paoma mountain No. 1 tunnel.
[image: Figure 1]FIGURE 1 | Rockburst disasters occurred at Paoma mountain No. 1 tunnel.
The site selection of deep underground engineering, such as deeply buried tunnels and underground powerhouses of hydropower stations, tends to be the hard rock area with relatively complete lithology, so as to ensure the stability of deep engineering. Many scholars have carried out a great number of in-depth studies on the mechanical characteristics of deep buried hard rock and its influence from many angles such as theory, experiment, and numerical calculation. In this study, the mechanical properties and failure differences of hard rock based on a comparison between conventional and true triaxial tests are analyzed. The research of this article is helpful to deeply understand the fracture and failure characteristics of deep hard rock mass and can provide a useful reference for disaster prevention and reduction of deep rock mass engineering.
FAILURE ANALYSIS OF MARBLE SAMPLE BASED ON CONVENTIONAL TRIAXIAL TEST
Figure 2 and Figure 3 are the stress–strain curve and failure–strength diagrams of a group of Jinping marble samples in a conventional triaxial compression test (Gao 2020). Figure 4 shows the corresponding peak axial and radial strains (ε1 and ε3) diagram in Figure 2 and Figure 3.
[image: Figure 2]FIGURE 2 | Stress–strain curves of the tested samples under conventional triaxial compression state (revised form Gao 2020).
[image: Figure 3]FIGURE 3 | Peak strength of the tested samples under conventional triaxial compression state.
[image: Figure 4]FIGURE 4 | Strain characteristics of the tested samples under conventional triaxial compression state.
It can be found from the Figures 2–4 that when confining pressure is 0 MPa, 2 MPa, 5 MPa, 10 MPa, 20 MPa, 30 MPa, 40 MPa, 60 MPa, and 80 MPa, respectively, the corresponding peak strength is 190 MPa, 219 MPa, 233 MPa, 261 MPa, 301 MPa, 332 MPa, 356 MPa, 411 MPa, and 438 MPa, respectively, the corresponding peak ε1 is 0.0067, 0.0073, 0.0069, 0.0111, 0.0141, 0.0147, 0.0229, and 0.0359, respectively, and the corresponding peak ε3 is −0.0042, −0.0045, −0.0046, −0.0061, −0.0078, −0.0108, −0.0099, −0.0182, and −0.0168, respectively. It could be concluded that peak strength increases with the increasing confining pressure, the ε1 and ε3 also increase with the increasing confining pressure, but the difference is that the ε1 is the compression deformation and ε3 is the expansion deformation. The variations of peak strength, axial strain ε1, and radial strain ε3 with confining pressure are shown in formula as below:
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As shown in Figure 2 and Figure 5, the brittle–ductile transformation properties of rock could be reflected in the sample stress–strain curve and failure mode (Lajtai 1974; Tarasov and Potvin 2013; Ai et al., 2016; Tarasov and Stacey 2017; Kanaya and Hirth 2018; Ning et al., 2018; Zhao et al., 2018; Gao 2020). When confining pressure is small (confining pressure is less than 10 MPa), there is no platform section at the peak section of stress–strain curve for the marble sample, and the stress-drop phenomenon after the peak is obvious. The rock failure surface shows splitting failure characteristics, and the failure surface is basically parallel to the maximum principal stress direction (axial direction), indicating that the rock brittleness under this stress condition is obvious.
[image: Figure 5]FIGURE 5 | Failure modes of the tested samples under conventional triaxial compression state (revised form Gao 2020).
With increasing confining pressure, the rock ductile deformation increases, that is, the rock peak platform section on the stress–strain curve is gradually significant, the stress drop after the peak decreases, and the failure of the sample gradually transitions from complete splitting to single shear plane, indicating that the brittleness of the rock decreases and the ductility increases. After the confining pressure reaches 60 MPa, the ductile deformation characteristics of the sample are particularly obvious, the post-peak stress-drop phenomenon of the sample basically disappears, and the failure of the sample is obviously bulking in the middle; when the confining pressure reaches 80 MPa, there is no macro fracture surface, and only weak bulking exists in the middle of the sample. Therefore, it can be considered that the confining pressure of 60 MPa is the brittle–ductile transformation point of marble samples.
In addition, the brittle–ductile transition point of rock can also be determined by the difference between peak and residual strength. With increasing confining pressure, the difference between peak and residual strength gradually decreases. Even in an ideal ductile state, the difference is 0, that is, the rock peak strength is equal to residual strength.
FAILURE ANALYSIS OF GRANITE SAMPLE BASED ON TRUE TRIAXIAL TEST
Figure 6 shows the granite sample used in the true triaxial test (Zhang 2020). The rock thin-section micrograph obtained shows the microstructure and mineral composition of the granite. It can be seen from Figure 6 that the granite is a medium-grain coarse-grain structure with strong isotropy in structure and mineral composition. The density of the granite is 2.61 g/cm3, and the tested granite has the characteristics of high density, dense lithology, and high rock strength. The tested granite is mainly composed of about 40% plagioclase, 33% quartz, 17% potassium feldspar, and 10% other materials.
[image: Figure 6]FIGURE 6 | Schematic diagram of granite samples used in the true triaxial experiment. (A) Sample physical drawing, (B) sample SEM image, (C) plane polarized light micrograph of sample, and (D) crossed polars micrograph of sample (quartz = Qtz, K-feldspar = Kfs, plagioclase = Pl, biotite = Bt).
To simulate the stress path of rock mass failure in deep underground engineering, the typical stress path (Zhang et al., 2019) finally adopted in this study is shown as follows: (a) Hydrostatic loading stage: loading simultaneously in three principal stress directions (σ1 = σ2 = σ3) at a loading rate of 0.5 MPa/s to the minimum principal stress level. (b) Intermediate principal stress loading stage: keeping σ3 unchanged and loading σ1 and σ2 simultaneously (σ1 = σ2) at a loading rate of 0.5 MPa/s to set the σ2 level. (c) Maximum principal stress loading stage: keeping σ2 and σ3 unchanged and loading σ1 at loading rate of 0.5 MPa/s. When σ1 reached the crack damage stress of the sample, the control mode was changed from stress control to strain control ε1 with the rate of 0.015 mm/min.
Figure 7 and Figure 8 show the variation of stress–strain relationship and strength characteristic of granite with different σ2 under true triaxial compression stress state (Zhang 2020). It can be found from Figure 7 and Figure 8 that within the scope of this study, when σ3 is 30 MP and σ2 is 30 MPa, 50 MPa, 75 MPa, and 100 MPa, respectively, the peak failure strength σ1peak of granite shows an increasing rule with increasing of σ2. Meanwhile, for the stress–strain curve shape, the rock tends toward Class II failure with the increase of σ2, and the post-peak stress drop of the curve is more obvious, indicating that the increase of σ2 makes the rock failure more prone to brittle failure. In addition, with the increase of σ2, the degree of differentiation of the σ1–ε2 curve and the σ1–ε3 curve of rock is increasing, which indicates that under true triaxial stress conditions, the differential stress makes the deformation of rock appear anisotropic, and the greater the differential stress between σ2 and σ3, the more obvious the deformation anisotropy of ε2 and ε3.
[image: Figure 7]FIGURE 7 | Stress–strain curves of granite samples adopted in the true triaxial experiment (revised form Zhang 2020).
[image: Figure 8]FIGURE 8 | Peak strength of granite samples adopted in the true triaxial experiment.
Nadaia used octahedral shear stress τoct and octahedral normal stress σoct to describe rock materials’ three-dimensional failure strength criterion, namely, τoct = f (σoct) (Nadaia 1950). Subsequently, based on a large number of tests and the analysis of the true triaxial compression failure mode of hard rock, Mogi revised the three-dimensional failure strength criterion proposed by Nadaia and replaced σoct with σm,2 (Mogi 1971). The obtained three-dimensional failure strength criterion is shown as follows:
[image: image]
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The peak strength characteristics of granite under true triaxial stress conditions obtained in this article are shown in Figure 8. Using the aforementioned two three-dimensional failure strength criteria, the strength data obtained in Figure 8 are fitted by power law form. The relationship between τoct and σoct in Nadaia’s domain (Figure 9A) and between τoct and σm,2 in the Mogi domain (Figure 9B) are obtained. The following formulas are obtained:
[image: image]
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[image: Figure 9]FIGURE 9 | True triaxial compression strength for tested granite in terms of (A) τoct versus σoct and (B) τoct versus σm,2.
It can be found from Figure 9 that τoct monotonically increases with increasing σoct or σm,2, and the fitting goodness of the modified strength criterion proposed by Mogi is R2 = 0.99, which is better than that proposed by Nadai (R2 = 0.96).
Figure 10 shows the variation of principal strain ε1, ε2, and ε3 of granite samples with intermediate principal stress σ2. Within the research scope of this article, it can be seen from Figure 10 that when σ3 is 30 MP and σ2 is 30 MPa, 50 MPa, 75 MPa, and 100 MPa, respectively, the principal strain ε2 increases with increasing σ2, and its variation law is good (Figure 10B), while the variation law of principal strain ε1 and ε3 with intermediate principal stress σ2 is not obvious (Figures 10A,C).
[image: Figure 10]FIGURE 10 | Strain characteristics of granite samples adopted in the true triaxial experiment. (A) ε1 versus σ2, (B) ε2 versus σ2, and (C) ε3 versus σ2.
Figure 11 shows the variation of failure mode and fracture angle of granite under true triaxial compression with σ2 (Zhang 2020). In practical tests, the macroscopic main crack morphology perpendicular to the σ2 sample surface is not a straight line, but an irregular broken line, which makes it difficult to determine the fracture angle (θ). In this article, the fracture angle (θ) is determined by the angle between the overall direction of a macroscopic main crack and the σ3 loading direction. It can be seen from Figure 11 that within the scope of this study, when σ3 = 30 MPa and when σ3 is 30 MPa, 50 MPa, 75 MPa, and 100 MPa, the fracture angles of granite are 72°, 74°, 75°, and 80°, respectively. It can be found that the fracture angle of granite increases with the increase of σ2 and the regularity is obvious.
[image: Figure 11]FIGURE 11 | Fracture angle and failure mode of granite samples adopted in the true triaxial experiment (revised form Zhang 2020).
DISCUSSION
Figure 12 shows the comparison of the failure of the sandstone samples under conventional triaxial (σ2 = σ3) and true triaxial (σ2 > σ3) stress conditions. The first pictures in Figure 12A and Figure 12B are the actual failure situations of the samples, the second pictures are the computed tomography (CT) scan results corresponding to the first picture, and the third pictures are CT scan of the I-I cross-section of the samples corresponding to the second picture (Lu et al., 2018).
[image: Figure 12]FIGURE 12 | Failure difference of hard rock based on comparison between the conventional triaxial test and true triaxial test (revised form Lu et al., 2018 and Feng et al., 2019). (A) Conventional triaxial stress state, (B) true triaxial stress state, and (C) differential stress-induced anisotropy failure analysis.
It can be clearly concluded from Figure 12A that the sample failure under the condition of conventional triaxial stress (σ2 = σ3) is random, and its crack presents irregular propagation and evolution. This is due to the fact that the σ2 is equal to σ3 so the cracks of the sample randomly propagate and evolve on the σ2-σ3 plane. The failure of the sample under true triaxial stress (σ2 > σ3) is different, and it can be clearly found from Figure 12B that the sample main crack growth is obviously parallel to the σ2 action direction and perpendicular to the σ3 action direction. It can be concluded that under the condition of true triaxial stress (σ2 > σ3), the cracks of the sample cannot propagate randomly, but they have a certain directional arrangement and distribution characteristics.
Obviously, compared with the uniaxial and conventional triaxial stress conditions (σ2 = σ3) (Ingraham et al., 2013; Frash et al., 2014; Li et al., 2015; Ma and Haimson 2016; Meng et al., 2016; Shi et al., 2017; Yu et al., 2022), this is due to the particular point that σ2 is greater than σ3 under true triaxial stress conditions (σ2 > σ3), and the anisotropic fracture characteristics of sample under true triaxial stress conditions (σ2 > σ3) are different from the failure anisotropy of the layered rock mass due to the layered structure, which is caused by the difference of stress, also called the differential stress-induced anisotropy under true triaxial stress (σ2 > σ3) condition. This differential stress-induced anisotropy failure characteristic is the biggest difference between the fracture characteristics of samples under true triaxial stress conditions (σ2 > σ3) and those under conventional triaxial stress conditions (σ2 = σ3), this also makes a series of hard rock failure and disaster problems under deep true triaxial stress (σ2 > σ3) very complex.
For the differential stress-induced anisotropy failure of the rock, Feng et al. (2019) have made a systematic quantitative study on it. They used the following Eqn. 9 as an index to quantitatively study the differential stress-induced anisotropy failure of the rock:
[image: image]
where K12 and K13 are the deformation moduli of the stress–strain curve corresponding to σ2 and σ3.
It can be found from the definition of Eqn. 9 that when the differential stress of σ2 and σ3 is larger, the value of A in Eqn. 9 is larger, indicating that the anisotropic failure of rock induced by differential stress is more obvious. Figure 12C shows the variation of differential stress-induced anisotropy failure index of sandstone and granite with intermediate principal stress σ2. It can also be found that when the intermediate principal stress σ2 is larger, the anisotropy index A is larger, which indicates that the anisotropic failure of rock is more obvious.
It should be noted that this differential stress-induced anisotropy failure of the rock is essentially different from the initial anisotropic failure of layered rock. Layered rock is a typical complex geological body, which widely exists in the engineering surrounding rock. The layered rock is distributed with a group of dominant primary bedding structural planes (bedding planes), and usually has a relatively determined occurrence and good spatial continuity, which makes the mechanical properties of layered hard rocks differ greatly in the direction parallel to and perpendicular to the bedding plane, showing significant initial anisotropy and heterogeneity.
Under deep complex geological conditions, engineering excavation and other activities lead to stress transfer and stress concentration of surrounding rock, which not only enhances the intermediate principal stress effect in surrounding rocks but also makes the phenomenon of true triaxial high stress and high-stress difference of deep hard rock remarkable. The typical stress characteristics in the deep rock make the energy storage and release threshold of rock mass increase, and the energy release intensity increases, leading to the deep rock mass becoming a high-energy environmental field. Under the condition of true triaxial stress, the process and mechanism of energy storage, distribution, driving, and release in the failure process of layered rock will be more complex. Deep-layered hard rock shows the characteristics of complex stress, prone to a variety of disaster phenomena and complex disaster causing mechanisms. The failure and instability of deep-layered hard rock are significantly greater than those of shallow rock engineering in terms of type, quantity, frequency, scale, and strength.
When the layered rock mass is in the deep true triaxial stress state, its failure problem becomes very complex. Under the coupling action of true triaxial stress and layered rock dip angle, the layered hard rock has obvious mixed anisotropy. This complex mixed action between differential stress-induced anisotropy failure and initial anisotropy failure of the rock makes the mechanical properties, fracture mechanism, and energy evolution process of deep layered hard rock very complex. Therefore, the research on the true triaxial mechanical properties of deep layered hard rock is a very important research topic that needs to be further explored.
CONCLUSION
In this article, the conventional triaxial test and true triaxial test of hard rock are carried out respectively to explore the influence and mechanism of stress state on the failure characteristics of hard rock. The following conclusions within the research scope have been obtained:
1) Brittle–ductile transformation properties of rock can be reflected from the stress–strain curve and failure mode. With increasing confining pressure, the ductile deformation of the sample increases, the peak platform section of the sample stress–strain curve is gradually significant, the post-peak stress drop decreases, and the failure of the sample gradually transitions from complete splitting to a single shear plane.
2) The brittle–ductile transition point of rock can also be determined by the difference between peak and residual strength. With increasing confining pressure, the difference between peak, and residual strength gradually decreases.
3) Within the scope of this study, the rock failure strength under true triaxial stress conditions increases with increasing σ2, the peak strain decreases with the increase of σ2, the stress drop of the post-peak curve becomes more obvious with the increase of σ2, and the rock tends to Class II brittle failure after the peak with the increase of σ2.
4) When σ3 is relatively high, most rock samples have only one macroscopic main crack under true triaxial stress condition, and the fracture angle of granite samples increases with the increase of σ2 with obvious regularity.
5) Compared with the conventional triaxial stress, due to the stress difference of rock under true triaxial stress (σ2 is greater than σ3), the differential stress-induced anisotropy failure is the biggest difference between the fracture characteristics of rock under true triaxial stress and the conventional triaxial stress state.
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Rock burst is one typical dynamic disaster caused by excavation in deep underground engineering. High-stress unloading test is a common research method for rock bursts. Due to the limitation of laboratory test conditions, it is difficult to monitor the energy release and dissipation information during rock bursts in the unloading test. But the study of energy evolution law is more helpful to reveal the essential characteristics of rock burst. Therefore, the energy evolution process and ejection failure characteristics of granite after unloading were analyzed through the unloading simulation test in this paper, and the influence of unloading velocity, lateral stress, and axial stress were researched. The microstructure numerical model of the granite was established by using digital image processing technology and PFC2D software, aiming to match the real granite. The energy evolution process of unloading granite can be divided into three stages, namely the whole energy rapid release stage, sidewall energy slow-release stage, and rock block ejection stage. The area near the unloading sidewall is the main energy release and rock block ejection area. In the whole energy rapid release stage, the energy release velocity and dissipation velocity show similar law, i.e., a positive power function correlation with unloading velocity, a negative power function correlation with lateral stress, and a positive linear function correlation with axial stress. In the rock block ejection stage, with increasing the unloading velocity and axial stress, the rock block ejection force increases as a power function, while it decreases with increasing lateral stress. This research is an important supplement to the laboratory unloading test. It has theoretical guiding significance for rock burst hazard assessment during excavation in deep underground engineering.
Keywords: rock burst, microsimulation, energy evolution, energy release law, rock block ejection characteristics
INTRODUCTION
Rock burst is a common dynamic disaster in the deep hydraulic tunnel, traffic tunnels, and another underground rock engineering. With the expansion of the scale and depth of underground engineering construction, the frequency and intensity of rock burst disasters increase (Li et al., 2008; Feng et al., 2012; Zhao et al., 2018; Yin et al., 2019; Guo et al., 2019). Rock burst disaster has become a research focus in the field of deep rock engineering.
Rock burst mechanism and key disaster-causing factors identifications are the premise and foundation for prevention and control of rock burst. Many experts and scholars have carried out a lot of research work on rock burst mechanisms from the aspects of external stress load, mechanical properties of the rock, and dynamic load (Zhao et al., 2015; Xiao et al., 2016). He et al. (2012; 2018) divided the rock burst into two categories, namely, strain rock burst and impact-induced rock burst, and obtained their criteria. In order to understand the mechanism of rock burst and simulate the conditions of rock burst, Jiang et al. (2010) proposed a new energy index, namely local energy release rate, which can better evaluate the rock burst phenomenon in deep underground excavation. Li (2020) researched the principle of rock support to control rock bursts, and explained the energy source and conversion during rock burst in the conceptual model. Li et al. (2014) studied the influence of rock excavation unloading in the deep tunnel, and analyzed the influence of stress path and other factors on rock excavation unloading. Excavation unloading is an important cause of rock burst (Wu et al., 2009). True triaxial unloading test is often used to simulate rock burst process. For example, He et al. (2009) carried out one-side dynamic unloading test under true triaxial condition, analyzed the spectrum of full-wave acoustic emission data, obtained the frequency-amplitude relationship of acoustic emission signal in rock burst stage, and summarized the dynamic damage process and characteristics of rock under test conditions. Li et al. (2014) carried out true triaxial rock burst tests at different unloading velocities, and studied the damage evolution law of rock burst. Si and Gong (2020) carried out triaxial compression and biaxial compression tests under the same confining stress, and the effects of three-dimensional stress state and unloading velocity on rock burst mechanism was studied. Zhai et al. (2020) researched on rock burst process by using high-speed camera, acoustic emission system, and scanning electron microscope. Existing studies provide a lot of research basis for revealing rock burst mechanisms.
Rock burst is a dynamic failure phenomenon driven by energy. Studying the energy evolution law in the process of rock burst is more helpful to reveal the essential characteristics of rock burst (Wang et al., 2012). However, limited to the laboratory test conditions, the energy evolution process is less studied in the true triaxial unloading test, and more attention is paid to the study of disaster-causing stress conditions, acoustic emission characteristics, rock block fractal dimension, and ejection velocity, et al. Compared with laboratory tests, numerical simulation is an effective method to study rock burst energy (Sun et al., 2007). Therefore, this studytakes the granite which is commonly used in rock burst tests as the research object. Based on the micronumerical model of the granite, the energy evolution law and rock block ejection failure characteristics of granite during unloading were researched. The influences of unloading velocity and stress level on rock burst were studied.
MICROSIMULATION UNLOADING TEST OF GRANITE
Microstructure Characterization of Granite
Rock is a typical heterogeneous material, and its heterogeneity mainly includes two aspects. One is the heterogeneity of microparameters, and the other is the heterogeneity of minerals distribution. The weibull function is often used to characterize the heterogeneity of microparameters for rock materials with relatively homogeneous mineral structures, such as the sandstone. For the granite, its minerals distribution is very obvious, and the color difference between different minerals is also relatively large. Therefore, the microscopic structure is often extracted and characterized according to the color difference of rock minerals to establish the heterogeneous model for the granite (Chen et al., 2003; Chen et al., 2004; Zhu et al., 2008; Tan et al., 2016; Meng et al., 2018). The digital image processing technology is an effective method to obtain the microstructure of the rock. Its basic principle is to re-segment the digital image of rock into some groups according to the color of different minerals. The granite used in this simulation test (as shown in Figure 1A) is composed of black mica, transparent quartz (appearing gray), and white feldspar. The key to the characterization of the microstructure is to obtain the color segmentation thresholds among the three minerals. In this paper, the Otsu multi-thresholds segmentation method is used to obtain the segmentation thresholds of granite microstructures. The thresholds (t1, t2) that satisfy the maximum gray variance S2 among the minerals are taken as the optimal segmentation thresholds, and the formula is:
[image: image]
where u is the whole gray value of the granite image, [image: image] and [image: image] are the number and average gray value of pixels of the three different minerals, respectively.
[image: Figure 1]FIGURE 1 | Image of the granite. (A) True digital image; (B) characterization image; (C) layout of model grouping and ejection force monitoring; (D) local image comparison.
The microstructure characterization image of the granite with a size of 100 × 100 mm obtained by the Otsu multi-thresholds segmentation method was shown in Figure 1B. The distribution and shapes of the three minerals in the characterization image are highly consistent with the real granite image.
Building of Microstructure Numerical Model
There are many numerical methods to simulate rocks’ mechanical properties and behavior. The finite element method (FEM) and fast Lagrangian analysis of continue (FLAC) are continuum analysis methods. They can simulate the yield, plastic flow, softening, and large deformation of materials, especially in the field of elastic-plastic analysis, large deformation analysis, and simulation of the construction process. Peridynamics (PD) (Wang et al., 2016; Wang et al. 2017; Wang et al., 2018), field enriched finite element method (Zhou et al., 2021), and general particle dynamics (GPD) (Zhou et al., 2015; Bi et al., 2016) can simulate the initiation, propagation, and coalescence of microcracks as well as formation of macro-scale cracks. Particle flow code (PFC) (Potyondy and Cundall, 2014) is one discrete element method, and it can simulate rock macro mechanical behavior by analyzing the movement and interaction of particles. It is not limited by the amount of deformation and is convenient to deal with the problem of the discontinuous medium. These numerical methods above are very helpful for studying rock fractures.
In this simulation, not only the energy evolution law in the process of rock fracture was studied, but also the rock block ejection characteristics after rock burst. Compared with other numerical methods, PFC can intuitively obtain the rock block motion behavior of rock failure (Yoon, 2007). Therefore, this paper used PFC2D to build the microstructure model of granite and study the mechanical behavior during unloading. In the modeling process, firstly one granite specimen model with a size of 100 × 100 mm was generated by using PFC. In order to reduce the size effect (Zhao et al., 2012), the radius of the particles was set to 0.4–0.5 mm, and the average ratio of specimen size to particle radius was 220. Then, the coordinates and gray information of each pixel in the characterization image were imported into PFC through the FISH function. According to the gray information of pixels, the color codes of particles with the closest coordinates were assigned respectively (Zhang et al., 2019). The microstructure numerical model of the granite specimen as shown in Figure 1C. The black particles are mica, the gray particles are quartz, and the white ones are feldspar, as shown in Figure 1D. The three mineral particles were assigned with corresponding material parameters respectively, and the parameters of the cementation surface between minerals were set according to the parameters of low strength minerals. A parallel bond model was chosen to simulate the mechanical properties of rock materials. In the parallel bond model, the microparameters including the friction coefficient μ, contact stiffness kn and ks, parallel bonded stiffness [image: image] and [image: image], parallel bonded strength σn and σs, and parallel bonded radius λ. Based on the work by Potyondy and Cundall. (2004), the microparameters can be determined by the following formulas:
[image: image]
[image: image]
where [image: image] and [image: image] are Young’s modulus of the particles and bond respectively; [image: image] is average radius of two contact particles. In general, [image: image] and [image: image] can be set to 2.5, λ is 1, μ is 0.5. [image: image] and [image: image] are proportional to the macro Young’s modulus of the rock. σn and σs are proportional to the macro strength.
Using Eqs 2, 3, the microparameters of the model can be estimated, but there are often some errors. Therefore, a trial-and-error method should be used to calibrate the suitable microscopic parameters (Peng et al., 2018). In the paper, the microstructure model parameters of the granite were selected from Zhang et al. (2019), as shown in Table 1.
TABLE 1 | Microstructure model parameters of granite minerals (Zhang et al., 2019).
[image: Table 1]Simulation Scheme
In thisarticle, numerical simulation test was carried out based on true triaxial loading and single-side unloading laboratory test of granite. In the loading stage, the axial stress and lateral stress were applied to the granite specimen by the loading wall. When the stress was loading to the predetermined value, the displacement of the upper and the left wall was fixed, avoiding unreasonable loading displacement of the wall under stress constraint, which is different from the laboratory test. In the unloading stage, the right wall was applied with a certain velocity to unload the lateral stress. The simulation variables are unloading velocity, lateral stress, and axial stress, respectively. The specific schemes were shown in Table 2.
TABLE 2 | Unloading simulation schemes of the granite.
[image: Table 2]Energy Calculation and Monitoring Schemes
In PFC2D, the work done by the external load on the granite specimen is the input energy, which can be calculated by the load and displacement of the loading wall, as follows:
[image: image]
where [image: image] is the input energy, [image: image] is the load of the loading wall, and [image: image] is the displacement increment of the loading wall.
The input energy of granite under external load is divided into two parts, namely, strain energy and dissipation energy. The strain energy includes two parts, one is the contact strain energy between particles, and the other is the parallel bond strain energy. The calculation formula of strain energy is as follows:
[image: image]
where
[image: image]
[image: image]
where [image: image] is the strain energy, [image: image] and [image: image] are the contact strain energy and the parallel bond strain energy, respectively. [image: image] and [image: image] are the normal force and tangential force at the contact point i of particles, respectively. [image: image]、 [image: image]、 [image: image] is the normal force, tangential force, and bending moment respectively at the i parallel bond. [image: image] is the parallel bond interface area, and [image: image] is the moment of inertia. [image: image] and [image: image] are the number of particle contact and the number of parallel bonds, respectively.
The calculation formula of dissipation energy [image: image] is:
[image: image]
In the simulation process, in addition to monitoring the energy and crack of the model, the model was divided into five groups, and the energy data in different groups of the model were monitored too. Each group was 20 mm wide, and group No.1 was close to the unloading wall, as shown in Figure 1C.
The rock burst area and rock block ejection force are also important indicators for evaluating the rock burst intensity. A force measuring wall was arranged at 40 mm far away from the unloading wall to monitor the rock block ejection force.
In order to clearly and reasonably describe the process of energy release, the parameters need to be defined as follows:
vrel energy release velocity—equals the ratio of released strain energy to time; vdis energy dissipation velocity—equals the ratio of dissipation energy to time
rdis energy dissipation ratio—equals the ratio of dissipation energy to released strain energy;
F rock block ejection force—represents rock block ejection force on the force measuring wall;
A rock burst area—represents the size of the rock burst pit.
ENERGY RELEASE LAW OF UNLOADING GRANITE
Energy Release Process and Stage Division
Taking the test results of the granite with lateral stress of 30MPa, axial stress of 160 MPa, and unloading velocity of 0.1 mm/s as an example, the energy and stress evolution curves after unloading were shown in Figure 2. According to the energy release and dissipation law of the whole granite and each group, the energy release process can be divided into three stages: I- whole energy rapid release stage, II- side wall energy slow-release stage, and rock block ejection stage.
1) Step I: whole energy rapid release stage. During the initial unloading stage, with decreasing lateral stress, the lateral deformation of the specimen is beginning to recover, and part of the strain energy accumulated in the specimen is released in the form of elastic energy, as shown in Figures 2A,B. The deformation recovery of the specimen gradually reduces from the unloading sidewall to the internal part (Figure 3A), and the corresponding released energy is also gradually reduced, as shown in Figure 2C. According to the Mohr-Coulomb criterion, when the lateral stress decreases, the ultimate bearing strength of the specimen decreases. During unloading, the crack gradually generates, and part of strain energy is released in the form of dissipation energy. With increasing crack number, the energy dissipation ratio increases gradually. Because cracks are mainly generated near the unloading sidewall of the granite, the energy release in this region is more obvious.
2) Step II: sidewall energy slow-release stage. After the lateral stress is reduced to zero and the lateral deformation of the specimen is recovered, the crack near the unloading side wall gradually connects, as shown in Figure 3B. Only the strain energy near the side wall still keeps releasing, and the energy release velocity is slower than that in Step I. The energy dissipation ratio gradually reduces due to the decrease of crack generating velocity.
3) Step III: rock block ejection stage. After the crack near the side wall coalesced into the fracture zone, the rock block begins to eject from the specimen, and part of the strain energy is released in the form of kinetic energy, as shown in Figure 2D and Figure 3C. After the ejection of large size blocks, the bearing capacity of the specimen decreases sharply, and the fracture zone expands rapidly. A large number of small size blocks generate and eject in a short time. After rock blocks eject, there appears a triangular rock burst pit, which is similar to the engineering field example in Li (2020). The size of the rock burst pit equals the rock burst area.
[image: Figure 2]FIGURE 2 | Energy release process of unloading granite. (A) Energy of the whole specimen; (B) crack and lateral stress; (C) energy released in different groups; (D) kinetic energy.
[image: Figure 3]FIGURE 3 | Displacement field of the specimen at step. (A) 1e4; (B) 6e4; (C) 2e5.
Influence of Unloading Velocity on Energy Release
With the same lateral stress and axial stress, the energy evolution curves of granite under different unloading velocities were shown in Figure 4. With increasing unloading velocity, the duration time of energy release is significantly shortened, while the total energy release amount changes little. The farther away from the sidewall, the smaller the strain energy released. Both the energy dissipation ratio and total amount increase with increasing unloading velocity. In the whole energy rapid release stage, the strain energy release velocity and dissipation velocity increase with the unloading velocity in a power function relationship, as shown in Figure 5.
[image: Figure 4]FIGURE 4 | (A) Energy release and (B) energy dissipation process of granite under different unloading velocities.
[image: Figure 5]FIGURE 5 | Relationship between unloading velocity, energy release velocity, and energy dissipation velocity.
Influence of Lateral Stress on Energy Release
The energy evolution curves of granite under different lateral stress were shown in Figure 6. Under the same axial stress, with increasing lateral stress, the accumulated strain energy in granite before unloading decreases. This is because when the axial stress does positive work on the specimen, the lateral stress does negative work. The greater the lateral stress is, the greater the negative work is done, which causes smaller accumulated strain energy. The result is consistent with that of Huang and Li (2014).
[image: Figure 6]FIGURE 6 | (A) Energy release and (B) energy dissipation process of granite under different lateral stress.
When the lateral stress is 10 MPa, the energy is continuous released at a high velocity, and the specimen fractures whole in a short time after unloading. When the lateral stress exceeds 20 MPa, the three-stage characteristics of energy release of granite are relatively obvious. With the increase of lateral stress, the total amount and velocity of energy release and energy dissipation decrease gradually, which all show a power function relationship with lateral stress, as shown in Figures 7A,B. Also, the main area of energy release gradually decreases when the lateral stress increases. When the lateral stress is 30 MPa or 40 MPa, the energy release body is only within the area of 40 mm from the side wall, as shown in Figure 7C.
[image: Figure 7]FIGURE 7 | (A) Velocity and (B) amount of energy release and energy dissipation, and (C) energy released amount in different groups of granite under different lateral stress.
Influence of Axial Stress on Energy Release
The energy evolution curves of granite under different axial stress were shown in Figure 8. With the increase of axial stress, the total energy accumulated in the granite increases gradually before unloading and the duration of energy release after unloading increases too. The energy release velocity and dissipation velocity are linearly correlated with the axial stress, as shown in Figure 9A. After rock burst, the total amount of energy release and energy dissipation, and the energy dissipation ratio increase with the increase of axial stress, as shown in Figure 9B. Under low axial stress, such as 160 and 170 MPa, the main energy release area locates at the 40 mm range from the side wall. When the axial stress exceeds 180 MPa, the whole body is the main energy release area, as shown in Figure 9C.
[image: Figure 8]FIGURE 8 | (A) Energy release and (B) energy dissipation process of granite under different axial stress.
[image: Figure 9]FIGURE 9 | (A) Velocity and (B) amount of energy release and energy dissipation, and (C) energy released amount in different groups of granite under different axial stress.
ROCK BLOCK EJECTION CHARACTERISTICS
Influence of Unloading Velocity
The unloading velocity has little effect on the rock burst area. However, due to the rapid release of energy at high unloading velocity, more energy is released in the form of kinetic energy, and the rock block ejection force is significantly increased, which shows one power function relationship with the unloading velocity, as shown in Figure 10.
[image: Figure 10]FIGURE 10 | Relationship among the rock burst area, rock block ejection force, and unloading velocity.
Influence of Lateral Stress
Rock burst forms and rock block ejection force of the granites under different lateral stress were shown in Figure 11. When the lateral stress is 10 MPa, the rock burst area is about 3,000 mm2, and the rock block ejection force is about 3.21 kN. With increasing lateral stress, rock burst area, and rock block ejection force decrease, which shows one exponential function with lateral stress. When the lateral stress is 40 MPa, rock burst area reduces to 60%, and the rock block ejection force decreases to 44.6%, compared to that at 10 MPa.
[image: Figure 11]FIGURE 11 | Relationship among the rock burst area, rock block ejection force, and lateral stress.
Influence of Axial Stress
Rock burst forms and rock block ejection force of the granites under different axial stress were shown in Figure 12. When the axial stress is 160 MPa, rock burst area is about 1700 mm2, and the rock block ejection force is about 1.25 kN. When the axial stress is 200 MPa, rock burst area extends to 2.82 times, and rock block ejection force increases to 5.2 times, compared to that at 160 MPa. The rock burst area has one linear relation with axial stress, and the rock block ejection force has one power function relation with axial stress.
[image: Figure 12]FIGURE 12 | Relationship among the rock burst area, rock block ejection force, and axial stress.
CONCLUSION

1) Unloading process of the granite can be divided into three stages: I- whole energy rapid release stage, II- side wall energy slow-release stage, and III- rock block ejection stage. The release and dissipation of strain energy decrease with the increase of distance from side wall, and the main energy-releasing body and ejection body are near the side wall.
2) The unloading velocity mainly affects the duration of the three stages of energy release, the energy release velocity and the dissipation velocity. It has little effect on the total amount of strain energy released and rock burst area. The strain energy release velocity and the energy dissipation velocity are positively correlated with the unloading velocity by one power function, and the rock block ejection force is also positively correlated with the unloading velocity by one power function.
3) Under the same axial stress, with the increase of lateral stress, the released energy amount, dissipation energy amount, and the energy dissipation ratio of unloading granite gradually decrease. Moreover, the strain energy release velocity and the energy dissipation velocity are negatively correlated with lateral stress in a power function, and the rock block ejection force and rock burst area are also negatively correlated with lateral stress in a power function.
4) Under the same lateral stress, with the increase of axial stress, the released energy amount, dissipation energy amount, and the energy dissipation ratio of unloading granite gradually increase. Moreover, the strain energy release velocity and the energy dissipation velocity are positively correlated with the axial stress in a linear function. The rock burst area has one linear relation with axial stress, and the rock block ejection force has one power function relation with axial stress.
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The Rift Valley section of Kenya Nairobi-Malaba Railway locates in the Great Rift Valley of East Africa, with complex engineering geological conditions and well-developed geological structures. During the rainy season from March to May 2018, four large-scale ground fissures were formed in the first-stage project of the Nairobi-Malaba Railway of the valley floor section, accompanied by uneven surface settlement and trenches, seriously endangering the safety of the railway and its nearby projects. Through field investigation, it is preliminarily considered that the main reason induced ground fissures and surface settlement is the underlying soil layer being eroded by groundwater. The gully is further formed by surface water erosion on a base of uneven surface subsidence. The geological exploration trench at DK77 ground fissure revealed that the overlying soil layer is respectively grayish-yellow silty clay, cyan-gray volcanic ash, and brownish-yellow silty clay from top to bottom, and the underlying bedrock is volcanic tuff with wide cracks. The fluid flows out or into the bedrock through the cracks developing channels for groundwater up-down flowage. Under the erosion of groundwater to the underlying soil, this study proved the possibility of the occurrence of uneven settlement. When exposed to the groundwater, the underlying soil will exhibit special physical and mechanical properties which are conducive to the occurrence of ground cracks and subsidence. The conventional geotechnical tests are conducted for the three types of overlying soil, and the results reveal the causes of ground fissures and surface settlement from the physical and mechanical properties of the overlying soil and provide a basis for the further qualitative analysis of the mechanism of ground fissures and surface settlement.
Keywords: ground fissure, uneven settlement, collapsibility, subsurface erosion, clay content
1 INTRODUCTION
During the rainy season from March to May 2018, four large-scale ground fissures were generated in the East African Rift Valley section of the first phase of the Nairobi-Malaba Railway Project, accompanied by multiple uneven surface settlements, which seriously endangered the safety of the railway and its nearby projects. Considering that the safety of the Nairobi-Malaba Railway is related to the sustainability of the national, it is of great significance to deeply study these ground fissures to ensure the safe construction and operation of the Nairobi-Malaba Railway.
Ground fissure with a certain length and width on the ground is a macroscopic geological destruction phenomenon in which surface rock and soil crack under the action of natural or human factors (Youssef, 2013). As a geological disaster, ground fissures have caused serious harm to the natural environment and human engineering activities. Since Leonard (1929) devoted himself to the study the ground fissures in 1929 at first, subsequently a few scholars have studied the ground fissures, mainly focusing on the genetic mechanism, regularity of spatial distribution, and activity characteristics of ground fissures. The genetic mechanism involves geological tectonic activities (Ayalew, et al., 2004; Sarkar, 2004; Conway, 2015; Xu et al., 2016), underground mining (Budhu, 2011; Gabrielli et al., 2011; Youssef et al., 2014; Jin et al., 2016; Feng, et al., 2022), underground erosion of loess (Liu et al., 2015; Peng et al., 2020; Leng et al., 2021), and other factors (Fergason et al., 2015; Elahe et al., 2020; Jia et al., 2020). The regularity of spatial distribution shows that the overall trend of the ground fissures is approximately the same as that of the regional fault structures (Wang et al., 2020). The ground fissures with a large width in the ancient river course site, the artificial backfill soil site, and the low-lying and underwater mining settlement site have many branches (Nina et al., 2019). The activity characteristics show three-dimensional movement characteristics, that vertical movement, horizontal movement, and the movement rate of vertical movement are the largest while that of horizontal movement is relatively small (Timothy et al., 2016; Howard and Zhou, 2019; Liu et al., 2019). In recent years, with the massive construction of various infrastructure facilities under complex site conditions, the impact of ground fissures on the project has become increasingly prominent.
Among the four ground fissures formed in the Rift Valley area, DK76, DK77, and B3 road fissures are large in scale. Combined with previous studies on ground fissures, B3 road fissures have the characteristics of typical fault-type ground fissures, while the others show the phenomena of the discontinuous gullies, holes of different sizes in shallow soil, and uneven settlement of local surface, which are obviously different from fault-type ground fissures, and its genesis is difficult to be inferred. Our research aims to deeply study the genesis of ground fissures and surface subsidence in the rift zone, to provide a basis for the prevention and control of ground fissures and surface subsidence in railway projects and nearby constructions.
The research is divided into four stages: the first stage is to analyze the characteristics of undisturbed soil through basic physical properties experiments; the second stage is to analyze the influence of water content on the physical and mechanical properties of the soil, considering that ground fissures occur in the rainy season; next, put forward the hypothesis of ground fissure mechanism and the last, set up a series of simulation physical model experiments and give quantitative results to verify the hypothesis. This article presents the research results of the first three stages, and the results of the fourth part will be presented in the subsequent contents.
2 SUMMARY OF GROUND FISSURE AND SURFACE SUBSIDENCE IN RIFT VALLEY AREA
Since March 2018, four ground fissures have appeared successively in the Kenya Nairobi-Malaba Railway rift region (Geographical distribution is presented in Figure 1). Among them, the three large-scale ground fissures are respectively named B3 highway ground fissure, DK76 ground fissure, and DK77 ground fissure.
[image: Figure 1]FIGURE 1 | Geographical distribution map of the fissures.
Due to consecutive rainfall, a ground crack and gully nearly orthogonal to the line appeared at DK76 + 798 of the Nairobi-Malaba Railway on 7 March 2018. the ground crack started at 50.0 m on the left side of the line, ran from north to south, gradually widened toward the right side of the line, and formed a gully, crossing the front channel, the gully was 3.4 m deep, 0.5–1.5 m wide and about 200.0 m long (as shown in Figure 2A). The ground fissure of the B3 highway is located near Nakuru in the Rift Valley region of East Africa, after several days of continuous rainfall, the ground fissure suddenly occurred and formed gullies on the evening of 13 March 2018, the ground fissure runs from north to south with a depth of 15 m, a width of 2–5 m, a length of several kilometers and cuts off B3 highway, according to the description of witnesses at the scene of the accident, the ground fissure occurred suddenly and developed rapidly (Figure 2B). The DK77 ground fissure is located at DK77 + 884 of the Nairobi-Malaba railway, 1 h after heavy rainfall on 4 May 2018, a crack with a north–south strike, a depth of 2–5 m, a width of 1–2 m, and a length of 300 m appeared (Figure 2C). The fourth ground fissure passes through a pond and intersects with the branch line of Nakuru-Kiambu Highway, which is approximately parallel to the south and north of the B3 Highway fissure, but with a smaller scale (Figure 2D).
[image: Figure 2]FIGURE 2 | Scene photos of ground fissures near the railway. (A) DK76; (B) B3 highway; (C) DK77; (D) ground fissure through a pond.
According to geological mapping, the B3 highway ground fissure is a series of normal faults along the eastern boundary fault zone of the East African Great Rift Valley. Its strike is nearly the north–south direction, consistent with the strike of the fault, straight line, stretching for several kilometers, and continuous through, with a width of 2–5 m, which is a typical fault type ground fissure. While ground fissure of DK76, DK77, and the one through a pond is not only relatively short in length but also have discontinuous gullies (as shown in Figures 3A, B), holes of different sizes exist in shallow soil (Figures 3C, D), with uneven settlement occurs on the local surface (Figures 3E, F). The above characteristics of ground fissures indicate that the ground fissures and uneven surface settlement are not caused by earthquakes or surface rain erosion, but by the underlying soil layer being eroded by groundwater, while gullies are formed by surface water erosion based on uneven surface settlement. The existence of holes of different sizes in the shallow soil further supports this conjecture. At the same time, the surface vegetation at the uneven settlement of the surface is complete, which also indicates that the formation of ground fissures is related to the loss of the underlying soil mass.
[image: Figure 3]FIGURE 3 | Ground fissure morphology along the railway. (A, B) Discontinuous gullies; (C, D) holes of different sizes; (E, F) uneven settlement.
To verify the above conjecture and investigate whether the underlying soil layer is disturbed and whether fissures are developed in the underlying bedrock, a geological trench survey was carried out at DK76 and DK77 (as shown in Figure 4A). The trench excavation shows that the left and right bedrock cracks are visible in the weathered layer of bedrock. The strike of the cracks on the right side of the trench is consistent with the surface cracks. The underground cracks are exposed to the overlying soil layer with settlement and collapse, and the discontinuity caused by collapse can be observed in the volcanic ash layer. The crack on the left side of the exploration trench is exposed to the new crack position, and there is an obvious collapse phenomenon at the overlying soil layer where the underground crack is facing directly (Figure 4B). The volcanic ash layer is interrupted due to the collapse of the soil layer; thus, it can be seen that the collapse of the soil layer is related to the underground bedrock crack. Meanwhile, fluid overflow was observed at the crack at the bottom of the trench, accompanied by a slight air friction sound, that is, there was the internal and external exchange of gas, which proved that there was a channel for fluid flow under the bedrock crack (Figure 4C).
[image: Figure 4]FIGURE 4 | Geological section and details of exploration trench. (A) The trench scene; (B) collapse and the crack facing it; (C) a small hole with air friction sound.
Based on the results of the exploration trench, it is speculated that after continuous rainfall infiltration in the rainy season, a part of soil particles in the overburden migrate downward and lose along the bedrock cracks. At the same time, soil particles near the rock-soil interface are continuously lost along the bedrock cracks and gradually form holes under the action of underground water erosion. When the holes develop to a certain scale, it collapses unsteadily due to rainfall inducement, and the surface first appears one by one pit. With the continuous development and connection of the pits, the collapse forms ground fissures and uneven settlement of the surface, then scoured by surface rainwater to form gullies.
3 ENGINEERING GEOLOGICAL CONDITIONS OF SURFACE FISSURE SITE
3.1 Site Construction Environment
The first phase of the Nairobi-Malaba railway project in Kenya starts from Nairobi, Kenya’s capital, and ends near Narok. The line passes through the floor area of the Great Rift Valley in East Africa. The valley floor area is about 40 km wide, with open and flat terrain, lava platforms, huge volcanic cones, and cliffs on both sides. The height difference between the valley floor and the top of the cliff is 450–2,000 m, and the ground elevation of the valley floor area is 1,650–1,820 m (Wang et al., 2019).
The valley floor area is a fault depression zone of the Great Rift Valley across North and South Africa, the geological structure is well developed, and most of the faults are Holocene active faults. The traces of these faults to the north are mostly covered by newer pyroclastic rocks and volcanic ash, with almost no outcrop on the surface. According to the comprehensive geophysical exploration results, there are 16 concealed rift fracture zones distributed under the overburden (Figure 5). In addition, a series of volcanoes are distributed in the Rift Valley area, mainly the SUSWA volcano on the south side of the line and the LONGONOT on the north side (Wadge et al., 2016), their distribution is shown in Figure 1. The floor area of the East African Rift Valley traversed by the line is characterized by active geological structure, frequent volcanoes, and geothermal anomalies, which provide basement structural conditions for the generation and development of underlying bedrock cracks.
[image: Figure 5]FIGURE 5 | Schematic diagram of rift.
3.2 Geotechnical Engineering Geological Characteristics
The overlying soil in the valley floor area is mainly Quaternary Holocene-Pleistocene strata. The overlying soil of pyroclastic accumulation and diluvium layer is stratified mainly composed of silty clay, volcanic ash, etc., with the characteristics of a large pore ratio, loose structure, poor gradation, and strong water permeability. The underlying bedrock is mainly volcanic tuff, covering the semi-diagenetic strata in the early Tertiary and Quaternary. The rock is hard and has concealed structural fractures, with tensile fractures and cavities distributed, which become channels for groundwater to flow up and down.
According to the engineering geological exploration report near the DK76 ground fissure, it can be seen that the engineering geological characteristics of the geotechnical layer exposed by the exploration trench are as follows: 1) silty clay: grayish-yellow, hard plastic, with high silty content and relatively uniform soil texture; 2) volcanic ash: cyan-gray, slightly wet, slightly dense, flaky particles, containing a small amount of gravel, accounting for 5%–10%, with poor gradation; 3) silty clay: brownish-yellow, hard plastic, mixed with fine sand, with high silty content; 4) tuff: brownish-gray, tuff structure, and blocky structure; drill core is 8–40 cm in a short column shape, locally broken blocky, with dumb hammering sound and easy to break. Under the geological background of the valley floor area where the line is located, combined with the above investigation and engineering geological investigation, it is qualitatively believed that the Rift Valley area has engineering geological and hydrogeological conditions for the development of ground fissures, and it is inferred that the ground fissures are the result of suffosion erosion effect of groundwater on the overlying soil layer through underlying bedrock cracks. The underlying bedrock crack is the prerequisite for the formation of the ground fissure, which determines the nature and spatial distribution characteristics of the ground fissure.
Considering that the main overlying soil layers may exhibit unique physical and mechanical properties when mixing with water, which are extremely vulnerable to groundwater erosion, causing structural damage or being washed away, thus resulting in ground fissures and surface settlement. Therefore, conventional geotechnical tests are carried out on the grayish-yellow silty clay, cyan-gray volcanic ash, and brownish-yellow silty clay samples obtained from drilling, to reveal the causes of ground fissures and surface settlement from the physical and mechanical properties, to provide a basis for their prevention and control.
4 TEST AND ANALYSIS OF SOIL MECHANICS AND PHYSICAL CHARACTERISTICS
4.1 Basic Physical Indexes of Soil and Analysis
According to the basic requirements of the geotechnical test, combined with the purpose of this test, dry density, specific gravity, water content, plastic limit, liquid limit, and porosity are selected as the basic physical indexes of the three types of soil to be measured. Specific gravity is measured by the pycnometer method, water content is measured by the drying method, plastic, and liquid limits are measured by plastic-liquid limit combined tester, and porosity is obtained by conversion of specific gravity, water content, and density according to the corresponding engineering geological exploration report which is based on Rules of Geotechnical Testing (GB/T50123-2019). The detailed experimental results are listed in Table 1.
TABLE 1 | Basic physical indexes of three types of soils.
[image: Table 1]According to the test results, the specific gravity and plastic and liquid limit indexes of the three types of soils are not significantly different from the similar soils of other regions. However, there were obvious differences in the state of the three types of soils after water immersion: after drying the grayish-yellow silty clay, the surface layer of the soil has a liquid-like touch (as shown in Figure 6A), which proves that it has a finer particle size. In addition, when it is sieved with 0.075 mm particle size, most of the particles will be sieved, but during the sieving process, a layer of soil film formed by interlinking fine particles tended to form on the surface layer of the sieve, which hinders the particles from passing through the sieve. This phenomenon indicates that this type of soil has a strong cementation effect at a lower water content, so it may have strong collapsibility. At 10% water content, the brown color deepens, and the fine particles form small balls, which crumble into powdered particles when lightly touched (Figure 6B). Under 20% water content, the brown color is deeper, the strength of the small balls formed with water increases slightly, which crumble into powdered particles when lightly touched too (Figure 6C); the brownish-yellow silty clay is dry to the touch, and the connection between particles is weak, so there is no sieving conjunctive phenomenon (Figure 6D). At 10% water content, fine particles are combined into small balls with water, form smaller balls when pinched but do not crumble into powdered particles (Figure 6E), and at 20% water content, the brown color is darker, the small balls with water have higher strength, higher soil plasticity, not easy to be pinched, with high viscosity (Figure 6F). After drying, the cyan-gray volcanic ash is dry to the touch, with a weak connection between fine particles and no sieving conjunctive phenomenon (Figure 6G). Under 10% water content, the particles are knitted into larger clods, but the connection between particles is weak, and they are broken into multiple clods when lightly touched (Figure 6H); at 20% water content, the color deepens, the soil particles are connected to form larger clods, and the connection force between particles is still weak (Figure 6I).
[image: Figure 6]FIGURE 6 | Apparent phenomena of three kinds of experimental soils at different water contents. (A) Dried grayish-yellow silty clay; (B) 10% water content grayish-yellow silty clay; (C) 20% water content grayish-yellow silty clay; (D) Dried brownish-yellow silty clay; (E) 10% water content brownish-yellow silty clay; (F) 20% water content brownish-yellow silty clay; (G) Dried cyan­gray volcanic ash; (H) I0% water content cyan-gray volcanic ash; (I) 20% water content cyan-gray volcanic ash.
Combined with the apparent phenomena of three kinds of soils with different water contents and the fact that ground fissures and uneven settlement occurred after several heavy rainfalls, it is inferred that the water content has an important influence on the mechanical properties of soil, and the clay content in the soil which is easy to be scoured by water may also be the cause of the occurrence of ground fissures. Therefore, the following experiments are carried out from three aspects, respectively, the direct shear experiment at different water contents to determine the effect of water content on the strength of the soil, the collapsibility test to determine the extent of collapsibility in a saturated state, and the clay content experiment to determine the proportion of clay particles in the fine particle soil. In the following, we first analyze the variation characteristics of mechanical properties of the above three types of soils under the condition of different water contents.
4.2 Direct Shear Test
To study the influence of soil moisture content on its shear strength, three types of soil with water contents of 10%, 14%, 18%, and 22% were selected for direct shear tests, and the relationship between cohesion and internal friction angle with water content as represented in Figure 7. It can be observed that the cohesion and internal friction angle of the three types of soils decrease with the increase of water content. The cohesive force of brownish-yellow silty clay and grayish-yellow silty clay under different water contents are close to each other, and both are greater than that of cyan-gray volcanic ash, and the cohesive force decreases faster with the increase of water contents. The internal friction angle of the three types of soils shows obvious differences with the change in water content. The internal friction angle of the cyan-gray volcanic ash decreases rapidly with the increase of water content. The internal friction angle of the brownish-yellow silty clay decreases rapidly with the increase of water content at lower water content. When the water content is higher than 14%, the decreased speed of the internal friction angle becomes slower. The internal friction angle of grayish-yellow silty clay decreases slightly with the increase of water content.
[image: Figure 7]FIGURE 7 | Results of the direct shear test. (A) Relationship between cohesion and water content; (B) relationship between internal friction angle and water content.
4.3 Collapsibility Test
4.3.1 Test Preparation
From the above tests, it can be obtained that the moisture content has a significant impact on the shear strength of the three soils. Based on the different apparent characteristics of the three types of soil when meeting water in the sample preparation process, we will conduct collapsibility tests to quantitatively analyze the influence of the water immersion process on the mechanical properties of these soils. The main influencing factors of collapsibility include soil structure, overlying pressure, and water content,. Soil structure is affected by deposition conditions, mainly manifested by the degree of cementation between particles and the number of unstable macropores; overburden pressure is mainly controlled by the depth of the soil layer; water content is related to the strength of cementation before collapsibility, capillary pressure, matric suction, and soil permeability.
In the process of sampling, the three undisturbed soil samples in this test are all in a fragmented state after being taken out, which indicates that the soil structure generated by the natural deposition process is weak, and the soil structure loss is caused by remolding process is relatively small. For two soils with the same size and pore ratio, the bearing capacity of remolded soil will be larger than that of undisturbed soil; that is, remolded soil shows stronger collapsibility, so it is more conservative to calculate the settlement based on the results of remolded soil.
Based on the above factors, the collapsibility tests were conducted for three soils with axial pressure of 200 kPa, a porosity of 0.55, and water content of 5, 10, 13, 15, 17, and 20%, respectively.
4.3.2 Test Results and Analysis
The collapsibility test results of the three types of soil are shown in Figure 8. The collapsibility of the three types of soil will be analyzed based on the test results.
[image: Figure 8]FIGURE 8 | Variation of collapsibility coefficient with water content.
4.3.2.1 Grayish-Yellow Silty Clay
The collapsibility test results show that the collapsibility coefficient of grayish-yellow silty clay is very low, and its collapsibility gradually loses with the increase of water content. Combining the apparent phenomena in the sample preparation process, the reasons for the variation of collapsibility coefficient under different water contents are analyzed: When the soil with lower water content starts to infiltrate, soil particles form small balls that are not easy to crush, and the combination between the particles becomes tight, soil structure gradually strengthens, and the macroscopic manifestation is that a small amount of settlement occurs in the soil. When water infiltrates to a certain extent, soil structure reaches the strongest, the formed particles are high in strength and viscosity, similar to plasticine, and will not be damaged due to further flooding, and the settlement will not increase in macroscopic.
For the soil with higher water content, the structure obtained by the preparation process is stronger than that with lower water content, and the settlement generated during infiltration is small; that is, collapsibility is small. When water content reaches 17%, the sample will no longer become compact due to immersion. At the same time, it will not cause structural damage due to the high strength and viscosity of the particles. Macroscopically, the settlement is zero, that is, there is no collapsibility.
4.3.2.2 Cyan-Gray Volcanic Ash
The test results show that the collapsibility coefficient of cyan-gray volcanic ash is relatively high, and the collapsibility increases to an extreme value first and then decreases slowly with the increase of water content, the test results are analyzed as follows: Volcanic ash particles have a poor affinity for water. Under low water content, the particles are arranged in a neat and tuff structure, which has strong structural properties. After encountering water, the tuff structure is partially destroyed, showing certain collapsibility. At higher water content, the surface of the sample shows a bleeding phenomenon, the arrangement of volcanic ash is scattered, and no tuff structure formed. The structure is obviously destroyed and collapsibility is significantly increased after mixing with water. When the water content continues to increase, the bleeding phenomenon on the surface of the sample is more obvious, and the structural property of volcanic ash is very weak, thus reducing the structural damage caused by collapsibility and reducing the collapsibility coefficient.
4.3.2.3 Brownish-Yellow Silty Clay
The test results show that brownish-yellow silty clay has the strongest collapsibility under each set of water content, which also has a process of first increasing and then decreasing with the increase of water content. In the screening process of sample preparation, it is found that brownish-yellow silty clay has an obvious “conjunctiva” phenomenon. Even when dry soil passes through a 0.075 mm sieve, fine particles that can be sieved will form a dense soil film on the surface of the sieve, which hinders the sieving of particles. When the sieve is knocked, the soil film is damaged and fine particles are sieved. It shows that the cohesive force of this kind of soil is strong under low water content. when the soil with low water content begins to soak, soil particles form small balls, the combination between the particles becomes tight, soil structure gradually increases, and the macroscopic manifestation is a small settlement. When the soil soaks to a certain extent, its structure will damage, and the settlement amount will further increase; when the soil with higher water content begins to infiltrate, the structure of the sample itself is stronger than that with lower water content, the structural damage and settlement are large; that is, collapsibility is strong. When the water content of the sample is very high, the structure of the soil becomes weak, the structural damage in the infiltration process is small, the settlement amount is small, and the collapsibility is weakened.
In addition, combining the exploration trench and drilling data, brownish-yellow silty clay is located on the underlying bedrock tuff, which is easily eroded by groundwater. Its properties are important factors that affect the ground settlement.
4.3.3 Analysis on Influencing Factors of Collapsibility
According to collapsibility theory, collapsibility is not only affected by soil structure and water content, but also by overlying pressure. In the following, the collapsibility tests on strong collapsibility soils of brownish-yellow silty clay and cyan-gray volcanic ash, with a porosity of 0.55 under different axial pressures are carried out to analyze the influence of overlying pressure.
Based on the test results demonstrated in Figure 9, the soil collapsibility is affected by both water content and axial pressure. The specific manifestation is that the soil collapsibility coefficient is larger under higher axial pressure. In the light of the curved shape, water content corresponding to the highest point of the collapsibility coefficient has an increasing trend with the increase of axial pressure, which is consistent with the changing trend of the optimal water content with axial pressure.
[image: Figure 9]FIGURE 9 | Variation of collapsibility coefficient with water content under different axial pressures. (A) Brownish-yellow silty clay; (B) cyan-gray volcanic ash.
The difference in the apparent phenomena during sample preparation may be an important reason for the different collapsibility of soil. Based on the analysis of the brownish-yellow silty clay with the strongest collapsibility, it is easy to form larger spherical particles under a high water content, and the phenomenon of “conjunctiva” is accompanied with the sieving process. This indicates that the clay content in brownish-yellow silty clay is relatively high, so it is presumed that the clay content is also an important factor affecting collapsibility. The following will verify this presumption through fine particle analysis of three soils.
According to the densitometer method (d < 0.075 mm) in Rules of Geotechnical Testing (GB/T50123-2019), the fine particle analysis test was performed on three types of soils. The results show that the clay content of grayish-yellow silty clay is 23.96%, and that of brownish-yellow silty clay is 34.81%, which is significantly higher than grayish-yellow silty clay (as represented in Figure 10), indicating that the higher the clay content, the stronger the soil collapsibility. But the content of cyan-gray volcanic ash clay is only 12.31%, and its collapsibility is stronger than grayish-yellow silty clay, which indicates that it is unreasonable to evaluate soil collapsibility only by considering the clay content. Combining the phenomena observed in sample preparation, soil collapsibility is analyzed as follows: The effect of clay content on the collapsibility increases with the increasing of clay content, and the clay around skeleton particles will gradually aggregate together. In this process, the fine particles, which were originally scattered in the pores between large particles, will gradually “agglomerate” under the influence of intermolecular attraction and gather towards the large particles. With the further increase of the clay particles’ content, the large particles form the “grain chain,” and the cohesion increases rapidly. Clay particles begin to play a major role in the macro-mechanical properties, while the “grain chain” completely wraps the large particles and becomes skeleton particles (Shao et al., 2014; Zhang et al., 2015). This phenomenon is especially obvious in soil with low water content and stronger bearing capacity. With the increase of water content, clay particles float, and original skeleton particles are destroyed, resulting in a more obvious settlement than in other similar soils. The soil with stronger binding water capacity forms skeleton particles with better water resistance, which will not be damaged due to the increase of water content and not further settle, that is, soil collapsibility is affected by both clay content and binding water capacity of soil particles (Zhou et al., 2020).
[image: Figure 10]FIGURE 10 | Cumulative curve of finer particle gradation.
Comprehensive to the above tests and the apparent phenomenon of the cyan-gray volcanic ash after water, the mechanism of collapsibility of the soil can be summarized as follows: for the soil with low clay content, the main cause of collapsibility is the structural damage caused by soaking, such as when water infiltrating into the cyan-gray volcanic ash, its structure of tuff is damaged, and the settlement occurred. For the soil with high clay content, its collapsibility is affected by both clay content and the water-binding capacity of particles. When the binding water capacity of soil particles is strong, the soil will form skeleton particles with good water resistance, which increases the constitutive property of soil and will withhold structural damage due to further soaking. The collapsibility is lower under this state of cyan-gray volcanic ash and gradually decreases until disappears as the water content increases. When the water-binding capacity of soil particles is weak, the soil will form skeleton particles with poor water resistance, and exhibit a certain degree of collapsibility. With the further immersion of the ash, structural damage will occur, the settlement will increase, and exhibit strong collapsibility in general.
5 DISCUSSION
5.1 Mechanism Analysis of Settlement and Fissure Caused by Soil Collapsibility
Brownish-yellow silty clay with strong collapsibility overlay the bedrock (tuff) with a certain thickness and underlay cyan-gray volcanic ash and grayish-yellow silt clay. With such a soil layer structure, the surface settlement caused by surface water should be even, not localized or belted, whereas what is actually exhibited is the uneven settlement and local fissures. Therefore, it can be considered that the uneven settlement and fissures formed on the surface are not the collapsibility effect caused by surface water. Based on the exploratory trench DK76 results, the location of the surface uneven settlement is directly opposite to the hidden cracks of tuff (Figure 4B), which indicates that the uneven settlement is most likely caused by the erosion of groundwater into the overlying soil layer along the hidden cracks, its development process is speculated as follow: When groundwater level rises, water infiltrates into the brownish-yellow silty clay layer through hidden cracks in the bedrock, and the collapsibility causes the fine particles to be stripped from the soil structure and free in the soil layer. When the groundwater level falls, these fine particles are carried out along the bedrock cracks under the action of water flow, causing the soil to be partially lost and the structure of local soil damaged. With the alternating changes of groundwater level height, holes in soil form and gradually develop and penetrate, and the bearing capacity of the brownish-yellow silty clay layer gradually loses, hence ground fissures appear on the surface directly opposite to the hidden cracks, and the overlying soil sink under the further action of groundwater. When the bearing capacity is completely lost due to subsurface erosion, the holes collapse, showing local collapse and uneven settlement on the surface (the geomorphological phenomenon exhibited in Figure 2). A schematic diagram of the mechanism of surface settlement is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Schematic diagram of the mechanism of surface uneven settlement. (A) Underground conditions before erosion occurs; (B) groundwater table rise; (C) groundwater table drop.
5.2 Deduce on Influencing Factors of Settlement Degree
As can be seen in Figure 12, the volcanic ash layer in the excavated DK76 trench has faults or dislocations at three locations. In “this collapse,” it can be seen that the upper part of the volcanic ash layer has collapsed and slid down to the lower part. In “old collapse,” we can see that the collapse has occurred before, the soil in the upper part has slipped down to the lower part in the previous collapse, and the collapse did not occur here in this rainfall, probably because the properties of the upper part soil are quite different from the lower part. When the soil adjacent to the bedrock crack is the lower volcanic ash layer, collapse can occur under certain rainfall conditions, while when the soil is in the upper layer, the collapse will not occur under similar rainfall conditions. At “possible collapse in the future,” the volcanic ash layer dislocated, indicating slight collapse has occurred, which may be due to the corresponding bedrock cracks directly below it being relatively narrow or their layouts are not conducive to groundwater erosion, thus leading to a small degree of collapse. In future geological activities or rainfall, the expansion of cracks or the enhancement of groundwater erosion may lead to a new collapse phenomenon at this location.
[image: Figure 12]FIGURE 12 | Three collapse positions revealed by the DK76 trench. (A) Location of “this collapse”; (B) position of “old collapse”; (C) position of “possible collapse in the future”.
For the aforementioned inference, our team has set up a series of physical model experiments to verify its rationality. The experimental results show that subsurface erosion can cause the collapse of the overlying soil layer (as shown in Figure 13). During the repeated action of groundwater erosion, the change process of the surface soil layer is as follows: first, the soil at the surface layer directly opposite to the simulated cracks becomes wet (Figure 13A), next, the whole soil layer is infiltrated (Figure 13B), then local holes appear in the surface layer (Figure 13C), furthermore the holes penetrate along the simulated cracks (Figure 13D), finally the holes further develop and interconnect each other (Figure 13E), and a collapse along the simulated cracks is found and the trench is formed (Figure 13F). From Figure 13, it can qualitatively prove the rationality of the aforementioned inference in this article. The detailed quantitative research results will be published in a subsequent article.
[image: Figure 13]FIGURE 13 | Top view of soil surface collapse before and after soil erosion test. (A) After the first water reserve-discharge cycle, (B) after three water reserve-discharge cycles; (C) after five water reserve-discharge cycles; (D) after eight water reserve-discharge cycles; (E) after eleven water reserve-discharge cycles; and (F) after seventeen water reserve-discharge cycles.
In order to further explain the mechanism of ground fissures, the test profiles are drawn in Figure 14. It is seen that the collapse process of collapsibility soil in the subsurface erosion tests from Figure 14: under the action of groundwater, first, the collapsible soil layer is hollowed out, forming small holes (Figure 14A); next, the holes gradually expand and penetrate with each other under the further action of subsurface erosion (Figure 14B); then the holes continue to develop upward and penetrate the soil surface along simulated bedrock cracks (Figure 14C); eventually, the surface soil collapses (Figure 14C).
[image: Figure 14]FIGURE 14 | Profile maps of subsurface erosion test. (A) Forming small holes; (B) the holes expand and penetrate; (C) the holes penetrate the soil surface; and (D) surface soil collapses.
Sequential studies will further carry out physical model experiments on loess and silt with similar soil properties to the site soil of the Rift Valley area in Kenya, and quantitative indicators will be used to analyze the influence of collapsibility, hydraulic geology conditions, hidden cracks placement, and other aspects on surface uneven settlement. This article will not reiterate due to the space problem.
6 CONCLUSION
This study analyzes the characteristics and causes of ground fissures and surface uneven settlement in the Rift Valley section of Kenya Nairobi-Malaba Railway, and the main conclusions are as follows:
1) In the context of the regional geology of the Great Rift Valley in East Africa, combined with the field investigations of geological trenching, and drilling, it is found that the surface vegetation is relatively complete at settlement locations, and holes of varying sizes exist under the surface. The trench excavation shows the left and right bedrock cracks are visible in the weathered layer. The strike of the cracks on the right side of the trench is consistent with surface cracks. The underground cracks are exposed to the overlying soil layer with settlement and collapse, and the discontinuity caused by collapse can be observed in the volcanic ash layer. The crack on the left side is exposed to the new crack position, there is an obvious collapse phenomenon at the overlying soil layer where the bedrock crack is facing directly. The volcanic ash layer is interrupted due to the collapse; thus, it is related to the bedrock crack.
2) Analysis of factors affecting collapsibility shows that the larger the axial pressure, the stronger the collapsibility of soil, and the higher the water content corresponding to the extreme value of collapsibility coefficient. In addition, taking into account the apparent phenomena during the sample preparation, the collapsibility mechanism of various types of soil is discussed from the perspectives of clay content and water-binding capacity of soil particles, for cyan-gray volcanic ash, the main cause of collapsibility is the structural damage caused by soil encountering water; for grayish-yellow silty clay, as its particles have the strong water-binding capacity and form skeleton particles with good water resistance after water, the soil collapsibility is weak after the soil is completely infiltrated; for brownish-yellow silty clay, the skeleton particles formed by water have poor water resistance due to their weak water binding capacity and exhibit strong collapsibility after the soil is fully saturated.
3) Soil collapsibility and groundwater erosion are the important causes of ground fissures and uneven surface settlement; this study infers that the causes of ground cracks in the Rift Valley are related to the settlement of overlying soil and the loss of soil particles. In the process of groundwater infiltration and outflow along bedrock cracks, the soil layer is affected by collapsibility and eroding at the same time, manifesting as a small amount of local settlement and loss of certain bearing capacity accompanied by structural damage. Meanwhile, soil particles are continuously lost along bedrock cracks, forming holes, further developing and penetrating. When the holes develop to a certain scale, the overlying soil loses its bearing capacity, and a hole first appears on the surface. As the holes continuously developed and penetrated, further instability and collapse form uneven settlement and ground fissures. During the rainy season, it is scoured by surface rainwater and then develops into gullies or ditches. Subsequently, the author will analyze the influence of groundwater erosion on ground fissures and uneven surface settlement through further experiments.
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Uniaxial compressive strength (UCS) is a significant parameter in mining engineering and rock engineering. The laboratory rock test is time-consuming and economically costly. Therefore, developing a reliable and accurate UCS prediction model through easily obtained rock parameters is a good way. In this paper, we set five input parameters and compare six hybrid models based on BP neural network and six swarm intelligence optimization algorithms–bird swarm algorithm (BSA), grey wolf optimization (GWO), whale optimization algorithm (WOA), seagull optimization algorithm (SOA), lion swarm optimization (LSO), firefly algorithm (FA) with the accuracy of two single models without optimization–BP neural network and random forest algorithm. Finally, the above eight models were evaluated and compared by root mean square error (RMSE), mean absolute percentage error (MAPE), coefficient of determination (R2), and a10 index to obtain the most suitable prediction model. It is indicated that the best prediction model is the FA-BP model, with a RMSE value of 4.883, a MAPE value of 0.063, and a R2 of 0.985, and an a10 index of 0.967. Furthermore, the normalized mutual information sensitivity analysis shows that point load strength is the most effective parameters on the UCS, respectively.
Keywords: uniaxial compressive strength, rock, BP neural network, swarm intelligence optimization algorithm, normalized mutual information
INTRODUCTION
Uniaxial compressive strength is an important metric in rock mechanics and rock engineering, particularly in the evaluation of rock slope stability, tunneling design, and ore mining. On the other hand, the laboratory UCS test is time-consuming and costly. Many predict approaches have been offered to acquire the UCS quickly and cheaply.
The association between the physical and mechanical properties of rock samples and the UCS should be studied before the UCS can be predicted. Previous studies have found that a lot of rock parameters such as porosity, longitudinal wave velocity, point load strength, density, block impulse index (BPI), Young’s modulus, Schmidt hammer rebound number were correlated with UCS (Bieniawski, 1978; Barton et al., 1980; Nicholson and Bieniawski, 1990; Mitri et al., 1994; Hoke and Brown, 1997; Barton, 2002; Tsiambaos and Sabatakakis, 2004; Hao et al., 2018; Shan and Lai, 2018; He et al., 2019). After determining the parameters that are closely related to UCS, scholars usually use the empirical equation prediction method and machine learning methods to predict the UCS by these parameters.
When using the empirical equation to predict the UCS, scholars selected one or more parameters of rock samples and fit the statistical relationship between them and UCS. Part of scholars choose a single parameter and make predictions through different types of empirical equations. Leite and Ferland (2001) took the porosity as the input variable, carried out the linear fitting between the porosity and UCS, and found that the porosity and UCS were negatively correlated. Lashkaripour (2002) investigated the relationship between the porosity and the UCS by the exponential function, a similar conclusion was obtained with Leite and Ferland. Yasar and Erdogan (2004) conducted linear fitting on the longitudinal wave velocity and UCS. Yılmaz and Sendır (2002) fitted the Schmidt hammer rebound number and UCS with a function combining logarithmic function and linear function and obtained a reliable UCS prediction equation. Broch and Franklin (1972) corrected the size of rock samples to obtain the point load strength, established a linear function between the point load strength and UCS, and found that these two parameters are closely related. Ulusay and Gokceglu. (1998) developed a block impulse index test device, using the BPI as a parameter to indirectly evaluate UCS, and fitting it with a power function. Yagiz (2011) found that the slake durability index could be selected as an input variable for predicting UCS. Moreover, some scholars choose a variety of rock parameters to conduct this work. Sachpazis (1990) tested the UCS, Young’s modulus, and Schmidt hammer rebound number and established a regression equation between the three. Kayabasi et al. (2003) thought UCS was related to RQD value, Young’s modulus, and weathering degree of rock samples, and fit these three parameters and UCS, and the established a regression equation could meet the requirement. On the whole, the fitting equation proposed with the traditional statistical methods could meet the needs of projects.
With the development of advanced artificial intelligence methods, various non-linear UCS prediction models have been established. In these models, several physical and mechanical parameters of rock samples are usually chosen at the same time as the input variables. Through tensile strength, point load strength, and Young’s modulus, Armaghani et al. (2015) used the multiple regression analysis (MRA) and an adaptive neuro-fuzzy inference system (ANFIS) to obtain the UCS. Meulenkamp and Grima. (1999) used Young’s modulus, porosity, and density to predict UCS by the artificial neural network, and accurate prediction results were obtained. By using longitudinal BPI, Schmidt hammer rebound number, and wave velocity, point load index, Mishra and Basu et al. (2013) predicted the UCS with the farthest candidate selection model. The results indicated that Schmidt hammer rebound number and point load strength are excellent input variables. However, in the UCS prediction of shale, the longitudinal wave velocity is not a suitable input parameter. Rezaei et al. (2012) selected three parameters of density, Schmidt hammer rebound number, and porosity as the input variables, then the UCS was predicted by the fuzzy inference system (FIS). As a result, the predicted values were quite close to the laboratory-measured values. Furthermore, in this study, the sensitivity analysis showed that the Schmidt hammer rebound number was the best input variable among them. Mahmoodzadeh et al. (2021) chose long short term memory, deep neural networks, K-nearest neighbor, decision tree, and support vector regression to predict the UCS, and these models all got good prediction results. Even if these single prediction models could effectively predict the UCS, combined optimization algorithms are gradually being applied. Majdi and Beiki. (2010) established a genetic algorithm-optimized artificial neural network model to predict the UCS with density, RQD value, and porosity. The predicted results showed that better results could be obtained by the optimized model. Although the selected input variables are different, Mohamad et al. (2015) and Momeni et al. (2015) both employed the artificial neural network (ANN) combined with the particle swarm optimization (PSO) for the UCS prediction, the predicted results show that the optimized artificial neural network could give better-predicted values than before. On the basis of BPI, point load strength, Schmidt hammer rebound number, and longitudinal wave velocity, Xue and Wei (2020) compare the predicted results of least-squares support vector machine (LSSVM) optimized by genetic algorithm, ANFIS, FIS, and ANN. The optimized models’ accuracy is superior to the other three single models, according to the anticipated outcomes. Compared with the empirical equation prediction method, the prediction models established through different artificial intelligence algorithms have better performance in UCS prediction.
Although models built by artificial intelligence algorithms have found many applications in predicting UCS, its hybrid model building and the selection of input parameters still need to be refined. To find a suitable prediction algorithm and input parameters to predict UCS, in this paper, we selected five input parameters and used the six optimized BP neural networks with different swarm intelligence algorithms to predict the UCS, and evaluated the models through multiple evaluation indexes to find the optimal UCS prediction model. The findings of the study may be used as a reference to determine UCS quickly.
BASIC CONCEPTS AND ALGORITHMS OF PREDICT MODELS
BP Neural Network
The input layer, middle layers, and output layer make up a BP neural network, with all neurons in the input and middle layers and the output layer linked. It is worth noting that neurons in the same layer are not linked. (Yan and Zeng, 2013). The topology of a BP neural network is shown in Figure 1. Through learning the input data, BP neural networks could establish a mapping relationship between input and output data, which leads to this method being used in multivariate non-linear system analysis.
[image: Figure 1]FIGURE 1 | Schematic representation of the topology of a BP neural network.
Random Forest Algorithm
Leo Breiman (2001) invented the Random Forest (RF) method, which is a classic machine learning approach, which integrates multiple decision trees through integration learning (Bureau et al., 2010). Decision tree is a tree-like structure Figure 2 in which any internal node represents an attribute test. Each branch in decision tree represents an output result, and each leaf node represents a type. Within the integrated learning, multiple classifiers are generated, each classifier conducts learning and prediction without interfering and finally synthesizing a single prediction. The most widely used algorithms in integrated learning are the bagging algorithm and the boosting algorithm.
[image: Figure 2]FIGURE 2 | Schematic diagram of the random forest structure.
More explanations regarding the FA algorithm can be found in the literature (Yu et al., 2020a; Yu et al., 2020b; Yin et al., 2022).
Bird Swarm Algorithm
Bird is one of the flocking animals, and there are behaviors such as foraging, vigilance, and flight in their life (Meng et al., 2014). Bird swarm algorithm (BSA) is proposed inspired by these behaviors of birds. These community behaviors may be mimicked, and the swarm’s state of foraging, vigilance, and flight could be changed using precise rules. The analogous equation while the swarm is foraging is as follows:
[image: image]
Where j is a positive integer between 1 and D, rand (0,1) is a uniformly distributed random number between 0 and 1, C is the cognitive acceleration factor, S is the social acceleration factor, and both C and S are positive integers, Pi,j is the previous optimal position of the ith bird, and gj represents the previous optimal position in the swarm.
When the swarm is alert, each bird tries to get closer to the swarm’s center. However, there is competition between every bird so that each bird does not move directly towards the swarm center. The flow chart of the BSA is shown in Figure 3. More explanations regarding the BSA algorithm can be found in the literature (Meng et al., 2015; Miramontes et al., 2018; Varol Altay and Alatas, 2019).
[image: Figure 3]FIGURE 3 | Flow chart of the bird swarm algorithm.
Grey Wolf Optimization
Grey wolf optimization (GWO) is a new meta-heuristic algorithm inspired by the grey wolf population’s social structure. (Mirjalili and Lewis. 2016). There are four different types of grey wolves, α, β, Δ, and ω, in the social hierarchy. The α wolf has the highest status, followed by the β wolf, then the Δ wolf, and the lowest rank is the ω wolf. Moreover, Hunting behavior is divided into three steps–locking for prey, surrounding the prey, and attacking the prey (Kishor and Singh, 2016).
In the beginning, the wolves approach the prey by stalking and chasing. Then a group of grey wolves will surround the prey until the prey stops moving. Finally, they attack the prey. The behaviors of a wolf population could be defined as:
[image: image]
[image: image]
Where [image: image] is the distance between the wolf and the prey, [image: image] is the prey position vector, [image: image] is the position vector of the grey wolf, tG is the number of current iterations, [image: image] and [image: image] are the coefficient vectors. For a complete detail of the GWO algorithm, the readers can refer to the study conducted by Yu et al. (2019) and Yu et al. (2020c).
Whale Optimization Algorithm
Whales tend to hunt little fish at the surface of the ocean. Their feeding journey is a unique spiral upward path with many distinctive bubbles (Mirjalili and Lewis, 2016). There are three common behaviors in whales, searching for prey, surrounding prey, and hunting in the whale optimization algorithm (WOA).
Before hunting the prey, when [image: image] is greater than 1 or less than −1, the whale in the group randomly selects prey referring to each other’s positions so that the global search ability would be improved, this behavior could be written as:
[image: image]
[image: image]
Where [image: image] is the randomly chosen location variable for the current whale population, [image: image] is the distance between the whale and the prey; [image: image] is the position vector of the optimal solution, tW is the number of current iterations, [image: image] and [image: image] are both the coefficient vectors. For more details, equations and implementation process of the WOA can be referred tothe published studies in literature (Aljarah et al., 2016; Mirjalili and Lewis, 2016; Mafarja and Mirjalili, 2017).
Seagull Optimization Algorithm
Migrating and feeding are the most essential characteristics of seagulls, and the seagull optimization method is based on these activities. To avoid colliding, each bird is at a distinct place. Seagulls may fly towards the direction of the best landing spot. Seagull groups maneuver in a spiral manner when hunting for prey. (Dhiman and Kumar, 2019).
To avoid colliding with other seagulls as they migrate, the new position of the seagull might be determined using the additional variable A as follows:
[image: image]
Where Cs is a new position that is not in conflict with other seagulls, Ps is the seagull’s present location, ts is the current iteration. A reflects the seagull’s movement behavior in the given search space, and it may be calculated as:
[image: image]
Where fc is the frequency of the control variable A, with a value linearly decreasing from 2 to 0. To have a better understanding regarding the SOA optimization technique, other studies in literature can be considered (Dhiman and Kumar, 2019; Dhiman et al., 2020; Panagant et al., 2020).
Lion Swarm Optimization
Lion swarm optimization is a new intelligence optimization algorithm proposed to simulate lion hunting. There are three types of lions in the population: lion king, lioness, and young lion. The update of their position follows different rules. The algorithm initializes the lion pride positions. Similar to other swarm intelligence optimization algorithms, the parameters in LSO need to be initialized before optimization starts (Yazdani and Jolai, 2016).
The lion king travels in a small area around the best prey during hunting, and the corresponding position update equation is:
[image: image]
Where Xm is the update position of the lion king, γ is a random number that fits a normal distribution between N (0,1); [image: image] is the population optimal solution in the tLth iteration; and [image: image] is the historical optimal solution for the mth individual in the tLth iteration.
Through collaborative hunting, lionesses catch their prey, and this behavior can be described as:
[image: image]
Where X is the position of the lioness moving, [image: image] is the historical optimal solution for a randomly selected predation partner in the lioness’ pride during the [image: image] iteration; [image: image] is the lioness’ range perturbation factor, which mainly affects the lioness’ range of movement so that the lioness can search for prey at a larger range and reduce the enclosure after finding prey. A complete version of the LSO optimization algorithm can be seen in previous work (Yazdani and Jolai, 2016).
Firefly Algorithm
Firefly algorithm (FA) is a group search-based stochastic optimization algorithm. There are a few parameters in FA. No complex operations such as variation and crossover, and the corresponding flow chart is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Flow chart of the firefly algorithm.
There are two pivotal parameters in this method–light intensity and attractiveness (Gandomi et al., 2011).
The light intensity function can be described as:
[image: image]
Where I0 is the initial light intensity of the firefly, r is the distance between two fireflies, γ is defined as the light intensity absorption coefficient, which could describe light lost in the propagation.
If two fireflies i and j are located at [image: image] and [image: image], respectively, the distance between them can be calculated through Euclidean distance as:
[image: image]
Where D is the spatial dimension of the solution problem, Xik is the coordinates of the ith firefly in the kth dimension.
The attractiveness of FA diminishes monotonically as the distance between them increases, and the attractiveness function β(r) could be defined as.
[image: image]
Where β0 is the attraction at the light source. A complete version of the FA optimization algorithm can be seen in previous works (Fister et al., 2013; Gandomi et al., 2013).
DATABASE AND DATA PRESENTATION
Selection of Input and Output Parameters
There are five input parameters–porosity, Schmidt hammer rebound number, longitudinal wave velocity, point load strength, Young’s modulus, and one output parameter–the UCS in this paper. The first four input parameters could be obtained through non-destructive testing methods (Stroffek and Lesso, 2001; Liu et al., 2020). Moreover, the point load strength is easy to obtain in the field test. These five parameters have been used more often in many previous similar prediction models and are trustworthy parameters.
Database
The experimental data from the literature (Tugrul and Zarif, 1999; Dincer et al., 2008; Dehghan et al., 2010; Armaghani et al., 2015) were collected to obtain the database in this paper, which includes a total of 158 test results, as shown in Table 1. Since the number of samples is too large, a matrix analysis plot is drawn to show the data (Figure 5), which examines the correlation between the input and output variables. It is indicated that there is a negative correlation between the porosity and the remaining four input variables. (The Corr in Figure 5 means Pearson correlation coefficient). Moreover, longitudinal wave velocity, Schmidt hammer rebound number, point load strength, and Young’s modulus are positively correlated with each other. To evaluate whether there are outliers in the data, a violin plot is drawn, as shown in Figure 6. The data we utilized in this study is evenly distributed. There are no obvious abnormal data in this database.
TABLE 1 | Rock sample data.
[image: Table 1][image: Figure 5]FIGURE 5 | Data matrix.
[image: Figure 6]FIGURE 6 | Data violin plot.
RESULT ANALYSIS
Parameters Initialization
Setting a proper ratio between the training samples and test samples in the dataset is significant. According to the Pareto principle, the training group number and the test group number should account for about 80% and 20% of the total samples (Forman and Peniwati, 1998; Yu et al., 2021). On the basis of this rule, in this study, the training group was set at 128 groups, accounting for 81%, and the test group was set at 30 groups, accounting for 19%. The initial parameters of the proposed six hybrid optimization models–SOA-BP, GWO-BP, WOA-BP, BSA-BP, LSO-BP and FA-BP are shown in Table 2.
TABLE 2 | Initial parameters for hybrid model optimization.
[image: Table 2]Predicted Results
After using the eight models to predict the UCS values, the actual values and the predicted values are shown in Figure 7. It is found that there are some big errors in the BP and RF models. The predicted values related to these six hybrid models are closer to the actual values.
[image: Figure 7]FIGURE 7 | Predicted vs. true values.
Evaluation Method of Prediction Models
To evaluate the predicted results of the mentioned eight models, four parameters–RMSE, MAPE, R2, a10 index were introduced. RMSE is a machine learning metric that measures the difference between the predicted and real values. The prediction model’s prediction effect improves as the RMSE decreases. (Barnston, 1992). RMSE could be calculated as:
[image: image]
Where N0 is the sample number in the test set, [image: image] is the predicted result and yi is the actual value.
MAPE calculates the difference between the expected and actual value. MAPE has a range greater than or equal to 0. Once the MAPE is close to 0, it is indicated that the corresponding model has little errors. When MAPE is greater than 1, the model is called as inferior model (Bollen et al., 2011). MAPE could be calculated as follows:
[image: image]
The coefficient of determination. When least squares are used for parameter estimation, R2 is the ratio of explained sum of squares to sum of squares of deviations. And the larger the R2 is, the more accurate the model is and the more significant the regression effect is. R2 is a value between 0 and 1, where the closer it goes to 1, the better the model fits. It is generally considered that models with a R2 over 0.8 are good. R2 could be obtained as:
[image: image]
Where [image: image] is the mean of predicted values.
a10 index is a novel index in statistics. It is the ratio of the number of scatter points falling between [image: image] and [image: image] to the total number of samples in the test set. a10 lies between 0 and 1. If the a10 is close to 1, the corresponding model is better. a10 can be calculated by the following equation (Cevik et al., 2011):
[image: image]
Where m10 is the number in test set falling between [image: image] and [image: image], M is the total number of samples in the test set.
Though the above four evaluate indexes, it is indicated that the FA-BP model is the best model in UCS prediction, with the RMSE of 4.883, a MAPE of 0.063, an R2 of 0.985 and an a10 index of 0.967. The worst in the hybrid models was WOA-BP with the RMSE value of 8.130, the MAPE value of 0.102, the R2 of 0.951, and the a10 index of 0.933. The other hybrid models all have an R2 of 0.95 or higher, which shows that the hybrid models have better prediction results. On the contrary, the BP model had the RMSE value of 12.058, the MAPE value of 0.21, the R2 of 0.941, and an a10 of 0.733. In the random forest, there are the RMSE value of 9.832, MAPE value of 0.153, R2 of 0.945, and the a10 was 0.800. Their effects were all relatively poor. The relationship between the predicted and actual values was drawn in Figure 8. It could be seen in Figure 8 that all points are distributed on both sides of the perfect fit line. The data points corresponding to the FA-BP model are closest to the perfect fit line, and the data points are the most discrete in the BP model.
[image: Figure 8]FIGURE 8 | Correlation analysis between predicted and actual values.
To further evaluate the predict results of all prediction models, the Taylor diagrams were drawn to show the relevance of the standard deviation, root mean square error and correlation coefficient (Ciesielski et al., 2002), the relationship in these three parameters in Taylor diagrams could obtained by:
[image: image]
Where R is the correlation coefficient, Z is the number of discrete points, ln and mn is discrete variables, σ1 and σm is the standard deviation of l and m, [image: image] and [image: image] are the means of σ1 and σm, respectively.
All Taylor diagrams are listed in Figure 9, and all the fitness value curves with the increasing iterations were collected, as shown in Figure 10. It could be seen from Figure 9 that the point corresponding to the FA-BP model is closest to the observation point in the 2D coordinates, indicating that this model has minimal prediction error. On the contrary, the point corresponding to the BP model is the furthest from the observation point, indicating that the prediction effect is poor. Moreover, the fitness curve corresponding to the FA-BP model decreases faster than that of other prediction models.
[image: Figure 9]FIGURE 9 | Taylor diagrams for all prediction models.
[image: Figure 10]FIGURE 10 | Variations of fitness value with the number of iterations.
COMPREHENSIVE EVALUATION OF UCS PREDICTION MODELS
To further analyze and compare the prediction performance and algorithm stability of these six hybrid models and two single models, we scored and evaluated the evaluation metrics for each model training set and testing set. Within the widely used grading method, all evaluation indexes need to be ordered, and then graded (Yin et al., 2021). However, two similar values may be classified into different levels in this method. To avoid this condition, we only calculate the scores for each model. The same evaluation index of each model is normalized by the following equation (Rao et al., 2008):
[image: image]
Where [image: image] is the normalized value, [image: image] is one of the evaluation indexes, min0 and max0 are the minimum and maximum values of each evaluation index, respectively.
After the normalization, all normalized values are in the range of 0–1. Noting that the larger R2 value and a10 index value represent better models. On the contrary, if RMSE and MAPE are smaller, the corresponding model is better. When calculating the evaluation score of these four evaluation indexes, the evaluation scores for RMSE and MAPE are the difference between 1 and their corresponding normalized values. For the R2 value and a10 index value, the evaluation score is equal to their normalized values. By replacing the traditional simple grading method with this standardized evaluation index, the problem of excessive disparity between the scores of close evaluation parameters can be solved (Chen et al., 2013).
All the obtained evaluation scores according to the calculation procedures were listed in Table 3 and Figure 11. As can be seen from Table 3, the scoring parameters of the training set and the testing set are relatively close in the same algorithm, which indicates that the algorithms are stable. Meanwhile, in order to better show the prediction effects of the eight algorithms, we accumulate the scores of the training and test sets of the algorithms to get the final scores of the algorithms, as shown in Figure 11. It is indicated from the evaluation results that the best prediction model is FA-BP, with a full score of 8. While the other five hybrid algorithms all scored between 5.123 and 6.196, the single model RF only scored 1.693 and the BP neural network scored 0.035. Noting that even if the other five hybrid models all have a worse effect than the FA-BP model, their predicted results are better than the unoptimized model–BP model and RF model.
TABLE 3 | List of evaluation parameters.
[image: Table 3][image: Figure 11]FIGURE 11 | Multiple model score graph.
SENSITIVITY ANALYSIS
It is evident from previous sections that the five input variables in this paper all have an obvious correlation with the UCS, but the significance level of each input variable is not yet known, and it needs to be further studied. Mutual information was often used by scholars in the information theory as a parameter to evaluate the correlation between two objects (Maes et al., 1997). Furthermore, normalized mutual information (NMI) can also be used to evaluate the relationships between each feature label. To make the overall predictive modeling scheme more convincing, the five input variables are evaluated by means of the Normalized Mutual Information (NMI) as a means of determining the importance of each variable parameter to the model. Mutual information I could be obtained as follows.
[image: image]
Where X and Y are two random variables, p(x,y) is the joint distribution of these two random variables, and p(x), p(y) is the marginal distribution of x and y. Mutual information I(X;Y) is the relative entropy of the joint distribution p(x,y) and the product distributions p(x)p(y). To compare the significance of all input variables, the mutual information should be normalized by the following equation:
[image: image]
Where NMI(X;Y) is the normalized mutual information, and H(X) and H(Y) are the information entropy of the X and Y, respectively. On the basis of the values of the normalized mutual information, the significance levels of these input variables using in UCS prediction can be obtained, as shown in Figure 12. The sensitivity scores of the four quantities–Schmidt hammer rebound number, rock longitudinal wave velocity, point load test strength, and Young’s modulus are 0.777, 0.808, 0.828, and 0.833 respectively. Porosity has a low sensitivity score of 0.68. On the whole, the five parameters selected in this paper are in line with the requirements.
[image: Figure 12]FIGURE 12 | Input volume sensitivity analysis diagram.
CONCLUSION
In this paper, to predict the UCS of rock samples with the collected database with the artificial intelligence algorithm, six hybrid models–BSA-BP, GWO-BP, WOA-BP, SOA-BP, LSO-BP, FA-BP, and two classic models–BP and RF were developed. The predicted results obtained from the developed eight models were compared through four evaluation indexes and comprehensive scores. The following conclusions could be drawn:
(1) When predicting the UCS, six hybrid models based on the swarm intelligence optimization algorithms in this study are all significantly more accurate and significantly better than the BP neural network model and random forest model.
(2) The prediction accuracy of the used eight models from high to low is the FA-BP model, BSA-BP model, GWO-BP model, LSO-BP model, SOA-BP model, WOA-BP model, RF model, BP model. Among them, the FA-BP hybrid model showed the best comprehensive performance in six hybrid models and two single models. When carrying out the UCS prediction, the FA-BP model should be considered first.
(3) In the sensitivity analysis, porosity, Schmidt hammer rebound number, longitudinal wave velocity, point load strength, and Young’s modulus have the higher scores of 0.680, 0.777, 0.808, 0.828, and 0.833, respectively. They all could be utilized as input quantities when conducting the UCS prediction.
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Highwall mining with backfill technology will be one of the main techniques of raising the recovery rate of coal resources under the end-slope all over the world in the future, in which the coal pillar setting is the key to ensure the successful application of this technology, and the calculation of inelastic zone width of a coal pillar has important guiding significance for the coal pillar setting in highwall mining with backfill. However, at present, in order to accurately calculate the inelastic zone width of a coal pillar under the condition of highwall mining with backfill, a calculation model of the inelastic zone width of highwall mining with backfill independent of empirical parameters is established by using a limit equilibrium method, orthogonal experiment method, and non-linear fitting method. In order to verify the correctness and reliability of the model, this study takes the geological conditions of the Antaibao open-pit mine in Pingshuo, Shanxi Province, China, as the engineering background to verify the calculation accuracy of the model. The results show that the calculation model established in this study can accurately calculate the inelastic zone width of the coal pillar under highwall mining with backfill and can meet the engineering needs.
Keywords: highwall mining with backfill, inelastic zone width, coal pillar, complete filling, incomplete filling
1 INTRODUCTION
According to statistics, in the past 40 years, about two-thirds of the world’s coal production came from open-pit mining (Matsui et al., 2004; Brent, 2011; Shimada et al., 2013; Dixit and Pradhan, 20142014; Kuznetsova and Anfyorov, 2019; Looney, 2021). However, in the process of open-pit mining, end-slope pressure coal occurs because of the change of coal seam inclination, the problem of mining boundary, the arrangement of the bucket truck production system required for open-pit mining, and the need of maintaining slope stability. It means that it will leave a large number of “stagnant” coal that requires special measures to mine under the end-slope at the end of mining (Matsui et al., 2001; Wang et al., 2019). If these “stagnant coals” are not mined, they will be buried again once the inner dumping is formed, eventually leading to a waste of resources (Chen et al., 2011; Chen et al., 2013). According to incomplete statistics, it is estimated that the amount of coal pressed by the end-slope in China has reached 20% of the mining reserves (Tao and Shuang-shuang, 2020), and more than 20 million tons of coal is pressed by the end-slope each year. In addition, the coal pressed by the end-slope will be buried at a rate greater than 300 m each year with the follow-up of the internal dumping, becoming a permanent “stagnant” resource (Shao-hui et al., 2014; Xiao-feng, 2015). Therefore, it is of great significance to carry out end-side mining, which not only brings huge economic benefits but also reduces potential safety hazards.
In the 1940s, the United States put forward the highwall mining technology to realize the mining of coal resources under the end-slope (Mo et al., 2016); by the 1970s, the technology was mature and formed the current highwall mining technology; by the 1980s, the technology was officially commercialized (Baotang, 2014). Highwall mining technology is a remote mining technology combined with open-pit and underground mining. It can realize the mining of coal resources under the end-slope without support by arranging continuous shearer or spiral shearer and other auxiliary production equipment under the end-slope and remotely controlling them (Porathur et al., 2014; Fan, 2015). Highwall mining technology has many advantages: short infrastructure time, low operating cost, relatively low labor cost, flexibility, easy operation, safety, and recovering small coal pieces. Therefore, major coal-producing countries such as Australia (Huang, 2015), India (Elmouttie and Karekal, 2017), Indonesia (Sasaoka et al., 2016), China (Wang and Zhang, 2019; Wang et al., 2021), and Thailand (Boeut, 2015) have successively introduced this technology from the United States and successfully applied it. At the same time, it has also become the primary method for countries to mine the coal resources pressed under the end-slope. In addition, it is reported that ADDCAR’s continuous shearer-type highwall mining system has liberated 120 million tons of coal resources pressed under the end-slope from 1990 to 2019. Australia that introduced the technology earlier has successfully liberated more than 21 million tons of coal (Hartcher and Case, 2019).
Since highwall mining is almost under the condition of no support to mine the coal resources under the end-slope, it is necessary to ensure the stability of the mining hole, end-slope, and slope. In order to ensure the stability of the mining hole, end-slope, and slope, coal pillars shall be set between mining holes to support the overlying strata to achieve the purpose of the mining hole, end-slope, and slope stability. Studies have shown that when the supporting coal pillar setting is unreasonable, it will induce a catastrophic failure of the supporting coal pillar and the “domino” type chain instability of the supporting coal pillar group, which eventually leads to the collapse of the mining hole, instability of the sidewall and the large-scale landslide of the slope, and destruction of the highwall production system, resulting in economic losses and casualties (Zipf and Mark, 2005; Li et al., 2020). So, whether the coal pillar setting is reasonable or not directly determines the success of highwall mining. Therefore, the problem of the coal pillar setting in highwall mining has always been a research hotspot of experts and scholars all over the world. Through the continuous efforts of experts and scholars in the world, fruitful results have been achieved on this issue. These results include the empirical formula obtained by mathematical statistics analysis and fitting, the theoretical model obtained by mechanical theory derivation and analysis, and the laws obtained by numerical simulation. For example, Salamon (1967) obtained the Salamon–Munro coal pillar strength formula with far-reaching influence for the following Australian coal pillar strength formula [CSIRO coal pillar strength formula (Duncan Fama et al., 2001)] and Indian coal pillar strength formula [CIMFR coal pillar strength formula (Verma et al., 2014)] through statistical analysis of the geometric shapes of 96 stable coal pillars and 27 failure coal pillars in South African coal mines and an in-depth study of the strength of rectangular coal pillars; Wang et al. (2019) applied Hoek–brown and Mohr–Coulomb failure criteria to establish a mechanical model of the failure width of a collinearly supported coal pillar in order to study the failure of the supporting coal pillar caused by large deformation in open-pit mining in China, through which the instability mechanism and failure process of the supported coal pillar in highwall mining was revealed; in order to study the influence of highwall mining sequence on the stability of the supporting coal pillar, Huang (2015) studied it by using the FLAC3D numerical simulation method. The results show that different mining sequence has a significant influence on the stability of the high slope. Skip mining can achieve better mining hole stability and a smaller coal pillar plastic area compared with sequential mining.
However, although the research on the stability of coal pillars in highwall mining has been conducted for decades and has achieved fruitful results, the research on the stability of coal pillars under the condition of highwall mining with backfill is scarce. The possible reason for this situation is that there is no highwall mining working face with backfill in the world at present. However, through numerical simulation research, experts and scholars around the world have shown that the highwall mining with backfill will further improve the supporting coal pillar stability and liberate more coal resources pressed under the end-slope while further reducing the size of the coal pillar set (Porathur et al., 2017). For example, Lier (2014) used numerical simulation to evaluate the feasibility of highwall mining with backfill in the West Bokaro mine in Jharkhand, India. Through numerical simulation, it was found that highwall mining with backfill can theoretically recover 36% more coal resources than traditional highwall mining methods; Mo et al. (2018) used numerical simulation to study the influence of backfill on the stability of coal pillars in highwall mining. Through the study, it was found that the performance of the coal pillar would change with the properties and backfill amount of backfill body and the high recovery rate of coal resources under the coal pillar with reasonable size can be realized under reasonable backfill strategy; Matsui et al. (2000) (2018) also found that implementing highwall mining with backfill can improve the stability of coal pillars, improve the recovery rate of coal resources, and avoid the occurrence of surface subsidence through a numerical simulation. However, a numerical simulation is based on some theories or assumptions, which is not real reality. If there are problems in the theoretical model itself or assumptions, as well as the calculation accuracy, it will affect the accuracy of the simulation results.
From the research of the aforementioned experts and scholars, it is not difficult to find that the coal pillar set is vital for highwall mining, supporting coal pillar stability of highwall mining, end-slope stability, and slope stability. The highwall mining with backfill can reduce the size of the coal pillar set, and further improve the stability of the supporting coal pillar and liberate more coal resources under the end-slope. Nevertheless, up to now, there are few reports on using mechanical theory to study the influence of highwall mining with backfill on coal pillars. However, the theoretical model derived based on the mechanics theory has better applicability and generalization than the numerical simulation. In the study of the coal pillar setting, if the inelastic zone width can be calculated, it can be a good guide for the coal pillar setting and provide a numerical guarantee for the coal pillar setting. Therefore, this study uses the limit equilibrium method to construct the theoretical models of coal pillars under the conditions of incomplete filling and complete filling, respectively, and calculates the inelastic zone width of a coal pillar in highwall mining with backfill to provide numerical guarantee and ideas for the coal pillar setting in highwall mining with backfill.
Through the comparison between numerical simulation and engineering examples, the mechanical derivation results are verified, and the influence of filling body on the stability of the coal pillar in end-slope mining is studied to ensure the accuracy of the derivation results.
2 THE FULL STRESS AND STRAIN PROCESS OF COAL
Many experts and scholars in the world have shown that the failure of rock mass is a complex progressive failure process through theoretical analysis (Ti, 2021; Xu et al., 2021), laboratory experiments (Yumlu and Ozbay, 1995; Tiwari and Rao, 2006; Zhang et al., 2022), and outdoor experiments (Zhang et al., 2021). Furthermore, it will generally experience three deformation stages: elastic deformation stage, plastic-softening deformation stage, and plastic-flow deformation stage, as shown in Figure 1. Coal is also a particular rock, which exists underground and belongs to a part of the rock mass. Therefore, its failure will also experience the elastic deformation stage, plastic-softening deformation stage, and plastic-flow deformation stage. Medhurst and Brown (1998) carried out triaxial compression experiments on coal samples with different diameters and obtained the whole stress and strain curve. It can be seen that the failure of coal and rock also experienced the aforementioned three stages. These three stages will be reflected in the underground coal and rock mass in three zones: elastic zone, plastic-softening zone, and plastic-flow zone, in which the plastic-softening zone and plastic-flow zone are called inelastic zones. However, the inelastic zone is the danger zone in the critical failure state or already in the failure state. So, it is necessary to pay attention to the inelastic zone of the coal pillar, and for which this study also takes the calculation for the inelastic zone width as the research content.
[image: Figure 1]FIGURE 1 | Models of the elastic zone, plastic-softening zone, and plastic-flow zone of the coal pillar.
3 MECHANICS MODEL BASED ON THE LIMIT EQUILIBRIUM METHOD
Through the study, we found that the strength of the coal pillar will change with the change of filling properties and filling amount. According to the Mohr–Coulomb criterion, the stress on the coal pillar is analyzed. It is assumed that before filling, the coal pillar is mainly subjected to the vertical stress generated by the self-weight of overlying strata and the corresponding lateral stress. By constructing the mechanical model of the coal pillar in highwall mining under different filling conditions, the effect of filling body on the coal pillar is analyzed.
3.1 Establishment of the Mechanical Model
According to the full stress and strain curve of coal obtained from the progressive failure process of rock mass studied by experts and scholars at home and abroad through a theoretical analysis and indoor and outdoor experiments, the stress at the upper interface of the coal pillar generally reaches a maximum peak (kγH) at the interface between the elastic zone and the plastic-softening zone. At the same time, the stress value (γH) at the interface between the plastic-softening and plastic-flow zones is almost equal to the upper interface load. Filling mining is used because filling the backfill will provide lateral stress for the supporting coal pillar. The coal pillar will change from a biaxial stress state to a triaxial stress state, thereby inhibiting the expansion of the plastic zone of the coal pillar (Wang et al., 2011). Therefore, the backfill mainly provides lateral stress (Px) to improve the stability of the coal pillar. Under the condition of incomplete filling, the coal pillar will expand and deform toward the mining hole under the action of overburden load. Since the mining hole has been filled, the expansion deformation will squeeze the backfill and make the backfill concave inward. It can be considered that the lateral stress provided by the backfill to the coal pillar at this time is the passive Earth pressure generated by the interaction between the backfill and the coal pillar. At the same time, due to incomplete filling, the upper interface of the filling body is not constrained, so the upper interface of the backfill will also expand and deform and move upward, resulting in downward friction force (Ty) at the interface between the backfill and the coal pillar. Under the condition of complete filling, the backfill will cause downward depression compression in the longitudinal direction under the action of overburden load. Under this compression, the expansion deformation occurs in the horizontal direction simultaneously, thereby squeezing the coal pillar so that the coal pillar has the trend of depression compression inward and then inhibiting the expansion of the inelastic zone of the coal pillar. Therefore, it can be considered that the lateral stress provided by the backfill to the coal pillar is the active Earth pressure generated by the interaction between the backfill and the coal pillar. Due to the downward depression compression in the longitudinal direction, the backfill has downward movement, resulting in upward friction force (Ty1) at the interface between the backfill and the coal pillar. Based on these, the mechanical models are established as shown in schematic diagrams 2–3.
3.2 Calculation Model for the Inelastic Zone Width of Highwall Mining With Backfill Under the Incomplete Filling Condition
Because the principle of the limit equilibrium method is simple and has been very mature in the research and application of geotechnical engineering, the limit equilibrium method is used to calculate and study the inelastic zone width of the highwall mining with backfill under incomplete filling conditions. The research in the previous section shows that the coal pillar will form the elastic zone, plastic-softening zone, and plastic-flow zone under the action of overlying load. The plastic-softening zone and plastic-flow zone are collectively referred to as the inelastic zone. In order to simplify the research process, the plastic-flow zone and the plastic-softening zone are respectively taken as the separator for calculation and research and set the ABCD and ADEF in Figure 2 as the plastic-flow zone and the plastic-softening zone, respectively. Their widths are x0 and x1, respectively. Finally, the calculation models for the inelastic zone width of highwall mining with backfill under incomplete filling conditions are established, as shown in Figure 4.
[image: Figure 2]FIGURE 2 | Schematic diagram of the mechanical model without roof connection (single-side gob model).
3.2.1 Calculation for Plastic-Flow Zone Width
Without considering the volume force, the interface stress in the limit equilibrium zone satisfies (Chen et al., 2020)
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From Eq. 1, we can get
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According to Eq. 2, it can be set as follows:
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Substituting Eq. 3 into Eq. 2, we can get
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After finishing, we can get
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Since the left and right sides of Eq. 5 are functions about x and y, respectively, it can be set as follows:
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By solving the differential equations of Eq. 6, we can get
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Substituting Eq. 7 into Eq. 3 and Eq. 1, we can get
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Because the upper boundary of the coal seam is y = (ϖ-1) m, it can be set as follows:
[image: image]
Then the upper boundary stress of the coal seam can be obtained according to Eq. 9 and Eq. 8, as follows:
[image: image]
According to the mechanical model in Figure 2, the plastic-flow zone ABCD in the whole limit equilibrium zone is taken as the separator to obtain the model, as shown in Figure 4. Since the resultant force in the x-direction and the y-direction are both 0, we can get
[image: image]
As can be seen from Eq. 11, Eq. 11 is an equilibrium equation about x0, which can be derived from x0:
[image: image]
i.e.,
[image: image]
Solving Eq. 11, we can get
[image: image]
Let x = x0 in Eq. 10 and compare it with Eq. 13, then we can get
[image: image]
According to the assumption [σy]x=x0 and Eqs 11–14, we can get
[image: image]
Since
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Eq. 16 becomes
[image: image]
According to Eq. 16 and Eq. 18, we can get
[image: image]
Substituting Eq. 19 into Eq. 16, the plastic-flow zone width of the single side goaf in highwall mining with backfill under the incomplete filling condition can be obtained as follows:
[image: image]
where A is lateral stress coefficient; m is the mining hole height, m; γ is the average volume force of overburden, N/m3; H is the overlying rock mass height, m; φ0 is the internal friction angle of coal, °; C0 is the cohesion of coal, Pa; Px is the passive Earth pressure, Pa, Px=0.5γbackfill (ϖm)2k12+2ϖmck1; γbackfill is the bulk density of backfill, N/m3; c is the cohesion of backfill, Pa; k1 is the passive Earth pressure coefficient, k1=tan(45°+φ/2); φ is the internal friction angle of backfill, °; and ϖ is the filling rate.
3.2.2 Calculation for Plastic-Softening Zone Width
According to the aforementioned Eqs 1–10, set and solve the equations in the same way, and combined with the mechanical model in Figure 3, take the plastic-softening zone ADEF in the whole limit equilibrium zone as the separator to obtain the model shown in Figure 4. From the natural balance in the y-direction, the resultant force in the x-direction is 0, and we can get
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[image: Figure 3]FIGURE 3 | Schematic diagram of the mechanical model during roof connection (single-side goaf model).
[image: Figure 4]FIGURE 4 | Calculation model for highwall mining with backfill under the filling condition (single-side goaf model). (A) Calculation model for plastic-flow zone in highwall mining with backfill under the incomplete filling condition. (B) Calculation model for plastic-softening zone in highwall mining with backfill under the incomplete filling condition. (C) Calculation model for plastic-flow zone of highwall mining with backfill under the complete filling condition. (D) Calculation model for plastic-softening zone of highwall mining with backfill under the complete filling condition.
Similarly, it is known from Eq. 23 that this is a balance equation about x1 so that it can be derived from x1 and solve the differential equation, and the following can be obtained:
[image: image]
Let x = x1 in Eq. 21 and compare it with Eq. 24, we can get
[image: image]
According to the assumptions [σy1]x=x1 = kγH and [σy1]x=x0 = γH and Eqs 21–25, we can get
[image: image]
Since
[image: image]
Eq. 26 becomes
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According to Eq. 28 and Eq. 26, we can get
[image: image]
Substituting Eq. 29 into Eq. 25, the plastic-softening zone width of the single side goaf in highwall mining with backfill under the incomplete filling condition can be obtained as follows:
[image: image]
where A is the lateral stress coefficient; m is the mining hole height, m; γ is the average volume force of overburden, N/m3; H is the overlying rock mass height, m; φ0 is the internal friction angle of coal, °; C0 is the cohesion of coal, Pa; and k is the vertical stress concentration factor.
In summary, the inelastic zone width of the single side goaf in highwall mining with backfill under the incomplete filling condition can be obtained as follows:
[image: image]
When both sides are mined out, there will be stress superposition. Therefore, under the condition of incomplete filling, the inelastic zone width xs of the bilateral side goaf in highwall mining with backfill is twice that of the single side goaf, i.e.,
[image: image]
3.3 Calculation Model for the Inelastic Zone Width of Highwall Mining With Backfill Under the Complete Filling Condition
The formula for the inelastic width of the highwall mining with backfill under the complete filling condition is derived according to the same derivation process as the previous section. In order to reduce unnecessary repetition, the calculation formulas for plastic-flow zone width x0w and plastic-softening zone x1w are derived by taking the plastic-flow zone ABCD and the plastic-softening zone ADEF (as shown in Figure 4) in the whole limit equilibrium zone in Figure 3 as separators. The formulas obtained by derivation are shown in Eq. 33 and Eq. 34:
[image: image]
where A is the lateral stress coefficient; m is the mining hole height, m; γ the is average volume force of overburden, N/m3; H is the overlying rock mass height, m; φ0 is the internal friction angle of coal, °; C0 is the cohesion of coal, Pa; Px1 is the active Earth pressure, Pa, Px1=(0.5γbackfillm2+qm)k23-2mck3; γbackfill is the bulk density of backfill, N/m3; c is the cohesion of backfill, Pa; k3 is the active Earth pressure coefficient, k3=tan(45°-φ/2); φ is the internal friction angle of backfill, °; q is the load acting on backfill, q=k2γH; and k2 is the stress coefficient.
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where A is the lateral stress coefficient; m is the mining hole height, m; γ is the average volume force of overburden, N/m3; H is the overlying rock mass height, m; a is the height of backfill, m; φ0 is the internal friction angle of coal, °; C0 is the cohesion of coal, Pa; and k is the vertical stress concentration factor.
Finally, the inelastic zone width of highwall mining with backfill under complete filling condition is
[image: image]
Similarly, when both sides are mined out, there will be stress superposition. Therefore, under the condition of complete filling, the inelastic zone width xsw of the bilateral side goaf in highwall mining with backfill is twice that of the single side goaf, i.e.,:
[image: image]
3.4 Model Correlation Coefficient Fitting
Through the mechanical derivation of sections 3.1–3.3, the mechanical models of Eq. 20, Eq. 30, Eq. 33, and Eq. 34 are finally obtained. However, the lateral stress coefficient (A), vertical stress concentration coefficient (k), and stress coefficient (k2) in the models are uncertain, which brings some obstacles to the model use. Suppose these coefficients become parameters related to mining design, such as mining hole width (D), mining hole height (G), filling rate (C), and overburden height (H). In that case, the applicability of the model will be significantly improved. According to experience, A, k, and k2 will change with D, G, C, and H. Since the non-linear fitting method can study these relationships well, the non-linear fitting method is used to study the relationships between A, k, k2 and D, G, C, and H, respectively.
In order to comprehensively study the relationship between A, k, and k2, and D, G, C, and H with less experimental times, the orthogonal experimental method was adopted. Because the orthogonal experiment is based on the orthogonality from the comprehensive test to select some representative points with the “uniform dispersion, neat comparable” features for testing, it is a high efficiency, fast, and economical method for research multifactor multilevel experimental. Since A and k are related to D, G, C, and H, four factors affect A and k. In addition, it is hoped to obtain better experimental results with as few experiments as possible, so it is decided to set the experiment level to 4 (the level set as shown in Table 1), i.e., it is an orthogonal experiment with four factors and four levels. However, fitting k2 is only for calculating the Earth pressure Px with overlying load, but there is load above the backfill only when complete filling, so the filling rate must be 1. Similarly, to obtain better experimental results, set the experiment level to 4 (each level setting is shown in Table 2). Finally, the experiment of k2 is determined as an orthogonal experiment with three factors and four levels. After the number of influencing factors and experimental levels of the aforementioned experiments is determined, Minitab is used to generate the corresponding orthogonal experiment table automatically. The generated orthogonal experiment tables are shown in Table 3 and Table 4.
TABLE 1 | Four levels for research A and k.
[image: Table 1]TABLE 2 | Four levels for research k2.
[image: Table 2]TABLE 3 | Orthogonal experiment table for researching A and k L16(44).
[image: Table 3]TABLE 4 | Orthogonal experiment table for researching k2 L16(43).
[image: Table 4]However, the aforementioned experiments should be based on certain geological conditions, but this study is theoretical research. Therefore, to test the aforementioned experimental scheme quickly, effectively, and economically, the numerical simulation method is used. FLAC3D numerical simulation software is now widely used in civil engineering, geotechnical engineering, hydraulic engineering, geological engineering, and other fields. Therefore, FLAC3D numerical simulation software is used to simulate the experimental scheme in this study. In addition, also because this study is a theoretical research rather than a practical engineering application, the rock physical and mechanical parameters in the published studies can be used as the physical and mechanical parameters of the experimental research in this study. The study “Simulation Research for the Influence of Mining Sequence on Coal Pillar Stability under Highwall Mining Method” (Huang, 2015) studied the influence of mining sequence on coal pillar stability through numerical simulation. It belongs to the same field of highwall mining as this study. Therefore, some rock physical and mechanical parameters of the aforementioned study are used in this study. Moreover, the study “The influence of roadway backfill on the coal pillar strength by numerical investigation” (Wang et al., 2011) studied the influence of filling on coal pillar strength through numerical simulation. It involves the physical and mechanical parameters of the backfill. So, the physical and mechanical parameters of the backfill of the aforementioned study are used in this study. The physical and mechanical parameters of the numerical simulation model are shown in Table 5.
TABLE 5 | Physical and mechanical parameters of the model in numerical simulation.
[image: Table 5]Since the calculation model studied in this study is mainly suitable for two-dimensional conditions, it is hoped that A and k at the elastic–plastic boundary of the upper interface in the coal seam and the k2 at the upper interface in the backfill can be obtained through experiments. However, these are obtained through the calculation of vertical stress and horizontal stress. Therefore, according to the experimental plans, this study establishes the pseudo two-dimensional models with a thickness of 1 m, a width of 100 m, and a mining hole spacing of 7 m. Furthermore, it arranges a measuring line with 501 measuring points for monitoring vertical stress and horizontal stress on the upper interface of the coal seam in the model. The distance between the measuring points is 0.2 m. After simulating, the vertical and horizontal stress at the elastic–plastic interface is extracted and calculated by Eq. 37 and Eq. 38 for calculating A and k. Similarly, extract the vertical stress at the upper interface of the backfill, and calculate the stress coefficient k2 with Eq. 37. After calculation and sorting, the experimental results of each group are shown in Table 6.
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where k is the vertical stress concentration; A is the lateral horizontal stress coefficient; σzm is the vertical stress extracted from the model, Pa; σxm is the horizontal stress extracted from the model, Pa; γ is the average volume force of overburden, N/m3; and H is the buried depth of unit body, m.
TABLE 6 | Orthogonal experimental results of A, k, and k2.
[image: Table 6]After sorting out the aforementioned experimental data, fit the relationship between k and A and G, D, C, and H, respectively, and the relationship between k2 and G, D, and H. However, there is no prior model form before fitting these relations, so this study uses the “fast formula fitting search” function in the mathematical optimization software 1stOpt (Liu et al., 2020; Li et al., 2021a; Li et al., 2021b; Li et al., 2021c; Shen et al., 2021; Zhang et al., 2021) to fit the model. The relationship formula obtained by fitting is shown in Eqs 39–41, and the fitting curves are shown in Figure 5. RMSE, SSE, and R2 of fitting curves in each relationship formula show that RMSE and SSE are less than 0.05 and 0.03, respectively, and the R2 is greater than 0.87. Therefore (Li et al., 2021d; Kong et al., 2021; Shen et al., 2021; Kong et al., 2022; Niu et al., 2022), it can be explained that the fitted relationship formula has a high degree of fit with the experimental data and has a basis for use. Therefore, substituting Eqs 39–41 into Eq. 20, Eq. 30, Eq. 33, and Eq. 34 can obtain the final calculation model for the calculation of the inelastic zone width of the coal pillar in the highwall mining with backfill.
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where G is the mining hole height, m; D is the mining hole width, m; C is the filling rate; and H is the overburden height, m.
[image: Figure 5]FIGURE 5 | Fitting curves of A, k, and k2. (A) Fitting curve of A; (B) fitting curve of k2; and (C) fitting curve of k.
4 NUMERICAL SIMULATION VERIFICATION BASED ON THE ANTAIBAO OPEN-PIT MINE
In the previous chapters, although the calculation model for the inelastic zone width of the coal pillar in the highwall mining with backfill is established after the mechanical derivation and the fitting of the correlation coefficients, the reliability and calculation accuracy of the calculation model needs to be tested. Therefore, in this chapter, the accuracy of the calculation model will be verified based on the geological conditions of the Antaibao open-pit mine in Pingshuo, Shanxi Province, China.
4.1 Overview of the Antaibao Open-Pit Mine in Pingshuo
The Antaibao open-pit mine belongs to China Coal Pingshuo Group Co., Ltd., located at the junction of Shuozhou city and Pinglu district, Shanxi Province, China. The mining boundary area is 18.53 km2, and the recoverable reserves are 452.53 Mt. The Antaibao open-pit mine was completed and put into operation in 1987. The initial designed production capacity was 15.33 Mt/a. After continuous development, the Antaibao open-pit mine was re-approved for capacity adjustment in 2014, resulting in a final production capacity of 30.0 Mt/a. The geological structure of the Antaibao open-pit mine is simple and has no large faults. There are 11 coal seams in the minefield, of which the main ones are 4# coal, 9# coal, and 11# coal. In addition, the coal seam within the minefield is relatively shallow, and the 11# coal, which is the deepest buried, is only 228 m. The occurrence depth and physicomechanical parameters of each coal seam and stratum in the Antaibao open-pit mine are shown in Figure 6 and Table 7.
[image: Figure 6]FIGURE 6 | Distribution map of rock strata in the Antaibao open-pit mine.
TABLE 7 | Buried depth, physical and mechanical parameters of coal seams, and strata in the Antaibao open-pit mine.
[image: Table 7]4.2 Verifying the Calculation Model Accuracy Based on the Mining of 11# Coal in the Antaibao Open-Pit Mine
The 11# coal is the deepest buried in the minable coal seam of the Antaibao open-pit mine, and its average thickness is 3 m. It is suitable for once mining full height. So, this study verifies the calculation model accuracy based on the mining of 11# coal in the Antaibao open-pit mine. In addition, the maximum mining width and depth of the current continuous shearer-type highwall wall mining system (Addcar) are 3.5 and 350 m, respectively, so set the width, height, and depth of the mining hole as 3.5, 3, and 350 m, respectively. Because it is only to verify the calculation model accuracy, the problem of slope stability is not considered here. Therefore, based on experience, this study sets coal pillars with a width of 3.5 m between mining holes and five mining holes to meet the calculation requirements. Then the three-dimensional model was established by usign Flac3D software according to the geological conditions of the Antaibao open-pit mine. After considering the factors affecting the accuracy of simulation results, such as the model boundary effect, a model with a total of 461,820 nodes, a length of 650 m, a width of 89.5 m, and a height of 391 m is established. The established model is shown in Figure 7. In order to fully verify the calculation accuracy and reliability of the model, this study calculates and verifies the inelastic zone width of the coal pillar under the conditions of 0%, 50%, and 100% filling rates. At the same time, nine points are taken equidistantly from 50 to 330 m away from the mining hole opening as the calculation points, i.e., the inelastic zone width of the coal pillars of nine sections at 50–330 m away from the mining hole opening is calculated. In order to be able to apply the physical and mechanical parameters and other related parameters of the Antaibao open-pit mine 11# coal to the model established in this study, this study performs the average calculation and related processing on the parameters. After average calculation and processing, the parameters are obtained, as shown in Table 8.
[image: Figure 7]FIGURE 7 | Average width for the inelastic zone of the coal pillar in each section under the 0% filling rate condition. (A) 50 m; (B) 85 m; (C) 120 m; (D) 155 m; (E) 190 m; (F) 225 m; (G) 260 m; (H) 295 m; and (I) 330 m.
TABLE 8 | Physical and mechanical parameters of the Antaibao open-pit 11# coal obtained after average calculation and treatment.
[image: Table 8]4.2.1 Filling Rate is 0%
Since the filling rate is 0%, i.e., incomplete filling, the parameters of physical and mechanical parameters and other relevant parameters of the Antaibao open-pit mine 11# coal obtained after average calculation are substituted into Eq. 20 and Eqs 30–32, and each calculation point are calculated with MATLAB. After calculation, the inelastic zone width of the coal pillar at each calculation point is obtained, as shown in Table 9. At the same time, to compare the numerical calculation results with the numerical simulation results, take the section at the designated position of the numerical simulation model and count the average width of the inelastic zone of the coal pillar in each section. According to statistics, under the 0% filling rate condition, the average width for the inelastic zone of the coal pillar in each section is shown in Table 9 and Figure 7.
TABLE 9 | Inelastic zone width for the coal pillar calculated by numerical calculation and numerical simulation under the 0% filling rate condition.
[image: Table 9]4.2.2 Filling Rate is 50%
Similarly, since the filling rate is 50%, i.e., incomplete filling, the parameters of physical and mechanical parameters and other relevant parameters of the Antaibao open-pit mine 11# coal obtained after average calculation are substituted into Eq. 20 and Eqs 30–32, and each calculation point is calculated with MATLAB. After numerical calculation, the inelastic zone width for the coal pillar at each calculation point is obtained, as shown in Table 10. After numerical simulation calculation, the average width for the inelastic zone of the coal pillar in each section is shown in Table 10. The plastic failure of each section is shown in Figure 8.
TABLE 10 | Inelastic zone width of the coal pillar calculated by numerical calculation and numerical simulation under the 50% filling rate condition.
[image: Table 10][image: Figure 8]FIGURE 8 | Average width of the inelastic zone of the coal pillar in each section under the 50% filling rate condition. (A) 50 m; (B) 85 m; (C) 120 m; (D) 155 m; (E) 190 m; (F) 225 m; (G) 260 m; (H) 295 m; and (I) 330 m
4.2.3 Filling Rate is 100%
Since the filling rate is 100%, i.e., complete filling, the physical and mechanical parameters and other relevant parameters of the Antaibao open-pit mine 11# coal are substituted into Eqs 33–35 and Eq. 36. After numerical calculation, the inelastic zone width of the coal pillar at each calculation point is obtained, as shown in Table 11. After numerical simulation calculation, the average width of the inelastic zone of the coal pillar in each section is shown in Table 11, and the plastic failure of each section is shown in Figure 9.
TABLE 11 | Inelastic zone width of the coal pillar calculated by numerical calculation and numerical simulation under the 100% filling rate condition.
[image: Table 11][image: Figure 9]FIGURE 9 | Average width of the inelastic zone of the coal pillar in each section under the 100% filling rate condition. (A) 50 m; (B) 85 m; (C) 120 m; (D) 155 m; (E) 190 m; (F) 225 m; (G) 260 m; (H) 295 m; and (I) 330 m.
It can be seen from Tables 10–12 and Figures 7–9 that the model established in this study can comparatively accurately calculate the inelastic zone width of the coal pillar. The inelastic zone width of the coal pillar calculated by the model established in this study is consistent with that calculated by numerical simulation. The maximum error is within 0.4 m. However, from Tables 11, 12 and Figure 10, it is not difficult to find that the results calculated by the model established in this study are generally larger than those calculated by numerical simulation. The reason why such a problem occurs is believed to be caused by two aspects. The first aspect may be that the model established in this study is based on the physical and mechanical parameters and other relevant parameters of the Antaibao open-pit mine 11# coal obtained after average calculation and relevant treatment, while the numerical simulation is calculated directly based on the original parameters, which leads to the result of the numerical calculation is larger than that of numerical simulation; another (He et al., 2022; Niu et al., 2022; Yang et al., 2022) aspect may be that the grid density limits the numerical simulation, making it impossible to calculate the inelastic zone with a width of less than 0.35 m (in the numerical simulation, the grid width at the coal pillar is 0.35 m). Moreover (He et al., 2021; Wu et al., 2022), it also leads to the result of numerical calculation being larger than that of numerical simulation. However, in general, the accuracy of the calculation model for the inelastic zone width of the coal pillar in highwall mining with backfill established in this study can meet the actual production needs. Therefore, it also shows that the model established in this study is reliable and correct and has specific practical value.
[image: Figure 10]FIGURE 10 | Established model and numerical simulation results.
TABLE 12 | Buried depth, physical and mechanical parameters of coal seams, and strata in the West Bokaro open-pit mine.\
[image: Table 12]5 NUMERICAL SIMULATION VERIFICATION BASED ON THE WEST BOKARO OPEN-PIT MINE
In the previous chapters, although the calculation model for the inelastic zone width of the coal pillar in the highwall mining with backfill is established after the mechanical derivation and the fitting of the correlation coefficients, the reliability and calculation accuracy of the calculation model needs to be tested. Therefore, in this chapter, the accuracy of the calculation model will be verified based on the geological conditions of the West Bokaro open-pit mine in Northeast India with the study of Lier (2014).
5.1 Verifying the Calculation Model Accuracy Based on the Mining of 5# Coal in the West Bokaro Open-Pit Mine
The occurrence depth and physicomechanical parameters of each coal seam and stratum in the study of Lier (2014) are shown in Table 12. In addition, the coal seam within the minefield is relatively shallow, and the 5# coal, which is the deepest buried, is only 140 m.
The 5# coal is the deepest buried in the minable coal seam of the West Bokaro open-pit mine, and its average thickness is 5.5 m. This study verifies the theoretical formula accuracy based on the mining of 5# coal in the West Bokaro open-pit mine. The study of Lier, 2014 set the width, height, and depth of the mining hole as 3.5, 4.5, and 250 m, respectively. In addition, the coal pillars with a width of 2.9 m between mining holes. In order to fully verify the calculation accuracy and reliability of the theoretical formula, this study calculates and verifies the inelastic zone width of the coal pillar under the conditions of 0% and 100% filling rates. At the same time, nine points are taken equidistantly from 30 to 230 m away from the mining hole opening as the calculation points, i.e., the inelastic zone width of the coal pillars of nine sections at 30–230 m away from the mining hole opening is calculated. The physical and mechanical parameters and other related parameters of the West Bokaro open-pit mine 5# coal is shown in Table 13.
TABLE 13 | Physical and mechanical parameters of the West Bokaro open-pit mine 5# coal obtained after average calculation and treatment.
[image: Table 13]5.2 Inelastic Zone Width Under the 0% Filling Rate Condition of the West Bokaro Open-Pit Mine
Since the filling rate is 0%, i.e., incomplete filling, the parameters of physical and mechanical parameters and other relevant parameters of the West Bokaro open-pit mine 5# coal obtained after average calculation are substituted into Eq 20 and Eqs 30–32, and each calculation point are calculated with MATLAB. After calculation, the inelastic zone width of the coal pillar at each calculation point is obtained, as shown in Table 9. At the same time, to compare the numerical calculation results with the numerical simulation results, take the section at the designated position of the numerical simulation model and count the average width of the inelastic zone of the coal pillar in each section. According to statistics, under the 0% filling rate condition, the average width for the inelastic zone of the coal pillar in each section is shown in Table 14.
TABLE 14 | Inelastic zone width for the coal pillar calculated by numerical calculation and numerical simulation under the 0% filling rate condition of the West Bokaro open-pit mine.
[image: Table 14]5.3 Inelastic Zone Width Under the 100% Filling Rate Condition of the West Bokaro Open-Pit Mine
Similarly, since the filling rate is 100%, i.e., incomplete filling, the parameters of physical and mechanical parameters and other relevant parameters of the Antaibao open-pit mine 5# coal obtained after average calculation are substituted into Eqs 33–35 and Eq. 36, and each calculation point is calculated with MATLAB. After numerical calculation, the inelastic zone width for the coal pillar at each calculation point is obtained, as shown in Table 15.
TABLE 15 | Inelastic zone width of the coal pillar calculated by numerical calculation and numerical simulation under the 100% filling rate condition of the West Bokaro open-pit mine.
[image: Table 15]It can be seen from Tables 14, 15 that the model established in this study can comparatively accurate calculate the inelastic zone width of the coal pillar. The inelastic zone width of the coal pillar calculated by the model established in this study is consistent with that calculated by numerical simulation. The maximum error is within 0.3 m. In general, the accuracy of the calculation model for the inelastic zone width of the coal pillar in highwall mining with backfill established in this study can meet the actual production needs. Therefore, it also shows that the model established in this study is reliable and correct and has a specific practical value.
6 CONCLUSION

(1) Based on the limit equilibrium method, this study establishes a calculation model for the inelastic zone width of the coal pillar in the highwall mining with backfill. At the same time, in order to improve the model’s practicability, the relationship between model coefficient and geometric parameters such as mining hole width, mining hole height, filling rate, and overburden height is demonstrated. Thus, the calculation model for the inelastic zone width of the coal pillar in highwall mining with backfill without empirical parameters is established.
(2) In this study, the stress distribution of the coal pillar under complete filling and incomplete filling is analyzed and calculated, which shows that with the increase of mining depth, the influence of the filling rate on the width of the inelastic zone of the coal pillar becomes more and more obvious.
(3) In addition, in order to verify the correctness and reliability of the model, this study takes the Antaibao open-pit mine and the West Bokaro mine as the engineering background to carry out numerical simulation to verify the accuracy of the calculation model. Through verification and calculation, it is found that the width of the inelastic zone of the coal pillar calculated by the model established in this study is larger than that of numerical simulation. However, the maximum deviation between the two is less than 0.4 m, which meets the needs of the project.
(4) Therefore, it is fully proved that the calculation model of the inelastic zone width of the coal pillar in filling highwall mining established in this study is correct. The calculation results are more accurate and reliable. Through the research on the width of the plastic zone of the coal pillar under different filling rates, we can make better use of backfill highwall mining to reduce the size of the coal pillar group, further improve the stability of the supporting coal pillar, and liberate more coal resources under the end-slope. It lays a certain foundation for the practical application of highwall mining with backfill technology in the future.
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Microseismic events can be used to analyze the risk of tunnel collapse, rock burst, and other mine hazards in space and time. In practice, the artificial activities and other signals at the mining site can seriously interfere with the microseismic waveforms, reducing the signal-to-noise ratio. In this study, we propose a denoising method based on the threshold of the cumulative distribution function (CDF) of the wavelet coefficients in the wavelet domain using synchrosqueezed continuous wavelet transform (SS-CWT). First, the ratio of microseismic signal variance between two adjacent time windows is used to determine the range of background noise. Then, the microseismic signal is transformed into a wavelet domain using SS-CWT, and the threshold of wavelet coefficients at each scale is estimated based on the cumulative distribution function (CDF) of background noise. At last, a post-processing step is applied by utilizing an amplitude smoothing function, to further suppress the noise. The proposed denoising method is tested by both synthetic and filed microseismic data recorded in a metal mine. The results show that the method is effective in denoising and can improve the SNR of mine microseismic data with a high sampling rate.
Keywords: synchrosqueezed continuous wavelet transform (SS-CWT), wavelet coefficient thresholding, seismic denoising, microseismic detection, metal mine
INTRODUCTION
In order to monitor mine hazards, such as roof fall, collapse, and rockburst, passive microseismic monitoring technology was introduced in the mining industry (Young et al., 1992; Li et al., 2007; Hudyma and Potvin, 2010). By detecting and analyzing microseismograms, the location, magnitude, and source mechanism of microseismic events are calculated. Applying the seismological theories, the distribution of stress drops, displacements, and radiated energy can be obtained to provide basic data for the safety evaluation of surrounding environments during mining production (Yabe et al., 2015). However, in many conventional seismic methods, the SNR of microseismic data strongly affects the reliability of data and the accuracy of waveform parameters’ estimation, such as arrival time and polarity. As a result, the accuracy of microseismic location and other source parameters extracted from waveform is also influenced by the noise content. Especially for mine data, the high sampling rate and persistent human activities in the monitoring environment make complex noises being recorded and superimposed on the microseismic signal. Therefore, it is a challenging task to accurately separate microseismic signals from miscellaneous background noise. There is still a great need for developing suitable procedures that improve SNR allowing for robust seismic processing.
The noise in seismic data is divided into two categories: regular noise and random noise. Regular noise refers to the noise with a certain apparent velocity and frequency, such as surface wave, acoustic wave, secondary interference wave, multiple-wave, and 50 Hz alternating current interference. Spectral filtering is a common method for denoising noise with the specified frequency band, but it is not effective for removing noise with the same frequencies as the signal. Moreover, effective filter bands must be known in advance, and band-pass filtering inevitably distorts the signal and generates artifacts to influence the true onset time and polarity (Douglas, 1997; Scherbaum, 2001).
The microseismic data can also be denoised using multichannel methods, which are widely used in the active-source seismic community, such as predictive filtering methods (Liu et al., 2012; Liu and Chen 2013), singular spectrum analysis (Huang et al., 2015, 2016a; Zhang et al., 2016a; Zhang et al., 2016b; Zhang et al., 2016c), low-rank approximation based methods (Huang et al., 2016b; Xie et al., 2016; Chen et al., 2017; Zhou and Zhang 2017; Bai et al., 2018), dictionary learning-based methods (Chen 2017; Siahsar et al., 2017; Wu and Bai 2018a, b), and morphological filtering based method (Huang et al., 2017). The multichannel denoising methods rely on a fairly dense spatial sampling of the data. For most microseismic monitoring projects, where the number of spatial sensors is not large enough, the multichannel denoising methods are inapplicable or cannot give acceptable results. Especially, the sensors’ number in one microseismic monitoring system is relatively small, and the spatial layout is irregular. Therefore, the denoising method based on multichannel information is not suitable for denoising of mining microseismic processing.
Many effective single-channel microseismic signal denoising methods based on time-frequency transformation have been developed, such as empirical mode decomposition (EMD) (Huang et al., 1998), short-time Fourier transform (STFT) (Mousavi and Langston, 2016a), continuous wavelet transform (CWT) (Goupillaud et al., 1984; Mousavi and Langston, 2016b), S transform (ST) (Stockwell et al., 1996; Askari and Siahkoohi, 2008; Wang et al., 2010), and general S transform (GST) (Wang et al., 2015). Recently, a new signal decomposition algorithm called synchrosqueezing transform (SST) was introduced by Daubechies et al. (2011) as an alternative to EMD. The SST can produce a sparse time-frequency representation for the modulated oscillation signal. More importantly, it has better mathematical support and more adaptive performance than EMD. Synchrosqueezed continuous wavelet transform (SS-CWT) combines wavelet analysis and SST to obtain time-frequency maps with significantly improved resolution. Mousavi et al. (2016c); Mousavi and Langston (2017) applied the SS-CWT to denoise single-channel microseismic data based on a custom thresholding strategy.
Donoho and Johnstone. (1997); Donoho and Johnstone (1995) showed that the universal threshold can be obtained for Gaussian noise in the time-frequency domain, which provides a reliable basis for subsequent denoising methods in the time-frequency domain. In this article, we introduce an effective denoising method based on cumulative distribution function (CDF) thresholding in the SS-CWT domain, including the range determination of pure background noise for noise level estimation, denoising noise based on CDF thresholding, and post-processing of weight suppression. Then, we use synthetic and field data examples to test and confirm the effectiveness of the proposed algorithm. Finally, we draw some key conclusions at the end of the article.
THEORETICAL BACKGROUND
Synchrosqueezed Continuous Wavelet Transform
Basically, the seismic data s(t) recorded by geophones contains both microseismic signal and environmental noise, which can be expressed as
[image: image]
where s0(t) is a microseismic signal, η(t) is environmental noises.
The continuous wavelet transform (CWT) of s(t) with a given mother wavelet ψ is (Daubechies, 1988; Heil and Walnut, 1989; Farge, 1992)
[image: image]
where ψ* represents the complex conjugate of a mother wavelet, a and τ are the scale variable and time shift, respectively.
With a flexible trade-off between time and frequency achieved by the variable length of the mother wavelet, the signal can be presented in the time-frequency domain. However, due to signal windowing and spectral leakage, the energy is spread out on a time-scale plane in the actual application, which leads to a blurred time-frequency spectrum. Hence, the synchrosqueezed transform is used here to squeeze the energy into the real instantaneous frequency of the signal, which improves the accuracy of wavelet-based transforms for frequency content estimation.
The instantaneous frequency can be estimated by the derivative of the wavelet coefficient (Auger et al., 2013):
[image: image]
This allows us to convert the time-scale plane (a, τ) into the time-frequency plane (w(a, τ), τ). Also, the synchrosqueezed wavelet transform of s(t) is (Daubechies et al., 2011)
[image: image]
where ωl is the lth discrete frequency and the center of the interval [ωl - 1/2Δω, ωl + 1/2Δω]. ak is the kth scale, and Δω = ωk - ωk-1. The individual component sk from the Ts can be reconstructed by integrating the coefficients over frequencies ωl that corresponds to the kth component (Thakur et al., 2013).
The inverse transform of the SS-CWT is (Herrera et al., 2014)
[image: image]
where [image: image] is a constant, which is given in Thakur et al. (2013) depending on the mother wavelet. As an example, Figure 1 shows the transform results of a field seismic signal using SS-CWT and other classic time-frequency analyses. Compared with STFT (Figure 1B) and CWT (Figure 1C), the SS-CWT (Figure 1D) exhibits higher energy concentration in the time-frequency plane, which brings advantages in threshold-based denoising.
[image: Figure 1]FIGURE 1 | Time-frequency Spectrum of a seismic record using STFT, CWT, and SSWT. (A) Field mine microseismic signal with high SNR, the sampling rate is 6000 Hz. (B) (C), and (D) shows the STFT, CWT, and SS-CWT of the time series in (A), respectively, where CWT and SS-CWT are both based on the Morlet wavelet.
METHODS
Estimation of Background Noise Range
The threshold function for denoising is determined based on the statistics of the noise. Therefore, it is important to estimate the pure background noise range accurately to obtain the threshold of each wavelet scale precisely. In the first step, the ratio of the microseismic signal variance between two adjacent time windows is proposed to determine the range of background noise. The core idea is from the conventional short-term-average (STA)/long-term-average (LTA) (Withers et al., 1998) algorithm for picking up arrival time, which utilizes the variance change of amplitude in two windows to indicate whether the presence or absence of a signal. The ratio of variance (ROV) is defined by
[image: image]
where ROV(i) is the ratio of signal amplitude variance in two-time windows before and after the time i, var(s0, i) and var(si, N) are the signal amplitude variance in two adjacent time windows, respectively. N is the length of the input data. The pure background noise range is determined according to the minimum point of ROV. Figure 2 shows an example of background noise estimation using the ROV curve. The result suggests that the ROV method can provide reliable and real-time pure background noise data, which is essential to the accurate determination of wavelet threshold for denoising in the subsequent step.
[image: Figure 2]FIGURE 2 | The range of background noise estimation via ROV curve. (A) The waveform of the original seismic signal. (B) Synthetic seismic signal with noise. (C) ROV curve of the synthetic noisy signal, where a black circle indicates the minimum of ROV.
Wavelet Threshold Determination Based on Cumulative Distribution Function
If the background noise obeys Gaussian distribution, the threshold function can be computed using the mean and standard deviation of the absolute value of the wavelet coefficients at each scale (Langston and Mousavi, 2019):
[image: image]
where [image: image] and [image: image] are the mean and standard deviation of wavelet coefficients at each scale a. Parameter c determines the value of wavelet coefficients threshold. It needs to be emphasized that [image: image] is computed using the pure background noise obtained in the previous step rather than the entire seismic data because the seismic signal would bias the statistic values in Eq. 7.
Donoho and Johnstone (1997) proposed a mild criterion to set the parameter c, and a widely used “universal threshold” is obtained:
[image: image]
where parameter c is related to the number of noise samples N at each scale and its value is close to 3 from this relation if N has an order of 104. The threshold function will yield a confidence interval of about 99.7% for the number of noise samples N. Under such a threshold, most of the noise will be removed and about 0.3% of the noise is retained. To obtain the threshold more flexible, we take the approach of estimating the cumulative distribution function of Gaussian distribution for noise in the time window at each scale and calculating the confidence value for the distribution. The threshold function becomes
[image: image]
in which [image: image] is the inverse cumulative distribution function at the scale a using Gaussian distribution, and parameter THRE is the confidence value that needs to be set. Once the wavelet coefficient threshold [image: image] on each scale a is obtained, we can apply the hard thresholding method to remove noise in the time-frequency domain.
Hard thresholding is a nonlinear process. It keeps the wavelet coefficients if they are greater than a threshold criterion [image: image]; otherwise, they are set to zero (Donoho and Johnstone, 1995). The denoising scheme can be expressed as follows:
[image: image]
Hard thresholding is known to yield abrupt artifacts in the denoised signal (Chang et al., 2000). Therefore, many scholars have developed soft thresholding functions (Weaver et al., 1991; Yoon and Vaidyanathan., 2004; Shuchong and Xun, 2014). Soft thresholding produces smaller errors but often results in oversmoothing of the denoised signal. In the next step, we add a post-processing step to smooth residual noise and minimize damage to the amplitude of the microseismic signal as much as possible.
Post-Processing
After hard thresholding in the previous step, most wavelet coefficients of noise are removed, while the wavelet coefficients of the seismic signal are almost retained. The energy of the seismic signal in the time-frequency domain exhibits higher connectivity and is numerically larger than the remaining noise. Therefore, to further suppress the noise, we construct a smoothing function, which comprehensively considers the continuity and intensity of wavelet coefficients on the time axis. To do this, the function DF is calculated by stacking the amplitude of wavelet coefficients using all scales:
[image: image]
where [image: image] is the number of scales. Then, the smoothing function SF is calculated using DF:
[image: image]
where [image: image] is the maximum of the function DF, and [image: image] is the time position of [image: image] on the time series with length N. Parameters α and λ are nonnegative and used to adjust the importance of time distance [image: image] and the ratio of the wavelet coefficient energy [image: image]. If α is close to 0, the smoothing function mainly is dependent on the [image: image] value; If λ is close to 0, the value [image: image] plays a dominant role in the smoothing function. The value of parameters α and λ should not be large so that the amplitude of the arrival waveform will be retained as much as possible. Notice that the smoothing function [image: image] is only relative to time [image: image] and independent of scale a. Therefore, the smoothing function is used to uniformly suppress the wavelet coefficients of the residual noise on all scales. An advantage of the proposed smoothing method is that the maximum amplitude of the microseismic event signal is not affected, which can improve the accuracy of mine local magnitude (ML) calibration that utilizes the maximum amplitude information of the seismic signal.
RESULTS
We first apply the method to synthetic data. In this way, the shape of the whole output signal can be compared with the theoretical signal. Then, the algorithm will be applied to observed microseismograms in a metal mine. In the synthetic data test, we will show the denoising performance of this method by comparing the information of phase-arrival shapes, root-mean-square error (RMS), SNR, and cross-correlation coefficients (CC) between the denoised and original signal. The SNR is measured as the ratio of the root-mean-square amplitude in a time window around the signal to that in the same length window of preceding noise. On the other hand, because the theoretical signal of the observed data in the mine is not known, we will compare the sensitivity of the onset pick-up threshold setting before and after signal denoising using a 2D microseismic event signal detector composed of STA/LTA and kurtosis algorithms. The lower the sensitivity of the microseismic event recognition threshold, the less likely it is to be misidentified.
Synthetic Data Test
The denoising algorithm is applied to a known synthetic signal and the original signal is from the field data with high SNR (Figure 2A). Then, the complex noise including the random and a fixed frequency of 50 Hz is added to the original signal to yield the resulting noisy signal with an SNR of 2.9072 (Figure 2B). According to the previous description of the denoising process, the pure background noise range should be estimated at first. Figure 3B shows that the ROV curve of the noisy signal and the range of pure background noise in a noisy signal is accurately obtained according to the minimum position of the curve, which indicates that the pure background noise estimation method we proposed is highly feasible. Then, the noisy signal is transformed into the time-frequency domain using SS-CWT and the wavelet coefficients at all scales are estimated using the hard thresholding rule of Eq. 10, scale-by-scale. In this step, the threshold function [image: image] is determined using Eq. 9, where the parameter THER is set to 99.9%, meaning the 99.9% confidence value for the distribution in the time window at each scale. The hard thresholding denoised result is shown in Figure 3C. Compared with the denoising result using the universal threshold of Donoho and Johnstone (1997) (Figure 5D), it can be seen that the wavelet coefficients of residual noise in the time-frequency spectrum of Figure 3C are less. Finally, the smoothing function of Eq. 12 is applied to smooth the CDF thresholding signal to yield the final denoising signal as shown in Figure 3D. For the waveform after denoising, the SNR is significantly improved because the noise before and after the microseismic signal is effectively removed. In the denoising time-frequency spectrum, the isolated noisy coefficients remaining after the previous steps are cleaned up and the wavelet coefficients of the signal are retained completely.
[image: Figure 3]FIGURE 3 | Results of each step on denoising. (A) Synthetic original signal’s waveform and SS-CWT spectrogram. (B) Synthetic noisy signal waveform and SSWT spectrogram. (C) Denoising waveform and SS-CWT spectrogram after CDF thresholding. (D) Denoising waveform and SS-CWT spectrogram after post-processing.
The goal of the denoising algorithm is to observe the effects of the denoised process on the polarity, the onset time, and smoothing of very small emergent arrivals at the very beginning of the signal buried under the background noise and track the change in other parts more easily. We compare the denoised waveform with the original waveform as shown in Figure 4A. The denoised and synthetic signals match very well over the entire waveform, especially the onset and polarity are preserved very well. The arrival time that was buried under the noise became clear after denoising, which improves arrival time picking and further benefits the source location estimation. This is greatly significant to the mining microseismic monitoring which needs a high-precision location. Comparing SS-CWT spectrums in Figures 4A,B, the noise energy is completely extracted without destroying the signal energy, which can provide reliable noise information for background noise imaging research.
[image: Figure 4]FIGURE 4 | (A) Denoised seismogram and its associated SS-CWT. (B) Extracted noise and its associated SS-CWT.
The superior performance of the CDF thresholding compared with other methods commonly used is clearly shown in Figure 5. A detailed observation of the useful information of the first arriving waveform (arrival time and polarity direction of the onset) illustrates the good performance of the proposed denoising method when compared with the band-pass filtering, hard and soft thresholding. Band-pass filtering removes noise with frequencies higher and lower than the signal’s frequency range but noise within the frequency range of the signal is untouched (Figure 5C). Soft and hard thresholding preserve the structure of the signal, whereas they were much less effective in noise removal (Figures 5D,E).
[image: Figure 5]FIGURE 5 | (A) The original seismic data and its SS-CWT spectrogram. (B) The synthetic noisy data and its SS-CWT spectrogram. (C) Waveform and SS-CWT spectrogram of denoised data after band-pass filtering (100–500 Hz). (D) Waveform and SS-CWT spectrogram after hard thresholding. (E) Waveform and SS-CWT spectrogram of denoised data after soft thresholding. (F) Waveform and SS-CWT spectrogram after CDF thresholding and post-processing.
The good performance of the CDF thresholding method can be further confirmed by quantitative comparative analysis of the RMS, SNR, and cross-correlation values between the denoised and original waveforms presented in Table 1. In this table, the CDF thresholding method has the smallest RMS (0.0326), the highest SNR (79.1576), and the maximal CC (0.9731) compared with the band-pass filtering and hard and soft thresholding. In terms of computational time, the CDF thresholding method takes more time to work, but it is acceptable.
TABLE 1 | Comparison of RMS, SNR, CC, and time cost among different denoising approaches.
[image: Table 1]Mine Microseismic Data
Complex background noise removal is a challenging task encountered in microseismic monitoring, especially in mine. The main reason is that the monitoring scope is small relative to the mine, so it’s necessary to accurately identify and pick up the arrival time of the microseismic signal to get the accurate source location for seismicity analysis. Therefore, the sampling rate of the microseismic record needs to be high enough to capture the microseismicity. However, the high sampling rate simultaneously makes the microseismic event more susceptible to burry in diverse environmental noise. We apply the CDF thresholding to passively recorded, complex noise mine microseismic data with different SNR to test the performance of this method in denoising and automatic detection.
Field microseismic data was recorded by seismometers of high sampling rate (6 kHz) trigger-based network operation located at a metal mine in Xinjiang, China (Figure 6). The amplitude-frequency response curve of the seismometer is shown in Figure 7. The denoising frequency band is chosen as 10–1000 Hz because the amplitude-frequency response is stable in this frequency range.
[image: Figure 6]FIGURE 6 | A metal mine microseismic monitoring network in Xinjiang, China, shown in one horizontal (XY) and two vertical depth sections (XZ and ZY) views. Dark inverted triangles are triggered-based seismometers.
[image: Figure 7]FIGURE 7 | Amplitude-frequency response curve of the seismometer utilized in the metal mine microseismic monitoring network in Xinjiang, China.
The denoising results of microseismic signals with different SNRs using the CDF thresholding are shown in Figure 8. The comparison of microseismic signals before and after denoising are from time, time-frequency, and Fourier amplitude domains. For the waveform in the time domain, the SNR of the denoised microseismic signals has been significantly improved. This can facilitate the picking of the first arrival times and their polarity which has special importance for the source location and fracture imaging. Thus, denoising microearthquakes can help to improve the detection, location, and understanding of wave propagation, which are crucial steps in microseismic processing. Comparing the signals before and after denoising in the time-frequency domain, the frequency band of the noise is almost consistent with the signal, which leads to the failure of the frequency band filtering method. The CDF thresholding method does not only cleanly remove the noise in the same frequency band as the signal, but also cleans the current interference noise of 50 Hz (Figure 8A) and the strong interference noise with multiples of 50 Hz (Figures 8B,C).
[image: Figure 8]FIGURE 8 | Denoised results for mining-induced microseismic records of (A) high (B) moderate, and (C) low SNR using the proposed method.
To further demonstrate the effectiveness of denoising, the performance of automatic detection is investigated. The STA/LTA (Withers et al., 1998) and kurtosis characterization function (Saragiotis et al., 2002) are combined, forming a 2D detector, which allows identifying time windows that potentially contain signals corresponding to microseismic events (Palgunadi et al., 2020). We used the training data set of 66 seismic events and 66 pure noise records to determine threshold values for this 2D detector. We recorded the maximum values of STA/LTA and kurtosis characterization functions in each event and each pure background noise time window, respectively. The result of the training data set before and after denoising is presented in Figure 9. The optimal threshold values of the original data set are around 2 and 5 for STA/LTA and kurtosis characterization function before denoising, respectively. For the denoised data set, the optimal threshold values are around 6.5 and 100. In the automatic detection procedure, any time window with values of STA/LTA and kurtosis characterization function above the two thresholds is taken as containing a microseismic event (gray rectangle in Figures 9A,B). As shown in Figure 9A, the adjustable threshold range of the original data set is narrower, implying that the automatic detection results in Figure 9A are much more sensitive to the thresholds than that in Figure 9B. This suggests that the proposed denoising method could improve the robustness of the automatic detection of microseismic events.
[image: Figure 9]FIGURE 9 | Comparison of the robustness of automatic microseismic event detection before and after denoising. White dots indicate noise measurements, blue dots correspond to microseismic events. (A) Results of Original training data set, dark dashed lines indicate the selected optimal threshold level of maximum kurtosis (Kopt=5), and maximum STA/LTA (STA/LTAopt=2), and red dashed lines indicate the selected optimal threshold level range of kurtosis (Kopt ± 1) and STA/LTA (STA/LTAopt - 0.2 and STA/LTAopt + 0.5). (B) Results of denoising data set, dark dashed lines indicate the selected optimal threshold level of maximum kurtosis (Kopt=100), and maximum STA/LTA (STA/LTAopt = 6.5), red dashed lines indicate the selected optimal threshold level range of kurtosis (Kopt ± 20) and STA/LTA (STA/LTAopt ± 1.5).
DISCUSSION
The first step in the denoising process is to estimate the pure background noise range, which is extremely important to the entire denoising process, as the universal threshold is related to the statistical characteristics of the background noise. In practice, the noise and seismic signals mix up with each other, and it is very difficult to accurately tell when the seismic signal arrives before denoising. The proposed ROV method can be used to obtain the pure background noise closest to the microseismic signal, providing a real-time noise estimation. This theoretically enables a more precise threshold estimation of noise and increases the denoising efficiency in the following step.
The smoothing function in the post-processing step has two nonnegative parameters. Parameter λ adjusts the weights of time distance [image: image] and parameter α modulates the decay rates according to the ratio of the wavelet coefficient energy [image: image]. SF increases with λ and decreases with α. The two parameters are trained by a group of the synthetic data set, and their values are between 1 and 10. The denoising results are not sensitive to the values of the two parameters, suggesting the robustness of the proposed smoothing function. Our denoising method cannot preserve the amplitude of the entire seismic signal. However, the smoothing value is equal to 1 when [image: image], where [image: image] represents the position of the maximum amplitude of the microseismic signal. The smoothing function can preserve the maximum amplitude of the microseismic signal. Because local magnitude (ML) calibration utilizes the maximum amplitude information of seismic signal, the preserved maximum amplitude after denoising benefits improves the accuracy of ML. This is crucial for subsequent seismic risk assessment.
As shown in Figure 4, wavelet coefficients of the seismic signal can be accurately separated from the noisy data without changing the time-frequency structure of the background noise using the proposed method. This provides a useful way for extracting background noise, which is crucial to dispersion curve measurement and surface wave inversion from ambient noise (Bensen et al., 2007; Wang et al., 2019).
CONCLUSION
We propose a new denoising framework for complex noise removal based on CDF thresholding in the SS-CWT domain. The denoising method includes the estimation of pure background noise range, determination of thresholding function based on CDF, coefficient thresholding process for wavelet coefficient, and post-processing with smooth function. Performance on both synthetic and field data demonstrates the effectiveness of the denoising method. After denoising by the proposed method, the automatic seismic detection results become less sensitive to the detector threshold, suggesting the practical value of the denoising method in handling microseismic data with a high sampling rate.
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In the process of deep mining, the prevention and control of rock bursts, mine earthquakes, and other disasters are common problems. The stress of earth tides and its periodic actions should trigger mine earthquakes when the rock masses are in a critical state of rupture. In this study, the Yanbei coal mine was taken as the research background to explore the triggering effect of solid tides on mine earthquakes occurring in the floor. The relationship between the diurnal tidal stress phase and mine earthquakes was studied by statistically analyzing the mine earthquake frequency, and the triggering mechanism was also preliminarily discussed. It was found that the solid tide plays a significant role of trigger action in the occurrence of rock burst of the floor type. For different levels of mine earthquakes, the tidal stress triggering effect is different, but the overall trend is close. Compared with the components of tidal stress, vertical stress, north-south stress, and shear stress, rock burst occurred more at the stage close to 0° and ±180°. For different types of mine earthquakes, the triggered mechanics function of tidal stress is different. Mine earthquakes on the floor mainly include two kinds (the gravity control type and horizontal stress control type). The former easily occurs during the tidal stress vertical component of the maximum, while the latter easily occurs when the two horizontal components of the maximum are combined. The frequency of the former is larger than that of the latter. The results show that the floor seismic activity is correlated with the solid tidal activity of the earth’s crust, which provides a new idea for understanding the mechanism and trigger conditions of mine earthquakes.
Keywords: coal mine, mine earthquake, tidal stress, floor, trigger mechanism
INTRODUCTION
Mine earthquakes occur under the combined effects of the geological structure environment, the geostress field, and other occurrence environments and mining disturbances. When the engineering rock mass reaches a critical state, a small disturbance will have an important impact on it, thereby promoting the occurrence of rock mass destruction (Feng et al., 2015; Xie et al., 2015; Zhang et al., 2016a). For example, in the local earth tidal activity, the action of tidal forces will form an additional stress field in the geostress field (Pan et al., 2020; Yuan, 2021). Luo et al. (2015) studied the effect of tidal force on coal and gas outbursts and found that there is a certain correlation between coal and gas outbursts and the tidal force of celestial bodies. The tidal force has a certain driving effect on the occurrence of outbursts. Li et al. (2011) also found that the occurrence of mine earthquakes was concentrated in local time periods when the statistics of the frequency distribution of mine earthquakes occurred. When analyzing the time of occurrence of rock bursts and the correlation between regions and changes in tidal force, Guo and Yang, (2021) found that the probability and frequency of rock bursts occur more frequently in the period of extreme tidal generating force. It is found that there is a certain relationship between the area where mine earthquakes occur and the latitude and longitude. Seismic research has also confirmed that it has a certain triggering effect on earthquakes, which is mainly reflected in that when the tectonic stress in the source system rock reaches or is in a critical state; external factors such as earth tide modulation may cause system mutation and earthquakes under certain conditions (Glasby and Kasahara, 2001; Chen et al., 2006; Metivier et al., 2009; Li et al., 2014; Wu et al., 2020). According to Zhang et al. (2016b) statistics on roof-type mine earthquakes, it is found that solid tidal stress has a significant triggering effect on the occurrence of mine earthquakes. In recent years, with the development and application of technologies (such as roof control, roadway surrounding rock support, and pressure relief), floor impact dynamic disasters have become more prevalent. The impact damage to the floor directly causes serious damage and threat to the equipment and personnel lanes, and the impact on production safety is even more serious. As a critical phenomenon of multi-field evolution and coupling, floor-type mine earthquakes are induced during their transition from incubation to induction. The effect and mechanism of tidal stress on floor-type mine earthquakes need to be further explored.
In order to quantitatively analyze the correlation between earth tide action and induced floor-type mine earthquakes, the correlation of vertical, east-west, north-south, and north-south diurnal variation was studied by monitoring the earthquake in Yanbei coal mine in Gansu province. The magnitude and type of horizontal shear stress, local solid tidal stress, and floor type mine earthquake are analyzed. The inducing effect and mechanical mechanism of the earth’s tide factors on the floor-type mine earthquakes are preliminarily discussed.
CHARACTERISTICS OF REGIONAL TECTONIC STRESS AND SOLID TIDAL STRESS
The Yanbei mining area in Gansu province is located at the eastern foot of the Liupan mountain and the southwestern edge of the Ordos block. It is at the intersection of the Liupanshan western marginal fault, the western marginal thrust belt of the Ordos Basin, and the Qingtongxia-Guyuan fault. The geological environment in this area is complex, and the tectonic stress is concentrated. The coalfield area has been subjected to structural compression from southwest to northeast and east to west for a long time, forming a spinning compound asymmetric synclinal structure of the “southeast structure, slow in the east and steep in the west, wide and slow in the middle, and converging in the north and south sections”.
Under the action of the tide, the tidal force generated by the tidal force at different times and locations is different. The stress field in the formation will change periodically with a certain regularity, that is, the tidal additional stress field. The tidal force level calculation is shown in Eqs 1–3 (Zahran et al., 2005; Kano and Yanagidani, 2006; Chen et al., 2012):
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[image: image] is the tidal force position; [image: image] and [image: image] are the moon and solar tidal force; [image: image] and [image: image] are Moon and Sun Dudson’s constant; [image: image] and [image: image] are the average distance from the moon; [image: image] and [image: image] are the distance from the Sun to the center of the earth; [image: image] and [image: image] are the distance from the moon and that from the Sun to the center of the earth; [image: image] is the average radius of the earth.
The variable component of the solid tide is also related to the Love-Shida’s number, and its calculation formula is as follows:
[image: image]
[image: image], [image: image], [image: image], and [image: image] are the vertical, north-south, east-west, and horizontal shear stress components of the solid tidal strain; [image: image] and [image: image] are the Love-Shida’s number; [image: image] latitude; [image: image] longitude.
According to the relationship between stress and strain, the components of the corresponding solid tidal stress can be further obtained (Zhou et al., 2013; Xiong et al., 2015):
[image: image]
[image: image], [image: image], is the Lame constant at [image: image], [image: image] is the strained volume expansion, and [image: image] is the Kronecker symbol.
SCHUSTER TEST METHOD
Through calculation, the local tidal stress time history curve can be obtained. The triggering effect of the earth tide on the mine earthquake can be quantitatively analyzed by the change of P in the Schuster test method (Sun et al., 2014; Bucholc and Steacy, 2016; Zhu et al., 2021). P rejects the significance level of the null hypothesis (mine earthquakes occur randomly and have nothing to do with the tidal phase angle); the value range is 0–1. The smaller the value, the greater is the possibility of rejecting the null hypothesis. Taking p < 0.05 as the threshold for judging that the tide can trigger an earthquake, the calculation process is as follows.
The phase angle at the time of the earthquake is assigned according to the time-history of tidal stress, and the stress peak closest to the time of the earthquake is selected. The phase angle is 0°, and the phase angles in front of the tank and behind the tank are −180° and 180° respectively. Then, the angular distance is divided between the peaks and valleys linearly, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Phase Angle of the tide.
After determining the tidal phase angles of all earthquakes, the dominant phase angles of all seismic data are calculated, as shown in Eq. 6:
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where [image: image] represents the tidal phase angle of the first earthquake, [image: image] is the total number of earthquakes, and the value of [image: image] is calculated according to Eq. 8:
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CORRELATION ANALYSIS BETWEEN THE SOLID TIDAL ACTION AND MINE EARTHQUAKE ACTIVITY
Figure 2 shows the source location results of some mine earthquakes (which induced rock burst events) in the stratigraphic section perpendicular to the syncline axis. It can be seen that mine earthquakes are distributed in the rock layers above and below the coal seam. Different types of mine earthquakes have different formation mechanisms, and their triggering factors are also different. Compared with the mining face location, mine earthquakes can be divided into the roof type and floor type (Li et al., 2006). According to the damage records caused by rock bursts, mine shocks that occur in the floor often cause more serious damage. Therefore, in order to analyze the correlation between mine earthquakes and tidal stress, more than 30,000 floor-type mine earthquakes that occurred in this area are mainly selected as the analysis objects.
[image: Figure 2]FIGURE 2 | Mine earthquake activity distribution characteristics.
Triggering Effect of Different Components of Tidal Stress on Mine Earthquakes
The study is based on the local strain solid tidal stress of the Yanbei coal mine, while selecting the vertical component, east-west component, north-south component, and horizontal shear stress component of the solid tidal stress as the tidal curve, respectively, to calculate the phase angle between the mine earthquakes in the Yanbei coal field and the tidal component. According to the interval of 30°, statistics of the mine earthquake data between −180° and +180° are carried out on a histogram. The statistical results are shown in Figure 3. Among them, (a), (b), (c), and (d) are the statistical results relative to the vertical, east–west, north–south, and horizontal shear stress components, respectively.
[image: Figure 3]FIGURE 3 | Statistical histogram of the mine earthquake frequency.
It can be seen from Figure 3 that in different components of tidal stress, there is a clear correlation between the frequency and phase angle of mine earthquakes in the floor. Compared with the vertical component, mine earthquake events are more distributed in the phase range near −100°, followed by the frequency near +150° phase and less frequently near 0°–90° phase. Compared with the north-south and east-west horizontal components, mine earthquake events are more distributed near the −75°phase; fewer events occur near the ±180° phase, and the least occur near the 0°phase. Compared with the horizontal shear component, there are more events near the 0° phase and ±180° phase and fewer events near the −70° phase. At the same time, compared to the Schuster test for the four tidal curves, the p values obtained are 1.32E−04, 0.0281, 0.0595, and 2.91E−07, respectively, and since the p values of each component are all lower than the threshold value of 0.05 for tidal-triggered earthquakes but north–south, it can be considered that the floor-type mine earthquakes in this area are triggered by tides.
Analysis of the Triggering Effect of Tidal Stress on Mine Earthquakes of Different Magnitudes
In earthquake research, it is found that solid tides have more obvious inducing effects on small-scale earthquakes than natural large earthquakes. For mine earthquakes, although the magnitude is low, the causes and triggering mechanisms of mine earthquakes of different scales are also different. In order to analyze the triggering effect and the difference in the earth’s tide in the process of different scales of mine earthquakes, the mine earthquake events are divided into “<0, 0–0.5, 0.5–1.0, 1.0–1.5, and >1.5”, according to the magnitude (ML). Figure 4 to Figure 8, respectively, show the corresponding relationship between the frequency of occurrence of different levels of mine earthquake events and the tidal phase. Among them, (a), (b), (c), (d) are the statistical results relative to the vertical, east-west, north-south, and horizontal shear stress components, respectively.
[image: Figure 4]FIGURE 4 | Statistical histogram of the mine earthquake ML<0 frequency.
It can be seen from Figure 4 that for the vertical component, mine earthquake events are more distributed in the phase range near 0° and ±90°, and few occur near the −180° phase. For the north–south and east–west horizontal components, mine earthquake events are more distributed near the 0° and ±90° phases, and few occur near the −60° and 100° phases. For the horizontal shear component, the events near the ±150° phase are the most, followed by the phase distribution near 30°, and the least events near the phases of −90°∼ −30° and 60°–90°.
It can be seen from Figure 5 that for the vertical component, mine earthquake events are more distributed in the phase range near 0°, and less occur near the ±180° phase. For the north–south and east–west horizontal components, mine earthquake events are more distributed near the ±180° phases, and less occur near the 0° phases. For the horizontal shear component, the law is obvious. It is more distributed near 30°–60° and ±180°, and the events near −90°∼−60° phase are the least.
[image: Figure 5]FIGURE 5 | Statistical histogram of the mine earthquake 0 ≤ ML<0.5 frequency.
It can be seen from Figure 6 that for the vertical component, mine earthquake events are more distributed in the phase range around 0° and ±120°, and few occur near the phase of ±180°. For the north-south and east–west horizontal components, mine earthquake events are more distributed near the ±60° and ±180° phases, and few occur near the 0° phase. For the horizontal shear component, there are more events around the phases of 0° and ±180°, and the least phase events are around ±90°.
[image: Figure 6]FIGURE 6 | Statistical histogram of the mine earthquake 0.5 ≤ ML<1.0 frequency.
It can be seen from Figure 7 that for the vertical component, mine earthquake events are more distributed in the phase range around −0° and +100°, but at near ±180°, +60° phases there is less occurrence. For the two horizontal components, north-south and east-west, there are more ore earthquake events near the phases of ±90°. For the horizontal shear component, there are more events around the phases of 0°–60°, and ±180°.
[image: Figure 7]FIGURE 7 | Statistical histogram of the mine earthquake 1.0 ≤ ML<1.5 frequency.
It can be seen from Figure 8 that for the vertical component, mine earthquake events are more distributed in the phase range near the ±90° phase, and few occur near the ±60° phase. For the north–south and east–west horizontal components, mine earthquake events are more distributed near the ±90° phase, followed by near ±180°, and few occur near the ±120° phase. For the horizontal shear component, there are more events around the 0° phase, followed by the phase around +180°, and the least phase events around ±90°.
[image: Figure 8]FIGURE 8 | Statistical histogram of the mine earthquake ML>1.5 frequency.
From the statistical results of the above-mentioned magnitude files, it is apparent there are differences in the triggering effects of solid tides on different levels of mine earthquakes. This level is the closest to the overall distribution trend in Figure 4, where the level of ML<0 is the discrete maximum, and the other levels are close to the general trend. Observing the p value result in Figure 9 also shows this law. The statistical p value of the horizontal shear component of the mine earthquake is closer to 0.05, and the triggering effect is obvious. The vertical, east–west, and north–south components of mine earthquakes with ML<0 have p values close to 1. The corresponding statistical results of phase distribution are also very discrete, indicating that the occurrence of such a large-scale mine earthquake is not triggered by the earth’s tide. Although the p value of other grades is greater than 0.05, the frequency distribution of the corresponding phase still maintains a more obvious regularity. In the corresponding statistical study of earthquakes, p < 0.05 is not the only criterion for the triggering of earth tides, and the distribution of earthquakes in the tidal phase is more important.
[image: Figure 9]FIGURE 9 | p-values of different tidal stress components at different magnitude levels.
Although there are differences in the distribution of the phases of the various components of the earth’s tides for mine earthquakes of different magnitudes, the overall law tends to be the same: relative to the vertical component, mine earthquakes mostly occur near the 0° and ±90° phases, and the distribution is closer to the 0° phase. For the east-west and north-south horizontal components, mine earthquakes occur more frequently near the phases of 0° and ±180° and are more widely distributed near the phases of ±180°. For the horizontal shear stress component, mine earthquakes occur frequently near the phases of 0° and ±180°, and with the change in magnitude, this stress component maintains a significant correlation with the triggering of mine earthquakes.
DISCUSSION OF THE TRIGGERING EFFECT OF TIDAL STRESS ON FLOOR-TYPE MINE EARTHQUAKES
Affected by the dynamic disturbance process of mining, the roof and floor of the coal seam have been undergoing dynamic evolution and adjustment. The development and evolution of the “three belts” in the roof; the periodic breakage of the roof and the appearance of periodic pressure; the bottom heave and protrusions in the floor; and impact, deformation, and destruction of the two gangs are all external manifestations of this dynamic evolution process. Regardless of whether it is the top floor or the two banks of surrounding rocks, the failure and instability processes are all based on the original stress state in the formation as the starting point. Under the effect of mining disturbance, the surrounding rock structure and its evolution process gradually approach or reach their “critical state” and then cause local damage or large-scale instability (Cui et al., 2022; Feng et al., 2022). Therefore, the emergence and evolution of “critical fracture zones” in roofs, floors, or roadways reflects the comprehensive action of multiple factors such as the overburden rock structure, original stress field, and mining disturbance. In particular, on the roof and floor, its incubation, expansion, and evolution processes intensively reflect multiple physical and mechanical fields and synergistic mechanisms and state evolution processes on multiple spatial scales.
In the mining process, affected by mining disturbance, the surrounding rock of the stope has been in a process of dynamic change. Among them, in the surrounding rock of the roof and floor, the stress state of certain areas will break due to reaching their critical conditions, which will cause a large number of microseismic events. The spatial distribution characteristics and dynamic evolution process of microseismic sources in the roof and floor also well reflect the temporal and spatial evolution process and law of the “critical fracture zone” in the surrounding rock of the roof and floor. In the mining process, the stress state and failure mode of the roof and floor of the coal seam are very different. Therefore, although the top plate and the top plate rupture, both show a common microseismic activity. However, the microseisms that occur on the top and bottom plates are very different in both the incubation environment, the induced mechanism, and the regional dynamic response. This difference also caused the obvious difference in the triggering effect of the solid tidal stress on the roof and floor (Wu et al., 1999).
The spatial distribution characteristics and dynamic evolution process of microseismic sources in the roof and floor also better reflect the temporal and spatial evolution process and law of the “critical fracture zone” in the surrounding rock of the roof and floor. In the mining process, the stress state and failure mode of the roof and floor of the coal seam are very different. Therefore, although the top plate and the top plate rupture, both show a common microseismic activity. However, the microseisms that occur on the top and bottom plates are very different in both the incubation environment, the induced mechanism, and the regional dynamic response. This difference also caused the obvious difference in the triggering effect of the solid tidal stress on the roof and floor (Gao et al., 2021). According to the value of p in Figure 9 and the literature (Zhang et al., 2016b), compared with roof-type mine earthquakes, the triggering effect of solid tide stress on floor-type mine earthquakes is smaller, which is also caused by the difference in the occurrence mechanism between the two.
Comparing the statistical results of the actual occurrence of mine earthquakes, it is found that the distribution characteristics of the phases of the tidal stress components of the mine earthquakes of different scales on the floor are consistent with the above-mentioned trigger mechanism. The occurrence of floor-type mine earthquakes is controlled by both the gravity field and the horizontal tectonic stress field. Taking the vertical component of tidal stress as a reference, mine earthquakes are most distributed near the 0° phase, and this type of mine earthquake is controlled by gravity; the frequency of mine earthquakes occurring near the ±180° phase is the second, and this type of mine earthquake is controlled by horizontal tectonic stress. This difference in quantity also shows that the gravity-controlled type of mine earthquakes that occurred on the coal seam floor of the Yanbei mining area accounted for the majority. At the same time, the cause of the dual control of gravity and tectonic movement due to mining is also an important difference between it and the natural earthquake induced by the fault tectonic activity, so there are differences in response to the triggering action of solid tides (Xu et al., 2010; Yu et al., 2022).
The advance warning of a mine earthquake or rock burst has always been a difficult problem in coal mine safety mining. As an additional disturbance stress, solid tidal stress can only be triggered when the surrounding rock is in a critical state. Therefore, in engineering practice, the accuracy of prediction can be improved by combining monitoring technologies such as microearthquake, ground sound, and electromagnetic radiation. For example, when it is judged that the surrounding rock enters the critical state according to this monitoring information, the early warning parameters can be optimized according to the time-phase characteristics of solid tidal stress, which is also the focus of application research in the next step (Zhang et al., 2013).
CONCLUSION

1) As a “hidden” periodic change factor that occurs in the interior of the earth, solid tides have a significant triggering effect on the occurrence of floor-type mining earthquakes.
2) The triggering effects of tidal stress on different magnitudes of floor-type mine earthquakes are different, but the overall trend is similar. In terms of phase distribution, most mine earthquakes occur near 0° and ±180° phases in vertical, east–west, north–south, and horizontal shear stress components of tidal stress.
3) The triggering mechanical effects of tidal stress on different types of mine earthquakes are different. There are mainly two types of gravity control: vertical type and horizontal stress control type in the floor. The former is prone to occur when the vertical component of tidal stress is the largest, and the latter is prone to occur when the east–west and north–south horizontal components are the largest. In the frequency of occurrence, the former is more common than the latter.
4) The statistical analysis of floor-type mine earthquakes shows that there is a correlation between the periodic micro-dynamic effects of solid tides in the crust and mine earthquake activities. This provides new ideas for revealing the incubation and triggering conditions of mine earthquakes. In the follow-up study, on the basis of the existing coal mine dynamic disaster early warning technology, the triggering effect of the earth’s tide factor can be considered to improve the effectiveness of disaster early warning.
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In view of strict deformation control standards, it is important to calculate the shallow tunnel deformation caused by the unloading of overburdened soil for analyzing tunnel structure safety. Due to the obvious nonlinear characteristics and the significantly smaller rebound deformation of soil under unloading conditions, previous numerical calculation methods need to be improved and adapted to the soil deformation characteristics under unloading. Based on the above background, cyclic loading and unloading tests were carried out to study the deformation characteristics of soil under different loading levels, stress history, and unloading levels. Secondly, a unified modulus calculation model was established, especially for the unloading modulus, which considers the unloading stress history and current unloading stress level, and can provide the value of soil modulus in different states. The relationship between the unloading rebound modulus Esc and the rebound modulus Ec0 used in the numerical simulation was studied. Finally, a set of numerical calculation and analysis methods for shallow tunnel deformation caused by overlying soil excavation based on its rebounding characteristics is proposed. The rationality of the method is verified by two examples, and is applied to a practical project.
Keywords: soil rebounding characteristics, soil unloaded construction, shallow buried tunnel, numerical simulation method, deformation calculation
1 INTRODUCTION
With the development of urbanization, there are increasing instances of cross-geotechnical engineering. As this new engineering is close to the existing engineering, it is necessary to carry out calculations and analyses of the influence of new engineering on the existing engineering (Zhang et al., 2018a; Zhang et al., 2018b; Jiang et al., 2020). Civil structure constructions adjacent to subway tunnels are the most common cross-geotechnical engineering in the city (Chang et al., 2001; Sharma et al., 2001; Hu et al., 2003; Chen and Zhang, 2004; Wang and Yu, 2004). As subway tunnels undertake a large number of urban public transport functions, urban management needs to ensure the safe operation of these tunnels. For the problem of shallow tunnel deformation caused by adjacent engineering, many scholars have carried out relevant research and solved academic problems to a certain extent. At present, the calculation of shallow tunnel deformation caused by adjacent engineering can be divided into two categories: one is theoretical calculation methods (Wang et al., 2006; Devriendt et al., 2010; Liu et al., 2010; Huang et al., 2013; Shi and Ng, 2015; Liang et al., 2017); the other is numerical calculations (Chen and Li, 2005; Zhang et al., 2013a; Zhang et al., 2013b; Zh ang et al., 2015; Liang et al., 2017; Qiu et al., 2021). These two kinds of methods have characteristics and advantages.
The characteristics of the theoretical calculation method are to treat the tunnel as a discretized beam structure. By assuming that the discrete elements meet certain mechanical balance conditions, the mechanical balance equations of the tunnel are established, and the deformation of the tunnel is calculated by solving the balance equations. The advantage of the theoretical method is that it is easy for engineers to calculate the deformation of the tunnel in real engineering when the calculation formula and solution method are derived. The advantage of numerical calculation is that the complete stress-strain relationship and interaction between the adjacent engineering can be considered with the establishment of a complete numerical model, which can provide reliable and comprehensive results for analysis. Although the theoretical calculation method is convenient for engineering applications, it is not adequate for analyzing the interaction between the adjacent engineering and the subway tunnels, and a numerical calculation method could completely overcome the limitations of the theoretical calculation method.
The numerical calculation method is a mainstream way of shallow tunnel deformation calculation and analysis, but the application of the numerical calculation method in shallow tunnel deformation calculation still needs to be improved. The reason for this is that, for special shallow buried tunnels, the safety control standards for deformation are strict. China’s relevant regulations (Urban and rural areas of the People’s Republic of China, 2011; Urban and rural areas of the People’s Republic of China, 2013) stipulate that the deformation of subway tunnels should not exceed 5 mm and the ellipticity should not exceed 5%. Facing such strict control standards, the most important question of how to improve the accuracy and reliability of the calculation results for the numerical calculation method remains.
According to previous research experience and results, the calculated tunnel deformation due to soil unloading is usually larger than the actual situation under conventional calculation modes. The main reasons are as follows: 1) the unloading deformation of the soil itself is a nonlinear process, and the rebound modulus is several times the compression modulus, and its correlation varies greatly with different soil properties. 2) The actual unloading deformation of each layer is related to its stress history, unloading stress level, and unloading stress path. It can not be analyzed according to the mechanical parameters of the complete unloading state (conventional laboratory test). It is also necessary to carry out a large amount of demonstration work to realize the millimeter-level deformation calculation because of the discreteness, variability, and the complexity of physical and mechanical characteristics of the soil.
According to the analysis above, it is known that the soil nonlinear deformation is mainly affected by the variety of the mechanical parameters under different stress states, especially the change of the deformation modulus and it must be considered during the whole calculation process. On this basis, the deformation characteristics of the soil under repeated loading and unloading conditions are studied at first. And then a deformation calculation and analysis method for the shallow buried tunnel is proposed, which can reflect the actual state of the engineering. The rationality of the proposed method is validated through several examples. Finally, the method is applied to real engineering to illustrate its applicability and guidance for engineering.
2 ANALYSIS OF CYCLIC COMPRESSION-REBOUND CHARACTERISTICS OF SOIL
For numerical calculation, the parameters must be reasonable to get the rational calculation results. The rebounding parameter of soil determines the rationality of shallow tunnel deformation calculation. We discuss the compression-rebound characteristics of soil under different load levels and get the value of the rebounding modulus of soil under rebound conditions at first. Then, we substitute the test value into the numerical calculation model to reasonably calculate the deformation of the shallow buried tunnel.
The particle size distribution of the typical soil is shown in Figure 1. The basic physical parameters of the typical soil are respectively: 1) fill: water content 28.4%, liquid limit 35.6% and plastic limit 21.4%; 2) mucky silty clay: water content 31.7%%, liquid limit 34.7% and plastic limit 21.3%; 3) silty clay: water content 29.9%, liquid limit 37.3% and plastic limit 21.5%; 4) clay: water content 27%, liquid limit 38.8% and plastic limit 22.3%. Note that the water content listed above was obtained by the field investigation, which is the natural moisture content of the original soil. For different types of soil, the natural water content is different and is not the saturated water content. Indeed, the water content influences the deformation of soil. According to the general law, with the increase of water content, the deformation resisting ability of soil decreases.
[image: Figure 1]FIGURE 1 | Cumulative curve of soil particle size grading.
2.1 Compression-Rebound Test Conditions for Soil
The compression-rebound test of soil is carried out with a standard consolidation instrument (as shown in Figure 1). The size of the soil sample is φ61.8 mm in diameter and 20 mm in height. The test condition is to limit the deformation of soil laterally, and then apply the vertical load on the top of the sample. After the vertical load is loaded to a certain stress level, it is unloaded in stages. Each loading or unloading step needs to wait until the soil sample is stabilized in deformation, and the height of the soil sample is recorded to calculate the change of pore ratio and compression or rebound modulus of the soil sample. Specific test conditions are shown in Table 1.
TABLE 1 | Soil compression-rebound test conditions.
[image: Table 1]2.2 Compression-Rebound Characteristics of Soil
Both elastic deformation and plastic deformation will occur during the compression process, and the deformation curve of soil appeared to have hysteretic characteristics during the rebound and re-compression process. This feature needs to be taken into account in the calculation to make it more realistic. Figure 2 shows typical compression-rebound test curves of different soils.
[image: Figure 2]FIGURE 2 | Compression-rebound test curve of typical soil.
As can be seen from Figure 2, no matter whether it is soft soil or hard soil, the soil pore ratio could not return to the initial pore ratio when unloading under different overlaying loads, which indicates that both elastic deformation and plastic deformation occurred in the soil during compression, and the plastic deformation is relatively large.
It can also be seen that in the process of soil rebound, the load-pore ratio curve of soil is not a straight line (the rebound curve appears to be a straight line under the condition of low load unloading, it is a curve, but the bending is not obvious, which will be reflected in the fitting model later). This indicates that during the process of soil rebound, the stress-strain relationship of soil is elastic-plastic, and the deformation modulus of soil changes can not be used by the unified elastic modulus.
In addition, the hysteretic characteristics of soil rebound-recompression deformation are different under high pressure and low pressure. When soil is unloaded and reloaded under a low compression load (less than 100 kPa), the load-pore ratio curve of soil overlaps and there are no hysteretic characteristics. When the soil is unloaded and reloaded under a high compression load, the load-pore ratio curve shows obvious hysteretic characteristics. At the initial stage of unloading under a high compression load, the load-pore ratio curve of soil is relatively smooth and the rebound deformation is small, which indicates that the rebound modulus is large at the initial stage of unloading. When unloading to a certain extent, the load-pore ratio curve begins to bend and the rebound deformation occurs rapidly. The hysteresis characteristics of soil under high compression load are consistent with the existing results (Li and Teng, 2018; Wang et al., 2020), but that under low compression load is rarely reported. What should be emphasized is that the excavation on the ground will usually cause the deformation of the shallow soil layer. Therefore, the unloading rebound characteristics of soil under low compression load are more significant for shallowly buried tunnel engineering.
2.3 Method for Calculating Rebound Modulus Esc of Soil in Different Construction Stages
For numerical calculation, the most commonly used and most convenient constitutive model is the Mole Coulomb model. The parameters used in the mole Coulomb model are elastic modulus E0, Poisson’s ratio ν, cohesion c, and friction Angle φ, among which, the impact of the elastic modulus on deformation is the largest. But for engineering investigation, the compression test is used to determine the modulus of soil mass. To avoid confusion, here we use Es and Esc to represent the compression modulus and rebound modulus determined by the compression-rebound test and use E0 and Ec0 to represent the elastic modulus and rebound modulus before and after the excavation construction in the numerical simulation. The problem of shallow buried tunnel deformation caused by soil excavation does not involve soil re-compression, therefore, the estimation of soil re-compression modulus is not included in this research.
The compression curve of soil is shown in Figure 3(1) , and the rebound curve of soil is shown in Figure 3(2). In terms of morphology, the compression curve and the rebound curve have similar morphology, so they can be fitted by one equation. After a comprehensive comparison, we choose the power function of three parameters as the fitting function of Es and Esc. The specific equation is as follows:
[image: image]
Where: a,b,c are model parameters; e is porosity ratio; p is the current pressure value/kPa.
1) Comparison of test data and formula fitting data in the soil compression test
2) Comparison of test data and formula fitting data in soil rebound test
[image: Figure 3]FIGURE 3 | Comparison of test data and formula fitting data in soil compression-rebound test.
As shown in Figure 3, the fitting effect of the soil compression curve and rebound curve is good, and the fitting model can accurately reflect the compression and rebound characteristics of different soils. For the convenience of application, the fitting parameters of the compression curve are listed in Table 2. For rebound conditions, there are different fitting parameters for the rebound curve under different pressure values. The function relationship between the three fitting parameters and the pressure values can be further established to facilitate the application of numerical calculation in the later period. The fitting functions of different soil rebound parameters are also listed in Table 2 below.
TABLE 2 | Fitting parameters of the compression and rebound curve.
[image: Table 2]For excavation construction, the soil should be unloaded at different load levels, so the rebound modulus Esc of soil should be calculated according to the excavation depth and the unloading level. It is worth noting that the above model and calculation parameters are used to calculate the current pore ratio of soil, which need to be converted to modulus if the modulus is wanted.
2.4 Determination of Soil Rebound Modulus Ec0 in Different Construction Stages
Some scholars have discussed the relationship between soil compression modulus Es and elastic modulus E0 under compression, and the conclusion is that there is a certain proportional relationship between Es and E0 (Jia et al., 2008; Yu, 2014). However, there is no literature report on the relationship between Esc and Ec0, used in numerical calculation. Therefore, it is necessary to determine the relationship between them to provide reliable parameters for the subsequent calculation of shallow buried tunnel deformation.
Figure 4(1) shows the comparison between the numerical simulation and the test conditions of different soil compression-rebound tests. It can be seen that the conditions of the compression rebound test and the numerical simulation are the same: the numerical model has a diameter of 6.18 cm and a height of 2 cm, the horizontal deformation is constrained around the soil sample, displacement is completely constrained at the bottom of the soil sample, and only axial load is applied or reduced at the upper part of the numerical model. The loading step is also the same as the real test which is that after the consolidation under a certain load level is completed, the next load will be added to the surface of the model.
[image: Figure 4]FIGURE 4 | Numerical simulation model extraction and comparison of test data and simulation data.
Figure 4(2) shows the datum comparison of the compression-rebound test and the numerical simulation of different soil samples under different rebound conditions. Here, the rebound modulus Esc obtained by the compression-rebound test is constantly adjusted, and the multiple relationships between Ec0 used in numerical simulation and Esc obtained by the test are determined, that is, Ec0 = 4.0Esc. It can be seen from the figure that the soil rebound curve obtained by numerical simulation is in good agreement with the test curve, which can well reflect the deformation of soil under the rebound conditions. Therefore, in the subsequent deformation calculation of shallow buried tunnel, Ec0 will be set whose value is 4 times Esc according to the different compression state and unloading level.
3 CALCULATION METHOD OF SHALLOW BURIED TUNNEL DEFORMATION
According to the results of the soil compression rebound test, the Es or Esc of soil has the following characteristics:
1) Whether in compression or rebound state, the compression moduus Es or the rebound modulus Esc of soil varies with the overlaying pressure. This means that in the numerical calculation, the modulus of soil should be adjusted according to the overlaying pressure.
2) Especially for the rebound state, the rebound modulus Esc is not only related to the initial unloading pressure but also related to the unloading state, that is, different initial unloading pressure and different soil rebound modulus. Under the same initial unloading pressure, the rebound modulus of soil is different with different unloading levels.
Therefore, for small deformation of shallow buried tunnel deformation calculation, the value of Ec0 rebound modulus of soil under the rebound condition is critical, which should be reasonably determined to make the results more in line with engineering practices and more convincing.
Based on the above research results, this method proposed for shallow tunnel deformation can be summarized in the following steps:
1) Initial ground stress calculation: according to the basic physical and mechanical parameters of soil, estimate the dead weight load of different soil layers in advance, transform the compression modulus Es into E0, which is assigned to the soil model along with the parameters of Poisson’s ratio ν, cohesion c, and internal friction Angle φ, and then calculate to balance.
2) Calculation of shallow buried tunnel construction: simulate tunnel excavation and calculation, monitor the change of soil pressure in real time, dynamically adjust the elastic modulus of soil E0, calculate to the model balance, and record the pressure information of soil.
3) Calculation of shallow tunnel deformation: simulation soil excavation upon the shallow tunnel, determine the initial unloading pressure according to the pressure information of soil elements, monitor the pressure variation of the soil elements in time and dynamically, calculate the rebound modulus Esc according to the initial unloading pressure and current pressure, and transfer it into Ec0, then continually adjust the Ec0 during the calculation process to make tunnel deformation results more reasonable.
In order to more clearly show the calculation method and process of shallow buried tunnel calculations proposed in this paper, the specific process is given in the form of a flow chart in Figure 5.
[image: Figure 5]FIGURE 5 | Calculation process of the proposed method.
4 VERIFICATION OF CALCULATION METHOD
4.1 Case I: Influence of Shanghai Daning Commercial Center Foundation Excavation to Shanghai Metro Line One
A previous study by Wang et al. (2006) reported on the influence of the Shanghai Daning Commercial Center foundation excavation on its nearby metro tunnel. Another study (Liang et al., 2017) reported a simplified analytical method to evaluate the effects of the excavation of the tunnel. In this literature, the deformation datum by the analytical calculation and in-site measuring are compared. This datum is used as the base datum to verify the calculated metro tunnel deformation obtained by the method proposed in this paper.
The layout of the foundation pit and its position in relation to the metro tunnel are shown in Figure 6. The length and width of the foundation pit are 240 m × 230 m, and the distance between the supported pile and the tunnel is only 5.4 m. In the adjacent area, there are four layers of soil, which respectively are: [image: image] fill; [image: image] silty clay; [image: image] muddy clay; [image: image]1clay. The external diameter of the metro tunnel is 6.2 and its liner thickness is 0.3 m. The numerical model is modeled according to the project and is shown in Figure 6.
[image: Figure 6]FIGURE 6 | The numerical model according to the project layout in Case I.
The basic parameters of the soil and supported structure are the same as that used in other literature (Wang et al., 2006), which are [image: image] fill: Poisson ratio 0.32, cohesion 1 kPa, friction 22°; [image: image] silty clay: Poisson ratio 0.35, cohesion 18 kPa, friction 18°; [image: image] muddy clay: Poisson ratio 0.4, cohesion 12 kPa, friction 10°; [image: image]1clay: Poisson ratio 0.35, cohesion 20 kPa, friction 16°. In a contrasting situation considering the type of the surrounding soil, the resilience parameters are determined referred to the test results in this paper.
As the downline tunnel is closer to the foundation pit than the upline tunnel, the deformation of this tunnel is considered and contrasted to verify the rationality of the method proposed in this paper. The calculated deformation datum obtained from wider literature (Wang et al., 2006; Liang et al., 2017) and the proposed method are compared with the measured results. As shown in Figure 7, although the calculated datum obtained by the three methods all reflect the deformation of the metro tunnel, the datum calculated by the method in this paper is closer to the measured datum and better reflects the tunnel deformation trend.
[image: Figure 7]FIGURE 7 | Results comparison between this method and two studies in CaseⅠ.
4.2 Case II: Influence of the Shanghai Bund Underground Passage Construction on the Existing Tunnel
To better verify the rationality of the proposed method, another project case is introduced below. In this case, the Bund Underground Passage in Shanghai was constructed on the metro tunnel. The layout of the underground passage and its position in relation to the metro tunnel is shown below in Figure 8(1).
[image: Figure 8]FIGURE 8 | Numerical model of the intersection engineering of CaseⅡ.
The underground passage was constructed using the open-cut method. The foundation pit was supported by several retaining walls, as shown in Figure 8. In this case, four conditions with different Dz (Plan I: Dz = 11 m; Plan II: Dz = 16.5; Plan III: Dz = 22 m; Plan IV: Dz = 27.5) were calculated, and the results are compared with those in the literature (Huang et al., 2013).
The numerical model is shown in Figure 8(2). The engineering geological condition is that there are three soil layers: 1. Clay layer; 2. Silty clay layer; 3. Sandy silty clay layer. The mechanical parameters of the soil are the same as that used in the literature (Huang et al., 2013)which are ①clay: Poisson ratio 0.32, cohesion 8 kPa, friction 23°; ②silty clay: Poisson ratio 0.31, cohesion 13 kPa, friction 27°; ③sandy silty clay: Poisson ratio 0.3, cohesion 3 kPa, friction 30°. As with Case I, in this case, the resilience parameters are also referred to in the test results in this paper.
Figure 9 compares the results of this study and the wider literature (Huang et al., 2013). It can be seen that the tunnel deformation results calculated by the two methods can all reflect the law that with the increase of the burial depth of the tunnel, the deformation of the tunnel decreases, and the maximum deformations obtained by the two methods are almost the same. However, from the axial deformation variation law, the results of the two methods have certain differences. This could be caused by setting the different parameters of the supported structure. According to experience, we believe that under the supported structure with enough strength, the influence range should be limited in the cutting construction area. Because the supporting structure can effectively block the deformation surrounding the foundation pit wall. This understanding is also confirmed by Case I, in which the deformed range of the metro tunnel is consistent with that of the cutting construction (see Figure 8).
[image: Figure 9]FIGURE 9 | Results comparison between this method and studies in CaseⅡ.
5 PROJECT APPLICATION—INFLUENCE OF SOIL UNLOADING ON WUHAN METRO LINE FOUR
Before the project construction, the influence on the nearby existing engineering structure must be first assessed. Here an application of the influence of soil unloading on Wuhan metro line four using the proposed method in this paper is introduced. The deformation law of the metro tunnel caused by soil unloading on the ground surface is calculated. The deformation of the tunnel is used to judge whether the deformation standards specified in the relevant codes are exceeded. Then the calculated tunnel deformation is compared with the in-site measured results. The proposed method is therefore validated and checked.
5.1 Project Background
A real estate project was constructed above the Wuhan metro line 4, and before its construction, an influence assessment was done to ensure the engineering can be conducted.
The range of the soil unloading and its position in relation to the Wuhan metro line four is shown in Figure 10(1). As seen in the figure, the unloading soil lay directly on the metro tunnel. The whole unloading area is divided into two parts: 1) part I: the north of the red line and 2) part II: the south of the red line. The elevation of part I after soil unloading is 23.5 m, the unloading thickness is 8–12 m and the tunnel buried depth is 10.9–13.8 m. The elevation of part II after soil unloading is 22 m, the unloading thickness is 4.2–7.8 m and the tunnel buried depth is 13.8–19.6 m. Based on engineering experience, the influence of unloading construction in part I should be greater than that in part II due to the larger buried depth of the tunnel and unloading thickness. Therefore, the tunnel deformation calculation in part I was under heavy consideration in the assessment.
[image: Figure 10]FIGURE 10 | Numerical modeling process.
5.2 Numerical Model, Parameters, and Simulation Procedure
For establishing the numerical model, we selected two typical sections of part I, which can be seen in Figure 10(2). The distance between the two sections is about 50 m and the 3D numerical model is obtained by extrusion operation from sections A1A2 to A3A4. The 3D numerical model can be seen in Figure 10(3). The length and height of the model are respectively 220 m and 50 m. The diameter of the metro tunnel is 5.5 m and the thickness of the concrete supporting structure is 0.35 m.
The engineering geological condition is also shown in Figure 10(3). It can be seen that the soil layers under the unloading soil are respectively 1) fill; 2) clay; 3) silty clay; 4) clay; 5) highly weathered mud sandstone; and 6) medium weathered mud sandstone.
The initial parameters of the model are listed in Table 3 and the parameter adjustment in the calculation process is achieved by the method in Section 2.3. What needs illustration is that the initial parameters are necessary before the calculation and along with the calculation, the parameters would be periodically and continually adjusted according to the indoor test results.
TABLE 3 | Calculation parameters.
[image: Table 3]As mentioned in Section 3, the whole calculation procedure is divided into three stages: I. initial stress balance stage; II. tunnel construction stage; and III soil unloading on the ground stage. In stage I, the whole model consists of soil, while in stage II, the tunnel construction is simulated. In this stage, the deformation of the tunnel is resisted by the concrete supporting structure. Finally, in stage III, all the deformation in stage II is eliminated, and the deformation caused by soil unloading is studied.
5.3 Influence Assessment According to the Calculation Result
5.3.1 Deformation on the Ground Surface and Tunnel Crown
Figure 11(1) is the heaving deformation contours after the ground soil unloading. Figure 11(2) shows the heaving deformation of the soil and Figure 11(3) shows the heaving deformation of the tunnel.
[image: Figure 11]FIGURE 11 | Deformation contour of the two metro tunnels (heaving and horizontal deformation).
From the figures, we can see that due to the large area of soil unloading construction, the ground surface has a large heaving deformation. The biggest heaving deformation occurs at the position with the biggest soil unloading thickness, whose value is about 19.6 mm.
After the soil was unloaded, along with the rebounding deformation of the surrounding soil, heaving deformation also occurs on the metro tunnel. But because of the greater stiffness of the tunnel supporting liner, the heaving deformation is smaller than that of the soil.
According to the position relationship, the metro tunnel is located in the down right of the unloading soil, therefore, the deformation is upward to the upper left direction. In addition, the right line is closer to the unloading soil, so its deformation is bigger than that of the left line. From the value of the tunnel heaving deformation, the maximum heaving deformation on the right line is about 2.1 mm and that of the left line is about 1.7 mm. The maximum horizontal deformation of the two lines are 0.65 mm and 0.50 mm, respectively.
5.4 Deformation Law of the Metro Tunnel
5.4.1 The Deformed Shape Analysis of Metro Tunnel Structure
Figure 12 shows the deformed shape of the metro tunnel structure in the typical section. It is known that after the cutting soil was unloaded, the tunnel structure shape was changed from a circle to an approximate ellipse. After deformation, the upper curvature of the tunnel structure was small and the curvature of the lower part was large. This phenomenon further shows that the deformation at the crown of the tunnel was greater than that of the bottom.
[image: Figure 12]FIGURE 12 | The shape of the deformed metro tunnel structure after unloading the cutting soil (the deformation is magnified 2000 times).
From the deformation direction at the crown of the tunnel, its direction pointed to the thickest part of the unloaded soil, therefore, the long axis of the elliptical shape of the deformed tunnel rotated to left. Due to the different horizontal distance between the left and right tunnels to the thickest part of the unloaded soil, the rotating angle of the long axis of the ellipse of the left tunnel was smaller than that of the right tunnel.
5.4.2 Law of the Maximum Deformation of the Tunnel Structure Under Different Unloaded Thickness
Figure 13 gives the maximum deformation of the tunnel under different unloading thicknesses. For the maximum heaving deformation, the value increased along with the increase of the unloaded soil thickness, whose relationship belonged to a straight line. This showed that the heaving deformation of the tunnel was directly related to the thickness of the unloaded soil. On the other hand, as for the maximum horizontal deformation, when the unloaded thickness was smaller than 8 m, the deformation value increased linearly with the increase in unloaded thickness. However, when the unloaded thickness was bigger than 8 m, the influence of the unloaded thickness on horizontal deformation weakened quickly.
[image: Figure 13]FIGURE 13 | The maximum deformation of the tunnel under different unloaded thickness.
5.5 Contrast Between the Calculation Result and the in Site Measured Datum
To verify the calculation results, the contrast between the measured datum and the simulation result is shown in the following section. In the in situ deformation measure, the absolute deformation on the tunnel crown and bottom was conducted. The deformation of the whole tunnel in the soil unloading range was measured during the construction, and the simulation section was in the measuring range. The interval length between the measuring section was about 5.5 m.
1) Heaving deformation on the tunnel CRown
Figures 14(1)a,(2)a show the contrast of the heaving deformation on the tunnel crown between the calculation result and the in site measured datum.
[image: Figure 14]FIGURE 14 | Heaving deformation contrast on the tunnel between the calculation result and the in site measured datum.
From the figures, it can be seen that after the soil excavation construction, deformation occurs on the tunnel crown, which is in agreement with the in situ measured data. The resulting agreement can be reflected in three aspects. First, on one hand, given the heaving deformation of the tunnel crown, the calculated maximum deformation is 2.1 mm and the measured maximum deformation is 2.2 mm, which indicates that they are consistent. Secondly, on the other hand, from the perspective of longitudinal tunnel deformation, due to the different thickness of the unloading soil, the heaving deformation values of the tunnel crown at different positions should be different, and the numerical simulation results accord with the distribution trend of the measured deformation of the tunnel. Finally, because the right line of the subway tunnel is closer to the maximum thickness of the unloading soil, the value of the heaving deformation of the right line tunnel should be larger than that of the left line tunnel, and the numerical simulation results are consistent with the measured data.
2) Heaving deformation on the tunnel bottom
Figures 14(1)b,(2)b show the contrast of the heaving deformation on the tunnel bottom between the calculation result and the in site measured datum.
From the Figures, it can be seen that: 
1) Due to the soil unloading construction on the ground, the rebound deformation of the foundation soil caused the heaving deformation of the subway tunnel. Due to the relatively deep depth at the bottom of the tunnel and the large rigidity of the tunnel lining structure, the heaving deformation at the bottom of the tunnel was significantly smaller than that at the top of the tunnel.
2) According to the value of the heaving deformation at the bottom of the tunnel, the deformation on the right line is larger than that on the left because the tunnel on the right line is closer to the position of the deepest soil unloading. This shows consistency between the numerical simulation results and measured data. The maximum deformation at the bottom of the right line tunnel is about 1.3 mm, and the measured data is about 1.4 mm.
3) The numerical simulation results are consistent with the measured data of the heaving deformation at the bottom of the tunnel, which reflects the heaving deformation trend at different longitudinal positions of the tunnel. However, influenced by the buried depth, structural stiffness and so on, the heaving deformation at the bottom of the tunnel is small, so the deformation difference is not obvious.
3) Convergence deformation of the tunnel in the vertical direction
Figure 15 shows the vertical clearance convergence deformation of the subway tunnel in the longitudinal direction. The positive and negative values of vertical clearance convergence deformation of the tunnel are defined as: the positive value of deformation represents the stretching of the tunnel section, and the negative value represents the contraction of the tunnel section.
[image: Figure 15]FIGURE 15 | Vertical clearance convergence deformation contrast between the calculation result and the in site measured data.
These figures indicate that:
1) Due to the soil unloading construction on the ground, the heaving deformation occurs on the soil and the tunnel. Although there is heaving deformation at the tip and bottom of the tunnel, the heaving deformation on the crown of the tunnel is larger than that the bottom. Therefore, the vertical section of the tunnel is stretched and its shape tends to become elliptical.
2) After the tunnel deformation, the elliptic long axis points to the position with the largest unloading thickness, indicating that the greater the unloading thickness is, the greater the surface rebound deformation is, and causing the tunnel upward arched deformation to this position.
3) The numerical simulation results are consistent with the measured datum, reflecting the distribution law of vertical clearance convergence deformation of the tunnel. The calculated deformation magnitude is also consistent with the measured data. The maximum vertical clearance convergence deformation of the tunnel on the right side is about 0.9 mm, and the measured data is about 1.05 mm.
5.6 Assessment of the Influence of the Soil Unloading to the Metro Tunnel
According to the ‘Technical code for safety protection of urban rail transit structures (CJJ/t202-2013’ of China, the metro tunnel deformation must be limited to 5 mm and the ellipticity ratio (calculated by the formula (2)) of the tunnel must be limited within 5‰.
[image: image]
Where, Dmax and Dmin are respectively the maximum and minimum diameters of the deformed tunnel and Ddesign is the designed diameter of the tunnel.
Figure 16 shows the ellipticity ratio of the two metro tunnels of the soil unloading construction. It can be seen that the ellipticity ratio of the two metro lines is all smaller than the mandatory standard. The maximum ellipticity ratios of the two tunnels are respectively 1.6‰ and 1.42‰. From the deformation aspect, the values of the horizontal and vertical deformation of the two tunnels are all within the demand of the code. Therefore, although the soil unloading construction would have a certain influence on the metro tunnels, the tunnels are still in accordance with the relevant regulations, meaning the tunnels can be deemed safe.
[image: Figure 16]FIGURE 16 | The ellipticity ratio of the tunnel in the longitudinal direction.
6 CONCLUSION
This paper summarized the research status of tunnel deformation caused by overlaying soil excavation, the deformation characteristics of soil under rebound conditions were first studied and the rebound deformation law and calculation model were obtained. Then, the transferring relationship of the Esc and Ec0 were researched through numerical inversion. Finally, based on the summary of the defamation law under the rebound condition, a set of numerical simulation calculations and analysis methods considering different stress histories and stress levels was presented. The main conclusions are as follows:
1) The soil rebound curve under unloading conditions shows nonlinear characteristics, especially under high pressure conditions, the nonlinear characteristics are more obvious. Therefore, the variation of the used rebound modulus according to the different stress states should be considered.
2) The hysteretic characteristics of the rebound curve of soil under high pressure and low pressure are different. When the soil is unloaded and reloaded under a low compression load (less than 100 kPa), the load-pore ratio curve of the soil overlaps. There are no hysteretic characteristics. When the soil is unloaded and reloaded under a high compression load, the load-pore ratio curve shows obvious hysteretic characteristics. It also further shows that the modulus parameters of soil are different under different stress states, and should be taken into consideration when evaluating the modulus.
3) Based on our experimental study, the deformation calculation and analysis method for shallow buried tunnels considering different stress history and stress states were put forward. In the calculation process, this proposed method can monitor the stress state and unloading stress history of different soil elements in real-time, and dynamically adjust the modulus parameters of soil according to this information and the results of indoor tests. The deformation law of shallow buried tunnels characterized by small deformation can be obtained, which makes the calculation results more in line with the engineering practice and provides a reliable reference for engineering construction.
4) The engineering example verification and engineering application results show that the deformation calculation method for the shallow buried tunnel considering different stress history and stress states proposed in this paper can better obtain the small deformation characteristics of the shallow buried tunnel under unloading conditions, which is in good agreement with the actual monitoring results and verifies the rationality of the method proposed in this paper.
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Tunnel squeezing brought great difficulties to the construction and severely threatened the safety of on-site operators. The researches regarding large deformation evaluation have been widely developed, but actual conditions of tunnels are considerably complex, producing a large variety of uncertainty information existing in the evaluation process. Therefore, we constructed an unascertained measurement model incorporating four membership functions for evaluation of tunnel squeezing based on the collected datasets. Simultaneously, information entropy was introduced to objectively calculate the index importance for each index. For the first group data (GPI), the accuracy associated with four membership functions are 100%, 83.33%, 50%, and 83.33%, respectively, while the accuracy of GPII are 70%、77.5%、67.5%, and 70%, respectively. Linear function and parabolic function show better performance on uncertainty information interpretation according to the classification results. The results revealed that the uncertainty model constructed in this study can enrich the available uncertainty evaluation system.
Keywords: Squeezing, Unascertained measurement, Information entropy, Classification, Risk evaluation
INTRODUCTION
Various technologies related to tunnel engineering have been greatly developed, such as ventilation technology, support technology, excavation technology, operation management, rock characteristics (Wang et al., 2021b; Du et al., 2022; Wang et al., 2022; Yu et al., 2022), prediction and prevention of geological disasters (Feng et al., 2015; Wang et al., 2021a; Feng et al., 2022; Zhou et al., 2021a; Zhou et al., 2021b), among which geological disasters are the main risk factors in engineering. In recent years, with the excavation of various tunnels in underground at great depth, the hazards regarding large deformation of surrounding rock frequently occurred. Currently, the scientific community gradually focused on the large deformation of excavated tunnels (Zhang et al., 2003; Singh et al., 2007; Chen, 2008; Lai et al., 2018; Sharma et al., 2020). Large deformation of surrounding rock can be divided into extrusion and expansion (Wood, 1972; Barton et al., 1974; Jethwa et al., 1984; Barla, 1995; Barla, 2001; He et al., 2002). The former occurs in soft rocks with high geostress, while the latter mainly occurs in rock mass with strong expansion properties. The stress redistribution caused by excavation exceeds the ultimate shear stress, resulting in a large-scale plastic failure zone in the surrounding rock of the tunnel (Gioda and Cividini, 1996; Panet, 1996; Barla, 2001; Singh et al., 2007; Dwivedi et al., 2013). Most of the large deformation of surrounding rock occurs in deep and long soft rock tunnels, e.g., in China, Zhegushan Highway Tunnel, Guanjiao Tunnel, Jiazhuqing Tunnel, Dazhailing Tunnel, the China-Laos railway tunnel, etc. The above-mentioned tunnels all suffered from large deformation to some extent, which brought great difficulties to the construction. In addition, the weak surrounding rock is more prone to squeeze and occur large deformation under the action of high in-situ stress. At this time, the surrounding rock ruptures and squeezes out of the tunnel boundary and further damages the supporting structure, which will seriously lead to tunnel collapse even cause damage to construction workers (Liu, 2004; Chen, 2008; Liu et al., 2008; Yu, 2020; Ren et al., 2021). The large deformation of surrounding rock is gradually accelerated with the development of time (Bhasin and Grimstad, 1996; Barla, 2001; Singh et al., 2007; Azizi et al., 2019). Therefore, the evaluation of tunnel squeezing is of great significance for improving the construction efficiency, reducing the cost, and ensuring the safety of the construction personnel (Aydan et al., 1993; Aydan et al., 1996; Hoek, 2001; Ghiasi et al., 2012; Panthi, 2013; Azizi et al., 2019).
The tunnel squeezing is a major engineering problem that needs to be solved urgently in this field. Many scholars tried to use different methods to evaluate the severity of large extrusion deformation (Dube et al., 1986; Jiang et al., 2004; Fatemi Aghda et al., 2016; Azizi et al., 2019; Liao et al., 2020). For example, Singh et al. (2007) evaluated the tunnel squeezing based on burial depth (H) and rock quality index (Q). Then, Goel et al. (1995) introduced the rock mass number N (the Q value of SRF = 1) into the fitting curve equation. Additionally, Liu et al. (2019) proposed an improved cloud model for the prediction of large deformation of surrounding rock in Mila Mountain Tunnel in Tibet based on the uncertainty and randomness of tunnel squeezing prediction. Although various methods associated with tunnel squeezing evaluation has been widely explored, the mechanism of this geological hazard is considerably complex, leading to a large variety of uncertainty exists in the evaluation of tunnel squeezing. (ISRM, 1995; Steiner, 1996; Malan and Basson, 1998; Palmstrom and Broch, 2006; Williams, 2010; Dwivedi et al., 2014; Farhadian and Nikvar-Hassani, 2020; Zhang et al., 2020).
In view of the wide application and robust uncertainty information interpretation of unascertained measurement theory in this field, e,g., stability evaluation, scheme optimization, risk assessment, and performance evaluation. This study aims to develop a hybrid model based on information entropy and unascertained measurement incorporating four membership functions to evaluate the tunnel squeezing, which is able to enrich the available risk evaluation methods for underground excavation projects.
METHOD DESCRIPTION
There are n samples in the evaluation object space [image: image], and each sample contains m predictors. [image: image] was used to represent the predictor space. There, [image: image], where, [image: image] represents the [image: image] predictor variable of the [image: image] sample. Assuming that there are K evaluation levels for the degrees of deformation, therefore, the grade set can be shown as [image: image]. It is worth noting that the evaluation space is an ordered segmentation category (Jing and Hua, 2008; Tu et al., 2008; Wang, 2019), that is, [image: image].
SINGLE-INDEX MEASUREMENT MATRIX
According to the above [image: image] is the [image: image] research sample in the evaluation system, and the predictor [image: image] reflects the characteristic of the research object. In this paper, [image: image] was defined as the measure-valued of [image: image] under the index [image: image]. It is assumed that there are K evaluation levels for each measure-valued ([image: image]), and the grade set is [image: image]. Afterwards, we defined a possibility measure [image: image], it is known as the unascertained measure. It indicates the degree to which the measured value [image: image] belongs to the [image: image] evaluation level and satisfies the following three requirements at the same time: non-negativity, normalization equation and additivity, as shown in Eqs 1–3 respectively.
[image: image]
[image: image]
[image: image]
[image: image]
The above Eq. 4 [image: image] is the single-index measurement matrix of [image: image] sample.
The single index measurement judgment matrix is calculated by the membership function. In this paper, we will use four types membership functions (Zhou et al., 2020b; Zhou et al., 2021a): linear, parabolic, exponential and sine functions, as shown in Eqs 5–8 respectively.
[image: image]
[image: image]
[image: image]
[image: image]
Where, [image: image] and [image: image] are the membership corresponding to grade [image: image] and [image: image], respectively. [image: image] and [image: image] are the left and right endpoints, respectively.
INFORMATION ENTROPY THEORY
Based on the above single-index measurement matrix (Eq. 4), a more objective method is applied to determine the index weight in this paper, i.e., information entropy (Ruan et al., 2021). [image: image] represents the weight of jth index under ith sample, which can be calculated through Eq. 9.
[image: image]
Where, [image: image]. [image: image] represents the value of entropy, which can be calculated via the single index measurement vectors [image: image], referring to Eq. 10.
[image: image]
Then, the index weight vector of the [image: image] sample can be expressed as: [image: image].
COMPREHENSIVE MEASUREMENT MATRIX
The multi-index comprehensive measurement matrix is calculated as follows (Jia et al., 2019; Ma et al., 2021).
[image: image]
Where, [image: image] is the multi-index comprehensive measurement vector. It represents the degree to which the evaluation sample [image: image] belongs to the grade [image: image]. In addition, [image: image].
[image: image]
Where, [image: image] is the multi-index comprehensive measurement matrix. Then the multi-index comprehensive measurement vector of the [image: image] sample can be expressed as: [image: image].
CREDIBLE IDENTIFICATION PRINCIPLE
In order to determine the grade of individual sample, the credible identification principle was utilized. The grade of samples can be calculated through Eq. 13 based on the above-mentioned comprehensive multi-index measurement vectors (Shi et al., 2010).
[image: image]
Where, [image: image] is the grade of sample [image: image], and [image: image]. [image: image], normally, [image: image] or [image: image] (Zhou et al., 2020a; Zhou et al., 2020b; Zhou et al., 2021b; Chen et al., 2021).
SAMPLE SCORE
Although the risk level of samples is judged through credible identification principle, it is difficult to further distinguish the severity of the tunnel deformation, that is, the large deformation cannot be quantitatively analyzed. There, each sample can be scored by the following equation.
[image: image]
where, [image: image] is the score of sample [image: image], [image: image] is the value assigned to grades [image: image].
SQUEEZING EVALUATION USING UNASCERTAINED MEASUREMENT
The influencing factors of tunnel squeezing are divided into objective and subjective factors, the former includes geological conditions, such as rock mass conditions, engineering geological conditions, and geo-hydrologic conditions; the latter refers to construction technology, survey and design. Studies shown that poor geological conditions are the main factors for tunnel squeezing, such as the strength of surrounding rock, in-situ stress, and groundwater. This study employed two sets of data collected from the literature to evaluate tunnel squeezing. For the first group of data, the construction of index system considers geological factors and construction technology, while only geological factors are taken into consideration for the second one. Simultaneously, we use [image: image] to represent the first set of data, and the second group data is described by [image: image]. The spatial location of datasets used in this study was shown in Figure 1.
[image: Figure 1]FIGURE 1 | Spatial location of engineering cases used in this study.
The first group data is composed of six research samples, simultaneously, the evaluation results are categorized into four grades [image: image], namely, no large deformation, slight large deformation, medium large deformation and strong large deformation. The initial data (Bai et al., 2021) of these six samples are listed in Tables 1, 2 is the classification standard corresponding to individual index. The first set of data includes 14 evaluation indicators, which can be generally divided into three categories: tunnel design and engineering construction factor (C1), the engineering geological condition (C2), the mechanical and physical properties of rock (C3). There are six second-level indicators in C1, four in C2 and four in C3, as shown in Figure 2.
TABLE 1 | Engineering cases used for tunnel squeezing evaluation.
[image: Table 1]TABLE 2 | The classification standards of tunnel squeezing.
[image: Table 2][image: Figure 2]FIGURE 2 | Index system of squeeze evaluation.
The second group was obtained from the Telmo Tunnel in the Chengdu-Kunming Railway double track (Wang, 2019), which is a deep-buried tunnel with poor surrounding rock conditions. Combine the current railway tunnel deformation classification standard and previous tunnel deformation research, five factors, i.e., the rock uniaxial compressive strength (Rc), the integrity coefficient of rock mass (RQD), the groundwater condition (GW), the angle between the main structural plane and the axis of the tunnel (θ), and the structural surface state (P) are considered as the evaluation indexes, as shown in Figure 2. The evaluation set [image: image] is denoted as no large deformation, slight large deformation, medium large deformation, strong large deformation and severe large deformation. The related samples and classification standards (Wang, 2019) are presented in Tables 3, 4, respectively.
TABLE 3 | Engineering cases of tunnel squeezing.
[image: Table 3]TABLE 4 | Classification standard for tunnel squeezing.
[image: Table 4]SINGLE INDEX MEASUREMENT OF SAMPLES
Firstly, based on the four different membership functions shown in Eqs 5–8, the index measurement matrix calculated by different membership functions are obtained. In Figures 3A,B, different membership functions, corresponding to profit and cost index, respectively, are displayed, which can easily calculate the index membership incorporating Eqs 5–8. The single-index measurement matrix of the first and second group data can be represented by [image: image] and [image: image] respectively.
[image: Figure 3]FIGURE 3 | Membership function for different indexes. (A) Membership function of benefit index, and (B) Membership function of cost index.
Finally, taking sample 1 ([image: image]) of the first set of data as an example, the single index measurement matrix of sample1 is listed in Eqs 14–17.
[image: image]
[image: image]
[image: image]
[image: image]
INDEX WEIGHT OF SQUEEZING EVALUATION
In this study, information entropy is introduced to calculate the index weight coefficients of each sample referring to Eqs 9, 10. There, only the weights calculated by linear function are visualized, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Index weights calculated through linear membership function.
DETERMINATION OF SQUEEZING GRADE
For the first sample of first group, the multi-index comprehensive measurement vectors calculated through the linear function are listed [image: image]. Similarly, the multi-index comprehensive evaluation vectors of sample one calculated by the remaining three measurement functions (i.e., parabolic, exponential and sine function) are shown in Table 5. In this paper, the classification standard of the first group is set as 0.55, that is [image: image], and [image: image] for second one. Therefore, according to the comprehensive measurement vector in Table 5, the deformation grade of sample one can be identified through Eq. 13. For instance, incorporating the calculation results of the linear function into Eq. 13: [image: image], it can be clear that the risk level of sample one is [image: image]. The grade of sample one is calculated as [image: image] while using parabolic function, exponential function and sine function, as shown in Table 5. According to the above criteria, the remaining samples are evaluated, and the results are listed in Figure 5; Table 6. Similarly, the squeezing level of dataset two also can be calculated as shown in Figure 6. Both sets of data show that the evaluation performance of exponential function is not ideal, and both are lower than the other three membership functions.
TABLE 5 | Comprehensive unascertained measure based on linear function.
[image: Table 5][image: Figure 5]FIGURE 5 | Accumulated measurement of proposed model calculated by four functions.
TABLE 6 | Evaluation results of unascertained measurement ([image: image]).
[image: Table 6][image: Figure 6]FIGURE 6 | Evaluation results obtained through four membership functions.
SAMPLE SCORE FOR TUNNEL SQUEEZING
For most comprehensive evaluation models, risk level judgment of samples can be high-efficiently calculated, however, few models are able to quantify the samples simultaneously. Sample score can easily distinguish the risk state of samples at the same grade, which is beneficial to take more accurate measures to prevent geological hazards for on-site engineering issues. There, the scores of samples existing in the two groups data are shown in Table 7; Figure 7, making it possible to identify the most dangerous sample in the dataset. In Figure 7, the score of sample 29 is highest in comparison with other samples, that is, this sample is more likely to occur large deformation.
TABLE 7 | Quantitative scoring of individual sample about tunnel squeezing ([image: image]).
[image: Table 7][image: Figure 7]FIGURE 7 | Sample score associated with tunnel squeeze.
CONCLUSION
In this paper, two sets of data with different evaluation index system are collected, and the unascertained measurement theory is used to comprehensively evaluate the tunnel squeezing. The calculation of this hybrid model includes single-index measurement matrix, index weight coefficient and comprehensive measurement matrix. Ultimately, credible identification principle is used to evaluate the risk level. The main conclusions are listed as following:
(1) Four membership functions are used in this paper: linear, parabolic, exponential, and sine function. The accuracy of the first datasets are: 100%, 83.33%, 50%, and 83.33%, respectively, while the accuracy of second dataset are: 70%, 77.5%, 67.5%, and 70%, respectively.
(2) Two groups of data evaluate the tunnel squeezing through constructing different dataset. For the first dataset, sample five is the most dangerous sample while sample 29 is the most dangerous one for the other dataset.
(3) The factors affecting the large deformation of surrounding rock are complex, not only related to the mechanical properties of rock and engineering geological factors, but also related to the construction conditions. There is high uncertainty in the evaluation of large deformation of surrounding rock, more models should be explored to remove various uncertainty existing in the evaluation process in the next research.
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The manipulator is the key component of the anchor drilling robot to automatically complete the anchoring operation underground. Due to the complexity of its motion equation and the limitations of its control strategy, the real-time pose and the positioning accuracy of the manipulator are inferior, which seriously restricts the safety, efficiency, and speed of roadway excavation. In order to improve the positioning accuracy and realize the optimal efficiency of the manipulator, this article designs a manipulator structure with four degrees of freedom. With the help of the D-H method and the intelligent parameter setting method, this article carries out the basic theoretical research on the kinematics and the fractional order FOPID control algorithm of the manipulator of the mining roof bolter, and formulates a manipulator motion control strategy. At the same time, combined with numerical simulations and field experiments, we explore the robustness and control efficiency of the hydraulic system of the manipulator under the working conditions of a harsh environment and limited space, and reveal that the intelligent optimization algorithm can control the motion state of the manipulator more accurately and stably after the parameters of the fractional order FOPID controller are positively determined. This study effectively solved the dynamic model uncertainty caused by time-varying internal parameters and external loads of the hydraulic servo system, optimized and reconstructed the structure and motion coefficient parameters of the manipulator, and revealed the control mechanism of a precise spatial positioning and online trajectory planning of the hydraulic servo system of the manipulator. Compared with the traditional PID control algorithm, this algorithm has a faster response speed and better expected track tracking ability. This research lays a theoretical foundation for the precise positioning and automatic support of the manipulator, and also provides a reference for the design of similar motion control algorithms.
Keywords: manipulator, fractional FOPID, whale algorithm, motion control, anchor drilling robot
1 INTRODUCTION
The intellectualization of coal mines is the core technical support for the high-quality development of China’s coal industry (Wang et al., 2019; Liu et al., 2021). Intelligent equipment and support technology of mining are key factors for coal intellectualization, and the roadway support theory and technology have always been the core of the coal mine strata control (Kang, 2007; Wang et al., 2018; Wang et al., 2020; Yang et al., 2022). In the “Catalog of Key Research and Development of Coal Mine Robots” (Author Anonymous, 2019; Li et al., 2019; Ge and Hu, 2020), it clearly points out the need to vigorously advance the research and development of coal mining, tunneling, transportation, safety control and rescue, and 38 kinds of coal mine robots, which is an important way to achieve the coal mines’ intellectualization. It is a key method to solve the problems of roadway excavation, support imbalance and high labor intensity to use the manipulator of anchor drilling robot on accurate location, and the completion of the automatic anchoring work, replacing the traditional manual completion of automatic positioning and support work of the drilling frame (Zhang et al., 2019; Zhang and Li, 2019).
Compared with developed countries, the ineffective bolt support in some coal mines in China has led to many roof falling accidents. While the main reason is that the existing support operations still rely on manual demolition, with the installation of drill pipes or bolts, bolt fastening, and other processes, with a great danger. The Guiding Opinions on Accelerating the Intelligent Development of Coal Mines clearly points out that the development of an anchor drilling support robot is an effective way to solve the key problems of slow speed and high labor intensity of roadway excavation.
Based on the guidance of the support theory, the bottleneck problem to be solved is to complete the automatic anchoring work with the use of an anchor drilling manipulator for precise positioning, replacing the traditional manual to complete of the drilling frame space positioning, and automatic support work. Since presently, the drivage speed and coal quantity have increases, so new requirements have been put forward for the way of the operation, process time, and the safety of the anchor drilling manipulator. Especially in harsh or limited spaces, manipulator ends need to accurately find the 22 mm diameter hole in the roof, effectively avoid the grid reinforced at the same time, and ensure that the drilling time does not exceed 3 min. However, in the process of drilling and anchoring by a manipulator-replacing manual operation, due to limitations in the formulation of control strategy, the real-time pose and positioning accuracy of the manipulator are inferior, essentially because the research studies are not sufficient in the fields of structural design, motion law, and control mechanism of the anchor drilling manipulator.
In recent years, the way to control the motion of the manipulator is a research hotspot with great significance. Because of its uncertainties in parameter uptake and external interference, the manipulator is a complex research object featuring high non-linearity, multi-variability, and high coupling. In order to make the manipulator in a specific action, it is necessary to control the hydraulic cylinder and hydraulic motor at each joint of the manipulator to cooperate with each other to complete the corresponding rotation angle of each joint. Presently, the manipulator structure has become increasingly complex, and the [image: image] control method, with characteristics of independence on the system model, simple and flexible, is unable to meet the motion control of the current manipulator’s complex structure. In view of this practical need, many experts and scholars put forward some new methods based on the idea of control. For example, Chen Wei et al. (Chen et al., 2013) adopted the control method and designed the control algorithm of active and passive joints respectively, realized the underactuated manipulator with passive joints and flexible bars in a piecewise control, and the active and passive joints could effectively complete the operation tasks of the manipulator through the control method. Li et al. (Li and Xing, 2007) studied the skid situation of the left and right tracks of the underwater robot under the complex damping coupling action, and established a [image: image] control model for automatic tracking of the predetermined mining path with ADAMS/Hydraulics and MATLAB/Simulink, which confirmed that the maximum skid rate of the underwater robot in China was 15%. Jing Xuedong et al. (Jing and Pan, 2018) adopted the switch structure control method with acceleration feedback to improve the positioning accuracy of the manipulator. Compared with the traditional [image: image] control method, the fuzzy [image: image] control system has more advantages in overshoot and reaction speed. Zhang Tiemin (Zhang et al., 2002) et al. used the switch structure control method with acceleration feedback to reduce the vibration amplitude to 1/10 of the [image: image] control method and shorten the vibration attenuation time. Luo Yanlei (Luo et al., 2021) et al. established a model on the basis of MATLAB and the AMEsim software and designed a system method of fuzzy [image: image] controller, adopted fuzzy [image: image] controller strategy, which has increased the accuracy and working speed of the hydraulic blanking machine, and has advantages of a strong tracking ability and good robustness. However, in some special conditions, to quickly achieve the goal of spatial positioning and trajectory tracking with the manipulator, the effect of a traditional [image: image] control is not ideal, as the expected control goal is still not achieved even if the parameters are reset. Since the defects of integer order [image: image] control technology cannot be overcome in essence, it is difficult to thoroughly develop the control principle of a fast and accurate spatial positioning and trajectory planning of the manipulator control system. To sum up, in the process of realizing the control of the multi-degree of the freedom electro-hydraulic servo manipulator, a series of problems of complicated mechanisms, motion characteristics, hydraulic servo drive non-linear, feedback control characteristics, and energy characteristics, are critical points to fulfill the precision, stability, and efficiency of the motion control of the anchor drilling manipulator.
With the gradual development of artificial intelligence technology and its wide application in the industrial field, a large number of efficient optimization algorithms have emerged, such as the genetic algorithm (Zhang et al., 2002; Yin et al., 2014a; Luo et al., 2021), particle swarm optimization algorithm (Feng et al., 2015; Al-Saggaf et al., 2020; Feng et al., 2022), search algorithm (Wu and Huang, 2021), and whale algorithm (Li et al., 2021). Applying the intelligent optimization algorithm to controller parameter tuning can greatly improve the control effect. Whale algorithm is a kind of meta-heuristic optimization algorithm, which has the characteristics of strong robustness, simple structure, and few control parameters. Most scholars (Dalir and Bigdeli, 2020; Bushnaq et al., 2021; Nguyen et al., 2021) have applied the whale algorithm and achieved successful examples in the field of continuous domain problem optimization.
To sum up, many experts have conducted in-depth research studies on the method of the intelligent control PID parameter adjustment and achieved a lot of results, but the control method of the drilling and anchor manipulator completing automatic support operation underground needs further research. This is mainly due to some particularity of the drilling and anchoring manipulator working underground: 1) limited space and a complex environment; 2) The end of the anchor drilling mechanical arm is mainly connected with the automatic drill frame. Due to the dead weight of the end and the drilling force of about 20,000 n, the arm end will vibrate greatly, making it difficult to achieve accurate control; 3) Underground electrical parts need explosion-prevention treatment, especially sensors. Compared with sensors on the ground, many performance indicators are difficult to achieve, so it will affect the accurate positioning of the drilling and anchoring manipulator in the roadway space. It seriously restricts the application of intelligent control technology in an underground coal mine robot.
In order to realize the goal of rapid spatial positioning and trajectory tracking of the manipulator, the intelligent control technology of the drilling anchor manipulator is studied. According to the spinor theory, the joint coordinate system and coordinate transformation matrix expression of the manipulator are established by using the D–H method, and the point cloud diagram of the manipulator workspace is solved by using the Monte Carlo algorithm. Based on the independent joint control theory, the single input single output system model of the hydraulic motor/cylinder at the joint of the manipulator is designed by using the MATLAB Simulink software and fractional order FOPID control technology. This article analyzes four intelligent optimization algorithms based on the genetic algorithm (GA), particle swarm optimization (PSO), whale algorithm (WOA), and search algorithm (GPS), evaluates the three dynamic indexes of standard deviation, overshoot, and stability time, and analyzes the effect of step influence under different control combination strategies of the hydraulic motor/oil cylinder. The simulation results show that the optimization ability of the [image: image] algorithm is obvious. For the fractional order controlled object, it can be stable in 0.19 s, and the overshoot is 3.49%, which shows that the controlled system has better stability and fully reflects the advantages of the [image: image] fractional order controller. Finally, the design and experiment are carried out combined with the manipulator control system of the anchor drilling robot.
2 STRUCTURAL DESIGN AND WORKING PRINCIPLE OF THE MANIPULATOR
Mining roof bolter is suitable for automatic support of the top and side walls of the mine tunnel in an underground coal mine, and can realize accurate identification and positioning technology of the manipulator hole location through binocular stereo vision. The structure of the machine is shown in Figure 1. The manipulator connected the frame with the translation pair and the rotation pair realizes the support work of the automatic drilling frame, and ensures the support work of the top and side walls of the roadway with different heights and widths in the mine environment.
[image: Figure 1]FIGURE 1 | Structural diagram of the mine anchor drill frame.
1-Variable frequency speed-regulating traveling mechanism, 2-Electrical control system, 3-Connecting rod, 4-Automatic drill frame, 5-Frame, 6-Driving operation and monitoring mechanism, 7-Rotary reducer, 8-Anchor rod silo.
During mining roof bolter into the mine roadway, firstly, it is driven to the work scheduled area, after being stable, the manipulator controlled by the hydraulic system to automatically drill stands up to the right height through the rotary gear reducer to adjust the automatic drill’s stand posture. Then, the automatic drill starts to work on the working surface, and finally completes the mine roadway support work.
3 KINEMATIC WORKSPACE ANALYSIS OF THE MANIPULATOR
The manipulator is the main working structure of the equipment to realize the automatic support of the top and side walls of the roadway. The positioning system of the manipulator is the important factor to ensure that mining roof bolter can meets the working requirements and work quality. It is required that the displacement working accuracy offset of the manipulator shall not be more than 5 mm, and the displacement working accuracy offset of the manipulator end shall not be more than 10 mm. In addition, as the bad environment in the mine roadway, frequent vibration, and changeable load, a manipulator structure with five degrees of freedom is specially designed to meet the actual requirements of the aforementioned working process. The manipulator is mainly composed of a connecting rod, rotary reducer, coupling, automatic drilling frame, and so on. Its structural diagram is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Structure diagram of the manipulator.
1 - Frame; 2 - Connecting rod; 3 - Rotary reducer; 4 - Connection shaft; 5-Automatic drilling rig.
The frame is set at the lower end of the whole manipulator as the main body supporting the whole manipulator; the connecting rod is connected through the shaft, and the hydraulic cylinder provides power which can rotate [image: image] around [image: image] in the vertical direction; the rotary reducer is located at the top of the other end of the connecting rod. Through the shaft connection, the hydraulic cylinder provides power and can rotate [image: image] around [image: image] in the vertical direction. The connecting shaft is located in the middle of the rotary reducer and can rotate [image: image] around [image: image] in the horizontal direction; the automatic drilling frame is placed on one side of the connecting shaft, which can rotate [image: image], contrary to the position of the rotary reducer.
3.1 Kinematics model based on screw theory
In accordance with the principles and parameters of the [image: image] connecting rod coordinate system of the manipulator, the homogeneous transformation relationship between the joints of the manipulator can also be expressed by the rotation matrix and the translation vector, so the homogeneous transformation moments of the front and rear joints of the manipulator are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Schematic diagram of the [image: image] model.
The homogeneous transformation matrix is expressed as [image: image] , the rotation matrix as [image: image] and translation matrix as [image: image] , then the homogeneous transformation matrix from joint [image: image] to joint [image: image] can be expressed as [image: image] , as shown in Eq. (1). Establishment of a joint coordinate system of the manipulator by using the [image: image] method, as shown in Figure 4.
[image: image]
[image: Figure 4]FIGURE 4 | Establishment of a joint coordinate system of the manipulator by using the [image: image] method.
Based on Table 1, the transformation relation matrix [image: image] from coordinate system [image: image] to coordinate system [image: image] is firstly established according to the [image: image] principle, as shown in Eq. (2). Using the same method, the subsequent transformation relation matrices between the two adjacent coordinate systems are [image: image], [image: image], [image: image], and [image: image], respectively. The expressions of the five coordinate-change matrices are shown in Eqs 3-6:
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[image: image]
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TABLE 1 | [image: image] parameters.
[image: Table 1]All revolute joints of the manipulator in this article are represented by the [image: image] parameters related to position and pose. The motion of the manipulator in this article is chain motion. By multiplying the homogeneous transformation matrix [image: image] of each joint according to the subscript number, the total transformation matrix of the manipulator from the cloud platform to the end effector can be obtained, as shown in Eq. (7).
[image: image]
3.2 Motion space analysis of the manipulator
The simplified model of the manipulator of the mining roof bolter is shown in Figure 5. When the angle [image: image] of each joint is known, the end position [image: image] can be obtained; on the contrary, when the end position [image: image] is known, the angle of each joint can be obtained, so the inverse solution of the manipulator of the mining roof bolter can be obtained.
[image: Figure 5]FIGURE 5 | Five degrees of freedom manipulator.
To describe the working space of the manipulator of the mining roof bolter, the root of the manipulator is set as [image: image] , and according to the forward kinematics solution of the manipulator, [image: image] can be obtained. The random number is obtained by using the [image: image] function in [image: image] in accordance with the limit of each joint, and the random value is put into the forward kinematics equation to obtain the vector of the corresponding position. The working cloud diagram of the manipulator of the mining roof bolter is obtained, as shown in Figures 6–9.
[image: Figure 6]FIGURE 6 | Cloud diagram of the manipulator movement space.
From Figures 7–9, it can be seen that the working range of the manipulator of mining roof bolter is [image: image], [image: image], [image: image]; the working space of the manipulator of the mining roof bolter is approximately a part of the ellipse, and the simulated working space is compacted in the structure. Each joint of the simulated moving space is in line with the actual moving space, which can truly describe the working space of the manipulator.
[image: Figure 7]FIGURE 7 | Spatial cloud diagram of the ZOX surface motion.
[image: Figure 8]FIGURE 8 | Spatial cloud diagram of the YOX surface motion.
[image: Figure 9]FIGURE 9 | Cloud diagram of the ZOY plane motion space.
4 FRACTIONAL ORDER FOPID MOTION CONTROL ALGORITHM BASED ON WOA-FOPID PARAMETER TUNING
4.1 Fractional order control theory and the parameter tuning optimization process
4.1.1 Fractional order control theory
As a branch of the control field, fractional order control has been widely used in the design of different types of controllers (Yin et al., 2014b; Al-Saggaf et al., 2020; Sheng et al., 2021) for its advantages such as flexibility and precise parameter adjustment, increasing system stability margin and enhancing system robustness, etc. Fractional order [image: image] control was first proposed and demonstrated its superiority over the traditional [image: image] control by Igor Podlubny through the response analysis (Podlubny, 1999; Semmari et al., 2017; Cuong et al., 2020; Dalir and Bigdeli, 2020; Bushnaq et al., 2021; Musarrat and Fekih, 2021; Nguyen et al., 2021; Wu and Huang, 2021; Huang et al., 2022). The order parameters [image: image] , [image: image] of the fractional order [image: image] controller can be taken as any real number. In the [image: image] plane, values can be taken according to different controller parameters. The specific expression and range of values are shown in Figure 10.
[image: image]
[image: image] is the proportional gain; [image: image] is the integral gain; [image: image] is the differential gain; [image: image] and [image: image] are the fractional, differential, and integral order, respectively.
[image: Figure 10]FIGURE 10 | Order value range of the FOPID controller. The mathematical expression of FOPID is given.
Compared with the traditional [image: image] control, fractional order [image: image] control can better subtly reflect the transition process from proportional control to integral control and differential control, so as to achieve more precision, better stability, and stronger anti-interference control effect. Therefore, the author considers designing a fractional order [image: image] control (FOPID) for the electronic control system of the raise boring machine in this article.
4.1.2 Parameter tuning and the optimization process
There are many kinds of parameter tuning methods. With the development of intelligent and control technology, according to the regulation characteristics of the algorithm itself, it is mainly divided into a traditional method tuning and an intelligent optimization algorithm tuning, and the latter one is widely used for its adaptability. The four intelligent optimization algorithms, genetic algorithm (GA), particle swarm optimization (PSO), whale algorithm (WOA), and search algorithm (GPS), have been used for real-time parameter tuning to obtain the optimal value. The parameter tuning principle of the four intelligent optimization algorithms is shown in Figure 11, and the flow chart of the intelligent optimization algorithm for tuning the FOPID parameters is shown in Figure 12. The specific mathematical theories and related expressions of the four intelligent optimization algorithms such as the whale algorithm will not be repeated.
[image: Figure 11]FIGURE 11 | Parameter setting principle of the intelligent optimization algorithm.
[image: Figure 12]FIGURE 12 | Flow chart of the intelligent optimization algorithm for tuning.
4.2 Mathematical modeling and simulation test of the hydraulic cylinder/hydraulic motor at the joint of the manipulator
In this article, genetic algorithm [image: image] , particle swarm optimization algorithm [image: image], whale algorithm [image: image] , and search algorithm [image: image] are combined with [image: image] and [image: image], respectively, Through different combined control strategies, the control effect of the valve-controlled hydraulic cylinder is further analyzed and compared.
For the optimization algorithms used in different control strategies, an objective function is usually set to select the optimal value. The common error performance indicators include ISE (square deviation integral), ITSE (time square deviation integral), IAE (absolute deviation integral), ITAE (time absolute deviation integral), etc. In servo control, the ITAE (time absolute deviation integral) performance index weights the error, so that the error signal converges to zero as soon as possible. Therefore, this article takes the ITAE performance index as the objective function for parameter tuning (Semmari et al., 2017) as shown in Figure 11.
Here, the specific parameters of each algorithm are set as follows: [image: image] parameter settings: [image: image] , [image: image], [image: image] ; the [image: image] parameters are set as: [image: image] , [image: image] and the variation parameter is 0.8, and the variation probability is 0.75; The [image: image] parameter is set to: [image: image], [image: image], [image: image]; [image: image] is set to: [image: image], [image: image], [image: image] , the simulation time is second (s). The comparison of different combination strategies and control indexes is shown in Tables 2, 3. Figure 11 shows the comparison of the dynamic response curves of each combination strategy of the regulating system, [image: image] is the step-response diagram of each algorithm and [image: image] combination strategy, and [image: image] is the step-response diagram of each algorithm and [image: image] combination strategy. The comparison of the [image: image] algorithm-based [image: image] and [image: image] combined control strategies is shown in Figure 11. The numerical iteration curve of the[image: image] fitness function is shown in Figure 11.
(1) [image: image] mathematical modeling and simulation test of the hydraulic motor
TABLE 2 | Mathematical modeling parameter table of the fractional integer order of the hydraulic motor.
[image: Table 2]TABLE 3 | Hydraulic motor’s parameter table.
[image: Table 3][image: image] integer order mathematical model (Dasgupta et al., 1996; Maiti et al., 2008; Long et al., 2018; Caponetto et al., 2019; Wachholz et al., 2019; Do et al., 2020):
[image: image]
[image: image] fractional mathematical model of the hydraulic motor (Dimeas et al., 2017; Do et al., 2020; Ma; Higazy, 2020):
[image: image]
Fractional order [image: image] controller is expressed as: (Elkhazali, 2013; Maâmar and Rachid, 2014; Tolba et al., 2018):
[image: image]
Integer order [image: image] controller expression is: (Zamani et al., 2009; Ding et al., 2017; Ren et al., 2019):
[image: image]
Respectively, four types of the intelligent control algorithm are used for parameter tuning of the [image: image] controller—integer order parameter, the [image: image] controller—fractional order controlled object, the [image: image] controller—fractional integer order controlled object, and the [image: image] controller—fractional integer order controlled object. From Table 3 and Figure 13, according to the results of the simulation experiments, the [image: image] control is not dominant in a complex system compared to FOPID, overshoot amount at about 30%, and settling time floating around 0.7 s; According to the results of the data based on [image: image] algorithm parameters tuning of the system has a certain advantage, settling time reduced to 0.3 s.
[image: Figure 13]FIGURE 13 | Control effect and step response of different combination strategies of the hydraulic motor. (A) The intelligent control algorithm for FOPID controller - integer order parameter setting diagram of controlled objects; (B) Parameter tuning diagram of FOPID controller-fractional controlled object by intelligent control algorithm; (C) Intelligent control algorithm PID controller - fractional integer order controlled object parameter setting diagram; (D) The intelligent control algorithm for FOPID controller - fractional integer order parameter setting graph of controlled objects.
On the whole, the [image: image] controller has shown a better control effect on the fractional order-controlled object, and the overshoot has been reduced. According to the data results, the optimization ability of the [image: image] algorithm is obvious, which makes the controlled system have better stability. For the fractional controlled object, the stability can be achieved in 0.19s, and the overshoot is 3.49%. This fully reflects the superiority of the fractional order [image: image] controller, as shown in Figure 13.
In response speed, adjustment time, and steady-state accuracy, the fractional order [image: image] controller has a better control effect than the fractional order [image: image] controller, integer order [image: image] controller, fractional order [image: image] controller, integer order [image: image] controller, fractional order [image: image] controller, integer order [image: image] controller, and integer order [image: image] controller. In this study, the intelligent optimized whale algorithm [image: image] is directly applied to the systematic controllers of the oil cylinder [image: image] and [image: image] in the manipulator for parameter tuning, and the control strategies of different combinations are compared and analyzed (Table 4).
(2) Mathematical modeling and simulation test of the hydraulic cylinder [image: image]
TABLE 4 | Doa090470-1 (1) hydraulic cylinder parameter table.
[image: Table 4]The integer order mathematical model of the hydraulic cylinder [image: image] (Zhan et al., 2015; Dingyu, 2020):
[image: image]
[image: image]
Integer order [image: image] controller expression (Elkhazali, 2013; Maâmar and Rachid, 2014; Tolba et al., 2018):
[image: image]
Fractional order [image: image] controller expression (Zamani et al., 2009; Ding et al., 2017; Ren et al., 2019):
[image: image]
Figure 14 and Table 5 show that the [image: image] controller is not fit in complex systems, and the results show that it fails to fulfill fine-tuning, especially as the controlled object gradually stabilizes after 6.06s when the [image: image] fractional order acts. In the complex system, the [image: image] controller has a better control effect on the fractional order controlled object, and the overshoot is 8.672%, which can be settled in 0.02s. The[image: image] hydraulic cylinder parameter is shown in Table 6.
(3) Mathematical modeling and simulation test of the hydraulic cylinder [image: image]
[image: Figure 14]FIGURE 14 | [image: image] step response diagram of the control effect of different combination strategies of the hydraulic cylinder.
TABLE 5 | Comparison of different combination strategies and control indexes of the [image: image] hydraulic cylinder.
[image: Table 5]TABLE 6 | [image: image] hydraulic cylinder parameter table.
[image: Table 6]Integer order mathematical model of the hydraulic cylinder [image: image] (Zhan et al., 2015; Dingyu, 2020):
[image: image]
[image: image]
Expression of the integer order PID controller [41–43]:
[image: image]
Expression of the fractional order [image: image] controller (Zamani et al., 2009; Ding et al., 2017; Ren et al., 2019):
[image: image]
Figure 15 and Table 7 show that the [image: image] controller has a better control effect for fractional controlled objects, and the overshoot can reach 6.84% in 0.5s. On the whole, the [image: image] controller is more stable than the [image: image] controller, and the [image: image] control strategy shows almost the same control effect, which is about 20%. In the actual support work of the manipulator, if there is an overshoot in the oil cylinder displacement control system, it will lead to the inaccurate positioning in the drilling hole, which will take more time, and even influence the effectiveness of electronic components in the manipulator. If 16 bolts need to be installed in a roadway section, the mechanical arm takes one more minute for installation of each bolt due to the overshoot, and takes another 16 min in total to complete the support work of a section. Cost function vs. iterations is plotted for the mathematical modeling and simulation tests of the hydraulic cylinder, as shown in Figure 16.
[image: Figure 15]FIGURE 15 | WOA-FOPID–fractional transfer function unit step diagram.
TABLE 7 | Comparison of different combination strategies and control indicators.
[image: Table 7][image: Figure 16]FIGURE 16 | Cost function vs. iterations.
5 EXPERIMENT
In order to verify the correctness and effectiveness of the control strategy in the manipulator control system of the mining roof bolter, the ground training and industrial tests were carried out in the underground roadway, as shown in Figure 17 and Figure 18. The test platform is the underground roadway, with a section height of 2.8–4 m, a width of 3.8–5.6 m, a maximum inclination of 20°, and a maximum drilling depth of 8.3 m. All of them are in a gas-free working environment. The test lasted a total of 9 days. In the first test, there were 14 anchor cable holes of 8.3 m, with a total of 116 m; 46.3 m anchor cable holes, 25 m in total; 124 m anchor cable holes, 48 m in total. In the second test, there were 6 anchor cable holes of 4 m, with a total of 24 m; 6.3 m anchor cable holes, totaling 37 m; 122.5 m anchor cable holes, 30 m in total.
[image: Figure 17]FIGURE 17 | Ground experiment.
[image: Figure 18]FIGURE 18 | Downhole experiment.
5.1 Composition of the control system
The plan of an electric–control system is shown in Figure 19. The control system adopts a modular design, and each functional module runs independently without interference, so as to avoid whole equipment paralysis due to a single failure. The electric control system can be divided into five modules: main circuit unit, power unit, protection unit, signal conditioning isolation unit, and logic control unit. The block diagram of the control system module is shown in Figure 20.
[image: Figure 19]FIGURE 19 | General scheme of an electric control system for the mining roof bolter.
[image: Figure 20]FIGURE 20 | Composition of a control system module.
The main circuit module defines the main structure of the system, and the isolation switch is applied as the switch of the main circuit power supply of the electrical control box to control the oil pump circuit. In terms of control, a vacuum contactor is used in the oil pump circuit, and installed the resistance and capacitance absorption device, to absorb the high voltage generated by the motor in the vacuum contactor disconnection. There are three current transmitters on the cables of each circuit to complete the acquisition of analog quantity.
The power module is mainly composed of a main transformer and four air circuit breakers. The main transformer has three voltage ranges of the input tap: 1,250, 1,140, and 1,025 V. When the voltage is unstable in the coal mine, the transformer tap can be adjusted with the voltage change to ensure the stability of the output voltage, and then ensure the reliability of the control loop. A 24 V tap provides power for the lamp, 220 V for the contactor coil and power modules, and 127 V for the intrinsic safe power supply.
The short-circuit protection of the main circuit and the transformer circuit is realized by a circuit breaker. The motor over-current, overload, and phase break of each driving mechanism are prevented by the [image: image] controller. Leakage locking, leakage monitoring, and overheating are prevented by using an integrated protector. Signal acquisition of the main circuit and the control circuit by a current transmitter and protection unit on each branch cable is processed and judged by an electronic circuit and controller program.
The signal isolation module and the signal conversion module together constitute the signal conditioning isolation module. The isolation module realizes the conversion of (non) intrinsic safety signal, the input and output of various controllers and peripheral devices in the control system. The logic control unit is the core part of the entire electrical system, which can complete various protection functions and communication functions of the motor, and also realize the corresponding control functions: the actual running state of each motor is judged through the calculation and processing of the collection parameters of the system; if a fault occurs, appropriate trip instructions are issued according to the type of fault.
5.2 Hardware structural design of the control system
The control cabinet consists of a PLC controller module, HMI module, and a receiver module. Each working condition monitoring unit and input/output driving unit cooperate with each other to ensure the stable operation of each control function of the system. The hardware structure block diagram of the control system is shown in Figure 19. Digital input drive unit, analog input drive unit, and the antenna are the control center of the main input module, in which the knob and switch sensor units input information to the digital input drive unit; the handle potentiometer and analog sensor input information to the analog input drive unit; the remote transmitter inputs information to the receiver module through the antenna. The digital output drive unit comprises of a light, an indicator light, and a switching electro-magnetic valve; the analog output drive unit includes a variable pump and a proportional electro-magnetic valve. The hardware structural block diagram is shown in Figure 21. In addition, this study carried out the design of the power circuit and selection of the main components.
[image: Figure 21]FIGURE 21 | Hardware structure block diagram of the control system.
5.3 Control system software composition
The software system is composed of an operation signal processor, video signal processor, fault information alarm software, equipment parameter setting software, data display and analysis software, data storage and analysis software, and signal output control software. Its structural block diagram is shown in Figure 22.
[image: Figure 22]FIGURE 22 | Control software and hardware structures’ block diagrams.
5.4 Control principle
The electronic control system adopts the Siemens 200 series [image: image] host and its corresponding expansion module (analog output/input), and communicates with the remote control receiving unit through the [image: image] host’s own [image: image] communication interface [image: image] , so as to precisely conduct motions, such as pump motor start and stop, large manipulator movements, expansion of the front and rear top tightening cylinders, forward and reverse rotations of the rotary motor, cylinder’s forward and backward, horizontal rotary positively and negatively, vertical rotary positively and negatively, adjustment of the oil cylinder, cylinder of gripper opening and closing, upper rod of manipulator sending, opening and closing of manipulator, drilling rod storeroom forward and reversing rotary, pin hydraulic cylinder opening and closing, water valve opening and closing, detection and protection of the hydraulic system through the acquisition of oil tank temperature and hydraulic system pressure sensor signals, and the display on the remote transmitter screen through [image: image] communication. A position sensor is installed to detect the position of the mainframe and the drilling rod store to ensure the precision control of automatic drilling/un-drilling. Motor intelligent integrated protector can display the real-time voltage and current of the system, with protection functions avoiding over voltage, under voltage, overload, short circuit, circuit break, phase break, leakage, display, and store alarm fault in real time. A proportional electro-hydraulic valve can adjust the hydraulic valve opening and pressure value through the [image: image] output signal of the [image: image] analog expansion module and proportional amplifier. Manual/automatic control of a locomotive can be realized by an internal ladder diagram program operation. Automatic control adopts the one-button operation, where the equipment can automatically complete the drilling/un-drilling process and have the suspension function and the one-button emergency stop function for the operator to deal with the emergency situation in the process of an automatic operation.
5.5 Implementation plan
A hydraulic anchor rod drill truck was carried out to the ground training drill from August 22 to August 23,2019, arrived to the coal mine on August 24, on August 25, in 11,505W, the transport lane carried out an industrial test, on August 26 implemented fire debugging, operation, and on August 28 began an advanced supporting anchor cable test behind the excavator. The periodic summary is as follows:
As of September 9, 38 holes were drilled, among which 35 were anchored, 3 holes were drilled during the test, respectively 3.0, 5.0, and 5.5 m, without anchoring.
With a 6.3 m grouting anchor, it takes about 4 min on average to move forward to adjust the position of the drill truck, 14 min on average to drill, 8 min on average to withdraw the drill, 4 min on average to install the anchor cable, and 30 min on average in total. Fourteen representative boreholes in the early experimental period were selected for analysis, as follows in Table 8.
TABLE 8 | Test record of the anchor rod drill truck.
[image: Table 8]According to the experimental conclusions:
(1) After the control system design is completed, it is debugged and applied on the roof bolter. The control system realizes the remote pump station start–stop control, hydraulic cylinder position control, and meets the requirements of the process operation. The experiment proves that the [image: image] control strategy in an electro-hydraulic drive control system of effectiveness. The control strategy can make the electric hydraulic drive control in good real-time performance, accuracy, and rapidity. The manipulator can achieve high precision control in the underground roadway and can be used as a new control method for roof bolter.
(2) The automatic support system of the manipulator of the mining roof bolter breaks through the technology of automatic transportation of anchoring agents and the technology of transportation bolts and cables, and realizes a real automatic support working line without man-made interference. The manipulator can automatically drill bolt holes, cable holes, cut top holes, coal powder detection holes, water injection holes, and 360° all-round drilling. In the later stage, the automatic support working line can be combined with the automatic tunneling cutting, and the unmanned driving face can be built.
6 CONCLUSION
To find whether the mining roof bolter can realize precise hole positioning, in a complex environment, this article uses [image: image] control fine-tuning features in a non-linear control object, proposes a method based on the whale algorithm [image: image] for [image: image] parameter tuning. Through establishing the electro-hydraulic coupling model of the hydraulic motor and hydraulic cylinder at four joints of the manipulator of the mining roof bolter and the simulation analysis in [image: image] , the following conclusions can be obtained:
(1) From the model built from [image: image] and the objective function [image: image] numerical iteration process, it can be found that the [image: image] has good optimization ability and convergence performance, which verifies the excellent performance of [image: image] in the control parameter tuning. The [image: image] control strategy has a certain anti-interference performance, and can be timely corrected when the electro-hydraulic coupling model of the manipulator is disturbed, so that all parameters can fluctuate in a small range, which has a good engineering application prospect.
(2) The effectiveness of the [image: image] control strategy in the electro-hydraulic drive control system can be verified by the industrial test on the mining roof bolter. The control strategy can make the electro-hydraulic drive control in good real-time performance, accuracy, and rapidity.
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In order to improve the accuracy and efficiency of deep in-situ stress measurement, based on the wall collapse in deep borehole, a deep borehole in-situ stress measurement method based on multi-array ultrasonic scanning technology is proposed in this paper. The solution idea of using the combination of multiple elements for borehole contour scanning is put forward, and a multi-array ultrasonic scanning technology suitable for fine horizontal section scanning of deep geological borehole contour is formed. Through the analysis of the calculation principle of hole wall caving method and the derivation of multi-array element ultrasonic scanning solution algorithm, a multi-array ultrasonic scanning device is developed by using the effective fusion of multi-array ultrasonic full waveform scanning signals and the reconstruction of horizontal section contour. The measurement method of in-situ stress in deep borehole combined with hole wall caving method is studied. Finally, the feasibility and accuracy of this method are verified by physical experiments. The results show that: the effective fusion of multi-array ultrasonic full waveform scanning signals and horizontal section contour reconstruction can break through the limitations of conventional in borehole probe placement and in borehole medium sound velocity calibration, and improve the fine reconstruction and accurate measurement of 360° wall shape. The multi-array ultrasonic scanning technology can obtain the borehole shape data at any borehole depth, and then obtain the three-dimensional shape measurement of borehole wall, which can provide a new technical means for the three-dimensional detection of borehole wall and in-situ stress measurement.
Keywords: deep in-situ stress, multi-element ultrasound, hole wall profile, borehole survey, ultrasonic scanning
INTRODUCTION
With the increasing scale and depth of rock engineering, the problems of rock mechanics are diversified and complex, which puts forward higher requirements for the discipline of rock mechanics. It is necessary to further carry out basic theoretical research, improve and develop theoretical methods and test means, so as to better solve the problems of rock engineering. In situ stress is the natural stress that exists in the Earth’s crust and is not disturbed by engineering. It is also known as the initial stress, absolute stress or original rock stress of rock mass. In a broad sense, it also refers to the stress in the Earth’s body. It includes stresses caused by geothermal, gravity, changes in the Earth’s rotation speed and other factors. Initial in-situ stress, absolute stress or original rock stress are important factors affecting the stability of rock mass surrounding rock. They are not only the main controlling factors affecting the mechanical behavior of rock mass, but also one of the main force sources causing rock mass deformation and failure. The reasons for the formation of in-situ stress are complex and diverse. It is generally believed that it is the result of the self weight of rock mass and the development of previous tectonic movements of the Earth plate. At the same time, it is also affected by the environment in which it occurs, such as lithology, topography, faults and fractures. In situ stress is an important basic data for the stability design of mining, power station, tunnel and other projects, and it is also one of the most important factors to consider in the excavation design and stability analysis of underground space. Therefore, in situ stress parameters have become very important in the excavation of deep underground projects (Bai et al., 2018; Ji 2009; Sun et al., 2020; Wang and Wang 2017).
With the deepening of seismic exploration and mining engineering research, the Ministry of oil and gas exploration and scientific research will continue to point to more and more important targets. At present, deep in-situ stress measurement mainly adopts hydraulic fracturing, hole wall caving method and differential strain method based on core measurement. Various methods have advantages and disadvantages (Han et al., 2018). Among them, borehole wall caving method is to analyze the magnitude and direction of in-situ stress according to the caving characteristics of borehole wall rock. Borehole caving analysis, as a part of comprehensive stress estimation, has become a routine work of continental deep drilling plan (Amadei and Stephansson, 1986; Zoback et al., 1985). In 1964, R. Leeman found the phenomenon of hole wall breakage in the drilling of gold mine at a depth of 2000 m in South Africa, and had the trend of collapse in the dominant direction. He pointed out that this collapse was the result of compressive stress, which opened the precedent of in-situ stress measurement by hole wall caving method (Leeman, 1964). D. I. Gough and J. S. bell studied the mechanical mechanism of hole wall collapse, pointed out that this is the result of rock shear fracture caused by stress concentration around the hole wall, and elaborated the principle of in-situ stress measurement of hole wall collapse method (Gough and Bell 1982). Therefore, the key of hole wall caving method is how to correctly observe the parameters of hole wall caving, such as orientation, shape, width and depth, and then infer the magnitude and direction of horizontal principal stress.
Ultrasonic borehole television is one of the commonly used hole wall caving measurement methods. It uses the principle of ultrasonic scanning imaging to reconstruct the hole wall image. By analyzing the image, it can roughly judge the shape, orientation, width and other parameters of the caving position. Through these parameters, the direction of horizontal principal stress can be calculated, but this method still belongs to hole wall plane imaging, and there is a certain error in judging the hole wall caving phenomenon, Moreover, the depth of hole wall collapse cannot be measured (Deng et al., 2011; Schuette et al., 2010; Uhlmann and Sammler 2010). At the same time, the probe in the hole usually swings, resulting in the probe not centered, which affects the ultrasonic imaging effect. In view of the above problems, this paper proposes a multi-array element ultrasonic scanning technology, which makes full use of the scanning data of the borehole wall obtained by multiple ultrasonic transducer arrays, weakens the signal interference caused by the non centering of the probe, provides the imaging quality of the horizontal section contour of the borehole wall, and realizes the high-precision measurement of the borehole contour. Multi-array ultrasonic scanning technology can not only measure the orientation and width of hole wall collapse, but also measure the depth and borehole shape of hole wall collapse. The measurement results can be used for in-situ stress calculation of hole wall collapse method. Theoretically, the rock mass stress measurement method proposed in this paper will not be limited by the measurement depth. It will provide a new method and way for in-situ stress measurement, especially deep in-situ stress measurement, and can fully meet the needs of in-situ stress measurement of deep rock mass in Continental Scientific Drilling Program.
MULTI-ARRAY ULTRASONIC SCANNING TECHNOLOGY
Multi-array ultrasonic scanning system
According to the hardware structure of multi-array element ultrasonic scanning system, it mainly includes probe, transmission cable, depth encoder, cable winch, orifice support, integrated control box, communication cable, computer, etc. The probe is used to acquire the contour information of the hole wall in the borehole, and the transmission cable is used to realize the data communication between the ground and underground in real time. The probe is vertically suspended in the borehole through the transmission cable, and the depth encoder is placed at the borehole orifice and fixed on the orifice support. The encoder is used to record the detection depth in real time. The transmission cable passes through the depth encoder and is connected with the cable winch to realize the lifting or lowering of the optical fiber cable through the cable winch. The transmission cable is connected to the integrated control box to complete the coding and interpretation of the signal. The signal is transmitted through the communication cable and enters the computer to realize the real-time processing, display and storage of data. The structural diagram of the scanning system is shown in Figure 1A. The probe is the core component of the whole system. The probe is mainly composed of data transmission converter, core control unit, rotating power unit, multi-array transducer and electronic compass. The structural composition diagram of the probe is shown in Figure 1B.
[image: Figure 1]FIGURE 1 | System structure.
Multi-array ultrasonic scanning technology realizes the high-precision measurement of borehole contour by making full use of the borehole wall scanning data obtained by multiple ultrasonic transducers. The basic working principle of this technology: Firstly, the multi-array element ultrasonic probe is lowered to a certain height in the borehole. Driven by the transmitting device, the multi-array element ultrasonic probe transmits ultrasonic waves to the rock wall of the borehole along the direction of various probes, and the multi-channel ultrasonic signals propagate in the fluid medium in the borehole. When the ultrasonic signal is transmitted to the borehole wall, acoustic reflection will occur at the borehole wall due to the obvious difference in the acoustic impedance of the medium inside and outside the rock wall. The receiving device of the multi-array ultrasonic probe obtains the ultrasonic reflection signal received in the corresponding direction. Then, the acoustic electric signal conversion device inside the probe converts the received acoustic signal into an electrical signal and uploads it to the ground data processing and storage device. The data processing and storage device forms the acoustic image corresponding to the borehole wall according to the characteristics of the ultrasonic wave. The rotating device drives the multi-array ultrasonic probe to rotate a certain angle in a step-by-step way to realize the horizontal circumferential rotation. Through 360° step, the full section contour scanning of the borehole at the same height can be realized. At the same time, with the cooperation of the up and down movement of the cable, the full hole acoustic scanning of the drilling hole can be carried out. Finally, the ultrasonic scanning data on different borehole walls can be synthesized and processed by different azimuth transducers, and finally the ultrasonic related data on the whole borehole wall can be processed. Based on the 3D borehole scanning data, a series of parameters of hole wall contour features can be extracted. The schematic diagram of multi-array element ultrasonic vertical section scanning is shown in Figure 2A, and the schematic diagram of multi-array element ultrasonic horizontal section scanning is shown in Figure 2B.
[image: Figure 2]FIGURE 2 | Schematic diagram of multi-array ultrasonic scanning principle.
Scanning model of borehole horizontal profile
The up and down movement of the multi-array ultrasonic scanning probe in the borehole is a free fall movement, and the borehole has the possibility of vertical inclination. The position of the probe in the borehole is usually in the position of the non borehole central axis. Therefore, it is necessary to establish a horizontal section scanning model according to the scanning data of the multi-array acoustic probe to determine the position relationship between the probe central position and the borehole. As shown in Figure 3, it is assumed that the borehole is an ideal standard circle before being affected by in-situ stress. Taking the central position of the multi-array ultrasonic scanning probe as the coordinate axis dot o, a plane coordinate system is established. The geographical east direction is taken as the positive direction of the x-axis and the geographical North direction is taken as the positive direction of the y-axis. The ideal drilling diameter of the cast-in-place pile is D, and the distance from the center of the transmitting surface of the probe to the central point of the circular ring is r. In the rectangular coordinate system, the central point of the borehole is o ', and its coordinates are expressed in (x', y'), the point closest to the vertical distance of the probe from the borehole is D1 (x1, y1), the corresponding ultrasonic array element on the probe is U1, and the distance between U1 and D1 is [image: image]. The point with the farthest vertical distance from the probe to the borehole is D2 (x2, y2), the corresponding ultrasonic array element on the probe is U2, and the distance between U2 and D2 is [image: image]. The point with moderate vertical distance from the probe to the borehole is D3 (x3, y3), the corresponding ultrasonic array element on the probe is U3, and the distance between U3 and D3 is [image: image].
[image: Figure 3]FIGURE 3 | Schematic diagram of horizontal section scanning.
The corresponding relationship between the multi-array ultrasonic scanning probe and the borehole is as follows:
[image: image]
Since the multi-array ultrasonic scanning probe can effectively calculate the values of [image: image], [image: image] and [image: image] , according to the Pythagorean theorem of triangle, the relationship 1) can be deformed and solved:
[image: image]
Where, i = 1, 2, 3. [image: image] represents the geographic azimuth corresponding to the ultrasonic array element U1, [image: image] represents the geographic azimuth corresponding to the ultrasonic array element U2, and [image: image] represents the geographic azimuth corresponding to the ultrasonic array element U3. The geographic azimuth is the included angle between the location of the ultrasonic array element and the geographic north pole. Points D1, D2 and D3 are all located on the circumference of the borehole. According to the circular equation, it can be concluded that:
[image: image]
Through simultaneous Eqs 2, 3, the center coordinates (x ', y') of the borehole and the distance |O '| of the probe from the borehole center can be solved. The expression is:
[image: image]
The corresponding variable expression is:
[image: image]
The assumption of the horizontal profile scanning model is that the borehole is a standard circle, while the actual borehole wall is not a cylindrical surface in the strict sense, accompanied by local defects, such as borehole necking, local hole collapse, local hole expansion, local skew and so on. Therefore, during data analysis, it is necessary to search the standard circle of the data or tabulate the standard area, and the casing remaining in the borehole can be used as the calibration circle of the horizontal profile scanning model. Thus, the position of multi-array ultrasonic scanning probe in the borehole can be effectively determined, and the transmission SPPED of sound wave in the borehole can also be obtained. Its expression is:
[image: image]
Where DS is the diameter of the calibration circle, t1 is the arrival time of the first wave of the echo received by the ultrasonic array element U1, t2 is the arrival time of the first wave of the echo received by the ultrasonic array element U2, and R is the radius of the multi-array element ultrasonic scanning probe.
Reconstruction of horizontal profile of borehole
The contour reconstruction of the borehole can be realized independently through n multivariate scanning data [image: image]. However, since the multi-array ultrasonic scanning probe is easy to deviate from the central position of the borehole in the borehole, or the borehole is subject to necking, local hole collapse, local hole expansion, local skew and other phenomena, at least some multivariate scanning data [image: image] are invalid or have large errors. In order to reduce the interference of the data and improve the contour reconstruction accuracy of the borehole, It is necessary to make full use of multivariate scanning data [image: image] to realize the fusion and reconstruction of multivariate scanning data. Assuming that the multi-element scanning fusion data of horizontal section at depth h is [image: image], its expression is:
[image: image]
Where, [image: image] is the composite weighting factor of the jth sampling data of the nth array element ultrasonic probe at depth h, [image: image] is a non negative number, the maximum value of [image: image] is 1, and the minimum value of [image: image] is 0. The value of [image: image] depends on the actual situation. Generally, the value of [image: image] is 1/N. When the data obtained by the array element ultrasonic probe is abnormal, the smaller the corresponding [image: image] value is, and when the data signal obtained by the array element ultrasonic probe is strong, the larger the corresponding [image: image] value is.
Multivariate data fusion map combines the acoustic scanning data of multi-array probe. It is necessary to normalize the multivariate data fusion map to obtain the maximum value [image: image] and minimum value [image: image] of each row and column of the horizontal section, so that the value of multivariate reconstructed data [image: image] is within the range [ [image: image] , [image: image] ]. The multi-element reconstructed data [image: image] is processed in gray, and the bright region is used to represent the contour region of the horizontal scanning section, and the dark region is used to represent the propagation medium region. After completing the reconstruction of each horizontal section contour of the borehole, the whole hole stereo contour image of the borehole can be formed by interpolating and fitting the connected horizontal section data, and the mapping of multi-array ultrasonic scanning data can be completed. The horizontal profile reconstruction of a certain depth borehole is realized, which provides a basic number for the in-situ stress measurement method described in this paper.
IN SITU STRESS MEASUREMENT METHOD OF DEEP BOREHOLE
Based on the multi-array ultrasonic scanning technology, this paper combines the fine profile of the horizontal section of the deep borehole with the hole wall caving method to realize the in-situ stress measurement of the deep borehole and effectively improve the accuracy and efficiency of the in-situ stress measurement.
Basic principle of borehole in-situ stress measurement
Because the deep rock mass structure usually has high in-situ stress, and the depth of deep drilling is usually more than 1,000 m, the hole wall collapse is easy to occur in the deep part of drilling due to the action of high ground stress (Liu et al., 2010; Liu and Sun 2016; Wu et al., 2016). Borehole collapse refers to the phenomenon that the rock on the hole wall breaks and falls off under the action of high stress, as shown in Figure 4. Initially, only the maximum principal stress direction on the cross section of the borehole can be obtained. With the help of geophysical logging, deformation and failure mechanism of deep rock mass and laboratory test results, the stress can be estimated according to the collapse shape elements and the cohesion and internal friction angle of rock. The maximum horizontal principal stress direction of hole wall caving method is more accurate, but the calculation accuracy of stress value needs to be further improved. When there is no collapse in the borehole, the relevant in-situ stress information cannot be obtained. If the anisotropy or heterogeneity of rock is prominent, it will also bring great errors to the determination of ground stress value and orientation.
[image: Figure 4]FIGURE 4 | Borehole imaging of deep borehole wall collapse.
Because the multi-element ultrasonic scanning technology can not only measure the direction and width of borehole wall collapse, but also measure the borehole wall collapse depth and borehole shape, which can effectively reflect the collapse width and depth of borehole collapse area. Therefore, in order to obtain the width and depth of the borehole collapse area as shown in Figure 4, this paper first uses the multi-element ultrasonic scanning technology to scan the borehole horizontal section profile in the collapse area to form the horizontal section profile at a certain depth of the borehole, as shown in Figure 5A. Then, by scanning multiple horizontal sections of the borehole, the contour reconstruction of a specific area of the borehole can be realized, as shown in Figure 5B. Finally, through the extraction of contour feature points, the width and depth of the collapse area are calculated as shown in Figure 5C, providing data parameters for the methods described later. The specific borehole contour acquisition is the content of Chapter 2. Contour feature point extraction and data processing are analyzed and stated in detail in this chapter.
[image: Figure 5]FIGURE 5 | Schematic diagram for obtaining width and depth of borehole wall collapse area.
The mechanism of hole wall collapse is the rock compression shear failure caused by the stress concentration near the hole wall. This phenomenon occurs at the position with the maximum tangential stress, and the collapse direction is consistent with the direction of the minimum horizontal principal stress. Before drilling, the stress is in equilibrium. After drilling, the original rock stress balance around the borehole is destroyed. In order to maintain the balance, the stress on the borehole wall is redistributed. For a circular hole in an infinite, uniform and isotropic elastic thin plate, when it receives the maximum and minimum horizontal principal stress, the stress distribution near the hole wall can be solved according to Kirsch equation, and its expression is:
[image: image]
Where: [image: image], [image: image], [image: image], [image: image] are the tangential, radial normal stress, vertical stress and shear stress of the failure point respectively. [image: image] , [image: image] is the highest and lowest level principal stress of original rock respectively. [image: image] is the vertical stress of original rock. [image: image] is the radius of circular hole. R is the radial distance to the central axis. [image: image] is the Poisson’s ratio of rock; ΔP is the excess borehole fluid pressure exceeding the rock pore pressure. θ is the included angle in the initial [image: image] counterclockwise direction. It can be seen from the relation (8) that the maximum stress is the tangential stress, and [image: image] acts in the directions of [image: image] and [image: image] along the arch line. When r = a, it is the stress state of the hole wall. According to the relationship (8), the shear stress on the hole wall is 0, which can be ignored. [image: image] is a function of [image: image] angle θ. When [image: image] or [image: image], [image: image] and [image: image] take the maximum value, then the relationship (8) becomes:
[image: image]
If ΔP becomes smaller, [image: image] becomes smaller and [image: image] becomes larger. If [image: image] exceeds the compressive stress of rock, the rock will undergo shear failure, that is, hole wall collapse. Since the rock failure of hole wall is generally shear failure, which obeys Mohr strength criterion, the stress state of failure point meets the following equation:
[image: image]
Where: [image: image],μ is the bonding force and internal friction coefficient of rock respectively. Therefore, as long as the borehole wall collapse width θb and the borehole wall collapse depth rb is measured, and determine the rock expressions of [image: image] , [image: image], [image: image] into Eq 8, then the values of [image: image] and [image: image] can be solved. The schematic diagram of borehole collapse is shown in Figure 6. Borehole wall collapse width θb corresponds to the opening angle of borehole collapse. When the borehole collapse reaches the critical value M point, θb the corresponding formula is:
[image: image]
Where: θ corresponds to the specific angle of point M. If the borehole wall collapse width θb is known, θ corresponds to the specific angle of point M can be solved according to Eq. 11. At this time, the tangential stress [image: image] at the critical point of compressive stress concentration failure (the junction of borehole collapse area and non collapse area) can be obtained.
[image: Figure 6]FIGURE 6 | Schematic diagram of circumferential stress state of borehole cross section.
Experimental test and data processing
In order to verify the accuracy of multi-array ultrasonic scanning technology to obtain the width and depth of hole wall collapse, indoor physical simulation experiments were carried out for data processing and analysis. The equipment used in the physical simulation test experiment is the multi-element ultrasonic scanning equipment independently developed by Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. The physical diagram of the equipment is shown in Figure 7A. The equipment has three ultrasonic array element transducers, and the frequency of the ultrasonic transducer is 1 MHz. The physical test object is the calibrated borehole after rock processing. Two symmetrical circular grooves are made in the standard circular borehole to simulate the deformation state of the borehole under external force. The diameter of the round hole of the test model is 120mm, the depth rb is 63mm, and the collapse width of the hole wall θb is 60°, rock bonding force [image: image]= 8MPa, internal friction coefficient μ = 0.5. The model image is shown in Figure 7B.
[image: Figure 7]FIGURE 7 | Indoor physical test.
The specific working steps of indoor physical test are as follows: fill the borehole with purified water, lower the probe into the borehole, and after the probe is lowered to the depth a in the borehole, the integrated control box will supply power and command control for the probe. The multi-array ultrasonic probe starts to scan the borehole horizontally. After receiving the rotation command from the control system, multiple ultrasonic transducers rotate in a step-by-step manner from the set orientation and rotate horizontally in a clockwise direction at every fixed angle. After each rotation to a fixed angle, multiple ultrasonic transmitting transducers transmit pulse signals to the rock wall surface for ultrasonic scanning of multiple rock wall scanning points. Multiple ultrasonic receiving transducers receive the reflected echo signal corresponding to the direction, and the parameters such as multiple transmission signals, echo signals, azimuth signals and control signals are transmitted to the ground system through the transmission cable. Then, the multi-element ultrasonic probe mechanically rotates a step angle and continues the above process until the 360° scanning of the whole horizontal section profile at the coverage depth A. After completing the horizontal profile scanning of the drilling profile at depth a, change the length of the transmission cable, and the transmission cable moves the probe upward to the depth of the test section B to realize the horizontal profile scanning at drilling depth B. Then, complete the full horizontal section contour scanning of the borehole at the borehole depth C. Finally, through computer data analysis and data processing, the contour fine reconstruction of multiple depth horizontal sections of borehole is realized. The schematic diagram of the test process is shown in Figure 8A, and the borehole contour scanning diagram of the horizontal section at depth B is shown in Figure 8B.
[image: Figure 8]FIGURE 8 | Test process and scanned image.
According to the borehole horizontal profile scanning model constructed in this paper, the data obtained by three ultrasonic array elements are synthesized, and the three scanned images of the same section are fused. The results are shown in Figure 9A. On the circumferential scanning image synthesized by multiple array elements, take the position of the probe determined by the multiple array metadata as the central origin, establish a plane rectangular coordinate system, and add several sound beam search scanning lines, as shown in Figure 9B, in which the number is N and the included angle between the sound beam search scanning lines is two Π/N. At depth B, the first wave detection distance of ultrasonic sound beam corresponding to the I sound beam search scanning line is Lh,i. In calculating the acoustic wave transmission time corresponding to Lh,i, the arrival time of the first wave is calculated according to the characteristics of relatively large energy of the first wave beam. In order to minimize the time of real-time operation of searching the maximum energy interval, the energy center convergence method is adopted. Firstly, at depth B, the ultrasonic beam w corresponding to the i beam search scan line is divided into four sub windows, the energy of each sub window is calculated, and then two are added and combined into three new sub windows. The sub window corresponding to the one with the largest energy in the new sub window is W ′, repeat the above iterative steps, and after the iteration is terminated, further move the sub window on the time axis to find a more accurate area with the largest energy value. According to the principle of energy center, the arrival time T of the first wave is:
[image: image]
[image: Figure 9]FIGURE 9 | Scanned data image.
In the above formula, [image: image] is the amplitude at time [image: image] in the region with the maximum energy corresponding to the sound beam search scan line. At the depth h, assuming that the optimal scanning line is in the plane image coordinate system, the number of pixels in the x-axis direction is MH and the number of pixels in the y-axis direction is Nh, then according to the corresponding relationship between the contour size calibration value and the image scanning line, it can be calculated that at the depth B, the length represented by the horizontal distance of a pixel in the horizontal section scanning image of the borehole is [image: image] and the length represented by the longitudinal distance is [image: image], The following relationship exists:
[image: image]
In the above formula, [image: image] represents the angle between the image scanning line and the x-axis direction, and [image: image] represents the propagation speed of sound in the medium. After the contour dimension calibration of the optimal scanning line is completed, the contour dimension on the circumferential scanning image of the borehole scanning section can be calculated back according to the length value represented by the pixel points. The maximum distance between the scanned image contour and the central O point is Q, and the contour mutation points are m and N respectively. The three feature points corresponding to the other side of the image are Q′, M′, N′, as shown in Figure 9C. Through calculation, a = 60.00mm, [image: image]= 62.99mm, [image: image]= 62.98mm, [image: image]= 60.00°, [image: image]= 60.00°, [image: image]= 30.00°, [image: image]= 60.00°.
Calculation results and analysis
The stress [image: image] and [image: image] corresponding to the physical test object are 12.944 and 6.665 MPa respectively. According to the hole wall collapse width and depth obtained by multi-array ultrasonic scanning technology, combined with Eqs, 8–10. Calculate the stress of point m and point Q respectively, and the stress of point M is calculated as follows:
[image: image]
The solution is, [image: image]= 12.944 MPa. Similarly, the stress at point Q is calculated as follows:
[image: image]
The solution is, [image: image]= 6.665 MPa. Through comparison, it can be seen that the results obtained by multi-element ultrasonic scanning technology are basically consistent with the results of in-situ stress calculation. This is mainly because the parameters obtained by multi-element ultrasonic scanning technology are close to the size of the physical model, and the size error is 0.01 mm, which has little impact on the results of in-situ stress calculation. The calculation process of hole wall caving method is simple, and the core parameters are the width and depth of hole wall rock mass caving, that is, the real contour of the borehole. The scanned contour images at depths A, B and C obtained by this technology are reconstructed and extracted respectively. The results are shown in Figure 10. It can be seen from Figure 10 that the scanning contour images at depths A, B and C are basically consistent. At the same time, comparing the scanning contour images at depths A, B and C obtained by this technology with the real physical model, it also has good consistency, which shows that the method described in this paper can effectively obtain the characteristics of hole wall collapse caused by high stress in depth.
[image: Figure 10]FIGURE 10 | Scanning contour at different depths. (A) Scan profile at depth A. (B) Scan profile at depth B. (C) Scan profile at depth C.
In terms of quantitative analysis, the collapse width and depth of hole wall rock mass obtained at depths A, B and C are compared with the physical model. The comparison results of collapse width are shown in Figure 11A, and the comparison results of collapse depth are shown in Figure 11B. As can be seen from Figure 11A, the collapse width of boreholes at depths A, B and C is basically the same as that of the physical model. This is mainly because the equipment adopts high-resolution electronic azimuth compass, combined with multivariate data correction, and has high directional scanning characteristics, so that the starting and ending positions of collapse width can be accurately reflected. The consistency of multiple measurement results also verifies the repeatability reliability of this technology. It can be seen from Figure 11B that the borehole caving depth at depths A, B and C is basically the same, and is consistent with the size of the physical model, with occasional small deviation. This is mainly due to the accidental error in the process of acoustic signal acquisition. Combined with the multivariate data correction of this technology, the measurement accuracy of caving depth can be significantly improved, with an error of about 0.02%, which has little impact on in-situ stress measurement. The multiple measurement results of borehole collapse depth also verify the correctness and repeatability of this method.
[image: Figure 11]FIGURE 11 | Comparison of collapse.
The horizontal section contours at depths A, B and C are interpolated and fitted to form a three-dimensional morphology image of the model, as shown in Figure 12A. From the Figure 12A, it can be seen that the characteristics of the model are consistent with the actual physical model. In order to verify the superiority of this method, the results of multi-array element processing in this paper are compared with the results of single array metadata. The results of single array metadata formation are shown in Figure 12B. From Figure 12B, it can be seen that the single array element scanning diagram can reflect certain scanning area features, but the influence of multiple echoes and interference waves is more prominent, so it is difficult to extract effective echo signals, resulting in low accuracy of each horizontal contour feature curve extracted, It can not realize the fine reconstruction of contour features, which verifies the superiority of multi-array ultrasonic scanning technology and method in this paper.
[image: Figure 12]FIGURE 12 | Comparison of three-dimensional reconstruction between this method and single array element method. (A) Three-dimensional morphology image. (B) Single array metadata formation.
In order to improve the accuracy and efficiency of deep in-situ stress measurement, based on multiple full waveform scanning signals obtained by multi-array element ultrasonic scanning equipment, a deep borehole in-situ stress measurement method based on multi-array element ultrasonic scanning technology is proposed. The advantage of multi-element ultrasonic scanning technology lies in the fine reconstruction of the horizontal section contour of the hole wall, which can realize the accurate measurement of the collapse width and depth of the hole wall, so that the method is feasible and accurate in theory. This technology also has some limitations. If there is no fluid medium in the borehole, the attenuation of ultrasonic signal in the air is very fast, and the ultrasonic transducer is difficult to effectively collect the reflected echo signal of the borehole wall. In addition, if the fluid medium in the borehole is uneven, the acoustic propagation characteristics of ultrasonic will also change, and the technical results of this method may have deviation. However, due to the use of multi-array signal, the number of ultrasonic array elements can be appropriately increased or data correction can be used to improve the accuracy of measurement results. In general, in the deep in-situ stress measurement, this technology uses geological drilling to scan the contour of the hole wall at different depths, effectively identify the collapse area of the hole wall, and estimate the in-situ stress size and direction at different positions of the deep formation in combination with the calculation method in this paper. Because this method can quickly calculate the horizontal in-situ stress of borehole rock mass at different depths, through the contour scanning of different depths, it can efficiently present the in-situ stress distribution of the whole borehole, realize the three-dimensional visualization of the in-situ stress distribution of the whole borehole, provide effective data support for deep underground engineering, and have a broad development space.
In addition, the key basis of this study is to assume that the collapse width and depth are related to stress, which requires accurate measurement of borehole deformation under pressure. In fact, the borehole shape is usually irregular, often accompanied by cracks, grains and other phenomena. Therefore, it is necessary to identify and distinguish the characteristics of borehole wall collapse caused by in-situ stress, so as to determine whether the borehole deformation is caused by stress. According to the mechanical mechanism analysis of borehole collapse ellipse formation, we summarize the characteristics of the collapse ellipse as follows: 1) The cross section of the borehole has an obvious long axis direction. The contour diameter of a small part of the area is obviously larger than the borehole diameter, while the contour diameter of most areas is close to or equal to the borehole diameter. 2) The elliptical borehole section has a certain length in depth. At different depths of the same borehole, the caving hole section is sometimes short, several meters or tens of meters, sometimes quite long, up to tens of meters or even hundreds of meters, but its long axis direction is basically unchanged. 3) For elliptical borehole sections formed by fault fracture zones and high angle natural fractures, because they are similar in shape on the well diameter curve, it is difficult to distinguish the true from the false. It is necessary to analyze them with the help of other technical means to divide the hole sections and eliminate them. In order to improve and solve this problem, relevant research will be further carried out in the follow-up research work to realize the collapse feature recognition under the complex geological borehole environment.
CONCLUSION
The main conclusions are as follows: 1) This technology can effectively overcome the influence of the transparency of the propagation medium in the borehole on the visualization of the borehole wall compared with the conventional technology. The horizontal profile scanning model of borehole can quantitatively calculate and analyze the collapse area caused by local in-situ stress; 2) The effective fusion of multi-array ultrasonic full waveform scanning signals and the reconstruction of horizontal section contour are adopted, which can break through the limitations of the conventional in hole probe that needs to be placed in the middle and the sound velocity calibration of the medium in the borehole, and improve the fine reconstruction and accurate measurement of 360° wall shape; 3) The multi-array element ultrasonic scanning technology can obtain the borehole shape data at any depth, which can realize the measurement of borehole wall three-dimensional shape. It has the feasibility of theory, method and technology in the borehole wall caving in-situ stress measurement, which can provide a new technical means for the three-dimensional detection of the borehole wall and in-situ stress measurement.
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In order to study the laws of crack evolution in rock and explain its fracture instability mechanism, a series of laboratory tests were carried out with Jinping Marbles. The test results show that the failure degree of marbles under unloading conditions is more severe than that under loading conditions. Based on volume crack strain, five progressive failure stages of crack evolution under different conditions are divided, and the corresponding characteristic stresses are determined. The pre-peak volume crack propagation strain without considering the initial damage is used to evaluate the pre-peak crack growth propagation degree of rock, and it is found that the lower the confining pressure, the higher the strain rate and unloading rate, the less the cracks generated before the peak, and the more the rock is prone to brittle failure after the peak. The starting point of the sharp increase of volume crack strain rate is proposed as the failure precursor point, and stress levels of failure precursor of marbles are in 70%–100%, which decrease as confining pressure, strain rate, and unloading rate rise. Under unloading conditions, failure precursor points appear later and are close to the unloading point, and unloading rocks are more prone to sudden brittle failure.
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1 INTRODUCTION
There are many defects in rock, such as joints, cracks, and pores in natural rock materials due to complex geological tectonic movement. These inherent discontinuities seriously weaken the mechanical properties and the stability of the internal structure of rock (Li et al., 2018; Li et al., 2020; Yan et al., 2021). Especially under the condition of high ground stress, a large amount of energy is accumulated in deep rock mass, and the energy stored in rock mass is rapidly released under the action of excavation and unloading, causing dynamic disasters such as rock burst and impact instability, which brings great challenges to the safety of construction workers and equipment (Cai and Kaiser, 2005; Zhou et al., 2015; Dong et al., 2020; Feng et al., 2022). Therefore, this study investigates the deformation and failure mechanisms of rock under different excavation disturbance conditions, and predicts the failure precursors of rock, which is of great significance to the stability of surrounding rock and early warning of rock dynamic disasters.
Deformation and failure of rock are the result of internal micro-cracks evolution, which leads to the deterioration of rock mechanical properties and the instability of its internal structure. In order to interpret crack evolution laws of rocks under different conditions, scholars usually analyze from macroscopic and microscopic aspects. From the perspective of macroscopic mechanical properties, deformation and failure characteristics of rock can be reflected by stress-strain curve, strength deformation parameters, and macroscopic damage characteristics. From the microscopic point of view, the acoustic emission method can be used to monitor the engineering rock mass in real-time, and directly judge the structure of abnormal areas in rock mass to predict the occurrence of dynamic disasters (Dong et al., 2021a). However, in laboratory tests, the root cause of rock instability and failure can be better explored based on the non-linear evolution law of micro-cracks inside rock (Chen et al., 2016; Jin et al., 2017; Zuo et al., 2017; Chen and Guo, 2020). Based on lots of rock mechanics tests, Bieniawski analyzed rock fracture characteristics using fracture mechanics theory, and found that the crack evolution process can be divided into stable and unstable stages (Bieniawski, 1967). To clarify the deformation and failure stages of rock, Martin firstly proposed to use the crack strain variable to analyze (Martin, 1993). Through compression tests of granites, Martin and Chandler further expounded the progressive failure process and fracture mechanism of rock in detail (Martin and Chandler, 1994). On this basis, Cai et al. (2004) found that characteristic stress thresholds can be obtained according to evolution characteristics of crack strain, which is still an important method to determine characteristic stresses of rock. In addition, to ensure the safety and stability of the project, it is necessary to identify rock failure precursors and predict rock failure. From a macro perspective, the turning point where tensile cracks extend and merge with shear cracks can be regarded as a failure precursor point, but it is difficult to be captured in laboratory tests (Hoek and Martin, 2014). From a micro perspective, rock failure precursor also can be determined by Acoustic emission (AE) (Yu et al., 2022), infrared thermography, and other auxiliary monitoring methods. Dong et al. (2021b, 2021c) predicted the precursors of rock instability and failure based on the unstable evolution trend of the AE event rate in the plastic stage. However, there are still some limitations, such as failure precursors with infrared thermography that usually appear later and are not prioritised in time, and that AE is greatly influenced by lithology, loading and unloading conditions, and is difficult to satisfy the conditions for determining failure precursors (Cong et al., 2016; Chen et al., 2021). Since instability of the rock medium was directly caused by microcrack propagation, crack propagation velocity variation reflects the change of rock damage degree. Based on this, how to propose a more accurate and universal prediction method of rock failure precursor is worth in-depth consideration. Considering different excavation disturbance conditions, to determine more accurate failure precursor based on evolution law of volume crack strain rate, is significant to earlier warning and prevention of rock dynamic disaster and ensure the long-term stability of surrounding rock.
However, the crack propagation characteristics of rock are different when under different stress states. Zuo et al. (2019) studied the crack evolution laws of rock during the progressive failure process under the influence of confining pressure, and pointed out that confining pressure can restrain crack propagation in rock (Chen et al., 2020). Xing et al. (2018) found that the stress level of crack initiation is higher under quasi-static strain rate than that under dynamic strain rate, indicating that rock fracture is more rapid in dynamic conditions. At present, relevant studies based on conventional loading tests have obtained abundant achievements, but there are few reports on the crack evolution laws of unloading rock. Before the excavation of underground geotechnical engineering, rock is in a three-dimensional pressure state, and conventional compression tests are sufficient to study the general mechanical behavior of rock. While in actual projects (such as underground chamber and tunnel excavation), rock mass is disturbed differently with different excavation rates, which affects rock cracking behavior to some extent (Zhou et al., 2018; Zhao et al., 2019), and the non-linear mechanical properties of rock cannot be fully interpreted through conventional loading tests at this time. Therefore, considering confining pressure, strain rate, and unloading rate conditions, loading and unloading rock mechanical tests were carried out to study the crack evolution law of rocks under different conditions to obtain progressive failure characteristics and predict failure precursor, which is beneficial to explain rock deformation mechanism under complex stress, and to provide technical support for design, construction, and risk control of underground tunnel and surrounding rock.
2 LOADING AND UNLOADING TESTS OF MARBLE
2.1 Test Specimen and Equipment
Rock samples in the tests are marbles taken from Jinping II hydropower station, with a burial depth of +2400m. According to the recommended standard of the International Society for Rock Mechanics, i.e., ISRM (Ulusay, 2014), rock cores were cut and polished into standard cylindrical samples, with a diameter of 50 mm and a height of 100 mm, some of the marble samples can be seen in Figure 1A. It is requested that the diameter should be controlled at [image: image] mm, the height to diameter ratio is 2 ± 0.2, the non-parallelism of both ends of the specimen is no more than 0.05 mm, and both ends are perpendicular to the specimen axis and the maximum deviation is ±0.25°. In this test, 30 standard cylindrical marble samples were made, and 15 rock samples were respectively used in loading and unloading tests.
[image: Figure 1]FIGURE 1 | Test specimen and equipment: (A) Marble specimens; (B) MTS815 rock mechanics test system.
Both loading and unloading tests were carried out on the MTS815 Flex Test GT rock mechanics test system of the Key Laboratory of Deep Earth Science and Engineering Ministry of Education of Sichuan University, which was shown in Figure 1B, and the MTS test system is mainly composed of power system, hydraulic power system, servo threshold system, and host system. This system can be used to carry out uniaxial tests and triaxial loading and unloading tests under dynamic or static conditions, and it is loaded by stress or strain control.
2.2 Discrete Analysis
Affected by the geological tectonic movement, there exist some primary defects inside marble, which means that the rock samples taken from the same environment have a certain discreteness. In order to reduce the influence of rock sample discreteness on test results, rock samples with similar physical parameters, such as density and p-wave velocity, were selected and tested in the same group. The higher the density and p-wave velocity, the denser the internal structure of rock, and the stronger its mechanical strength, and the two parameters can indirectly reflect differences in rock internal structure. The dispersion degree of rock samples can be analyzed by dispersion indexes, such as mean value, standard deviation, and variation coefficient, and the analysis results were listed in Table 1. It can be seen from the table that the standard deviation of ρ, ρ/ρmax, Vp/Vp max under loading and unloading tests is much less than 1, and their variation coefficient is within 10%, which indicates that the dispersion degree of rock samples meets the requirements of the test specification.
TABLE 1 | Discrete analysis of marble samples.
[image: Table 1]2.3 Test Plan
In order to study crack evolution law in rock under different excavation conditions and explain its deformation and failure mechanism, taking Jinping marble as an example to carry out indoor tests under different loading and unloading conditions. In this paper, quasi-static triaxial compression test, constant confining pressure loading test, and unloading test under different initial confining pressure and unloading rate were designed, and there are three rock samples in each group of parallel tests. The detailed test plans were listed in Table 2.
TABLE 2 | Test plan.
[image: Table 2]The stress path diagram of the triaxial loading and unloading test was shown in Figure 2, and the detailed test methods are as follows:
(1) In the quasi-static loading test, first respectively load confining pressure and axial pressure to 50 MPa at 0.06 mm/min and 3 MPa/min loading rate, and then continue to load axial pressure at 10−5s−1, 10−4s−1, and 10−3s−1 strain rates respectively by strain control. In this test, strain control loading is realized by the Linear Variable Differential Transformer, i.e., LVDT, and the loading rates corresponding to 10−5s−1, 10−4s−1, and 10−3s−1 strain rate are 0.06 mm/min, 0.6 mm/min, and 6 mm/min respectively.
(2) In the constant confining pressure loading test, the strain rate maintains at 10−5s−1, and the application of confining pressure is controlled by stress. The test procedure of the constant confining pressure loading test is consistent with the quasi-static loading test, but in the initial stage, confining pressure is respectively imposed to 25, 50, and 80 MPa at 3 MPa/min loading rate.
(3) In the triaxial unloading test, after being loaded to hydrostatic pressure state, continue loading to preset axial pressure at 0.06 mm/min loading rate, then start to unload the confining pressure until rock sample damages, and the stress level at the unloading point is 80% of the triaxial compressive strength in this test. In the unloading test, when considering the influence of initial confining pressure, unload at 0.01 MPa/s unloading rate under conditions of 25, 50, and 80 MPa confining pressure respectively; While considering the influence of unloading rate, the initial confining pressure is 50 MPa, then unload at 0.01, 0.1, and 1 MPa/s unloading rate respectively.
[image: Figure 2]FIGURE 2 | Stress path of loading and unloading tests.
3 ANALYSIS OF TEST RESULTS
3.1 Stress-Strain Curve
Stress-strain curves of marbles under different loading and unloading conditions were plotted in Figure 3, they all show a trend of changing from linear growth to non-linear growth. Taking the marble sample under 25 MPa confining pressure as an example, the stress-strain curves of marbles can be simply divided into four stages, that is linear stage A, non-linear stage B, stress plateau stage C, and post-peak failure stage D. It can be seen that in the linear stage before the peak, stress-strain curves are basically consistent under different conditions, and rock is in an elastic state with little difference in elastic modulus at this stage. As stress increases further, the rock enters the plastic stage, and the strain increases faster than stress. Meanwhile, the external input energy is mainly used for the micro crack evolution, and the micro-cracks begin to expand and extend rapidly, leading to the plastic deformation of marble. With initial confining pressure rising, the plastic characteristics of marble enhance, but strain rate and unloading rate have no significant effect on it. At peak stress, there is no immediate stress drop under confining pressure conditions, but there is a stress flat, where the stress distribution inside the rock reaches a steady state.
[image: Figure 3]FIGURE 3 | Deviatoric stress-axial strain curves of marble samples: (A) loading condition; (B) unloading condition.
In the post-peak failure stage, stress drop occurs but the stress drop degree in the unloading state is obviously higher than the loading state, showing that unloading marble is more prone to severe brittle failure. With an increase of initial confining pressure, the stress drop rate gradually decreases, and the failure of marble transitions from brittle to plastic. Under 80 MPa confining pressure, there is even no obvious stress drop, and the rock shows an approximately ideal plastic state. The influence of strain rate and unloading rate on the stress-strain curve is more obvious in post-peak. As strain rate and unloading rate increase, stress drop rate increases slightly, and brittle failure characteristics of marble enhance. It can be seen that marbles have different mechanical responses under the action of confining pressure, strain rate, and unloading rate, and the effect of confining pressure on mechanical behavior is more significant.
Under the quasi-static strain rate, the peak stress of triaxial marble fluctuates around 350 MPa. For loading and unloading tests under different confining pressures, the peak stress under both stress paths increases with the increase of confining pressure, but the peak stress of unloaded marble is lower than that of loading under the same initial confining pressure, which indicates that unloading weakens rock ability to resist deformation and failure. When unloading under the initial confining pressure of 50 MPa, the peak stress increases slightly as the unloading rate increases. In the loading and unloading test, linear stages of stress-strain curves under different strain rates and unloading rates basically coincide, and the elastic modulus of marble has little difference. With confining pressure increasing, the slope of the linear phase of the stress-strain curve gradually increases, and the elastic modulus of marble also increases. The larger the elastic modulus, the stronger the rock stiffness and the ability to resist deformation and damage, which also shows that confining pressure can restrain rock deformation.
3.2 Macroscopic Failure Characteristics
Macroscopic failure modes of marbles under loading and unloading were seen in Figure 4, the red line in the figure represents the main crack and the blue line represents the secondary crack. As shown in Figure 4A, rock sample under 25 MPa confining pressure occurs double-shear failure, and tensile fissures highly develop between two parallel main shear cracks. At 50 MPa confining pressure, the sample shows single-shear failure, and there are few secondary shear cracks around the main shear crack. At 80 MPa confining pressure, microcracks fully developed under the action of axial stress, main shear crack without penetration, and dilatancy appears. As confining pressure rises, variation of failure modes of marble specimens shows that confining pressure limits the circumferential deformation of rock. As shown in Figure 4B, the sample under 10−4s−1 strain rate occurs shear failure in “V” shape, and secondary shear cracks are distributed near the main cracks. At 10−3s−1 strain rate, two parallel shear cracks penetrate surface the rock surface, and secondary cracks are distributed between them. As the strain rate increases, marble specimens change from single-shear failure to double-shear failure, and the failure degree gradually intensifies.
[image: Figure 4]FIGURE 4 | Macroscopic failure modes of marble samples: (A) constant confining pressure condition [image: image]; (B) strain rate condition (σ3 = 50 MPa); (C) unloading confining pressure condition (Δσ3 = 0.01 MPa/s); (D) unloading rate condition (σ3 = 50 MPa).
Under unloading conditions, as shown in Figure 4C, under 25 MPa initial confining pressure, a shear zone with large width is formed on the rock surface, and there are many fragments distributed in the zone, which is caused by friction and extrusion between fracture surfaces. Under 50 MPa initial confining pressure, the shear zone gets narrowed, and at higher confining pressure only one thin shear crack penetrates the rock surface. Therefore, with the increase of initial confining pressure, unloading marbles transition from tensile-shear composite failure to shear failure. As shown in Figure 4D, under 0.1 MPa/s unloading rate, a shear zone with small width penetrates the rock sample, and secondary cracks appear near it. Under 1 MPa/s unloading rate, the sample undergoes tensile shear failure, the fracture surface is steep, and shows brittle failure is obvious. Therefore, as the unloading rate increases, marble failure modes transition from shear failure to tensile shear failure. Compared with the loading path, the macroscopic failure degree of marble under unloading condition is more serious, and micro-cracks develop more fully, which is unfavorable for engineering.
3.3 Progressive Failure Process Based on Crack Strain
As is known, micro-crack evolution is a direct cause of rock failure. As shown in Figure 5, rock instability and failure are mainly caused by microcrack closure, initiation, expansion, and coalescence, which is a progressive failure process. As can be seen from Section 3.1, the stress-strain curve of marble tends to change in stages, but each stage cannot be defined accurately from the curve, which has certain subjectivity. In order to study the deformation and failure mechanism of rock during progressive failure stages, and quantitatively analyze crack evolution law in rock during the loading and unloading process, the crack strain variable can be used to describe crack propagation characteristics in rock. Crack strain refers to the axial and circumferential deformation caused by initiation, propagation, and coalescence of original cracks and initiation of new cracks under the action of external loads (Martin, 1993). Its physical significance is the difference between the true strain and elastic strain of rock under small deformation conditions. In this paper, in order to directly reflect the amount of rock deformation, volume crack strain was used to reflect the deformation caused by both axial and circumferential crack propagation. Based on this, the calculation method of volume crack strain can be described as:
[image: image]
where, [image: image] , [image: image] , [image: image] are volume strain, volume elastic strain, and volume crack strain respectively; And [image: image] can be calculated as Eq. 2, in which axial strain [image: image] and lateral strain [image: image] can be directly obtained by axial and circumferential extensometer respectively.
[image: image]
[image: Figure 5]FIGURE 5 | General progressive failure process of rock.
According to Hooke’s law,
[image: image]
where, [image: image], [image: image] are axial elastic strain and lateral elastic strain respectively; [image: image] is axial stress; [image: image], [image: image] are lateral stress, when in conventional triaxial test, [image: image]; E、μ are the elastic modulus and Poisson ratio of rock respectively.
Therefore, crack strain can be calculated as (Zuo et al., 2019):
[image: image]
According to Eq. 4, the volume crack strain of rock samples under different stress conditions can be calculated, and then taking the volume crack strain and volume strain as the main analysis variables. Through the evolution characteristics of deviatoric stress-axial strain, volume strain-axial strain, and volume crack strain-axial strain curves of marble (seen in Figure 6), its progressive failure process under loading and unloading conditions can be divided into five stages. In the crack closure stage (Stage I), volume crack strain first increases in a positive direction and then tends to be stable, this is because original fissures in rock gradually closure under external loads. When primary cracks reach a completely closuring state, volume crack strain is close to 0, and the corresponding stress at point A is the closure stress σcc. In the linear elastic stage (Stage II), the volume crack strain is almost constant, indicating that the rock sample is in a linear elastic state. If unloading at this stage, the sample can be restored to its original state. In the crack stable growth stage (stage III), volume crack strain increases in a negative direction as loading continues, and the corresponding stress at the initial increasing point (point B) is the initiation stress σci. At this time, original cracks gradually propagate and tension cracks initiate, causing irreversible damage to the rock. In the crack rapid growth stage (stage IV), volume strain gradually decreases from the positive maximum value, showing that the rock sample turns from compression to expansion, and the stress at the maximum point C of volume strain is the damage stress σcd. And during this process, tension cracks rapidly expand and then conflate to form shear cracks, which leads to macrocracks appearing in the specimen surface. In the post-peak failure stage (Stage V), after peak stress (point D), macrocracks penetrate the rock sample, dislocation slip occurs at the fracture surface, and the rock sample eventually fractures.
[image: Figure 6]FIGURE 6 | Progressive failure process of marble samples: (A) loading condition [[image: image]]; (B) unloading condition[image: image].
Different stages of crack evolution correspond to different stress levels, and characteristic stress is an important index to characterize the progressive failure process of rock, it can be defined as the closure stress σcc, initiation stress σci, and damage stress σcd. Meanwhile, characteristic stress is also an important index to evaluate the damage degree of rock mass caused by excavation disturbance in engineering rock mass excavation, which is significant to the design and long-term stability of geotechnical engineering (Martin and Chandler, 1994). As mentioned above, taking volume crack strain and volume strain as analysis variables, the progressive failure process of marble is divided and the corresponding characteristic stress thresholds are determined. Since unloading conditions only weaken rock peak stress, the influence of strain rate and confining pressure on characteristic stresses of marble was discussed in this paper. As shown in Figure 7, in order to eliminate the effect of differences in marble samples on characteristic stresses, they were normalized to be analyzed. It can be found from Figure 7A that as the strain rate rises from 10−5s−1 to 10−3s−1, stress levels of σcc, σci, and σcd respectively increase from 0.135,0.341, and 0.690 to 0.295,0.551, and 0.727. With confining pressure increasing from 25 to 80 MPa, stress levels of σcc and σcd respectively increase from 0.158 and 0.693 to 0.162 and 0.710, and σci first decrease from 0.418 to 0.341 and then increase to 0.396. In general, the higher the strain rate and confining pressure, the higher the stress level of characteristic stress, this is because the increase in confining pressure and strain rate enhances rock bearing capacity, and crack propagation in rock needs to reach a higher stress level.
[image: Figure 7]FIGURE 7 | Characteristic stress thresholds of marbles: (A) strain rate condition; (B) confining pressure condition.
3.4 Progressive Evolution Law of Deformation Parameters
To interpret progressive failure mechanisms of marble under loading and unloading conditions, the deformation modulus E and generalized Poisson’s ratio μ were introduced to further analyze. Deformation modulus refers to the ratio of stress increment to strain increment, and Poisson’s ratio is the ratio of lateral strain to axial strain. The calculation method of deformation modulus and Poisson’s ratio under triaxial conditions is as follows (Zhu et al., 2020):
[image: image]
[image: image]
Deformation modulus and Poisson ratio of marbles under loading and unloading tests were calculated by Eqs. 5, 6, and evolution curves of deformation parameters under two conditions were respectively plotted in Figures 8, 9. In the loading state, as shown in Figure 8A, with confining pressure rising from 25 to 80 MPa, initial deformation modulus increases from about 81 to 90 GPa, but strain rate has no obvious effect on initial deformation modulus of marble. After reaching damage stress, deformation modulus all show a continuously declining trend, and its decreasing rate becomes faster when stress is closer to the peak value, which is due to the continuous increase of plastic deformation caused by rapid propagation of internal cracks in marble. During this period, the lower the confining pressure and the higher the strain rate, the faster the decreasing rate of deformation modulus, indicating that amount of rock deformation is larger under low confining pressure and high strain rate. After peak stress, rock fracture leads its bearing capacity to weaken and deformation modulus to decrease, and the decreasing rate is obviously lower than that of the pre-peak stage. As shown in Figure 8B, the Poisson ratio before the damage stress is basically stable which can be considered as an elastic constant, since marble is approximately in an elastic state and only generates little circumferential deformation at this time. After damage stress, circumferential deformation increases rapidly due to crack propagation and conflation, and the Poisson ratio correspondingly increases to more than 0.5. At this time, Poisson’s ratio includes both volume deformation and crack propagation deformation, so it is called generalized Poisson’s ratio and cannot be regarded as an elastic constant (Martino and Chandler, 2004; Xing et al., 2018). With the increase of confining pressure, the increasing rate of Poisson’s ratio decreases gradually, and the Poisson’s ratio at peak stress also decreases, but its variation trend under different strain rates is almost similar. After peak stress, the increasing rate of Poisson’s ratio slows down and then gradually stabilizes.
[image: Figure 8]FIGURE 8 | Deformation parameters under loading conditions: (A) deformation modulus; (B) Poisson’s ratio.
[image: Figure 9]FIGURE 9 | Deformation parameters under unloading conditions: (A) deformation modulus; (B) Poisson’s ratio.
In the unloading state, as shown in Figure 9A, With initial confining pressure rising from 25 to 80 MPa, the initial deformation modulus increases from about 79 to 89 GPa. After the unloading point, the deformation modulus drops suddenly, since unloading the confining pressure makes the tension cracks fully propagate, axial deformation greatly increases, and decreasing rate of deformation modulus is faster than that of the loading state. With an increase of initial confining pressure and unloading rate, the decreasing rate of deformation modulus in this stage decreases slightly. When peak stress is reached, the deformation modulus decreases slowly. As shown in Figure 9B, the Poisson ratio can also be regarded as an elastic constant before the unloading point, but after the unloading point due to the decrease of confining pressure, a large amount of circumferential deformation rapidly occurs resulting in a sharp increase in Poisson’s ratio, and its increasing rate is significantly higher than that of loading state. Under unloading conditions, the Poisson ratio at peak stress point is almost greater than 1, which indicates that unloading marbles generate more deformation amount. With initial confining pressure increasing and unloading rate decreasing, the increasing rate of Poisson’s ratio decreases slightly. After peak stress, the Poisson ratio continues to increase due to the complete failure of the rock.
4 DISCUSSION
4.1 Characteristic Volume Crack Strain
Typical deviatoric stress-crack volumetric strain curves of marble was plotted in Figure 10, from which its crack propagation characteristic can be analyzed. Under the action of external loads, as deviator stress increases volume crack strain shows a trend of first increasing, then remaining constant, and finally decreasing. The larger the volume crack strain, the smaller its absolute value, reversely, the smaller the volume crack strain, the larger its absolute value, which indicates that more microcracks are generated in the rock.
[image: Figure 10]FIGURE 10 | Typical deviatoric stress-crack volumetric strain curves of marble.
Defining the variable quantity of volume crack strain in the crack closure stage as the initial volume crack closure strain [image: image], which is caused by the closure of the primary crack and can be used to reflect the initial damage degree of rock (Ji et al., 2016), the larger the absolute value of [image: image], the greater the crack closure degree, and the greater the initial damage of rock. The volume crack propagation strain [image: image], which represents crack propagation ability before rock failure, was defined as the variable quantity of volume crack strain in the crack stable growth stage and rapid growth stage (Chen et al., 2020). The larger the absolute value of [image: image], the more sufficient the crack propagation degree, the more cracks are generated before rock failure. As shown in Eq. 7, defining the absolute value of the difference between volume crack propagation strain and initial volume crack closure strain as the pre-peak volume crack propagation strain without considering initial damage of rock, i.e., [image: image], to avoid influence of original structure in rock on crack propagation during loading and unloading process.
[image: image]
The pre-peak volume crack propagation strain without considering initial damage under different loading and unloading conditions was shown in Figure 11. In the loading state, as the strain rate rises from 10−5s−1 to 10−3s−1, the mean value of [image: image] decreases from 0.029 to 0.019, while as confining pressure rises from 25 to 80 MPa, mean value of [image: image] increases from 0.013 to 0.028. [image: image] value in the unloading state is generally smaller than that in the loading state, and with the unloading rate rising from 0.01 MPa/s to 1 MPa/s, the mean value of [image: image] decreases from 0.016 to 0.013, and with initial confining pressure rising from 25 to 80 MPa, mean value of [image: image] increases from 0.011 to 0.033. The results show that [image: image] value under loading and unloading conditions all exhibit a growth trend as initial confining pressure rises, indicating that pre-peak crack propagation degree is higher and more microcracks are generated in rock under higher confining pressure. Reversely, the [image: image] value decreases with strain rate and unloading rate rising, indicating that pre-peak crack propagation degree is lower and fewer microcracks are generated in rock under higher strain rate and unloading rate. If cracks propagate more fully in pre-peak, tensile cracks will propagate and merge to form shear cracks, and rock mainly suffers plastic shear failure after the peak. If crack propagation degree is relatively low pre-peak, since the tensile crack is unable to fully extend and conflate, the rock will undergo tensile-shear composite failure. Therefore, the increase of strain rate and unloading rate easily causes insufficient expansion of internal cracks before surrounding rock failure, resulting in sudden brittle failure of rock mass and serious dynamic disasters such as rock burst.
[image: Figure 11]FIGURE 11 | Volume crack propagation characteristic of marble samples: (A) loading condition; (B) unloading condition.
4.2 Evolution Characteristics of Volume Crack Strain Rate
Under the action of external loads, crack propagation velocity plays a decisive role in failure process of rock (Alneasan et al., 2019). In laboratory tests, it is difficult to directly and effectively obtain the crack propagation velocity of rock. Since the variation rate of volume crack strain in each progressive failure stage is obviously different, it also can reflect crack propagation degree in rock in different failure stages. In this paper, volume crack strain rate, which is the derivative of volume crack strain to time, was introduced to quantitatively analyze the progressive failure process of marble, and its calculation method is as follows.
[image: image]
where t is the loading and unloading time, s; [image: image] is the volume crack strain rate, s−1。
Volume crack strain rate of marble under different loading and unloading conditions was shown in Figure 12. Marble samples with 10−5s−1 strain rate and 0.01 Mpa/s unloading rate under the initial confining pressure of 50 MPa were respectively taken as examples. Due to the discreteness of test data, the calculated volume crack strain rate fluctuates, a smooth volume crack strain rate curve can be obtained by the moving average method. It can be seen from Figure 12A that the volume crack strain rate curve of marble increases non-linearly with axial strain increasing. In the crack closure stage and linear elastic stage, the volume crack strain rate is relatively low, and the rock is almost in a stable state. After entering the crack stable growth stage, the volume crack strain rate increases slowly, but its growth rate increases at the crack rapid growth stage. In the peak stress flat stage, the growth rate of volume crack strain rate first slows down as marble reaches a new stable state, and then suddenly increases in post-peak. As shown in Figure 12B, in the unloading state, the variation trend of volume crack strain rate before the unloading point is similar to that under loading conditions. It can be found that the volume crack strain rate drops suddenly at the unloading point and then continues to rise until rock failure, the reason why is that there was a brief pause in the test caused by the change from axial compression to confining pressure unloading at unloading point. After the unloading point, although confining pressure continues to decrease, the deviator stress still increases slowly under the condition of constant axial pressure, and after the short stress re-adjustment, lateral restraint on the rock is gradually weakened due to the influence of unloading confining pressure. Meanwhile, microcracks extend rapidly and the crack strain rate sharply increases accordingly, so the steady increase state of crack strain rate in this stage does not occur in the unloading state.
[image: Figure 12]FIGURE 12 | Crack strain rate curves of marble samples: (A) loading condition ([image: image]); (B) unloading condition ([image: image]).
4.3 Identification of Failure Precursor Based on Volume Crack Strain Rate
Impact instability, rock burst, and other dynamic disasters caused by excavation disturbance are results of unstable deformation of rock mass mechanical system. Instability of any rock medium will cause disturbance of rock mass mechanical system, thus studying rock deformation mechanism and failure precursor information is of great significance to the prediction and prevention of engineering disasters. It can be seen from Section 4.2 that the evolution curve of volume crack strain rate shows various characteristics in different deformation and failure stages. Volume crack strain rate changing from stable growth to sharp growth indicates that cracks inside rock propagate rapidly, and then penetrate specimen surface to generate macrocracks, at this time, the turning point can be regarded as a failure precursor point of rock. Identifying precursory information of rock failure based on crack strain is closer to the realistic process of rock failure, and determining failure precursory point through volume crack strain rate is a direct and effective method, which can be used to identify failure precursory information of rock under different stress paths.
On this basis, stress levels corresponding to failure precursor points of marbles under different loading and unloading conditions was plotted in Figure 13. In the loading state, with strain rate increasing from 10−5s−1 to 10−3s−1 and confining pressure rising from 25 to 80 MPa, stress levels of failure precursor respectively decrease from 0.822 to 0.742 and 0.883 to 0.772. In the unloading state, as the unloading rate increases from 0.01 MPa/s to 1 MPa/s and initial confining pressure rises from 25 to 80 MPa, the stress levels of failure precursors respectively drop from 0.981 to 0.927 and 0.989 to 0.985. Under the four conditions, failure precursor stress level generally shows a decreasing trend, the lower the stress level, the earlier the failure precursor point appears. The stress levels of failure precursor are between 70% and 90% when loading, which is lower than the stress levels between 90% and 100% under unloading conditions, the peak stress of rock decreases under the action of unloading, leading to an increase in the failure precursor stress level of the unloading rock. Failure precursor point of unloading marble is close to the unloading point, indicating that unloading marble is more prone to sudden fracture or even rock burst disaster. Since the failure precursor in this paper was determined by the turning point that volume crack strain rate changes from steady growth to rapid growth, actually microcracks are about to or have already begun to extend rapidly after the unloading point, thus the sudden brittle failure usually occurs soon after unloading.
[image: Figure 13]FIGURE 13 | Failure precursor stress levels of marbles based on crack strain rate: (A) loading test; (B) unloading test.
5 CONCLUSION

(1) Under different conditions, stress-strain curves of marbles are similar in the linear stage, but they are significantly affected by initial confining pressure, strain rate, and unloading rate in non-linear and post-peak stages. Under different stress paths, triaxial marble mainly suffers shear failure, and the failure degree under the unloading state is more serious than the loading state. In the loading state, as confining pressure increases and strain rate decreases, the brittle failure degree of marble decreases. In the unloading state, marble is less prone to brittle failure when unloading at a lower unloading rate.
(2) The progressive failure process of marble can be divided into crack closure, linear elastic, crack stable growth, crack rapid growth, and post-peak failure stages based on volume crack strain, correspondingly the characteristic stress thresholds are determined. The higher the strain rate and confining pressure, the higher the stress level of characteristic stress, while the unloading conditions only weakens the peak stress. As stress level rises, deformation modulus decreases, the Poisson ratio increases, and their changing rate in unloading conditions is faster than in loading conditions, indicating that more deformation is generated in marble under unloading conditions, especially under higher unloading rate and lower initial confining pressure.
(3) Introducing the pre-peak volume crack propagation strain without considering initial damage to quantitatively analyze the crack propagation degree of marble before the peak. The lower the confining pressure, the higher the strain rate and unloading rate, and the fewer the cracks generated before the peak. The turning point of volume crack strain rate from stable growth to rapid growth is defined as the failure precursor point of rock. Stress levels of marble failure precursors in loading and unloading conditions are between 70% and 100%, and decrease as the strain rate increases, confining the pressure and unloading rate. In the unloading state, the failure precursor point appears later and is close to the unloading point, showing that unloading rock is more prone to sudden fracture.
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Frequency spectrum and energy refinement characteristics of blasting vibration signals in raw water pipeline tunnel excavation
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The analysis of time-frequency variation and energy refinement characteristics of blasting vibration signals has contributed to understanding the propagation law of blasting vibration wave and reducing the possible losses. Combined with the measured data of tunnel blasting excavation and based on the newly constructed wavelet function, the spectrum distribution and energy refinement characteristics of tunnel blasting vibration signals are deeply explored and studied. The results demonstrated that compared to the Fourier spectrum, the innovative method of scale energy spectrum can not only acquire the dominant frequency of the blasting vibration signals, but also the obtained spectrum curve is smoother and can clearly reflect the change trend of the signal spectrum. The newly constructed biorthogonal wavelet has the characteristics of high vanishing moment, high regularity and matching with the waveform variation of the measured blasting vibration signals, and can describe the subtle variation characteristics of blasting vibration signal frequency. The continuous wavelet transform energy spectrum can reflect the three-dimensional energy distribution of blasting vibration signal in the time-scale domain, and the occurrence time of frequency, the frequency duration interval and time range of blasting vibration signal can also be acquired. Wavelet packet algorithm can precisely calculate the energy distribution of each frequency component in the signal, the tunnel blasting vibration signals (YBJ1, YBJ2) generated near the power tower presents low frequency, while the signals (YBF3,YBF4) far away from the power tower presents relatively high frequency. Measures should be taken to control the vibration and resonance of power tower caused by tunnel blasting. This research is of great significance for recognizing the propagation law of vibration waves, reducing the impact of blasting on surrounding buildings, and ensuring the safety of tunnel construction and surrounding buildings.
Keywords: blasting vibration, continuous wavelet transform, wavelet packet, spectrum distribution, energy refinement characteristics
INTRODUCTION
Drilling and blasting method is the main tunneling method in tunnel construction, which is especially suitable for the excavation of solid rock and sub-solid rock mountain tunnels (Koopialipoor et al., 2019; Sharafat et al., 2021; Li, et al., 2022; Ma et al., 2022). Drilling and blasting will not only cause damage and disturbance to the surrounding rock of the tunnel, but also the seismic wave effect caused by blasting will affect the stability and safety of the buildings around the tunnel (Singh et al., 2020; Kan et al., 2022). Energy and frequency are the main parameter indexes to measure the performance of blasting vibration signal. Among them, energy is the most direct quantity reflecting the strength of blasting vibration signal, and the harm to the tunnel is more intuitive, while the impact of blasting vibration signal frequency on structures is more subtle, but it is also the main factor threatening and damaging the stability of buildings (Chen et al., 2022; Mehboob et al., 2022; Wang et al., 2022; Wu et al., 2022). The principle of the effect of the frequency characteristics of the blasting vibration wave on the structure is that when the blasting vibration wave groups with different periods are transmitted from the blasting source to the structure, the structure will amplify some frequency wave groups consistent with or close to the natural period of the structure and act on the structure, while some frequency waves that are inconsistent with the natural period of the structure are reduced or filtered. It is precisely because of the amplification of the frequency close to the structure that the blasting vibration frequency is more harmful to the structure.
For a long time, confined to the development of theory, the Fourier transform method is often used to process the blasting vibration signal. The Fast Fourier transform (FFT) technology is quite effective for the analysis of periodic stationary signals and can obtain high accuracy and good results. However, Fourier theory is a global transformation theory, which can only determine the overall nature of the singularity of a function, lacking the positioning function of time and frequency (Robustelli and Pugliano, 2018; Tyrtaiou and Elenas, 2020; Zhang et al., 2022), so as that it has great limitations in analyzing blasting vibration signals. As an improvement of FFT method, short-time Fourier transform (STFT) can perform time localization analysis to a certain extent, but it cannot take into account the needs of frequency and time resolution, that means high time resolution and frequency resolution cannot be achieved simultaneously (Jing et al., 2018; Khodja et al., 2019). Wavelet analysis is a research method developed and evolved from the traditional Fourier transform theory. Due to the constant Q property and multiresolution analysis, it can meet the requirements of time subdivision at high frequency and frequency subdivision at low frequency (Quaye-Ballard et al., 2020; Babouri et al., 2021). It has great advantages in the processing of complex, nonlinear and nonstationary signals. Wavelet (packet) analysis has the property of spatial localization and has dual analysis characteristics of frequency and time, which can reveal and reflect the propagation law of signal frequency and energy over time (Hamid et al., 2019; Shahryari et al., 2019; Tian et al., 2019).
The key lies in the selection or construction of the optimal wavelet basis when performing wavelet analysis on blasting vibration signals (Hafiz et al., 2018; Graf et al., 2019; Zhang S. et al., 2021). Usually a general basic wavelet is selected from MATLAB wavelet library for engineering signal analysis. The construction of an existing general wavelet basis often only starts from the basic conditions and mathematical theorems satisfied by the wavelet function, and not consider the problem of matching with the structural characteristics of specific engineering signals. Therefore, the existing general wavelet basis is generally not targeted and matched when analyzing specific engineering signals. The wavelet basis function should not only meet the basic requirements of tight support and attenuation, but also consider the problem of matching with specific engineering signals. In this study, the continuous wavelet transform and wavelet packet theories are applied to concretely analyze the time-frequency localization property, frequency spectrum characteristics, frequency band energy refinement characteristics of the blasting vibration signals generated from different excavation positions of tunnel on the basis of constructing the biorthogonal wavelet function for blasting vibration signal analysis, to accurately obtain the frequency spectrum information and propagation law of blasting vibration wave, evaluate the safety impact of blasting vibration on the power tower around the tunnel, and provide references and guidelines for the research on the impact of related drilling and blasting excavation on the surrounding buildings.
ENGINEERING SITUATION
This project is the construction of DN2000 raw water pipeline from Yanshan Pumping Station to Yuanhang Waterworks. The raw water management project is constructed to meet the water consumption of residents and enterprises in Changle City. The raw water pipeline in this design starts from Yanshan Water Pumping Station and ends at Changle Yuanhang water plant. The design scope of this project is divided into five sections, in which the starting and ending pile numbers of the tunnel are EK0+000∼EK1+964.
The diameter of the raw water pipeline is DN 2000, and the length of the whole pipeline is nearly 9.0 km, of which the length of the raw water pipeline in the tunnel is 2.1 km. The tunnel area is mainly composed of tuff of Jurassic Upper Nanyuan Formation (J3n), with simple lithology and geological structural conditions, and poor groundwater development. There are no other adverse geological phenomena except for the possible collapse of the local tunnel section due to the development of fault structures. Most of the surrounding rocks in the tunnel site are grades II∼III. The tunnel location of the project is shown in Figure 1. The green line in the figure indicates the tunnel excavation route and an electric power tower is close to the tunnel site. The tunnel excavation method is drilling and blasting. The geological plan of the study area is shown in Figure 2. The blasting vibration meter is placed under the power tower, and the sensor of the blasting vibration meter is put on the concrete base of the power tower, and is closely connected with the base surface (see Figure 3). Each time the tunnel is blasted, the sensor receives the vibration wave data of the power tower and records it into the memory of the blasting vibration meter. The panorama near the entrance of the tunnel is shown in Figure 4.
[image: Figure 1]FIGURE 1 | Plane location map of the raw water pipeline tunnel.
[image: Figure 2]FIGURE 2 | Geological plan of tunnel area.
[image: Figure 3]FIGURE 3 | Electric power tower base and blasting vibration meter.
[image: Figure 4]FIGURE 4 | Panorama of tunnel entrance section.
BIORTHOGONAL WAVELET CONSTRUCTION BASED ON SECOND GENERATION LIFTING METHOD
The blasting vibration signal has nonlinear and nonstationary characteristics. The effective method to analyze the blasting vibration signal is wavelet analysis. Selecting or constructing the wavelet basis function corresponding to the structural characteristics of the analyzed blasting signal is of great significance to improve the effect of wavelet analysis and accurately extract the characteristic information of the target signal (Zhang L. et al., 2021). The biorthogonal wavelet basis matching the structural characteristics of the blasting vibration signal is constructed by using the second generation lifting scheme wavelet theory and particle swarm optimization algorithm (Daubechies and Sweldens, 1998; Tomiyama and Kawamura, 2016). Let [image: image] denote a set of initial biorthogonal wavelet filters. Among them, [image: image] and [image: image] are a set of analytical filters, representing low-pass and high-pass filters at the decomposition end, respectively, and h0 and g0 are a set of synthetic filters, constituting low-pass and high-pass filters at the reconstruction end and assume that the initial dual wavelet filter ([image: image]) and the initial wavelet filter (g0) have vanishing moment of [image: image] and N0 respectively. Let the new set of biorthogonal wavelet filters after one step of dual lifting and original lifting be [image: image], and the construction expression of the new filter bank is as follows (Li et al., 2001; Ling et al., 2019):
[image: image]
[image: image]
where [image: image] represents the lifting operator and [image: image] represents the dual lifting operator, both of them are Laurent polynomials.
Assuming that the initial wavelet is a lazy wavelet, the vanishing moments of the dual wavelet and the main wavelet after one-step alternating lifting are 2 and 4, respectively. Firstly, the dual lifting is performed on the initial filter bank with dual lifting operator [image: image]. The dual lifting objective is to raise the vanishing moment of [image: image] from [image: image] to [image: image], so it exists
[image: image]
where [image: image].
The new filter bank is transformed into [image: image] after dual lifting, and then the original liftings of [image: image] and g0 are performed, and there exists an lifting operator [image: image], the original lifting target is to raise the vanishing moment of filter g0 from [image: image] to [image: image]. The initial filter [image: image] can be represented as [image: image], and the filter [image: image] has been converted to be [image: image] due to a dual lifting. According to the above Eq. 1, there exists
[image: image]
i.e.
[image: image]
where [image: image], and [image: image] is a Laurent polynomial.
Through simplification, it can be obtained as
[image: image]
The new filter bank can be transformed as [image: image] after the dual lifting and original lifting. Combined with the structural characteristics of the field measured blasting vibration signal and by searching and calculating, the coefficients of the newly constructed biorthogonal wavelet filter are as follows
[image: image]
The biorthogonal wavelet function (Blas2.4 wavelet), which matches the structural characteristics of blasting vibration signals, can be achieved by iterative operation.
ALGORITHM AND PRINCIPLES
Continuous wavelet transform
Wavelet transform is the development and extension of Fourier analysis. Continuous wavelet transform breaks through the limitation of Fourier transform base, which uses the translation and expansion of a function as the base to study the spectrum of the function (signals). For any square integrable function [image: image] in Hilbert space, if [image: image] and there is an admissible condition (Shah and Tantary, 2018; Kulak and Aydin, 2020):
[image: image]
where [image: image] is the Fourier transform of [image: image], [image: image] is called the mother wavelet. A set of functions that can be generated by the mother wavelet through translation and expansion
[image: image]
This can be called a wavelet basis function. where a is the scale parameter (dilation factor), b is the translation factor, with a, b∈R, and a≠0.
Let [image: image] and [image: image] be the mother wavelet, and define the formula (Lee et al., 2017; Rhif et al., 2019)
[image: image]
Which is a continuous wavelet transform on the basis wavelet [image: image]. Where [image: image] denotes the conjugate operation of X.
Formula of inverse continuous wavelet transform can be exhibited as
[image: image]
Continuous wavelet transform maps the original one-dimensional time-domain function to the two-dimensional “time-scale” domain to analyze the time-frequency characteristics of the signal. Wavelets with different time-frequency widths can be obtained to match any position of the original signal by adjusting the expansion factor a and the translation factor b, to achieve the purpose of the signal’s time-frequency localization analysis.
Scale energy spectrum and time-scale energy spectrum of blasting vibration signals
The amplitude square of the continuous wavelet transform coefficient of blasting vibration signal f(x) with the scale parameter a and translation factor b is called time-scale energy spectrum, i.e.
[image: image]
The total energy of the signal f(x) in the time-scale domain is as follows
[image: image]
If the energy spectrum density on the time-scale two-dimensional plane is integrated with the translation factor b, the wavelet energy spectrum on the scale axis can be obtained
[image: image]
The integration of time-frequency energy spectrum of blasting vibration signal with the time factor is the scale energy spectrum, which reflects the energy distribution of blasting vibration signal on different scales. Since the scale factor corresponds to the frequency of the signal in a certain sense, the scale energy spectrum can be used to characterize and research the energy variation of blasting vibration signals in different frequency intervals.
Wavelet packet analysis
Wavelet packet analysis, which can divide the signal frequency band into multiple levels and further decompose the high-frequency components that are not subdivided in wavelet analysis, is a more refined signal processing method. In multiresolution analysis, for the scale subspace Vj and wavelet subspace Wj, there exists an orthogonal decomposition Vj+1=Vj+Wj. If a unified subspace [image: image] is used to represent, and let [image: image], [image: image], then there is
[image: image]
Define subspace [image: image] as the closure space of the function un(t) and [image: image] as the closure space of the function u2n(t). The following two-scale equations hold
[image: image]
where the two coefficients gk and hk have an orthogonal relationship, that is, [image: image]. The following spatial decomposition can be obtained by using Eq. 12.
[image: image]
A three-layer wavelet packet decomposition tree structure is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Tree structure of three-layer wavelet packet decomposition.
Assuming that the wavelet packet algorithm is used to decompose the blasting vibration signal in layer i, the original signal can be expressed as
[image: image]
where si,j represents the wavelet packet decomposition subsignal. The energy of the subsignal si,j can be expressed as
[image: image]
where fj,k represents the amplitude of the discrete points of the reconstructed subsignal si,j ([image: image], m represents the number of sampling points of the reconstructed subsignal).
Then the total energy of blasting vibration signal is
[image: image]
The percentage of energy in each frequency band to the total energy of blasting vibration signal can be expressed as
[image: image]
Analysis process of time-frequency characteristics of blasting vibration signals
The continuous wavelet transform and wavelet packet methods are proposed to analyze the blasting vibration signals from the perspective of time-frequency and energy refinement characteristics. First, select and determine the optimal basis wavelet used in the continuous wavelet transform and wavelet packet decomposition according to the reconstruction error of Db orthogonal wavelets, Bior series biorthogonal wavelet and blas2.4 new wavelet on the measured blasting vibration signals, and calculate the center frequency of the optimal wavelet basis. Second, the scale energy spectrum and wavelet packet energy spectrum of the original vibration signals at different excavation positions are analyzed, and moreover, the possible safety impact of blasting is explored in combination with the actual situation of buildings around the tunnel excavation site. The analysis flow is shown in Figure 6.
[image: Figure 6]FIGURE 6 | Flow chart of time-frequency characteristic analysis of blasting vibration signals.
SPECTRUM ANALYSIS OF BLASTING VIBRATION SIGNALS
To analyze the propagation law of blasting vibration signals and the impact of blasting vibration on buildings around the city, especially the power tower, a blasting vibration meter is fixed at the power tower to test and record the blasting vibration signals under the tunnel construction at different positions. A total of four complete blasting vibration signals monitored were extracted for analysis, and the signal numbers were YBJ1, YBJ2, YBF3, and YBF4, respectively. Signals of YBJ1, YBJ2 are the seismic signals monitored by the blasting excavation of the tunnel close to the power tower, the corresponding tunnel excavation mileages are EK0+060 and EK0+100, and the plane distances from the blasting site to the power tower are approximately 32m and 72 m respectively; the tunnel excavation mileages corresponding the signals of YBF3, YBF4 are EK1+450 and EK1+570, the distances from the power tower are approximately 1,350 and 1480 m respectively. The tunnel excavation position corresponding to YBJ1 signal is closest to the power tower. The millisecond blasting technology is used for tunnel excavation. The four blasting charges were all 72 kg. The waveforms of the original blasting vibration signals are illustrated in Figure 7 and the power spectrum calculation results are shown in Figure 8 based on the fast Fourier transform theory.
[image: Figure 7]FIGURE 7 | Waveforms of original blasting vibration signals generated by different excavation positions of the tunnel.
[image: Figure 8]FIGURE 8 | Spectrum analysis of different original blasting vibration signals.
From the power spectrum, the frequency range of each signal is below 200Hz, and the spectrum distribution is relatively dispersed, showing multiple local peaks of the spectrum. The dominating vibration frequency of blasting vibration signals can be determined from the figures, which are 23.19 Hz, 23.80 Hz, 28.08 Hz, and 29.91 Hz, respectively. Among them, the subdominant frequencies of YBJ2 and YBF3 signals are also prominent. The subdominant frequency of YBJ2 signal is 21.97 Hz, and that of YBF3 signal is 56.15 Hz. The dominant frequency of YBJ1 and YBJ2 signals generated by blasting excavation near the power tower is lower than that of YBF3 and YBF4 signals. The spectrum distribution of blasting vibration signal shows a sharp peak, and Fourier transform can only provide the result of signal spectrum distribution, but cannot provide the detailed information of signal time-frequency distribution and energy distribution.
TIME-FREQUENCY CHARACTERISTICS ANALYSIS FOR BLASTING VIBRATION SIGNALS
Selection of wavelet basis for blasting vibration signal analysis
Wavelet analysis is an applied mathematical method with fixed window size but variable shape (time window and frequency window are variable), which has multiresolution analysis characteristics and automatically adapts to the requirements of time-frequency signal and it is suitable for nonstationary signal processing of blasting vibration. The wavelet functions used in wavelet transform are nonuniqueness and diverse. An important task in wavelet analysis is to select the optimal wavelet basis according to the characteristics of the blasting vibration signal. Daubechies series wavelets have orthogonality and compact support and Bior series wavelets have symmetry and high vanishing distance (Dai and Cao, 2017; Zhao et al., 2018). They are commonly used to process the measured blasting vibration signals. The center frequency of Daubechies wavelet series, Bior biorthogonal wavelet series, and the constructed Blas2.4 wavelet and the reconstruction error of the measured blasting vibration signals have been calculated and analyzed respectively to select the best wavelet basis suitable for the analysis of blasting vibration signals. In Daubechies wavelet basis, the smoothness of Db1 and Db2 wavelets is too poor to be used for blasting vibration signal processing, Db5 and Db8 wavelets have a small center frequency, which are suitable for wavelet decomposition and reconstruction of blasting vibration signals, and Db5 wavelet has a lower signal reconstruction error as seen in Table 1, so the Db5 wavelet is selected in Daubechies series to analyze the blasting vibration signals. The newly constructed Blas2.4 wavelet among the biorthogonal wavelets has the highest reconstruction accuracy and smaller central frequency value. Therefore, Blas2.4 wavelet and db5 wavelet are preliminarily selected to analyze the measured blasting vibration signals.
TABLE 1 | Signal reconstruction error and center frequency of different wavelet basis.
[image: Table 1]Scale energy spectrum of blasting vibration signals
Scale is a parameter applied to represent the expansion of the basic wavelet and it corresponds to the frequency of the signal in the time-frequency analysis. The scale energy spectrum characterizes the energy of the signal on different scales. By calculating the center frequency of the wavelet function and converting the scale parameters to the actual frequency, the scale energy spectrum can be applied to measure and master the frequency variation law of the blasting vibration signals from the perspective of wavelet transform. Based on Eqs. 6, 8, 10, the obtained signal scale energy spectrum is shown in Figure 9 by taking the constructed Blas2.4 as the basic wavelet.
[image: Figure 9]FIGURE 9 | Scale energy spectrum of blasting vibration signals based on Blas2.4 wavelet.
The signal spectrogram obtained by the Fourier method is in the shapes of local spike. When the dominant frequency is almost the same as the subdominant frequency value, it is difficult to judge the dominant frequency of the signal directly from the spectrogram. The scale factor in the scale energy spectrum corresponds to the actual frequency of the signal through the length of the scale sequence and the center frequency of the wavelet function used. Different from the sawtooth waveform of the Fourier operation, the scale energy spectrum has smoothness and transition and can reflect the frequency variation of the blasting vibration signals concretely and continuously. Since the basis function used in the scale energy spectrum is compatible with the waveform change of the specific engineering signal, the dominant frequency of the signal can be accurately extracted and obtained. It can be seen from the above figures that the frequencies corresponding to the maximum energy of the four blasting signals YBJ1, YBJ2, YBF3, and YBF4 are 23.19 Hz, 23.80 Hz, 29.91 Hz, and 31.74 Hz respectively, which are basically consistent with the dominant vibration frequencies (23.19 Hz, 23.8 Hz, 28.08 Hz, and 29.91 Hz) obtained by Fourier spectrum. The sum of the relative error between the signal dominant frequency calculated by Blas2.4 wavelet and the Fourier spectrum results is only 11.89%, by accurate calculation, it can be seen that the scale energy spectrum can accurately represent the signal dominant frequency. And compared with the Fourier spectrum, the shape of the scale energy spectrum distribution curve is smoother, which can better reflect the spectrum change law and the trend of blasting vibration signal.
Taking the Db5 orthogonal wavelet, which is commonly used to analyze blasting vibration signals, as the basic wavelet, the calculated scale energy spectra of the blasting vibration signals are showed in Figure 10.
[image: Figure 10]FIGURE 10 | Scale energy spectrum of blasting vibration signals based on Db5 general wavelet.
From the figure that the scale energy spectrum method based on db5 general wavelet can also obtain the dominant frequency of the signal, and the obtained scale energy spectrum curve is relatively smooth. The dominant frequency is 21.97 Hz, 21.36 Hz, 28.69 Hz, and 29.29 Hz, respectively, and the total relative error is 19.75% compared with the frequency values of Fourier spectrum. The calculated results show a large inconsistency with the Fourier spectrum relative to the frequency results of Blas2.4 new wavelet. And the scale energy spectrum curves of the blasting vibration signals acquired by db5 general wavelet are basically the same in shape, which cannot reflect the difference of signal spectrum distribution. That is, due to the lack of matching with the blasting vibration signals, the traditional general wavelet cannot accurately analyze and characterize the measured blasting vibration signals, nor can distinguish the difference between the signals, and the spectral calculation results are relatively low accuracy.
Continuous wavelet transform energy spectrum and wavelet packet energy analysis
According to the principles of Eqs. 6, 8, the continuous wavelet transform energy spectrum, which represents the change law of blasting vibration signal energy with time and frequency of signal can be calculated. The essence of wavelet transform is to represent any function f(t) in [image: image] space as the superposition of its projection on the wavelet function [image: image] with different scaling factors a and translation factors b. Therefore, the continuous wavelet transform can map one-dimensional time domain function to two-dimensional “time-scale” domain to achieve the purpose of time-frequency localization analysis of signals. Through the continuous wavelet transform energy spectrum, the occurrence time corresponding to the signal frequency can be obtained. In wavelet analysis, the selection of wavelet basis plays an important role in obtaining accurate analysis results. From the previous section that the newly constructed blas2.4 wavelet can better highlight and characterize the details and characteristic information of blasting vibration signals, and is more suitable for analyzing blasting signals in this project. Therefore, the newly constructed blas2.4 wavelet is used as the basic wavelet, and taking the signal YBF3 as an example, the continuous wavelet transform energy spectrum of blasting vibration signal is shown in Figures 11A,B are the two-dimensional and three-dimensional time-frequency energy spectra, respectively. There are clearly four local energy peaks in the figure, which are consistent with the number of local speed peaks in the original signal. The first peak energy accounts for the majority. The frequency distribution range of the whole signal is mainly 5–70 Hz, and the time range is 0.05∼1.70 s. The frequency distribution range is consistent with the Fourier frequency range corresponding to the signal in Figure 7C. The occurrence times corresponding to the local energy peaks are approximately 0.1300, 0.6255, 1.1260, and 1.6250 s, which is basically consistent with the time corresponding to the local peak of velocity in the vibration velocity diagram.
[image: Figure 11]FIGURE 11 | Time frequency energy diagram of continuous wavelet transform for blasting vibration signal.
The wavelet packet theory is applied to analyze the energy refinement characteristics of blasting vibration and to explore the energy ratio of each frequency band in the signal. According to Shannon’s sampling theorem, the sampling frequency of the signal is fs=5,000 Hz, so the Nyquist analysis frequency is fs/2=2,500 Hz, the signal can be decomposed into 10 layers, with a total of 210=1,024 wavelet packets, so the original blasting vibration signal in the frequency domain can be divided into 1,024 frequency bands, each sub-band width is 2.44 Hz, the minimum sub-band range is 0∼2.44 Hz. In wavelet packet decomposition, the new constructed Blas2.4 wavelet is used as the wavelet basis, and the calculation program is compiled according to the formulas. The energy percentage of the reconstructed subsignals in each frequency band is shown in Table 2, and the energy percentage distribution of each frequency band is illustrated in Figure 12. Since the blasting vibration signal frequency is mainly in the range of 0∼70 Hz, the energy distribution of the first 70 Hz sub-band signals is mainly calculated and analyzed.
TABLE 2 | Percentage of energy distribution in different frequency bands.
[image: Table 2][image: Figure 12]FIGURE 12 | The percentage of energy distribution in each frequency band of blasting vibration signals.
Table 2 shows that the dominant frequencies of YBJ1 and YBJ2 are concentrated in frequency band 10, and the corresponding frequency range is 21.97∼24.41 Hz, while the dominant frequencies of YBF3 and YBF4 signals far from the power tower are located in frequency bands 15 and 13, respectively, and the corresponding frequency ranges are 34.18∼36.62 Hz and 29.30∼31.74 Hz. From the Figure that before the frequency band 11 (24.41∼26.86 Hz ), the energy proportion of signals YBJ1 and YBJ2 is much larger than that of YBF3 and YBF4. The closer to the power tower, the lower the main vibration frequency of the blasting vibration signal, and the farther away from the power tower, the higher the main vibration frequency of the signal. The energy proportion of each signal in the low frequency band (0∼12.21 Hz) is 9.84%, 10.01%, 1.33%, and 2.30%, respectively, the energy proportion in the medium frequency band (12.21∼51.27 Hz) is 79.51%, 83.54%, 65.63% and 78.69% respectively, and the energy proportion in the high frequency band (51.27∼2500 Hz) is 10.65%, 6.45%, 33.04% and 19.01% respectively. Since the natural vibration frequency of engineering structures is generally low (about 0∼10Hz), the YBJ1 and YBJ2 signals generated by excavation near the power tower contain more low-frequency signals. Therefore, from the perspective of dynamic response analysis, it should take note of the resonance effect of tunnel blasting on the power tower when the excavation is close to that.
CONCLUSION
Analyzing and acquiring the time-frequency characteristics and energy distribution law of blasting vibration signal are of great importance in judging the harm caused by blasting vibration, formulating preventive and control measures, and ensuring the safety of blasting construction. On the basis of the constructed high-performance blas2.4 biorthogonal wavelet, the spectrum distribution and energy characteristics of the measured blasting vibration signals are deeply explored and compared from the aspects of continuous wavelet and wavelet packet transform, and the impact of blasting vibration on the buildings around the city, especially the power tower, is analyzed. The main conclusions are drawn as follows:
(1) An biorthogonal wavelet basis (namely Blas2.4 wavelet) with high vanishing moment, high regularity and matching with the waveform characteristics of the measured blasting vibration signals by using the improved second-generation lifting scheme wavelet theory and optimization algorithm were constructed. The wavelet basis has excellent tight support, smoothness and symmetry, and has high precision in the decomposition and reconstruction of blasting vibration signals, which can provide a solid theoretical basis for the subsequent continuous wavelet transform and wavelet packet analysis of blasting vibration signals.
(2) The method of scale energy spectrum was creatively proposed to study the spectrum characteristics of measured blasting vibration signals on the basis of wavelet analysis. The dominant frequency of the blasting vibration signals can be obtained by the scale energy spectrum method, and the obtained spectrum curve is smoother, which can clearly reflect the change trend of the signal spectrum.
(3) The energy distribution of blasting vibration signals in the two-dimensional “time-scale” domain can be obtained by using the continuous wavelet transform method, and the frequency duration interval and the main time range of blasting vibration signal can be acquired, also the occurrence time corresponding to the frequency can be determined. The energy refinement characteristics of the blasting vibration signals were calculated by using wavelet packet theory. The blasting vibration signal generated by tunnel excavation near the power tower has more low-frequency components, while the signal far away from the power tower contains more medium and high-frequency components.
(4) The measures such as pre-splitting blasting, controlling one-time excavation footage of the tunnel, limiting the amount of primary explosive, uncoupled charging and interval charging are suggested to optimize the blasting design and reduce the impact of blasting vibration on nearby electric power steel tower. The next step is to study the active control of blasting vibration to achieve the ideal vibration reduction effect. By changing the millisecond delay time, controlling the maximum charge per delay and the total charge, explore the relationship between the millisecond delay time, charge amount and the peak velocity, dominant frequency of the blasting vibration signals.
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In order to improve the prefabrication level of highway mountain tunnels, improve the quality of the project, and shorten the construction period, a new type of prefabricated concrete curb member was developed based on an actual project. The production process, construction technical points, and on-site assembly technology are discussed. In addition, a method to calculate the anti-collision performance of the curb components is proposed, that is, the collision force of 850 kN was calculated by the pseudo-static method, and then finite element simulation analysis was used to obtain the stress of the concrete structure and reinforcement. The results show that the reinforcement will not fail, which will ensure the curb component will not undergo brittle fracture. This study provides a reference to improve the prefabrication level of highway tunnels.
Keywords: highway tunnel, curb component, crashworthiness, pseudo static method, finite element method
INTRODUCTION
In recent years, prefabricated structures have been widely used after the promotion of the Chinese government related to the conservation of resources, reduction of construction pollution, and improved labor safety. This might enhance the deep integration of the construction industry with information technology and industrialization, foster new industries and new driving forces, as well as dissolve excessing capacity. In the field of tunnel and underground engineering, prefabrication technology has been widely used for shield tunneling. It has been applied in cut-over highway tunnels (Jiang, 2018), municipal facility tunnels (Kuang et al., 2022), cable culverts (Tao, 2018), and other fields. However, the range of prefabricated components used in drill-blast road tunnels is low. The main and auxiliary structures of prefabricated components are still primarily cast-in-place, including curb components. The structure size is generally fine and the wall thickness is mostly between 10 and 15 cm. It is difficult to ensure the construction quality of site erection formwork pouring, which frequently leads to a rough surface on the side groove, poor drainage, debris deposition, cracking and missing angles (Wang et al., 2018), and an uneven road surface (see Figure 1). Moreover, the site erection template has poor construction efficiency and requires a long construction period.
[image: Figure 1]FIGURE 1 | Photos of damaged traditional curb components: (A) cover plate missing corners, (B) flatness of cover plate is poor, (C) slotted ditch above the road surface, and (D) debris clogged up in a slotted ditch.
However, curb components are the most easily damaged parts in a tunnel because vehicles deviate from the lane and collide with them. Accident severity is generally high (Bassan, 2016) and there is a risk of fire, although the frequency of collisions in a tunnel is lower than on roads outside the tunnel. Pervez and Caliendo et al. conducted statistical and predictive research on the collision frequency in tunnels (Caliendo et al., 2013, 2016, 2019; Pervez et al., 2020, 2021; Tang et al., 2022). This problem needs to be studied to improve the durability of tunnel structures and avoid traffic interruptions due to damaged curb components. However, there is still a gap in the anti-collision performance requirements and checking calculation methods of curbs in China’s code for highway tunnel design. In light of the above, it is essential to investigate vehicle-bridge collisions based on the existing achievements. Cao et al. (2019) and Heng et al. (2021) studied the collision of heavy trucks against the bridge caps and piers of cross-line bridges. High-fidelity finite element analysis by Oppong et al. (2021)was used to assess the impact of ultra-tall vehicles on the main girder. Thilakarathna et al. (2010) used a nonlinear numerical analysis model to research the impact of vehicles on piers and columns, and obtained analysis results of the impact force time-history curve, structural displacement, and reaction force. Based on refined nonlinear finite element analysis, Xu et al. (2012) studied the damage mechanism of a bridge superstructure and reported a time history of impact force when over-height vehicles collided with curb components.
In this paper, a new type of precast concrete curb component for highway tunnel was proposed to improve the precast level of highway tunnel structures by drilling and blasting. A pseudo-static method and finite element modeling were used to calculate the impact load and check its anti-collision performance. Finally, the key technologies and engineering applications of its construction are introduced to provide a reference for improving the prefabrication level of highway tunnels.
DESIGN OF TUNNEL CURB COMPONENTS
Curb components usually include a side ditch, side stone, cable trench, and cover plate. Cover plates are usually prefabricated components. Among these components, the side ditch and side stone need to be considered for construction technology.
As shown in Figure 2, there are two common kinds of roadside ditches, the slotted ditch and blind drainage, each with its own characteristics: the slotted ditch is easy to install and does not require bottom and slurry processes. However, the construction of blind drainage is more difficult, including paving of the asphalt pavement at the edge, resulting in an uneven pavement surface, which is prone to water accumulation.
[image: Figure 2]FIGURE 2 | The tunnel curb components: (A) slotted ditch, (B) blind drainage.
In contrast, a slotted ditch is superior and is more commonly used on highways in Zhejiang province. However, the following problems remain:
1) It is difficult to clean the slotted ditch, which increases the maintenance difficulty of the highway operating unit;
2) Due to the infiltration of groundwater into the asphalt and concrete pavement in the tunnel, it is difficult for the slotted ditch to drain the interlayer water under the asphalt surface;
3) Because the width of the slotted ditch is 50 cm, it can invade the carriageway pavement.
Figures 3, 4 show a three-dimensional structural drawing of the integral curb components (i.e., a slotted ditch component that prefabricates the side stones and side ditch together), with a size of 65 × 86 × 100 cm, a segment length of 1 m, and mass for each segment of 612.25 kg.
[image: Figure 3]FIGURE 3 | Three-dimensional structural drawing of the integral curb components.
[image: Figure 4]FIGURE 4 | Design of the side stone and side ditch, and detailed drawing of the reinforcement.
To improve the shear resistance between segments, they are connected by tension, which is better and smoother than the current cast-in-situ concrete curb components. The width of the ditch is 35 cm, which effectively ensures the road surface of the driveway. Compared with the previous curb components, the maintenance cost of prefabricated curb components is lower, that is, the ditch top of the prefabricated curb components is equipped with a drainage ditch (that quickly drains the tunnel pavement water) and a flushing hole (that effectively dredges debris blocking the ditch). The grate on the sand sediment trap in the middle of the side ditch collects debris and three drainage holes arranged symmetrically on the ditch side of the prefabricated curb components allow seepage to discharge to the asphalt layer. According to the actual engineering situation, the arrangement of the drainage holes can also effectively prevent groundwater from infiltrating into the asphalt and concrete pavement layers.
CALCULATION OF ANTI-COLLISION PERFORMANCE
Common check calculation methods
The impact process is a transient dynamic action, and engineering often converts the dynamic action into a static load for design. Commonly used equivalent static calculation methods include: the global average method, local average method, and equivalent displacement method. According to previous studies, when a vehicle’s speed is 80 km/h, the displacement method has the greatest accuracy to calculate the equivalent static force. The equivalent impact force is determined by:
[image: image]
where [image: image] is the displacement at the action point where a unit is applied to the action point, and [image: image] is the corresponding displacement obtained after applying the impact force and bending moment time history at the action point.
China’s “General Specifications for Design of Highway Bridges and Culverts” (JTG D60-2015) stipulates that the state of vehicle impact should be calculated for bridge piers subjected to vehicle impact without anti-collision measures. The impact force along the vehicle direction should be 1000 kN, the impact force perpendicular to the driving direction of the vehicle should be 500 kN, and the two equivalent forces should be considered at different times.
The “Design Specifications for Highway Safety Facilities” (JTGD 81–2017) adopts the pseudo-static method to solve the collision force of a car on the guardrail. The pseudo-static method adopts the assumptions of average speed, rigid car and guardrail, and average acceleration.
The lateral displacement of the car can be expressed as:
[image: image]
where [image: image] is the distance between the gravitational center of the car and the front bumper; [image: image] is the collision angle; [image: image] is half the width of the vehicle; and[image: image] is the lateral displacement of the guardrail (usually 0).
The lateral average speed is determined by:
[image: image]
where [image: image] is the driving speed before the impact.
The time required for lateral displacement is determined by:
[image: image]
The lateral acceleration of the car is determined by:
[image: image]
Then, the lateral collision force can be obtained as:
[image: image]
Assuming that the stiffness of the car and the guardrail is a linear spring, the relationship between the collision force and time is a sine curve, and the maximum lateral acceleration of the car is determined by:
[image: image]
Then, the maximum lateral collision force is determined by:
[image: image]
Adding the dynamic correction coefficient to the above formula, the calculation formula of the lateral collision force can be obtained as follows:
[image: image]
This calculation method for the collision force takes into account factors including vehicle size and collision angle, and is more suitable for calculating the collision force from different vehicles; however, it ignores the deformation of vehicles and piers. In actual situations, the car in the collision process often undergoes deformation. Therefore, the calculation results may be different from the actual value.
Finite element modeling
In this study, we used the instantaneous impact force, equivalent static force, and pseudo-static force to calculate the anti-collision energy of curb component side stone structures. The simulation setting speed was 80 km/h, the oblique impact angle was 20°, and the body weight was 8 t. Formula (9) shows that the lateral impact force obtained using the pseudo-static method was 850 kN, which is greater than the 500 kN recommended by The General Code for Highway Bridge design (JTG D60-2015); therefore, the former value was used as a conservative estimate.
For specific materials related to the concrete and reinforced materials, see Tables 1, 2.
TABLE 1 | Material parameters of concrete.
[image: Table 1]TABLE 2 | Material parameters of reinforcement.
[image: Table 2]Figure 5 shows the geometrical model and the finite element mesh of the parts of the curb components. The force of the friction and the friction formula are Lagrange multipliers, and the model’s plat and integral curb component side stones and side ditches adopt physical units, the top of which adopts the “hard contact”. There is a 5 mm reserved space at the lap joint of the cover plate. In order to reduce integral and hourglass control, the grid cell of the integral curb component side stones and side ditches contains a ten-node quadratic tetrahedral element (C3D10), whereas the cover plate and segment components contain an eight-node linear hexahedral element (C3D8R). Standard model test piece concrete contains C35. The main reinforcement type is φ12 mm HRB400, whereas the distributional reinforcement was φ8 mm HPB235. The steel bar uses a line element, and the mesh element type is a two-node linear three-dimension truss element (T3D2). The interaction of the “built-in zone” means the reinforcement and concrete are completely fixed regardless of the slip between the reinforcement and concrete.
[image: Figure 5]FIGURE 5 | A geometrical model and finite element mesh of the curb component parts: (A) geometrical model, (B) finite element mesh, and (C) rebar.
Boundary conditions and loadings
According to the installation method of the curb components, the bottom of the side stone and side ditch of the curb component is the fixed end (i.e., the displacement is 0). According to the wheel load area distribution table in the “General Specification for Highway Bridges and Culverts Design” (JTG D60-2015), a rectangular area of 0.3 m × 0.2 m is used, to which a uniform force of 14.2 MPa is applied, as shown in Figure 5.
Results
Figure 6 is a sketch map of the calculation results of maximum principal stress and reinforcement stress of the concrete structure.
[image: Figure 6]FIGURE 6 | Results of finite element analysis: (A) maximum principal stress of concrete structure (MPa), (B) reinforcement stress (MPa).
The joint of the side stone and side ditch is a right-angle structure that has large tensile stress after bearing the force of an impact. When the axial tensile strength of C35 concrete exceeds 2.20 MPa the concrete will crack. However, the maximum tensile stress of the steel bar is about 56 MPa (i.e., the steel bar will not be damaged); therefore, a brittle fracture of the curb components will not occur.
The maximum displacement of the member (i.e., the displacement of the top of the side stone) was 1.34 mm, and the displacement generated by the collision position was 7.8–8.5 mm. The specific displacement after a collision with the components is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Displacement cloud map (MPa).
CONSTRUCTION OF PREFABRICATED CURB COMPONENTS
The construction process of prefabricated road edge components is shown in Figure 8. The concrete design strength was C35, the segmental length was 1 m, the recommended mix ratio was cement:sand:gravel:fly ash:water:admixture = 270:850:1000:90:160:1.8, and the slump should be controlled at 5–7 cm. The precast concrete drainage ditch forming process used an attached vibration platform. The concrete pouring height of each layer should not exceed 300 mm.
[image: Figure 8]FIGURE 8 | Construction process of the prefabricated curb components.
In general, the first vibration time was 60—80 s, the second vibration time was 30—40 s, and the interval time between the two vibrations was 60—90 s. After finishing the plastering process, a non-woven geotextile was sprayed with water cover. After the surface concrete was finally solidified, spray maintenance was performed. Under a high temperature, the spray was performed every 30 min in the daytime for 5 min, and every 1 h at night for 5 min. The spray maintenance was performed for 5 d, and the cover maintenance was performed for 7 d. Demoulding was performed when the concrete strength reached 75% or more of the design strength (see Figure 9).
[image: Figure 9]FIGURE 9 | Molds for prefabricated curb components.
The assembly process was performed and hoisted by small machinery. The installation position was laid out and flatted, and mortar was used for the secondary level before installation. In order to ensure the assembly accuracy of the components, site lofting was performed before the assembly.
ENGINEERING APPLICATION
Through careful design and construction, this new type of prefabricated road component has been successfully used in the mountain tunnels of many highways in Zhejiang Province. The cumulative length exceeds 10 km. Compared with the original pouring road edge component, this new prefabricated road component is a big improvement (Figure 10).
[image: Figure 10]FIGURE 10 | Pictures of prefabricated curb components at a construction site: (A) side ditches and side stones, (B) sand sediment trap.
CONCLUSIONS
This study developed new prefabricated curb components for highway mountain tunnels, which have the advantages of centralized prefabrication, component standardization, and commercialization. The prefabricated construction method allows the factory prefabrication of structural components ahead of or parallel to the excavation time of the corresponding parts in the tunnel, saving the implementation time of the linear construction process in the tunnel. Prefabricated curb components overcome the disadvantages related to the quality of the traditional slotted ditch, which is difficult to control, and improve the accuracy of field construction.
In addition, this study presents a method of calculating the collision-proof energy of the prefabricated curb components. The impact force of vehicle side rock in operation, which was 850 kN, was calculated using a pseudo-static method. The stress on the concrete structure and steel bar obtained by finite element simulation was analyzed, and the results showed that no brittle fracture would occur in prefabricated curb components after a collision.
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Different burial depths have different effects on the mechanical characteristics of the horizontal lifting of subsea pipelines. With the consideration of the soil resistance to subsea pipelines, combined with the specific sea condition parameters of a certain sea area, and based on the lumped mass method, the subsea pipeline is discretized into a lumped mass model, the dynamic analysis model of the three-point horizontal lifting of subsea pipelines with different burial depths is established. The stress and bending of the pipelines with different burial depths are analyzed. The calculation results with different burial depths are compared. The variation of mechanical characteristics of the process of lifting horizontal pipelines with different buried depths is obtained. The results show that the change of burial depth has a significant influence on the effective tension of the pipeline. With the increase of the burial depth, the maximum degree of stretching of the pipeline first decreases and then increases. Within a certain depth range, burying the pipeline in the seabed can reduce both the effective tension and the intensity of the fluctuation of the effective tension when the pipeline is lifted. The change of burial depths for the shear action is mainly reflected in the numerical values of the shear force. There is no significant impact on the degree and variation fluctuation of the shear force. The conclusions can provide a certain theoretical reference for the design of the process of horizontal pipeline lifting.
Keywords: lumped mass model, three-point horizontal lifting, subsea pipelines, burial depth, dynamic characteristics
INTRODUCTION
Subsea pipelines refer to pipelines that act as the media transportation between offshore facilities and terrestrial terminals. Subsea pipelines play an irreplaceable role in the development of offshore oil and gas. Subsea pipelines are widely used in the underwater production equipment and subsea production system operations for providing power, signal transmission, and other reagents for the underwater oil exploration equipment.
A lot of research has been carried out on the uses and mechanisms of various types of subsea pipelines. The methods for the design analysis of pipelines, flexible pipes, and umbilicals were summarized by Sævik and Ye. An in-depth understanding of the structural behavior of flexible pipelines was shown and the methods used to perform global and local strength analysis with a focus on analytical as well as finite element methods were given, which can serve as a reference for ocean engineering (Sævik and Ye, 2015). An optimized design methodology for pipelines/fishing gear interaction was presented by Amdal et al., in which the response of pipelines due to trawling pull-over loads was investigated (Amdal et al., 2011). Naess and Leira summarized the law of stochastic dynamics of marine structures, which is a text for students and a reference for professionals on the basic theory and methods used for stochastic modeling and analysis of marine structures subjected to environmental loads (Næss and Moan, 2013). Sævik made some theoretical and experimental studies of stress in flexible pipes, in which one model for predicting stresses with axisymmetric effects was given (Saevik, 2011). The nonlinear formulation for the axisymmetric response of umbilical cables and flexible pipes was derived by Custodio A and Vaz (Custodio and Vaz, 2002). An experimental study was made by De Sousa et al., in which the effect of axial compression on the mechanical response of flexible pipes was given (De Sousa et al., 2012). A penalty-based contact element for pipelines and the 3D rigid body interaction was developed by Longva and Sævik (Longva and Sævik, 2013). Gao et al. made a damage assessment for submarine photoelectric composite cable under anchor impact, in which the material nonlinearity and component interaction were considered (Gao et al., 2018). A nonlinear model for deep-water steel lazy-wave riser configuration with ocean current and internal flow was established by Wang and Duan (Wang and Duan, 2015; Wang et al., 2015). The configurations and dynamic behavior of deep-water J-lay systems were studied by Gong et al., in which the numerical simulation and the stiffened catenary theory were used (Gong et al., 2011; Gong and Xu, 2016; Gong et al., 2020). The dynamic analysis of pipelines was made by Bai and Zhang, from which the lumped mass method was derived (Bai et al., 2018). The research on subsea pipelines involves all aspects, including structural analysis (Knapp and Shimabukuro, 2007), dynamic response analysis (Williams and Paton, 2002; Ajayi and Aribike, 2015), renewable energy (Martinelli et al., 2010), vortex-induced vibration (Liu et al., 2022), and installation process (Gao et al., 2014; Gong et al., 2014).
Subsea pipeline laying and maintenance has naturally become a very important research subject. The maintenance of the submarine pipeline is a very complex and difficult project. Because its construction design needs to be changed according to different sea conditions, construction ships, pipelines, and other conditions (Bruschi et al., 2015). The repair and maintenance of the underwater pipeline need to cut off the damaged or broken pipeline at specific points, then the damaged part of the pipeline is repaired by lifting the pipeline above the water surface with the lifting device of the construction ship. After completing the above work, the pipeline is put back to the bottom of the sea, then the repair work is completed. Research work has been done on the horizontal lifting of subsea pipelines. For example, a two-points lifting model of the submarine pipeline was established by Qu et al. (Qu et al., 2012). The interaction between the pipeline and the seabed was considered emphatically. With the utilization of commercial software, a finite element analysis program for the lifting of single and double-layer pipelines on the elastic and rigid seabed was developed by Qiao et al. (Qiao, 2010). Cui analyzed the stress of the single-point lifting and the two-points lifting of the pipeline and established the mechanical models (Cui, 2007).
As can be seen from the brief review of the most advanced research, the current research on subsea pipelines mainly focuses on the overall dynamic characteristics of pipelines during in-place operation and the mechanical characteristics. The horizontal lifting process is very common. However, little research has been done on the dynamic characteristics of the horizontal lifting process during marine pipeline maintenance, especially when considering the interaction between the pipeline and the seabed sediment. Some properties of seabed soil have an important impact on the process of pipe lifting (Guo et al., 2022a; Guo et al., 2022b). Therefore, it is of great importance to study the mechanical characteristics of the horizontal lifting of subsea pipelines. In this paper, with the consideration of the effect of soil resistance, combined with the specific conditions of the horizontal lifting of subsea pipelines, the mechanical characteristics of the horizontal lifting of subsea pipelines at different burial depths are explored in order to get some valuable conclusions, which will play a certain guiding role in specific engineering practice.
COMPUTATIONAL THEORY
In addition to withstanding the wind, waves, and current loads, since the pipeline is buried in the subsea soil, it will inevitably be subject to three different kinds of resistance during lifting (Morison et al., 1950): the weight of the pipeline itself, the passive resistance caused by the static weight of soil and the pipeline, the active shear resistance moving along the edge of the vertical sliding surface.
When the pipeline is buried in cohesive soil, the soil resistance R of the pipeline during lifting can be expressed as the following:
[image: image]
Where: γ′ is the unit weight of the soil in the seabed, H is the burial depth; SM is the saturated undrained shear strength of the soil; D is the diameter of the pipeline.
When the pipeline is buried in non-cohesive soil, the soil resistance R of the pipeline during the lifting process is:
[image: image]
Where f is the lift coefficient.
Through the above formulas, the soil resistance of the pipeline during lifting can be obtained.
Since the suspension section of the pipeline is the most easily accidental position after lifting, it is necessary to make a corresponding mechanical analysis for it. Since the length of the pipeline laid on the seabed is long enough, the position of the separation point of the pipeline on the seabed can be taken as the fixed end of the model. Then the equilibrium differential equation of the suspended span section during the pipeline lifting is established according to the deformation theory of large deflection beam. The stress model is shown in Figure 1. The pipeline lifting can be divided into two types: J-type lifting and S-type lifting. In general, the J-type lifting is applied to the welding of riser and subsea horizontal pipelines. The S-type lifting is widely used for repairing and recovering submarine pipelines. To facilitate the connection between two sections of the pipeline and reduce the initial stress caused by welding, the free end of the pipeline must be kept close parallel to the horizontal plane when the pipeline is out of water. In this paper, the damage to submarine pipelines caused by anchorage is taken as an example, the numerical simulation of the horizontal lifting of subsea pipelines is carried out, and the S-type lifting mechanical model is adopted.
[image: Figure 1]FIGURE 1 | Schematic diagram of mechanical analysis of horizontal lifting of subsea pipeline.
According to the mechanical model shown in Figure 1, the equilibrium differential equation of the submarine pipeline can be written as:
[image: image]
Where: q is the weight per unit length of the pipeline in seawater; ds is the arc length of the selected micro-segment; Ft is the tangential wave and current force uniformly distributed along the pipeline axis; Fn is the normal wave and current force uniformly distributed perpendicular to the pipeline axis; N is the axial tension of the pipeline; Q is the shear force at the pipeline end; θ is the included angle between pipeline axis and horizontal plane; M is the bending moment at the end of the pipeline. The wave and current forces on the submarine pipeline can be calculated by the Morrison equations.
The normal component of current force:
[image: image]
The tangential component of current force:
[image: image]
The normal component of wave force:
[image: image]
The tangential component of wave force:
[image: image]
Where: Cn is the normal drag coefficient, Ct is the tangential drag coefficient, the numerical value of the drag coefficient changes with Reynolds number; Cm is the inertia force coefficient, the numerical value is 2; Uc is the resultant velocity of the current velocity v and the wave velocity u; vn=v·sin, vt=v·cos, they are the normal velocity and tangential velocity of the current, respectively; un=u·sin, ut=u·cos, they are the normal velocity and tangential velocity of the wave, respectively.
Since the lifting of the submarine pipeline belongs to the problem of large length-diameter ratio and large bending deformation, the axial deformation and the shear deformation of the pipeline can be ignored, and only the bending deformation of the pipeline can be considered, then the following relationships can be obtained:
[image: image]
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Where: EI is the bending stiffness of the submarine pipeline; b is the length of the suspension section; y(s) and u(s) are the deflections and horizontal displacement at any point of the pipeline, respectively.
The boundary conditions of the S-type lifting can be simplified as follows: at the separation point, s=0, y (0)=0, θ(0)=0, u (0)=0, N (0)=0, M(0)=0; at the free end, s=b, N(b)·sin(b)-Q(b)·cos(b)=F, M(b)=M. The dimensionless parameter s/b is introduced into Eq. 1 to change the solution interval from (0, b) to (0,1). Other parameters such as deflection, bending moment, and shear force are also dimensionless simplified, just as shown in Eq. 10:
[image: image]
Substitute Eqs 7–9 into Eq. 3, then the following equation can be obtained:
[image: image]
Finally, the boundary problem of the suspension section can be solved by the above equations.
ESTABLISHMENT OF DYNAMIC SIMULATION MODEL
Environmental and pipeline parameters
The water depth is 18.7 m, the current direction is 180°, the current is 1 m/s, The type of wave spectrum is the Jonswap spectrum, the wave direction is 90°, The significant wave height Hs is 1m, and the mean zero-crossing period Tz is 11.35s.
The length of the pipeline is 1555 m, the outer diameter is 0.2191 m, the inner diameter is 0.194 m and Young’s modulus is 2.07 × 105 MPa, Poisson ratio is 0.3, the density is 7.85 t/m3, the normal additional mass coefficient of the pipeline is 1, the axial additional mass coefficient of the pipeline is 0, the axial drag coefficient of the pipeline is 0.008, the normal drag coefficient of the pipeline is shown in Figure 2., and the lift coefficient of the pipeline is shown in Figure 3. The normal and axial friction coefficients between the pipeline and the seabed are both 0.5.
[image: Figure 2]FIGURE 2 | Normal drag coefficient of the pipeline versus Reynolds Number.
[image: Figure 3]FIGURE 3 | Lift coefficient of the pipeline versus height above seabed.
The influence of the shape, slope, and stiffness of the seabed on the lifting of submarine pipelines cannot be neglected. However, for the convenience of modeling, the seabed is simplified as a flat seabed with a vertical stiffness coefficient of 1.866 kN/m3 and a shear stiffness coefficient of 100 kN/m3. Soil resistance cannot be directly applied to the pipeline in OrcaFlex. There, to simulate the effect of the soil suction on the subsea pipeline, the Link unit is used in this paper to simulate the vertical soil resistance. Since the soil resistance of the pipeline Section 250 m away from the free end of the pipeline has little influence on the lifting operation, to simulate the normal resistance of the seabed within the range of 0–200 m near the lifting ship, a total of 200 Link units are arranged, and every 1 m is a Link unit. This will make the numerical model more compatible with the actual lifting operation and make the data more reliable.
Establishment of dynamic simulation model
The pipeline part of 0–250 m near the operation area of the lifting ship is the area with obvious pipeline deformation, so the segment length of this part is 1m, and it is divided into 250 units in total. The unit length of the remaining 1305 m pipeline is 5 m, and it is divided into 261 units in total. Therefore, the entire pipeline is divided into 511 segmented units. A Link unit is connected to a circular buoy with a mass of 0.005t and a volume of 5 m3 at the length direction of 73 m. The function of the buoy is mainly used to provide a certain buoyancy for the lifting operation.
Since the length of the lifting rope varies throughout the dynamic lifting process, the Winch unit with variable length is used to simulate the lifting rope. One end of the Winch unit is connected to the subsea pipeline and the other end is connected to the lifting ship. Three Winch units are arranged at the pipeline length direction of 8, 35, and 65 m, respectively. The coordinates of these three Winch units on the lifting vessel are (-27 m, -16.5 m, 6.78 m), (0 m, -12 m, 7 m), (30 m, -12 m, 7 m).
The position of the lifting ship remains unchanged, and the whole lifting process is mainly controlled by the length of the lifting rope. The length of the prolongation and contraction of the lifting rope at each stage needs to be determined according to the parameters of the winch and other equipment on the ship. In the simulation, to make the model converge more easily, the contraction process of the lifting rope will be realized through 24 analysis steps. Because submarine pipelines are generally buried under the seabed, the non-linear pipe-soil interaction will inevitably occur during the process of pipeline lifting, which can be simplified as vertical soil resistance, just as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Multi-point horizontal lifting model.
Accuracy verification of the modeling method
To verify the accuracy of the modeling method, according to the actual situation of submarine pipeline laying and lowering under a certain working condition, the modeling method proposed in this paper is used for modeling, and the simulation modeling results are compared with the theoretical calculation results, just as shown in Figure 5.
[image: Figure 5]FIGURE 5 | Verification of the modeling method.
It can be seen from Figure 5 that the configuration of the curve obtained during the lifting process of the submarine cable by the finite element solution in OrcaFlex is very similar to that of the analytical solution. The curves obtained by the two methods are convex from the middle and nearly symmetrical on both sides. By further observing the graph and comparing the data, it is found that the error between the two is less than 10%, which verifies the correctness of the modeling method proposed in this paper.
CALCULATION RESULTS
Effective tension of the pipeline
With the observation of the distribution of the effective tension in the length direction with different burial depths in Figure 6, it is found that the change of burial depth has a significant influence on the effective tension of the pipeline.
[image: Figure 6]FIGURE 6 | Effective tension of the pipeline in the length direction with different burial depths.
By comparing and observing the distribution curves of the maximum effective tension in the length direction with different burial depths, it can be seen that the change of the burial depth does not change the position where the maximum tension occurs. The maximum effective tension of the pipeline reflects the maximum degree of stretching that the pipeline is subjected to.
Further comparative observation shows that the maximum degree of stretching of the pipeline does not increase with the increase in burial depth of the pipeline. With the increase of the burial depth of the pipeline, when the burial depth of the pipeline increases to 0.5 m, compared with the burial depth of 0m, the maximum stretching degree decreases significantly. When the burial depth of the pipeline continues to increase to 1m, the maximum stretching degree decreases slightly. However, when the burial depth of the pipeline continues to increase to 1.5 m, the maximum effective tension of the pipeline at the point where the maximum stretching degree occurs increases again.
Further observation can be found that in the length range of 1,100m–1555 m, the curves of the maximum, minimum, and mean effective tension of the pipeline in the length direction are highly coincident, which indicates that the stretching effect of the lifting operation on the pipeline in this length range is almost constant in the time domain without much fluctuation.
With the observation of the distribution curves of the standard deviation of the effective tension in the length direction with different burial depths in Figure 7., it can be seen that the standard deviation of effective tension of the pipeline shows a tendency of repeated changes with the increase of the burial depth. When the burial depth of the pipeline is 0m, the standard deviation of the effective tension of the pipeline is the largest. When the burial depths are 0.5 and 1 m, the standard deviation curves of the effective tension of the pipeline are highly overlapped. When the burial depth is 1.5 m, the standard deviation of the effective tension of the pipeline is smaller than that with 0 m burial depth but larger than that with 0.5 m burial depth. Combined with the calculation results, it can be seen that a certain degree of burial depth during the lifting process may be helpful to reduce the degree of axial tension and the intensity of axial tension fluctuation, which may be helpful to reduce the fatigue damage of the pipeline during the lifting process.
[image: Figure 7]FIGURE 7 | Standard deviation of the effective tension of the pipeline in the length direction with different burial depths.
Shear force of the pipeline
With the observation of the distribution of the shear force in the length direction with different burial depths in Figure 8., it can be seen that a small shear force will be generated at the end of the pipeline at 1555 m with different burial depths. It means that in the lifting process, as the pipeline is gradually lifted, the end of the pipeline near the seabed will be supported by the seabed, and this concentrated support increases with the increase of the lifting length of the pipeline, which is the reason for the small increase in shear force at the end of the pipeline.
[image: Figure 8]FIGURE 8 | Shear force of the pipeline in the length direction with different burial depths.
Further observation shows that with the increase of the burial depth, the location of the maximum shear force in the length direction does not change significantly, but the magnitude of maximum shear force at the location of the maximum shearing action decreases first and then increases with the increase of the burial depth. Combined with the calculation results, it can be seen that in the lifting process, the pipeline will be subjected to both axial stretching and shearing effects, and both the shearing action and the axial stretching action are smaller when the burial depth is 1 m. This provides a possible choice for optimizing the burial depth of the pipeline, the lifting operation at this burial depth can reduce both the tensile force and the shear force of the pipeline.
With the observation of the distribution of the standard deviation of the shear force in the length direction with different burial depths in Figure 9., it can be seen that the degree of the shear force fluctuation of the pipeline is the same with different burial depths, which indicates that the change of the burial depth is the main reason for the numerical value of the shear force.
[image: Figure 9]FIGURE 9 | Standard deviation of the shear force of the pipeline in the length direction with different burial depths.
It means that the change of burial depth for the change of shear action is mainly reflected in the change of the numerical value of the shear force, and has no significant impact on the degree and variation fluctuation of the shear force.
Bending moment of the pipeline
By observing the distribution of the bending moment in the length direction with different burial depths in Figure 10., it can be seen that there is no significant difference in the distribution of the bending moment in the length direction of the pipeline with the increase of the burial depth, which shows that the increase of burial depth does not bring about an obvious increase of the bending moment. In a sense, it means that within a certain range, the change of the burial depth will not lead to a significant increase in the bending moment of the pipeline during the lifting process.
[image: Figure 10]FIGURE 10 | Bending moment of the pipeline in the length direction with different burial depths.
With the observation of the distribution of the standard deviation of the bending moment in length direction with different burial depths in Figure 11., it can be seen that the bending intensity of the pipeline does not increase with the increase of the burial depth, and the area where the pipeline bends more intensely is also the area where pipeline bears larger bending moment. This indicates that the location where the bending transfer of the pipeline is discrete in the time domain is the location where the maximum bending moment of the pipeline is likely to occur.
[image: Figure 11]FIGURE 11 | Standard deviation of the bending moment of the pipeline in the length with different burial depths.
Curvature of the pipeline
With the comparison and observation of the curve distribution configurations of the bending moment and curvature in the length direction with different burial depths in Figure 12., it can be found that the distribution configurations of the bending moment curve and the curve of the curvature in the length direction are highly similar at the same burial depth. It means that the bending moment and curvature change synchronously, and there is no hysteresis in the bending deformation of the pipeline during the lifting process.
[image: Figure 12]FIGURE 12 | Curvature of the pipeline in the length direction with different burial depths.
By comparing and observing the curve distribution configurations of the standard deviation of the bending moment and the standard deviation of the curvature of the pipeline in the length direction with different burial depths in Figure 13., it can be found that the distribution configurations of the standard deviation curve of the bending moment and the standard deviation curve of the curvature of the pipeline in the length direction at the same burial depth are highly similar, which again shows the high consistency of the change of the bending moment and the change of the curvature caused by the bending action in the time domain. It also shows that the parts with sharp bending changes have large bending moments and curvature.
[image: Figure 13]FIGURE 13 | Standard deviation of the curvature of the pipeline in the length direction with different burial depths.
Von Mises stress of the pipeline
With the observation of the distribution of von Mises stresses in the length direction with different burial depths in Figure 14., it can be seen that the change of the burial depth has little effect on von Mises stresses, and von Mises stresses are almost zero in the length range of 200–800 m, which again verifies the correctness of the calculation. The bending moment and the shear force of the pipeline are also 0 in the length range of 200–800 m, which is the reason for the phenomenon that von Mises stress is 0 in this length range.
[image: Figure 14]FIGURE 14 | Von Mises stresses the pipeline in the length direction with different burial depths.
However, it can be found that the distributions of von Mises stress in the length range of 0–200 m with different burial depths have some differences. It means that von Mises’ stresses show a complex trend in this length range. The generation of von Mises stress is inseparable from the combined loads such as tensile, bending, and shearing of the pipeline. Therefore, the part with high von Mises stress is also the part where the pipeline is subjected to large bending, tensile and shearing loads during the lifting process.
By observing the distribution of von Mises stress standard deviation in the length direction with different burial depths in Figure 15., it can be seen that the standard deviation of von Mises stress tends to zero in the range of 200–1555 m, which indicates that von Mises stress is not only small in this range of length but also the intensity of von Mises stress fluctuation is also very small, the reason for this phenomenon is that section in the range of 200–1555 m is far from the operation area.
[image: Figure 15]FIGURE 15 | Standard deviation of Von Mises of the pipeline in the length direction with different burial depths.
CONCLUSION

1) The change of burial depth has a significant influence on the effective tension of the pipeline. The maximum effective tension of the pipeline reflects the maximum degree of stretching that the pipeline is subjected to. With the increase of the burial depth of the pipeline, the maximum degree of stretching of the pipeline first decreases and then increases. A certain degree of burial depth during the lifting process may be helpful to reduce the degree of axial tension and the intensity of axial tension fluctuation, which may be helpful to reduce the fatigue damage of the pipeline during the lifting process.
2) As the pipeline is gradually lifted, the end of the pipeline near the seabed will be supported by the seabed, and this concentrated support increases with the increase of the lifting length of the pipeline. This is the reason for the small increase in shear force at the end of the pipeline. In the lifting process, the shearing action and the axial stretching action are smaller when the burial depth is 1 m. This provides a possible choice for optimizing the burial depth of the pipeline. The change of burial depth for the change of shear action is mainly reflected in the change of the numerical value of the shear force.
3) Within a certain range, the influence of the bending factors on the pipeline does not need to be considered too much during the lifting process. And the part with high von Mises stress is also the part where the pipeline is subjected to large bending, tensile and shearing loads during the lifting process.
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During the operation stage of cold region tunnels, the isotropic surrounding rock in a freeze–thaw circle suffers long-term unidirectional freeze–thaw cycles and gradually transforms into transversely isotropic material, which induces the variation of stress and displacement distribution of cold region tunnels. Aimed at this phenomenon, an analytical solution of mechanical response in cold region tunnels under transversely isotropic freeze–thaw circles induced by unidirectional freeze–thaw damage is proposed. The analytical solution is derived under two different states of the freeze–thaw circle: 1) transversely isotropic and unfrozen state (state TU) and 2) transversely isotropic and frozen state (state TF). In addition, the stress distribution in the lining and surrounding rock with a transversely isotropic freeze–thaw circle is analyzed. The transformation of the surrounding rock in a freeze–thaw circle from isotropic material into transversely isotropic material leads to the increase of stress in the lining, especially for a significant increase under state TF. Finally, the influence of the deterioration coefficient and the degree of anisotropy on the stress distribution in the lining is analyzed. The stress in the lining increases linearly as the deterioration coefficient decreases, while it increases nonlinearly as the degree of anisotropy decreases. The smaller the degree of anisotropy is, the greater the increase rate of the stress is. Moreover, the increase of stress with deterioration coefficient and degree of anisotropy under state TF is much greater than that under state TU. Both deterioration coefficient and degree of anisotropy decrease from 1.0 with increasing unidirectional freeze–thaw cycles suffered by surrounding rock, and, thus, induce the increase of stresses in the lining. In addition, the deterioration coefficient has a greater influence than the degree of anisotropy on the stress in the lining.
Keywords: stress distribution, cold region tunnels, transversely isotropic freeze–thaw circle, mechanical response, unidirectional freeze–thaw
INTRODUCTION
With the economic growth and increasing traffic demand, more and more cold region tunnels are constructed in cold areas such as Alaska, north Japan, Russia, and Norway, especially in Tibet Plateau and north China. However, most cold region tunnels suffer destructive and troublesome frost damage induced by special climate and geological environment, which even leads to stability and safety problems (Huang et al., 2020, 2022).
The temperature field of cold region tunnels varies significantly above and below the freezing point every year due to the peculiar climate of tunnel sites (Li et al., 2015; Yu et al., 2018), resulting in the freezing and thawing of surrounding rock and groundwater, and, thus, induces various kinds of frost damages. As the temperature field is a basis for frost resisting, plenty of model experiments were performed to investigate the temperature evolution of cold region tunnels and the influence of factors such as airflow temperature (Zeng et al., 2017), inlet wind velocity (Liu L. et al., 2018), and construction disturbance (Zhang et al., 2018). Moreover, numerical models coupled the heat convection and heat conduction between airflow and surrounding rock were proposed to forecast the temperature evolution of cold region tunnels (Lai et al., 2005; Tan et al., 2014). Numerical models involving the influence of train-induced ventilation on temperature evolution were also established (Zhou et al., 2016).
Freeze proofing is a type of measure to resist frost damage, and the thermal insulation layer has currently been the most popular and effective method in freeze proofing. An optimization method to design a thermal insulation layer has been found by Li et al. (2017) based on a coupled heat-water numerical model. Feng et al. (2016) conducted physical modelling experiments in the Yuximolegai tunnel and investigated the reliability of the thermal insulation layer design. Li et al. (2020) analyzed the capacity degradation of thermal insulation materials after moisture absorption and complete freezing in cold region tunnels. There are also applications of other freeze-proofing methods, such as the ground heat exchanger system utilizing heat in deeper surrounding rock (Zhang et al., 2016, 2017; Chang et al., 2022).
Furthermore, the stress distribution and stability of cold region tunnels are significantly influenced by the temperature evolution and freezing of surrounding rock and groundwater. At present, stability analysis on cold region tunnels is mostly based on the freeze–thaw circle frost heave model first proposed by Lai et al. (2000). This model holds that frost heaving force is induced by the frost heave of the freeze–thaw circle, and solutions based on this model can be categorized into three kinds according to their assumptions. The first kind assumes the frost heave displacement mode of the freeze–thaw circle. For example, Gao et al. (2012) derived a solution assuming that displacement does not occur at the center line of the freeze–thaw circle when frost heave generates. The second kind of solution assumes isotropic frost heave in the freeze–thaw circle. According to this assumption, a visco-elastic stress solution (Lai et al., 2000) and an elasto-plastic stress solution (Feng et al., 2014) on cold region tunnels when the surrounding rock freezes have been developed. In addition, an elastic stress solution under non-axisymmetric stress has been derived by Feng et al. (2017), assuming isotropic frost heave in cold region tunnels. The third kind of solution assumes that the frost heave of the freeze–thaw circle is anisotropic. For example, Xia et al. (2018) proved the transversely isotropic frost heave of the freeze–thaw circle through frost heave experiments on rock and then established an elastic stress solution which considered this specific frost heaving property of surrounding rock in cold region tunnels. On the basis of the experimental study and elastic solution of Xia et al., Lv et al. (2019) further derived an elasto-plastic solution of stress with the same assumption of transversely isotropic frost heave in cold region tunnels and found a remarkable influence of transversely isotropic frost heave on stress distribution. Feng et al. (2019) established a similar elasto-plastic solution with a different yield criterion. Moreover, Liu W. et al. (2018) built an elasto-plastic solution of stress on cold region tunnels taking the coupling influence of anisotropic frost heaving property of surrounding rock, support strength, and support time into consideration.
However, most current stress solutions of cold region tunnels regard the mechanical properties of surrounding rock as invariant. In fact, surrounding rock suffers freeze–thaw cycles and deteriorates during the operation stage of cold region tunnels. Ding et al. (2020) investigated the deterioration in mechanical properties with freeze–thaw cycles in a tight sandstone and studied changes to its pore structure using nuclear magnetic resonance technology. Huang et al. (2022a, b) studied the pore structure change of red sandstone under freeze–thaw cycles by mercury intrusion porosimetry and found that both the uniaxial compressive strength and the triaxial compressive strength decrease due to the growth of macropores. Liu et al. (2020) investigated the effect of water saturation on the physico-mechanical properties of clay-bearing rock under freeze–thaw by testing the uniaxial compressive strength and P-wave velocity. Moreover, the damage model and damage constitutive model of rock to describe its deterioration under freeze–thaw action were built (Huang et al., 2021; Meng et al., 2021; Feng et al., 2022). Hence, the mechanical properties of rock in freeze–thaw circles evolve continuously as the suffered freeze–thaw cycles increase. Liu et al. (2019) developed a frost heaving force solution concerning the combined influence of decreasing elastic modulus and increasing void ratio of rock in a freeze–thaw circle resulting from the freeze–thaw action. In addition to the reducing mechanical parameters, experiments show that isotropic rocks transform into transversely isotropic materials under long-term unidirectional freeze–thaw action (Nakamura et al., 2009, 2012; Murton et al., 2016; Xia et al., 2018). When cold air in winter or hot air in summer flows into cold region tunnels, heat mainly transfers along the radial direction with the main temperature gradient in the radial direction, and the surrounding rock in the freeze–thaw circle suffers unidirectional freeze–thaw action. Consequently, the isotropic rock in the freeze–thaw circle gradually transforms into transversely isotropic material as the result of long-term unidirectional freeze–thaw action, and the aforementioned solutions are inapplicable for transversely isotropic surrounding rock.
Therefore, in this study, an analytical solution of the mechanical response of cold region tunnels with a transversely isotropic freeze–thaw circle induced by unidirectional freeze–thaw damage is established. The analytical solution is derived under two different states of the freeze–thaw circle: 1) transversely isotropic and unfrozen state and 2) transversely isotropic and frozen state. Furthermore, based on the solutions, the stress field in the lining and surrounding rock with a transversely isotropic freeze–thaw circle is analyzed, and the influence of the deterioration coefficient and the degree of anisotropy on the mechanical response of cold region tunnels is analyzed.
MECHANICAL MODEL OF COLD REGION TUNNELS UNDER A TRANSVERSELY ISOTROPIC FREEZE–THAW CIRCLE
Transversely isotropic freeze–thaw circle induced by unidirectional freeze–thaw damage
Lots of experiments show that layered cracks perpendicular to the temperature gradient direction will generate in a rock under long-term unidirectional freeze–thaw action (Nakamura et al., 2009, 2012; Murton et al., 2016; Xia et al., 2018), as shown in Figure 1. When the rock with layered cracks is considered a continuous medium, it is similar to the stratified rock in macro-mechanical properties and can be regarded as transversely isotropic material. As illustrated in Figure 2, any plane perpendicular to the temperature gradient direction is the plane of isotropy, and any line parallel to the temperature gradient direction is the axis of transverse isotropy. Therefore, isotropic rocks will gradually transform into transversely isotropic materials under unidirectional freeze–thaw conditions.
[image: Figure 1]FIGURE 1 | Crack distribution in rock induced by unidirectional freeze–thaw damage.
[image: Figure 2]FIGURE 2 | Transverse isotropy of rock induced by unidirectional freeze–thaw damage.
As illustrated in Figure 3, when the cold air in winter or the hot air in summer flows into cold region tunnels, heat mainly transfers along the radial direction with a prime temperature gradient in the radial direction, and the temperature gradient along the circumferential or axial direction is negligible (Lai et al., 2002; Zhang et al., 2002). Hence, the surrounding rock in freeze–thaw circles suffers unidirectional freeze–thaw action every year. Thus, the mechanical properties of rock in freeze–thaw circles gradually transform into transverse isotropy. As shown in Figure 4, the radial direction, namely, the temperature gradient direction, is the axis of transverse isotropy, and the cylindrical surface composed of the axial direction and circumferential direction, which is perpendicular to the radial direction, is the plane of isotropy.
[image: Figure 3]FIGURE 3 | Temperature gradient in cold region tunnels.
[image: Figure 4]FIGURE 4 | Transverse isotropy of freeze–thaw circle in cold region tunnels.
Mechanical model of cold region tunnels
Figure 5 illustrates the mechanical model of the stress and deformation response of cold region tunnels with transversely isotropic rock in freeze–thaw circles induced by unidirectional freeze–thaw damage. As displayed in Figure 5, in the initial state, when the construction of the tunnel completes, the surrounding rock is isotropic; after entering the cold season, the surrounding rock in the freeze–thaw circle freezes gradually, and, thus, the freeze–thaw circle is isotropic and frozen, which can be referred to as state F. During the operation of the tunnel, the surrounding rock in the freeze–thaw circle gradually transform into transversely isotropic material due to the unidirectional freeze–thaw damage. The stress and displacement in cold region tunnels will significantly change with the transformation of the freeze–thaw circle from isotropic material to transversely isotropic material. In the warm season, the freeze–thaw circle is transversely isotropic and unfrozen, which can be referred to as state TU; in the cold season, the freeze–thaw circle is transversely isotropic and frozen, which can be referred to as state TF, as shown in Figure 5. In Figure 5, zone I is the lining, and zone V is isotropic and unfrozen surrounding rock. Zone II is the isotropic and frozen surrounding rock in state F; zone III is the transversely isotropic and unfrozen surrounding rock in state TU; and zone IV is the transversely isotropic and frozen surrounding rock in state TF.
[image: Figure 5]FIGURE 5 | Mechanical model of cold region tunnels.
Moreover, in Figure 5, [image: image] and [image: image] represent the internal and external radius of lining, respectively; [image: image] represents the external radius of the freeze–thaw circle; [image: image] extends somewhere far away. [image: image] is the radial stress act on the lining, and [image: image] represents the radial stress act on the interface between freeze–thaw circle and zone V. [image: image] represent the initial ground stress.
The compressive stress, strain, and displacement are regarded as positive. To obtain the analytical solution of mechanical response under a transversely isotropic freeze–thaw circle, assumptions are introduced as follows:
(1) The cross-section of cold region tunnels is approximated as a circle.
(2) The plane strain condition is introduced.
(3) The surrounding rock and lining are considered as continuous, homogeneous, and elastic materials in each zone.
(4) The lining and the surrounding rock in zones II and V are isotropic material, whereas the surrounding rock in zones III and IV are transversely isotropic material induced by the unidirectional freeze–thaw damage.
SOLUTION OF MECHANICAL RESPONSE IN COLD REGION TUNNELS WITH A TRANSVERSELY ISOTROPIC FREEZE–THAW CIRCLE
Solution of mechanical response in cold region tunnels under state TU
Stress and displacement in a transversely isotropic and unfrozen freeze–thaw circle (zone III)
The constitutive relations of a transversely isotropic freeze–thaw circle in zone III can be written as (Lekhnitskii, 1981) follows:
[image: image]
where [image: image] and [image: image] are the strain and stress, respectively; the subscript r, [image: image], and z refer to the radial, circumferential, and axial direction; [image: image], [image: image], [image: image], and [image: image]; [image: image] is Young’s modulus along the radial direction; [image: image] is Young’s modulus in the isotropic cylindrical surface; [image: image] is the Poisson’s ratio defining strain induced in the isotropic surface by stress applied in the radial direction; and [image: image] is the Poisson’s ratio defining strain induced in the isotropic surface by stress applied in the surface.
Under the plane strain condition, [image: image]. Hence, [image: image] can be acquired from Eq. 1:
[image: image]
Substituting Eq. 2 into Eq. 1, [image: image] and [image: image] can be obtained as follows:
[image: image]
where [image: image], (i, j= 1, 2).
According to the elasticity, the geometric equations and the compatibility condition of the axisymmetric problem are as follows:
[image: image]
[image: image]
where [image: image] represents the displacement in the radial direction.
Moreover, the equilibrium equation of the axisymmetric problem is
[image: image]
Combining Eqs 3, 4b, and 5, the following equation can be acquired:
[image: image]
The general solution of Eq. 6 is
[image: image]
where [image: image] and [image: image] are undetermined integral constants, and [image: image].
The stress boundary conditions of zone III are:
[image: image]
where the superscript III represents zone III. In addition, the following superscripts I, II, IV, and V represent zones I, II, IV, and V, respectively.
Considering Eqs 7 and 8, [image: image] and [image: image] can be obtained:
[image: image]
Combining Eqs 9, 7, and 5, [image: image] and [image: image] in zone III can be acquired:
[image: image]
Plugging Eqs 1–3, [image: image] of zone III is acquired:
[image: image]
Plugging Eq. 11 to Eq. 4a, [image: image] of zone III is acquired:
[image: image]
Stress and displacement in isotropic and unfrozen zone V and lining
According to the solution upon axisymmetric problem (Yu, 2000), the displacement and stress in isotropic and unfrozen zone V under the action of [image: image] at [image: image] and [image: image] at [image: image] are as follows:
[image: image]
[image: image]
where [image: image] and [image: image] refer to Young’s modulus and Poisson’s ratio of the isotropic and unfrozen zone V, respectively.
In addition, according to the solution upon axisymmetric problem (Yu, 2000), the displacement and stress in lining (zone I) under the action of [image: image] at [image: image] are as follows:
[image: image]
[image: image]
where [image: image] and [image: image] refer to Young’s modulus and Poisson’s ratio of lining, respectively.
Continuity conditions and mechanical response solution
The continuity conditions of displacement at interfaces [image: image] and [image: image] are as follows:
[image: image]
[image: image]
The undetermined quantities are [image: image] and [image: image], and they can be obtained by substituting Eqs 12, 13, and 15 to Eq. 17 as follows:
[image: image]
[image: image]
where [image: image], [image: image], and [image: image].
Finally, substituting the value of [image: image] and [image: image] into Eqs 15 and 16, the stress and displacement response in the lining under state TU can be acquired. Similarly, substituting [image: image] and [image: image] into Eqs 13 and 14, the stress and displacement response in the freeze–thaw circle under state TU can also be acquired.
Solution of the mechanical response in cold region tunnels under state TF
Stress and displacement in a transversely isotropic and frozen freeze–thaw circle (zone IV)
In the frozen zone IV, the total strain of surrounding rock consists of the strain resulting from local stress and the frost heaving strain. Therefore, the constitutive relations of the transversely isotropic and frozen rock in the freeze–thaw circle in zone IV are as follows:
[image: image]
where [image: image], [image: image], and [image: image] represent the frost heaving strains along the radial, circumferential, and axial directions, respectively; the meanings of the other symbols are the same as those in section 3.1, whereas the related parameters should take the values under the frozen state. Moreover, [image: image], [image: image], and [image: image] can be expressed by volumetric frost heaving strain [image: image] (Xia et al., 2018; Lv et al., 2019):
[image: image]
where [image: image], and k is the anisotropic frost heave coefficient defined as the ratio of [image: image] to [image: image].
Under the plane strain condition, [image: image]. Hence, [image: image] can be acquired from Eq. 19:
[image: image]
Substituting Eq. 21 into Eq. 19, [image: image] and [image: image] can be obtained:
[image: image]
where [image: image], (i, j= 1, 2); [image: image], and [image: image].
Combining Eqs 22, 4b, and 5, the following equation can be acquired:
[image: image]
The general solution of Eq. 23 can be obtained as follows:
[image: image]
where [image: image] and [image: image] are undetermined integral constants, and [image: image].
The stress boundary conditions of zone IV are
[image: image]
Plugging Eq. 24 into Eq. 25, [image: image] and [image: image] are acquired:
[image: image]
Combining Eqs 26, 24, and 5, [image: image] in zone IV can be obtained:
[image: image]
Substituting Eqs 27 and 24 into Eq. 22, [image: image] in zone IV can be obtained. Then, substituting [image: image] into Eq. 4a, [image: image] in zone IV can be obtained:
[image: image]
Continuity conditions and mechanical response solution
The continuity conditions of displacement at interfaces [image: image], [image: image] are as follows:
[image: image]
[image: image]
The stress and displacement in isotropic and unfrozen zone V and lining (zone I) under state TF are the same as those given in Eqs 13–16, except that [image: image] and [image: image] should take the values under state TF. The undetermined quantities are [image: image] and [image: image], and they can be obtained through plugging Eqs 13, 15, and 28 into Eq. 29:
[image: image]
[image: image]
where [image: image], [image: image], and [image: image] are the same as those in section 3.1 except that the related parameters should take the values under the frozen state.
Finally, substituting the value of [image: image] and [image: image] into the corresponding formulas, the stress and displacement in the lining and freeze–thaw circle under state TF can be acquired.
Solution of stress and displacement in cold region tunnels under initial state and state F
To analyze the effect of transversely isotropic rock in freeze–thaw circles on the mechanical response of cold region tunnels, comparisons among the initial state, state F, state TU, and state TF are necessary. Hence, the solutions of stress and displacement in cold region tunnels under initial state and state F are also provided here.
The stress and displacement in the lining (zone I) under the initial state are the same as those given in Eqs 15 and 16, except that [image: image] should take the value under the initial state. In addition, according to the solution to the axisymmetric problem (Yu, 2000), the radial displacement and stress in isotropic and unfrozen zone V under the action of [image: image] at [image: image] and [image: image] at [image: image] are acquired:
[image: image]
[image: image]
The displacement continuity conditions at interface [image: image] is
[image: image]
The undetermined quantity is [image: image], and it is obtained through plugging Eqs 15 and 31 into Eq. 33 as follows:
[image: image]
Finally, substituting the value of [image: image] into the corresponding formulas, the stress and displacement of lining and surrounding rock under the initial state can be acquired.
Furthermore, the stress and displacement of isotropic and unfrozen zone V and lining (zone I) under state F are the same as those given in Eqs 13–16, except that [image: image] and [image: image] should take the values under state F. The solutions of [image: image] and [image: image] under state F have been proposed by Lv et al. (2019), namely, Eq. 38 or Eq. 39 in the study by Lv et al. (2019). In addition, the solutions of stress and displacement in the isotropic and frozen zone II under state F have also been proposed by Lv et al. (2019), namely, Eqs 34 and 35 in the study by Lv et al. (2019).
CASE STUDY
Stress distribution in the lining and surrounding rock
The proposed analytical solutions of stress and displacement under states TU and TF are extensions of the stress analysis on cold region tunnels involving transversely isotropic rock in freeze–thaw circle induced by unidirectional freeze–thaw damage. The engineering case in the study by Lv et al. (2019) can be referred to analyze the effect of a transversely isotropic freeze–thaw circles on the mechanical response of cold region tunnels. The related parameters are presented in Table 1, and [image: image] and [image: image] in Table 1 are Young’s modulus and Poisson’s ratio of the isotropic and frozen surrounding rock (zone II).
TABLE 1 | Parameters of the section K105+785 in the cold region tunnel.
[image: Table 1]During the operation stage of the cold region tunnel, the surrounding rock in the freeze–thaw circle gradually transforms to the transversely isotropic material resulting from unidirectional freeze–thaw damage, and [image: image] and [image: image] also gradually decreases as the deterioration. To describe the deterioration effect of freeze–thaw damage on surrounding rock, the deterioration coefficient [image: image] is defined as [image: image] under state TU or [image: image] under state TF. Moreover, the degree of anisotropy [image: image] is defined as [image: image] to describe the evolution of the transverse isotropy. Both [image: image] and [image: image] decrease from 1.0 with the increasing freeze–thaw cycles. In addition, the variation of Poisson’s ratio is not considered.
Under the initial state, the radial stress act on the lining [image: image] calculated by the solution under the initial state is 0.69 MPa. Furthermore, under state TU, if [image: image] and [image: image] are assumed, namely, [image: image] and [image: image], state TU transforms to the initial state. In this special case, [image: image] calculated by the solution under state TU is 0.69 MPa. The special case that [image: image] and [image: image] under state TU is identical to the initial state, and the results of [image: image] calculated by the two abovementioned different solutions are the same, thus, the correctness of the derivation processes of the solution under state TU can be verified.
Under state F, [image: image] calculated by the solution under state F is 1.07 MPa. Moreover, under state TF, if [image: image] and [image: image] are assumed, namely, [image: image] and [image: image], state TF transforms to state F. In this special case, [image: image] calculated by the solution under state TF is 1.08 MPa. The special case that [image: image] and [image: image] under state TF is identical to state F, and the results of [image: image] calculated by the solutions under state F and state TF are the same, which verifies the correctness of the derivation processes of the solution under state TF.
To study the mechanical response of cold region tunnels under a transversely isotropic freeze–thaw circle, the stress distribution in lining and surrounding rock in the case that [image: image] and [image: image] under states TU and TF are shown in Figures 6–9. Under state TF, [image: image], [image: image], and [image: image]. The other parameters are included in Table 1. To demonstrate the influence of the transverse isotropy of the freeze–thaw circle, the stress distribution under the initial state and state F are also exhibited in Figures 6–9.
[image: Figure 6]FIGURE 6 | Stress of lining under initial state and state TU.
[image: Figure 7]FIGURE 7 | Stress of surrounding rock under initial state and state TU.
[image: Figure 8]FIGURE 8 | Stress of lining under state F and state TF.
[image: Figure 9]FIGURE 9 | Stress of surrounding rock under state F and state TF.
The surrounding rock is unfrozen under the initial state and state TU. The stress distribution in the lining is similar under these two states, whereas the radial and circumferential stress in the lining increase by about 8% when the surrounding rock in the freeze–thaw circle transforms from isotropic material into transversely isotropic material, as displayed in Figure 6. In addition, the radial stress in surrounding rock under state TU is gently less than that under the initial state, and the greatest difference occurs at the outer interface of the freeze–thaw circle, as displayed in Figure 7. Phenomenon of discontinuity generates in the circumferential stress of surrounding rock under state TU, and the circumferential stress in the freeze–thaw circle under state TU is significantly less than that under the initial state.
The surrounding rock in the freeze–thaw circle is frozen under states F and TF. The stress in the lining under state TF significantly increases to be greater than two times of that under state F when the surrounding rock in the freeze–thaw circle transforms from isotropic material into transversely isotropic material, as illustrated in Figure 8. For example, the radial stress at the outer interface of the lining is 1.07 MPa under state F, while it increases to 2.35 MPa under state TF. Moreover, the difference of radial stress in surrounding rock under states F and TF is slight, and the circumferential stress in the freeze–thaw circle under state TF is less than that under state F, as illustrated in Figure 9.
Therefore, the transformation of surrounding rock in the freeze–thaw circle from isotropic material into transversely isotropic material adversely affects the stress distribution in the lining, especially for state TF, under which the stress in the lining increases significantly. Hence, the influence of the transversely isotropic freeze–thaw circle should be considered to maintain the long-term stability of cold region tunnels.
Analysis of influencing factors
The abovementioned engineering case can be considered to research the effect of the deterioration coefficient [image: image] and the degree of anisotropy [image: image] on the mechanical response of cold region tunnels. In the base condition, values of [image: image] and [image: image] are taken, and values of other parameters are listed in Table 1. Change the value of [image: image] or [image: image] in the base condition to study their influences.
Figures 10 and 11 show the influence of the deterioration coefficient [image: image] on the stress in the lining under states TU and TF, respectively. The stress in the lining increases uniformly for both states TU and TF as the decrease of [image: image], whereas the increase of stress under state TF is much greater. For example, as [image: image] decreases from 1.0 to 0.55, the radial stress at outer interface of the lining increases by 10% under state TU, while it increases by 80% under state TF.
[image: Figure 10]FIGURE 10 | Influence of deterioration coefficient [image: image] under state TU.
[image: Figure 11]FIGURE 11 | Influence of deterioration coefficient [image: image] under state TF.
Moreover, Figure 12 shows the variation of the pressure act on the lining [image: image] with [image: image] and [image: image]. As [image: image] decreases from 1.0 to 0.55, [image: image] linearly increases from 1.56 to 2.84 MPa under state TF and it increases from 0.70 to 0.77 MPa under state TU. [image: image] has greater influence on [image: image] under state TF. [image: image] decreases from 1.0 as unidirectional freeze–thaw cycles suffered by surrounding rock increases, and, thus, induces the increase of the radial and circumferential stresses in the lining. Furthermore, [image: image] has much greater influence on [image: image] under state TF than that under state TU. As [image: image] decreases from 1.0 to 0.55, the radial stress at outer interface of the lining increases by 5% under state TU, while it increases by 55% under state TF. [image: image] decreases from 1.0 as unidirectional freeze–thaw cycles suffered by surrounding rock increases, and thus induces the increase of the radial and circumferential stresses in the lining.
[image: Figure 12]FIGURE 12 | Influence of deterioration coefficient [image: image] and degree of anisotropy [image: image] on [image: image].
Figures 13 and 14 show the influence of the degree of anisotropy [image: image] on the stress in the lining under states TU and TF, respectively. The stress in the lining increases nonlinearly for both states TU and TF as the decrease of [image: image]. The smaller the [image: image] is, the greater the increase rate of the stress is. For example, under state TF, the circumferential stress at inner surface of the lining increases from 10.50 to 11.62 MPa, as [image: image] decreases from 1.0 to 0.85, whereas it increases from 13.18 to 16.30 MPa, as [image: image] decreases from 0.70 to 0.55. Moreover, the increase of stress with [image: image] under state TF is much greater that under state TU. Comparing Figures 10–12 with Figures 13 and 14, [image: image] has greater influence than [image: image] on the stress in the lining.
[image: Figure 13]FIGURE 13 | Influence of degree of anisotropy [image: image] under state TU.
[image: Figure 14]FIGURE 14 | Influence of degree of anisotropy [image: image] under state TF.
CONCLUSION
In cold region tunnels, surrounding rock in a freeze–thaw circle suffers unidirectional freeze–thaw cycles during the operation process, and, thus, isotropic surrounding rocks gradually transform into transversely isotropic materials. Based on this phenomenon, an analytical solution to the mechanical response of cold region tunnels with a transversely isotropic freeze–thaw circle induced by unidirectional freeze–thaw damage is proposed. The analytical solution is derived under two different states of the freeze–thaw circle: 1) transversely isotropic and unfrozen state and 2) transversely isotropic and frozen state.
Additionally, the stress distribution in the lining and surrounding rock with a transversely isotropic freeze–thaw circle is analyzed. The transformation of the surrounding rock in a freeze–thaw circle from isotropic material into transversely isotropic material adversely affects the stress distribution in the lining, especially in the transversely isotropic and frozen state, under which the stress in the lining increases significantly.
Finally, the influence of the deterioration coefficient [image: image] and the degree of anisotropy [image: image] on the mechanical response in cold region tunnels is analyzed. The stress in the lining increases linearly with the decrease of [image: image], whereas the increase of stress under the transversely isotropic and frozen state is much greater. The stress in the lining increases nonlinearly with the decrease of [image: image]. The smaller the [image: image] is, the greater the increase rate of the stress is. Moreover, the increase of stress with [image: image] under the transversely isotropic and frozen state is much greater than that under the transversely isotropic and unfrozen state. Both [image: image] and [image: image] decrease from 1.0 as unidirectional freeze–thaw cycles suffered by surrounding rock increase, and, thus, induce the increase of stresses in the lining. In addition, [image: image] has a greater influence than [image: image] on the stress in the lining.
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With the increasing size of open caissons in large-span bridge projects, the overall settlement of giant open caissons is vital to the safe construction of bridge superstructures. Taking the engineering case of the Changtai Yangtze River Bridge, the overall deformation of an open caisson was studied during the construction stage of the bridge’s superstructures. First, the theoretical layer-wise summation method was utilized to analyze the settlement of the open caisson. Then, a 3-D finite element model was established to simulate the installation stage of the bridge superstructure. Finally, a large centrifuge model test was performed to obtain the deformation of the open caisson at each step of bridge’s construction. The results of these approaches demonstrated that final settlements were quite consistent—approximately 225 mm when the bridge superstructure was completely installed—and the settlement deformation curve could be divided into three stages: slowly increasing, rapid, and stabilizing. This study can provide significant guidance for the construction of the Changtai Yangtze River Bridge and be a reference for similar open caisson engineering projects.
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1 INTRODUCTION
Open caissons are used for the foundations of the deep piers of bridges or other heavy structures when their bearing beds are deep under the soil surface or below water (Nonveiller, 1987). Open caissons have the advantage of good integrity, high structural stiffness, high bearing capacity, small deformation, and full utilization of internal space (Mu et al., 2015; Li et al., 2020). In recent years, they have been widely applied in deep foundations and underground structural engineering projects; they have become one of the main types of foundation in long-span bridge engineering projects (Allenby et al., 2009; Jiang et al., 2019).
Table 1 shows the statistics of the principal open caisson projects around the world and shows that many open caissons have been used in long-span bridges in China since 2000 and for many major bridge projects. It can be anticipated that many more giant open caissons will appear one after another with the development of future long-span bridges. As a result, the overall settlement of open caissons has become a key issue in bridge construction and is of great significance for the reasonable assessment of the settlement deformation of caisson foundations to ensure the safe installation of bridge superstructures.
TABLE 1 | Statistical table of the main open caissons around the world.
[image: Table 1]Research into open caissons has mainly been twofold. One aspect has focused on the sinking process of the open caisson, and the other, on the deformation behavior of the open caisson after sinking to the desired depth. The sinking process of open caissons has been studied by theoretical analysis, laboratory tests, numerical analysis, and the analysis of field monitoring data to determine the mechanical responses and deformation characteristics of the surrounding soil that are induced by the installation of open caissons (Yan and Shi, 2013; Jiang, et al., 2019; Zhou et al., 2019; Royston et al., 2020; Guo et al., 2021; Templeman et al., 2021). Due to this focus on settlement deformation after sinking to the desired depth, studies on the sinking process of open caissons are not described in detail in this paper.
The bearing capacity of the foundation soil and the deformation behavior of an open caisson after sinking to the desired depth during the installation of a bridge superstructure have been comprehensively studied. Alampalli and Peddibotla (1997) conducted experiments on the settlement and deflection behavior of open-ended caissons in sandy soil. Solov’ev (2008) studied the bearing capacity of the foundation soil beneath the cutting edge of an open caisson using limit equilibrium theory, and Chavda et al. (2019) carried out a series of model tests to study the vertical bearing capacity and the soil flow mechanism around the cutting edge of an open caisson. Moreover, for offshore caisson foundations, the bearing capacity under combined V–H–M (vertical–horizontal–moment) loads was studied in clay (Zhang et al., 2011; Hung and Kim, 2014; Fu et al., 2018; Skau et al., 2018), sand (Cheng and Cassidy, 2016; Park et al., 2016; Jin et al., 2019), in sand over clay (Qiu and Henke, 2011; Park and Park, 2017; Zou et al., 2018), and in stiff over soft clay (Xia, et al., 2021). Some studies have also investigated the dynamic response of large embedded foundations (caisson foundations and anchorage open caissons) under horizontal and vertical vibrations (Apsel and Luco, 1987; Latini and Zania, 2017; Chen et al., 2007; Senjuntichai et al., 2006; Bilotta et al., 2015; Chen et al., 2019). To date, few studies have investigated the settlement deformation of caisson foundations after sinking to the desired depth during the installation of bridge superstructures (Chuanbao, 2021). However, it is vitally important to the safe installation of bridge superstructures to determine the overall settlement of open caissons.
The aim of this study is to investigate the deformation characteristics of open caissons during the installation of large-span bridge superstructures. The Changtai Yangtze River Bridge is presently under construction. It is a cable-stayed bridge with the longest span in the world, and giant open caissons were used under the main piers of this bridge (Figure 1). To reasonably assess the deformation characteristics of the open caissons during the installation of a large-span bridge superstructure, theoretical layer-wise summation was first used, and then, the 3D finite element technique was employed. Finally, a large centrifuge model test was performed to validate the results by theoretical methods and numerical analysis. More importantly, it played an important role in the installation of bridge superstructures by determining settlement deformations of the open caisson studied in this paper, and it also has importance as a significant reference for similar open caisson projects.
[image: Figure 1]FIGURE 1 | Main sections of the Changtai Yangtze River Bridge (units: m).
2 CHANGTAI YANGTZE RIVER BRIDGE
2.1 General description
Figure 1 shows the overall layout of the Changtai Yangtze River Bridge that connects Changzhou City and Taixing City. It is a rail-cum-road cable-stayed bridge with an asymmetric layout of double towers and double cable planes. The lower layer of the bridge contains an intercity railway and an ordinary two-way four-lane road; its upper layer contains a two-way six-lane expressway. At present, it is the largest cable-stayed bridge in the world, with a span of 1,176 m. In Figure 1, the sections numbered ⑤ and ⑥ are the open caissons under the main piers of this bridge.
The main pier of the bridge is located on typically deep and sedimentary soil. To satisfy the action of the huge load of the bridge structure and meet the strict requirements of bridge alignment, an open caisson was proposed for use under the main pier through comprehensive technical and economic considerations (Qin et al., 2020).
2.2 Geological conditions
The Yangtze River at the bridge site has an irregular semi-diurnal shallow-sea tidal pattern. The tide rises and falls twice a day, with a maximum tidal level of +5.28 m, minimum level of −1.14 m, and average level of +1.69 m.
The Quaternary overburden soil layer is widely distributed in the engineering field. Due to several past sea transgressions, the soil layers have changed in an orderly but complex manner. The main soils are alluvial clayish soil and sandy soil, and the underlying bedrock is mainly Neogene siltstone. At the bridge site, the thickness of the Quaternary loose sediment is more than 160 m, with strata of interbedded clay and sand. The upper part has a hard plastic silty clay layer with a thickness of 4 m [image: image] 6 m; loose silty sand, silt, and soft plastic silty clay are distributed in its middle. Its lower layers are dense fine-medium sand that can be used as the bearing layer of an open caisson. The typical geological stratification is shown in Table 2.
TABLE 2 | Stratigraphic distribution.
[image: Table 2]From this stratigraphic distribution, it is evident that, above –40 m elevation, there are interlayers of silty clay with soft [image: image] hard plastic characteristics and silty-fine sand with slightly[image: image] medium dense features. At the elevation between –40 m and –55 m is medium dense fine sand with continuous and uniform distribution features, and at an elevation between –55 m and –65 m is soft plastic silty clay with layered continuous distribution features. The medium, fine, and coarse sands are followed by dense and thin features. It should be noted that soft plastic silty clay of 12 m thickness was continuously distributed between –72 m and –84 m elevation. This silty clay had a particular structure: its water content and void ratio were high. Thus, the physical and mechanical properties of its soil needed to be thoroughly studied because of its significant influence on the deformation of the open caisson. At –84 m elevation, the soils are almost dense with medium sand of high strength and low compressibility; this has little influence on the overall deformation of the open caisson foundation.
According to the strata distributions under the main pier of the bridge and its load superstructure, it was suggested that the open caisson be sunk at –65 m elevation for the deformation requirement of the open caisson to be met. Therefore, the soft plastic silty clay with 12 m thickness between –72 m and –84 m elevation became the focus of the design of the open caisson foundation, which affected the caisson's investment and construction period. It thus became necessary to reasonably evaluate the settlement deformation of open caissons to provide strong technical support for the bridge’s construction.
2.3 Stepped open caisson foundation
A round-end plane shape for the open caisson was adopted for the Changtai Yangtze River Bridge. The stepped caisson foundation was first designed with a small top and a large base; its bottom surface is 95 m long across the bridge and 57.8 m wide along the bridge, and the radii of the circular ends are 28.9 m. The top surface is 77 m long and 39.8 m wide, and the radii of the circular ends are 19.9 m. The total height of the caisson foundation is 72 m, of which the lower step is 43 m and the upper step is 29 m. Steel shell concrete was used for the caisson foundation from top to bottom—currently the largest underwater steel caisson foundation in the world. It contains 36 compartments, including 18 inner shafts and 18 outer shafts (Figure 2).
[image: Figure 2]FIGURE 2 | Open caisson at the field site.
3 LAYER-WISE SUMMATION METHOD
The layer-wise summation method divides the soil into several layers based on its stratigraphic distribution and stress state within the influence depth of the foundation settlement. This method calculates the settlement of each layer separately and sums all settlements as the final settlement of the foundation. This method, which was written in the specific code for the design of building foundations in China (GB50007-2011), was applied and verified to be rational for practical foundation engineering.
The calculation formula of this method is shown as Eq. 1.
[image: image]
[image: image]
where S is the final settlement of the foundation (mm), [image: image] is the empirical coefficient of the settlement calculation, n is the number of soil layers divided within the influence depth of foundation settlement, ΔSi is the settlement of the [image: image]th layer of soil, [image: image] is the additional compressive stress at the bottom of the foundation (kPa), which can be obtained by Eq. 2, P is the additional force applied on the top of the foundation, F is the effective gravity of the foundation, A is the basal area of the foundation, [image: image] is the gravity stress at the bottom of the foundation, [image: image] is the compressive modulus of the ith layer of soil (MPa), [image: image] is the distance from the bottom of the foundation to the bottom of the [image: image]th soil layer (m), and [image: image] is the coefficient of average additional stress within the range of the foundation bottom to the bottom of the [image: image]th soil layer. The influence depth of the foundation settlement can be determined by the condition [image: image].
It can be seen from Eq. 1that the soil compressive modulus [image: image] is the key parameter in the layered sum method. [image: image] is defined as the ratio of the vertical stress increase to the vertical strain increase under the condition of complete lateral confinement corresponding to a certain stress range based on the soil compression curve (e-p curve) (Eqs 3, 4).
[image: image]
[image: image]
where [image: image] is the natural void ratio of the soil, [image: image] is the compression coefficient, and [image: image] is the settlement under the pressure [image: image]. Additionally, the negative sign indicates that the void ratio [image: image] decreases with increasing compressive stress.
According to the actual strata distributions in the area of the open caisson, the compressive modulus of each layer of soil was obtained based on uniaxial compression tests of the soil, which were calculated by Eq. 3 and are shown in Table 3. In Table 3, [image: image] corresponds to the compressive modulus under pressures of 100 kPa to 200 kPa—widely used in shallow foundation engineering—and [image: image] corresponds to the pressure from the gravity stress of the soil to the actual stress under engineering loads. The empirical coefficient of settlement ms is generally determined by regional subsidence observation data and engineering experience; if there is no engineering experience, it can be obtained based on the equivalent value of the compression modulus, which is calculated by Eq. 5. With respect to the actual strata distributions of this open caisson, the equivalent values of the compression moduli were greater than 20.0 MPa, and the corresponding empirical coefficients were 0.2, based on the specific code for the design of building foundations in China (GB50007-2011).
[image: image]
where [image: image] is the area of the additional compressive stress profile in the ith layer of soil, and [image: image] is the compression modulus of the ith layer of soil.
TABLE 3 | Compression modulus.
[image: Table 3]It is known that the compressive modulus [image: image] generally increases with increasing compressive pressure. Table 3 shows that the actual compressive modulus [image: image] of each soil layer was greater than the conventional compressive modulus [image: image] because the vertical stress values of each soil layer under engineering load were greater than 200 kPa.
Accordingly, for the open caisson under the main pier of the Changtai Yangtze River Bridge, the settlement of the open caisson was calculated by layer-wise summation at the installation stage of the bridge superstructure. The influence depth of the foundation settlement was 62 m, based on the actual strata distributions, and the empirical coefficient [image: image] was 0.2. Figure 3 shows that the settlement using the two compressive moduli gradually increases with an increasing engineering load, and the overall settlement is 544.47 mm calculated by Es0.1-0.2 when the bridge is completely constructed—2.42 times the settlement using the actual compressive modulus (224.65 mm).
[image: Figure 3]FIGURE 3 | Load vs. settlement using different modulus values.
4 3-D FINITE ELEMENT NUMERICAL ANALYSIS
A 3-D finite element numerical method was also used to assess the deformation characteristics of the open caisson during the installation stage of the bridge superstructure in the Changtai Yangtze River Bridge project.
4.1 3-D finite element numerical model
The size of the foundation is as follows: the bottom is 95 m long across the bridge, 57.8 m wide along the bridge, and the radii of the circular ends are 28.9 m. The top surface is 77 m long and 39.8 m wide, and the radii of the circular ends are 19.9 m. The total height is 72 m, of which the lower step is 43 m, the upper step is 29 m, and the target sinking elevation is −65 m.
Due to the focus on the deformation characteristics of open caissons during the installation stage of the bridge superstructure, the open caisson was simplified to be a solid structure based on equivalent bulk density. Considering the actual size of this foundation and the boundary effect of finite element analysis, a 3-D calculation model was established (Figure 4), the size of which is 560 m×560 m×300 m—length×width×height. PLAXIS 3D software was used to numerically analyze the deformation of the open caisson under the bridge loads. Figure 5 shows the finite element mesh model, and 10-node tetrahedral elements were utilized in the calculation model.
[image: Figure 4]FIGURE 4 | 3-D calculating solid model of a large stepped open caisson.
[image: Figure 5]FIGURE 5 | 3-D finite element mesh model.
4.2 Computing conditions
For constitutive models of soils, the ideal elastic‒plastic constitutive model based on the Mohr‒Coulomb strength failure criterion is popularly applied in geotechnical engineering, although it does not consider the effects of the stress path and strain hardening on the mechanical properties of the soil. However, in practical engineering, there are strain hardening phenomena in the process of soil deformation under external loads. The hardening constitutive model of small strain soil (HSS), which is different from the Mohr‒Coulomb model, was developed on the basis of the hardening soil model (HS) first proposed by Benz (2006). The HSS model has the advantages of reflecting the compression characteristics and dilatancy of soil, distinguishing the loading and unloading stiffness, and considering the shear hardening and compression hardening at the same time—these can effectively reflect the mechanical properties of soil in triaxial and consolidation tests, especially the dependence of soil stiffness on the stress path. Furthermore, the HSS model has been verified to be rational, and the results were consistent with the practical deformation in foundation engineering (Mu and Huang, 2016; Fan and Zhai, 2019). To reasonably simulate the mechanical behavior of the bottom soil of an open caisson during the construction stage of long-span bridge engineering, the hardening constitutive model of small strain soil (HSS) was used to analyze the deformation of the caisson foundation.
The HSS model inherits all the characteristics of the HS model and accounts for the increase in soil stiffness in the small strain stage. The HSS model has some advantages over other models in soil shear hardening, compression hardening, loading and unloading, and small strain deformation. In recent years, practical engineering cases have demonstrated that the HSS model is more suitable for simulating the mechanical behavior of the soil in deep foundation engineering.
There are 13 soil parameters needed in the HSS model; except for the two small strain parameters of the HSS model, 11 of these are the same as those of the HS model. Based on field investigation, indoor tests of the soil, and existing research on the determination of soil parameters in the HSS model, the soil parameters are listed in Table 4. According to a previous study (Wang et al., 2012; Lian-xiang et al., 2019), the loading and unloading tangent modulus [image: image] was determined to be five times the value of the consolidation test [image: image] or five times the value of the triaxial consolidation drained shear test [image: image]. Based on Benz (2006), the power exponent m related to the modulus stress level was determined to be 0.8 for clay soils and 0.5 for the sandy soils. For the two small strain parameters, the initial shear modulus in the small strain deformation stage [image: image] was suggested as being between one and two times the [image: image] value by Benz (2006); for the shear strain [image: image] reflecting the stress level, it is in the range of (0.6–3.0)×10–4 under a pressure of 100 kPa for sandy soils, based again on Benz (2006). In this paper, [image: image] was set to be equal to [image: image], and [image: image] was determined to be 2.0×10–4 for use in the non-linear finite element analysis.
TABLE 4 | Soil parameters.
[image: Table 4]For the boundary conditions of the calculating model, the bottom is completely restricted, and the rest are normal constraints. To reasonably assess the mechanical interactions between the soil and the open caisson, the contact between them was considered, and, in PLAXIS 3D software, the strength reduction factor [image: image] was set on the interface between the soil and the open caisson. The strength on the interface depends on the strength of the soil, and it was set to be [image: image] times the strength of the corresponding soil. Due to the difficulty in determining the factor [image: image] through field tests, it is suggested to be two-thirds of this value in numerical analysis based on the recommendation in this software. In addition, for the calculated working conditions, the initial stress state was obtained for when the caisson had sunk to the desired depth. The superstructure installation containing five steps is listed in Table 5, and the deformation characteristics can be simulated based on the construction schedule of the main navigation channel bridge.
TABLE 5 | Construction schedule of the main navigation channel bridge.
[image: Table 5]4.3 Result analysis
During the construction of the main navigation channel bridge, the settlement deformation was simulated by gradually applying vertical loads on the top surface of the open caisson. Figure 6 shows the vertical deformation at the different installation steps of the bridge superstructure. It can be seen in these figures that the vertical displacement is symmetrical because of the symmetry of the bridge structure and engineering loads; furthermore, the settlement of the open caisson gradually increased with the installation of the bridge superstructure. The final settlement of the open caisson foundation was 225.7 mm after finishing the main navigation channel bridge construction.
[image: Figure 6]FIGURE 6 | Isochromatic map of the vertical displacement distribution of the open caisson: (A) lower pylon installation; (B) middle tower column installation; (C) upper pylon installation; (D) girder structure installation; (E) accessory structure installation; (F) accessory structure installation.
The maximum settlement amounts of the open caisson during the installation of the bridge superstructure are listed in Table 6. To compare the settlement amounts by finite element analysis with those by the layer-wise summation method, the settlement comparison is presented in Figure 7. Figure 7 shows that the settlement amounts determined by the layer-wise summation method were larger than those determined by numerical analysis with the installation of the bridge superstructure; however, when the main navigation channel bridge was completed, the final settlement amounts determined by numerical analysis agreed well with those determined by finite element analysis. Moreover, the relative errors between the settlements by both methods gradually decreased, and the relative error of the final settlement was only approximately 0.5%.
TABLE 6 | Settlement amounts corresponding to different installation steps.
[image: Table 6][image: Figure 7]FIGURE 7 | Settlement comparison of both methods.
5 LARGE CENTRIFUGE MODEL TEST
To rationally evaluate the settlement deformation of the open caisson during the installation of the bridge superstructure, a large centrifuge model test was especially designed and conducted based on its actual size and engineering geological conditions. Figure 8 shows the large geotechnical centrifuge equipment (TK-C500). The maximum acceleration was 250 g. Here, g is gravity acceleration, the maximum effective load is 50 kN, the maximum radius of rotation is 5 m, and the maximum size of the model box is 1.2 m×1.0 m×1.2 m (length×width×height). The total weight of the open caisson used in this bridge is approximately 0.5 million tons, and the construction period was approximately 21 months. The total weight of the bridge superstructure is approximately 0.28 million tons, and the installation period was approximately 38 months.
[image: Figure 8]FIGURE 8 | TK-C500 geotechnical centrifuge equipment.
5.1 Test model
5.1.1 Open caisson model
The size of the open caisson is 95 m×57.8 m×72 m (length×width×height), and the size of the model box is 1.2 m×1.0 m×1.2 m (l×w×h). Taking the influence of the boundary effect into account, half of the symmetrical open caisson was modeled in the centrifuge test; based on the sizes of the open caisson and model box of the centrifuge equipment, the similarity ratio was comprehensively selected as 150, that is, the acceleration of the centrifuge was 150 g when the equipment was running steadily in the test process.
Figure 9 shows the solid model of the open caisson based on the design of the open caisson. Given the similarity ratio and the actual size of the open caisson, the size of the model is 317 mm×385 mm ×480 mm (l×w×h) made with 6,061 aluminum alloy material.
[image: Figure 9]FIGURE 9 | Solid model of the open caisson.
5.1.2 Foundation model
The physical and mechanical parameters of the soils were determined by indoor geotechnical tests after field drilling and sampling, and the clay and sand used in the model test were based on the corresponding physical and mechanical parameters of the soils. Before making the foundation model, drainage equipment was placed at the bottom of the model box to ensure saturation after completing the model. To reduce the influence of the boundary effect on the test model, Vaseline was applied to the inner wall of the model box to simulate a semi-infinite field (Figure 10).
[image: Figure 10]FIGURE 10 | Vaseline applied to the wall of the model box.
For the foundation soils placed in the test model, a conventional sand-pouring method was used to produce the sand layer, and the vibration compaction method was used for the silty clay layer.
(1) Conventional sand pouring method for sand
The sand in the model box was placed by using the sand pouring method, which is related to the compactness and failing distance of the sand. To ensure the uniformity of the sand samples, the falling distance was calibrated in advance before placing the sand in the model box, and compaction was carried out to control the relative compactness of the sand. The preprepared sand samples were then loaded into the sand box, which was lifted to the specified initial height, and the circular sand-drop sieve mouth was used to place the sand. Later, the height of the sand rainier was gradually adjusted to maintain the falling distance of the sand. The process of placing the sand is shown in Figure 11.
[image: Figure 11]FIGURE 11 | Sand placement process: (A) spraying sand; (B) spraying sand completion.
(2) Compaction method for silty clay
For the silty clay, the vibration compaction method was used to prepare the soil samples in the model. The soil in this method needs to be compacted layer by layer, with the dry density at the site used as the controlling parameter of the soil. To keep the parameters of the soil consistent, it was necessary to ensure that the compaction times were the same in the different parts of the same layer of soil (Figure 12A). After the preparation of one layer of silty clay, the surface of the soil needed to be scraped to increase the biting degree of the soil (Figure 12B).
[image: Figure 12]FIGURE 12 | Silty clay placement process: (A) soil compaction; (B) surface shaving.
After the soil compartments were completely filled, water was slowly injected from the bottom of the model box upward to avoid disturbing the sand layer or creating bubbles in it. Sufficient water was injected to guarantee that the water surface was 1 cm higher than the top surface of the soil; thence, the water injection was stopped, and the soil model was soaked for 24 h. Before commencing the centrifuge model test, to ensure that the soil model was fully saturated, the water was again injected through the water pipe at the bottom of the model box until the water surface was 1 cm higher than the top surface of the soil model. Finally, the centrifugal testing machine was operated for 30 min under 150 g conditions to fully saturate the soil model. Figure 13 shows the solid model after completing the open caisson and soil model.
[image: Figure 13]FIGURE 13 | Completion of the model test.
5.2 Layout of monitoring points
During the centrifuge model test, a laser displacement sensor was used to monitor the settlement of the open caisson, and the earth pressure sensor was used to monitor the earth pressure in the silty clay under the open caisson.
Figure 14A shows the locations of four laser displacement sensors on the upper surface of the open caisson in the model test. The sensors were HG-C1200 laser sensors with a range of 200 ± 80 mm. Under the open caisson is a layer of silty clay approximately 12 m thick, which was a primary concern for this model test. Therefore, six mini earth-pressure sensors with a measuring range of 2 MPa were arranged on the surface and in the middle of the silty clay in this test (Figure 14B).
[image: Figure 14]FIGURE 14 | Locations of monitoring points (units:cm): (A) laser displacement sensor; (B) earth pressure sensor.
5.3 Loading process
The loading system of the centrifuge model test was mainly composed of the frame above the model box, the loading beam, the loading equipment placed on the beam, and the controller. When the soil model was assembled, the hydraulic loading system was installed and simultaneously tested. This loading system was controlled by the feedback signals from the force and displacement sensors. Furthermore, based on the actual installation of the bridge superstructure (Table 3), a hierarchical loading stage sequence can be set in the loading system, and automatic loading can be realized under a high centrifugal environment. According to the installation schedule of the bridge superstructure, the loading parameters can be obtained on the basis of the similarity ratio, and segment loading was carried out during the model test. After the first stage load was applied, the settlement and the earth pressure were observed until they stabilized; the next level of load was then applied until all the loads were completely applied in the test.
The whole centrifuge model test comprised four steps:
1) After the test model was completely assembled, the model box was lifted into the centrifuge basket and properly placed. Then, the loading system was installed, and the initial values of the sensors were reset to 0 before starting the test.
2) For loading during the centrifuge test, 20 g intervals were used. The load was gradually applied until it reached 150 g. The centrifugal machine test required only 10 min to correspond to the 156 days that the original model, under gravity, required to restore the natural stress state of the actual foundation. The loading test was carried out after the monitoring values of the sensors stabilized.
3) The loading test was conducted based on the actual installation (Table 3), and the loading parameters were imported into the loading system software. Photographs and videos could be taken at any time during the test.
4) The results of the centrifuge test were saved once the test was completely finished; the model box was then lifted out of the centrifugal basket.
5.4 Result analysis
Figure 15 shows the settlement results of the open caisson obtained by the centrifuge model test. Due to the few differences among the four settlement locations in the test (Figure 15), the average value of settlement locations was used as the overall settlement of the open caisson.
[image: Figure 15]FIGURE 15 | Settlement of the open caisson determined by the centrifuge model test.
From Table 3 and Figure 15, the bridge superstructure installation was divided into five steps. The first step is the installation of the lower pylon column. The engineering load was approximately 0.69 million tons, and the corresponding settlement of the caisson foundation was 6.38 mm, which belongs to the slow subsidence stage. The second step was the installation of the middle tower column with a total load of 1.16 million tons and a corresponding settlement of 58.26 mm. The third stage was the installation of the upper pylon with a total load of 1.87 million tons and a corresponding settlement of 110.75 mm. In this stage, the settlement speed of the open caisson increases sharply, which is the fastest stage of subsidence during the entire installation of the bridge superstructure. In the fourth stage of girder installation, the total load reached 2.45 million tons, and the settlement was 209.46 mm, the speed of which was slower than that of upper pylon installation. The last stage was accessory structure installation, in which the load reached the maximum value of 2.80 million tons, the settlement of the open caisson tended to be gentle, and the corresponding settlement was 226.25 mm. The overall settlement of the open caisson gradually increased with increasing load during the bridge superstructure installation. The deformation curve of the open caisson can be roughly divided into three stages of deformation: slowly increasing, rapid, and tending to become stable. From the lower pylon column to middle tower column stage, the deformation was in the slowly increasing stage, while it is in the sharp deformation stage from middle tower installation to girder structure installation; the settlement then tended to become stable from girder structure installation to accessory structure installation.
Figure 16 shows the earth pressure results from the centrifuge model test and the calculation. In Figure 16, the test value is the earth pressure monitored in the middle of the silty clay soil, and the calculation results are computed based on the actual stratum and depth of the silty clay. The comprehensive bulk density of the open caisson was set to 20 kN/m3, and the calculated earth pressure does not consider the influence of stress diffusion from the bottom of the foundation to the silty clay layer. During the superstructure installation period, the soil pressure measured in the middle of the silty clay increased with the increasing load of the bridge superstructure installation. The calculated values generally increased linearly with increasing engineering loads, and the calculated values of the earth pressure were slightly larger than those of the model test, which may be due to stress diffusion not considered in the calculations.
[image: Figure 16]FIGURE 16 | Earth pressure results determined by calculation and model test.
6 COMPARISON ANALYSIS
Figure 17 shows the settlement curves of the open caisson with the installation of the bridge superstructure calculated by the theoretical layer-wise summation method, the 3D finite element method, and the centrifuge model test. The final settlement was approximately 225 mm when the installation of the bridge superstructure was completed. For the layer-wise summation and finite element methods, the settlements increased linearly with the installation of the bridge superstructure. However, the settlement obtained by the centrifugal model test could be divided into three deformation stages: slowly increasing, rapid, and tending to become stable—these were mainly related to the shear failure characteristics of the soil under the open caisson. By comparing the settlement curves determined by the three methods mentioned previously, it can be seen that the finite element method could simulate the soil characteristics better than layer-wise summation because the former considers the strain hardening characteristics under the vertical load. Furthermore, although there are differences in the settlement of the open caisson during the installation of bridge superstructures, the final settlement values determined by the three methods were consistent.
[image: Figure 17]FIGURE 17 | Settlements determined by the different approaches during bridge superstructure installation
For the sand layer, the existing studies showed that, with the increase in deviatoric stress, the loose sand gradually becomes dense, and strain hardening occurs, while the dense sand undergoes strain softening after the deviatoric stress reaches its peak value. Whether in loose or dense sand, shear shrinkage occurs under high confining pressure. Strain softening is an unstable process of rearranging and balancing the position of sand particles. In essence, the occlusions between the sand particles are damaged due to the increased stress. The friction strength is more complex in clay soil than in sandy soil. In addition to the sliding and occlusion of the soil particles, the cohesive force of clay has a great influence on its friction strength, which is not only related to the strength of the cementing material but also because it will be strengthened over time. Remolded rather than undisturbed soils were used in the centrifugal model test. Therefore, the shear strength of remolded soil was usually slightly different than undisturbed soil; the older the sedimentary age, the greater is the strength of the undisturbed soil than that of the remolded soil.
According to the actual strata of the caisson foundation in this bridge project, it is sandy soil with a thickness of 7 m under the open caisson, followed by silty clay with a thickness of 12 m. From the settlement curve of the open caisson from the centrifuge test, the deformation characteristics of the soil under the foundation can be described as follows. Before the complete installation of the middle tower column, the soil under the open caisson is further compacted and gradually reaches its peak strength due to the application of the engineering load, which naturally causes the overall settlement to gradually increase with the installation of the middle tower column. During the installation of the middle tower column to the girder structure, the deformation of the soil is characterized by strain softening with increasing deviatoric stress, so the settlement of the caisson foundation presents rapidly increasing characteristics. However, during the installation of the accessory structures, the local soil with shear failure reached a new equilibrium state, and the overall settlement of the caisson foundation tended to become stable under a total engineering load of 0.28 million tons.
7 CONCLUSION

1) The settlement deformation of a giant open caisson under the main pier was comprehensively analyzed by a theoretical layer-wise summation method, numerical analysis method, and large centrifuge model test during the construction of the Changtai Yangtze River Bridge. The results demonstrate that the final settlements obtained by three methods were consistent: approximately 225 mm when the bridge superstructure was completely installed.
2) For the theoretical layer-wise summation method, the settlement (544.5 mm) using conventional compression modulus was 2.42 times that of using the compression modulus under actual stress; it is suggested that the compression modulus under the actual stress state of the soil should be utilized rather than under the stress range of 100 kPa [image: image] 200 kPa.
3) The results of the 3D finite element analysis showed that the settlement of the open caisson linearly increased during the installation of the bridge superstructure, and the final settlement was completely consistent with the results of the centrifuge model test. This verified that the HSS constitutive model can reflect the mechanical behavior of the soil in the installation of bridge superstructures.
4) The results of the centrifuge model test demonstrate that the settlement curve of the open caisson can be roughly divided into three deformation stages: slowly increasing, rapid, and tending to become stable. From the lower pylon column to middle tower column stage, the deformation belongs to the slowly increasing stage; it is in the rapid deformation stage from middle tower installation to girder structure installation; the settlement tended to become stable from girder structure installation to accessory structure installation.
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Freeze–thaw damage of rock mass poses a great threat to the safety of rock engineering, ground buildings, and low-temperature storage of liquefied natural gas (LNG) in cold regions. By collecting acoustic emission (AE) signals of sandstone during uniaxial compression failures, this paper analyzed the critical slowdown phenomenon of different types of sandstone during the freeze–thaw failure. According to the auto-correlation coefficients and the variance of AE signals under different windows and steps, the precursors were determined and a warning model of rock engineering failure precursors based on the critical slowdown principle was proposed. Then the Grey Wolf Optimizer (GWO) algorithm was used to optimize the initial weights and thresholds of the back propagation (BP) neural network, and the influence factors of rock engineering failure under different working conditions were input as training sets to train the network. The results showed that the correlation coefficients between the predicted value and real value of the GWO-BP neural network reached 99.90% and 98.81% respectively, indicating that the accuracy of the BP neural network prediction was improved. This study provides a new method for rock engineering failure early warning, and has great theoretical and guiding significance for enriching and improving the rock mass AE monitoring technology.
Keywords: freeze-thaw cycle, acoustic emission, critical slowdown, precursors, GWO-BP neural network
1 INTRODUCTION
Globally, more than 25% of the land area is covered by permafrost, while the distribution of cold regions is more extensive. Under the condition of freezing and thawing, the corresponding damage of rocks in cold regions will lead to a series of engineering problems, such as the frost heaving, cracking of oil pipelines and tunnel surrounding rocks, instability and failure of the supporting structure, erosion and weathering of slope engineering, instability of the high-risk rock mass, storage of liquid resources, and weathering of rock cultural relics (Liu et al., 2018). The freeze–thaw damage of rocks is mainly caused by the volume expansion of 9% frozen water in pores (pores or cracks) and the thermal stress at low temperature conditions (B et al., 2018, Girard et al., 2013). Under such conditions, the frost heaving force in the saturated pores caused by water/ice phase transition can cause cracks and defects, further leading to the destruction of rock engineering in cold regions (Kock et al., 2015; Park et al., 2015; Tan et al., 2018; Kong et al., 2020). Zhao et al. studied the creep failure mechanism of rock cracks under hydraulic pressure and derived the compression-shear fracture criterion of rock under hydro-mechanical coupling (Liu et al., 2022; Zhao et al., 2019). Therefore, to develop an early warning model of rock engineering failure is of great significance for engineering safety evaluation.
The energy theory research shows that the fundamental roles of rock deformation and failure are the dissipation and release of energy. The instability and failure of rocks are the result of the sudden release of internal energy, the main forms of which are the kinetic energy and acoustic emission (Zhao et al., 2019). Therefore, the theory based on the view of energy can well describe the deformation and failure of rocks. AE is a non-destructive monitoring method which can identify the crack propagation and the failure mechanism of materials and structures, and it is widely used in civil engineering due to its high sensitivity and accurate evaluation. AE parameters as another characterization of waveform are widely used in the study of the critical slowdown phenomenon. When the complex dynamic system approaches the critical point before mutation, there is a phenomenon called critical slowdown, which is manifested by the increase of precursor variance and auto-correlation coefficients (Leemput et al., 2013; Maturana et al., 2020). Critical slowdown phenomenon has great potential in revealing whether complex dynamic systems are prone to catastrophic mutations. Lei et al. (2004) pointed out that AE signals of the sandstone failure have obvious stage characteristics, the cumulative AE count has a good correspondence with the sandstone damage, and the sudden large-scale increase of self-correlation coefficients and the variance of AE count can be employed as precursors of the sandstone engineering failure. When the rock is close to collapse, there will be a series of key deceleration characteristics, including the significant increase of the AE count and density value per unit time (Lei et al., 2004; Huang et al., 2016), indicating that the AE signals generated in the process of rock failure make a critical change (Xia et al., 2022), Kong et al. (2015) believed that under the triaxial compression conditions of different confining and pore pressures, the AE characteristics of coal and rock samples underwent a critical deceleration process. The variance and auto-correlation coefficients of AE count and time series increased before the failure of coal and rock. Therefore, the variance and auto-correlation coefficients could be used as the precursors of coal failure. Compared with the AE cumulative signals as the mutation points of precursors, the time delay between precursors and mutation points was shortened within a reasonable range, accounting for 2%–10% of the total loading time (Kong et al., 2015).
With the development of digital signal technology, the neural network as an intelligent algorithm has excellent nonlinear adaptive characteristics and is suitable for parallel processing and hardware implementation (Rumelhart et al., 1986). Due to the improper parameter selection into local minimum in some cases, the algorithm converges to the mean square error gradient descent direction, meanwhile its convergence speed is slow, thus the back propagation (BP) neural network is very sensitive to the initial weight threshold. Chai et al. optimized the BP neural network through the wavelet analysis, removed the noise of the initial data by the wavelet function, and employed the BP neural network and the gradient descent method to train and adjust the neural network parameters. Although the accuracy of the prediction results has been improved, the convergence speed has been reduced (Chai et al., 2016). Xie et al. proposed a new damage constitutive model related to Weibull distribution and statistical damage theory. (Xie et al., 2020). The finite element method of seepage-damage coupling was carried out in FORTRAN in Zhao Yanlin’s study (Zhao et al., 2021). Grey Wolf Optimizer (GWO) algorithm was proposed by Mirjalili et al. (2014) by simulating the social class and predatory strategy of Grey Wolf. Since this algorithm has the characteristics of strong global search ability, fast convergence speed, and simple implementation, it can make up for the deficiency of BP neural network algorithm and has been widely used (Zhang and Zhou, 2015).
In summary, previous studies on the critical slowing of rock failure have made a lot of achievements, but there are few reports on establishing an early warning model of rock failure in cold regions based on neural networks through the critical slowing characteristics of rock failure. Therefore, this paper intends to carry out uniaxial compression experiments of sandstone with different saturations, and explore the critical slowing down phenomenon of acoustic emission signals in the process of rock uniaxial compression experiments. According to the critical slowing down phenomenon of sandstone compression failure, a precursory signal model for rock engineering failure is proposed based on GWO-BP algorithm.
2 UNIAXIAL COMPRESSION EXPERIMENT OF SANDSTONE UNDER FREEZE–THAW CONDITIONS
The equipment used in the uniaxial compression test is the WDW-300E microcomputer controlled electronic universal testing machine made in China. The maximum test force is 300 kN, the effective measurement range is 0.4%–100% of the maximum test force, and the measurement accuracy is less than or equal to ±1%. The axial range of deformation is 0–5 mm, the radial range is 0–3 mm, and the measurement accuracy is less than or equal to ±1%. The DS5-8B AE instrument used in the AE signal acquisition test in the uniaxial compression process has two to eight channels. The continuous data pass rate of DS5-8B acoustic emission instrument is 65.5 MB/S, the pass rate of waveform data is 48 MB/S, interface form is USB3.0, data acquisition method is multi-channel synchronous acquisition, software operating environment for win7/8/10 operating system, the storage method is full waveform acquisition, and all channels can continuously store waveform data for several hours to ensure that no doubtful data is lost during acquisition, the sampling rate is 10 M per channel when using 2 channels, 5 M or 6 M per channel when using 4 channels, and 3 M or 2.5 M per channel when using 8 channels. External parameter sampling frequency is 30 KHz and 25 KHz, external parameter conversion accuracy is 16bit, external parameter input range is±5 V or ±10 V. The loading device and data acquisition system are shown in Figure 1.
[image: Figure 1]FIGURE 1 | The loading device and data acquisition system.
All the test rock blocks were taken from the fresh sandstone of a rock slope in the transition section between Sichuan Basin and Qinghai Tibet Plateau of the Sichuan-Tibet railway. The surface water and rivers in the study area have obvious erosion and cutting effects on the mountain and subgrade. Both groundwater and water-bearing rocks receive atmospheric precipitation in summer, and supplied by melting ice in winter, The annual average temperature is 7.1°C, the extreme maximum temperature is 23.4°C, and the extreme minimum temperature is −19.1°C, The external forces are mainly hydraulic erosion and freezing and thawing, which are typical plateau landforms. All test samples were derived from the same non-jointed rock core. The rock samples had high homogeneity, small discreteness and relatively large porosity, so they can ensure different gradient water content (Zhang et al., 2019). According to the International Society for Rock Mechanics (ISRM) test procedure, the experimental rock samples were processed, and the size of the specimens was specified as Ф50 mm×100 mm. The accuracy of the rock sample processing meets that the non-parallelism error of the two ends shall not be greater than 0.05 mm, and the end surface roughness error is not greater than 0.02 mm. Then, the ultrasonic detector was used to test the sound velocity of the specimens with uniform texture and complete appearance. After the test, the rock samples with large dispersion were removed, then the rock samples with similar quality were selected as the test rock sample. The initial dry density of the rock sample is 2.33 [image: image] , the saturated density is 2.52 [image: image] , and the porosity is 9.32%. Firstly, the specimens were dried at 105°C for 48 h to a constant weight (the mass change was not more than 0.1% within 12 h), and then the mass of each rock sample was weighed and recorded. Rock samples with different saturations (0%, 30%, 60%, 75%, 85%, 95%, and 100%) were prepared by using chemical thermodynamic methods. When the humidity was close to that of the saturated salt solution, the humidity environment was basically stable. When the mass change of rock samples before and after the measurement was not more than 0.1%, it was considered that the system reached equilibrium and the rock sample lost water to the target saturation. The changes of pore structure in sandstone with different saturations were observed by JSM-7500F scanning electron microscope. 1) In the dry state, the internal structure integrity of the sample is good, the particles are arranged closely, the cracks are angular, the grain lines are clear, the particle surface is smooth, and there is no softening damage phenomenon and no obvious debris. 2) When the saturation is between 30% and 85%, the internal structure of sandstone is gradually destroyed, the structure is obviously loose, the surface texture is deepened, the particles begin to soften and decompose, the softening and crushing degree of sandstone particles are intensified, and the pores between particles and within particles are gradually developed. 3) When the saturation reaches 85%–100%, the edges and corners of the crack boundary tend to be smooth, the local damage of the internal structure is intensified, the integrity is poor, and the cementation of the connecting parts between particles is weakened. With the increase of saturation, there are obvious brittle cracks between mineral particles, and the original internal voids begin to expand and gradually connect. Different saturation samples were put into freeze–thaw box for experimenting. The freezing and melting temperatures were set to –20°C and 20°C respectively. The cooling and freezing time lasted for 2 h and 10 h respectively. The time period of the raising and constant melting temperatures was 1 h and 11 h respectively. Each freeze–thaw cycle lasted for 24 h and was performed 5 times. The WDW-300E microcomputer controlled electronic universal testing machine was used for the uniaxial compression test of specimens after the freeze–thaw treatment. The displacement loading method was used in the loading process with the loading rate of 0.12 mm/min. During the experiment, the DS5 full information AE measurement system and 8-channel transient recorder were used to study the mechanical properties and damage evolution of the specimen. Each sample was arranged with 8 acoustic emission probes, which were symmetrically arranged on the sample. The acoustic emission signal threshold was set to 40 dB and the sampling frequency was 5 MHz.
3 CRITICAL SLOWDOWN OF SANDSTONE FAILURE UNDER FREEZE–THAW CYCLES
3.1 AE signals of sandstone during the uniaxial compression
Crack initiation and propagation of rock materials are often accompanied by the release of elastic waves, which can be recorded as AE signals through the AE monitoring system (Dai et al., 2019). Kong et al. (2017) divided the failure stage into the quiet, linear increase, rapid increase, and saturation stages according to the AE cumulative count curve (Kong et al., 2017). Yang et al. (2018) divided the failure stage of sandstone into three stages according to the AE signals: initial compaction, slow growth, and rapid growth stages. Based on the previous studies and the change of ringing count in the process of rock failure, the rock failure stage can be divided into four stages: initial compaction (OA stage), slow growth (AB stage), rapid growth (BC stage) and failure (CE stage). Figure 2 describes the load–displacement curves and the ringing counts of seven rocks with different saturations.
[image: Figure 2]FIGURE 2 | The acoustic emission (AE) signal of loading process: (A) 0%, (B) 30%, (C) 60%, (D) 75%, (E) 85%, (F) 95%, (G) 100%.
As a kind of porous medium material, sandstone contains many primary cracks and fissures. In the initial compaction stage (OA), the unclosed cracks and pores in the original interior of the rock sample were closed due to compression, the force on the rock sample failed to form a linear relationship with the displacement, and the load-displacement curve tended to be concave. At this time, the ringing count generally had a short-term mutation. This is because during the initial contact process, due to the inertia effect, the instantaneous stress would be too large, resulting in a sudden increase in the ringing count at the initial stage. With the increase of saturation, the OA stage obviously prolonged under a certain axial pressure, that is, (g) in Figure 2 corresponded to the longest OA stage. This is due to the increase of water molecular content, a part of hydraulic pressure offset the axial pressure, which prolonged the closure time of initial microcracks and pores.
With the progress of loading, the initial pores and cracks of the rock samples had been closed. This stage was the slow growth stage (AB). The load increased linearly with the displacement. The rock samples showed elastic deformation under uniaxial pressure. The acoustic emission events were relatively few, and the acoustic emission activity remained basically in a stable state during the whole process.
During the rapid growth stage (BC), the load-displacement curve of this stage showed a convex trend, which was an obvious nonlinear growth stage. Cracks began to form inside the rock sample and developed cumulatively. The propagation of cracks continuously demanded for energy. Externally, the AE activity was relatively quiet, and the ringing count fluctuation was small. However, there were many sudden changes during this stage as polymerization appeared in the rock sample in the loading process of microcracks, resulting in large fluctuations of the ringing count. Therefore, in the monitoring and early warning of rock mass engineering in cold regions, it was necessary to pay attention to these fluctuations to avoid misjudgment in monitoring and early warning.
With the increase of axial pressure, the internal energy of the rock sample continued to accumulate. When the internal structure of the rock sample reached the bearing limit, the penetrating cracks appeared and the sample was destroyed. At this time, the acoustic emission activity became extremely active. The rock sample entered the failure stage (CE), and the ringing count suddenly increased obviously. After the peak stress, the microcracks and pores in the sandstone continued to expand. Even at a small stress level, the acoustic emission count was still at a high level.
3.2 Critical slowdown principle
Critical slowdown refers to the dispersion and fluctuation phenomenon conducive to the formation of new phases in the dynamic system near the critical point before it changes from one phase state to another (Scheffer, 2009). During the failure process of rock samples, the change of crack motion form during the initiation and propagation of cracks to the failure process of crack instability can be regarded as the transformation process from one phase to another, which is accompanied by the surge of ringing count. This change trend is not only manifested as an increase of the signal amplitude, but also accompanied by a slow recovery rate and the weakening ability to recover to the old phase (Nes and Scheffer, 2007; Scheffer et al., 2009).
According to the critical moderation principle, the variance is a characteristic quantity that describes the extent to which the data in the sample deviates from the mean [image: image] , denoted as [image: image]:
[image: image]
where [image: image] represents the ith data, and n is the number of data in the sample.
The auto-correlation coefficient is a statistic that describes the correlation between different moments of the same variable. The auto-correlation coefficient of the variable [image: image] with a lag length of [image: image] is denoted by [image: image]:
[image: image]
Assume that the stage variable has a forced disturbance with the period [image: image], in the process of disturbance, the equilibrium regression is in an approximate exponential relationship with the recovery speed [image: image]. The model can be expressed as:
[image: image]
where [image: image] is the deviation from the system stage variable to the equilibrium stage, [image: image] is a random quantity with normal distribution, s is the mean square error, if [image: image] and [image: image] do not depend on [image: image] , Eq. 3 can be simplified as:
[image: image]
where [image: image] is the auto-correlation coefficient.
Equation 4 is analyzed by the variance:
[image: image]
When the dynamic system approaches the critical point, the recovery rate of small amplitude disturbance will be slower and slower, and the recovery rate λ, the auto-correlation coefficient α, and the variance will be close to 0, 1, and infinity respectively. Therefore, the increase of auto-correlation coefficient and variance can be used as precursors for the system to approach the critical point.
3.3 Effects of different windows and lag steps
The AE signals collected by sandstone in the process of uniaxial compression were used to investigate the variation law of the critical slowdown in different windows and lag steps. Due to the similar law obtained by different saturations, the critical slowdown in the process of sandstone compression under saturation is listed here.
In the process of studying the auto-correlation coefficient and variance of critical slowdown characteristics in dynamic systems, there were advantages and disadvantages in parameter data (Dakos et al., 2012). Firstly, the meanings of the window length and lag step length were defined. Here the window length referred to the basic unit for sequence calculation, the lag step length to the lag sequence length from the sequence of the selected window length to another new sequence, the variance to that of the new sequence obtained by the selected window length and the lag fixed step length, and the auto-correlation coefficient to the correlation between the sequence of selected window length and the new sequence obtained by the lag fixed step length. The parameter amount of the data representing system was particularly important: the larger the amount of data selected was, the more reliable the early warning signal in the system was (Carpenter et al., 2011). At the same time, as a non-destructive monitoring technology, the AE technology has been widely used in geotechnical engineering monitoring. Therefore, the AE signal was selected to study the influence of different window lengths and lag steps on the critical slowdown phenomenon.
By using the AE signals collected in the uniaxial compression process of sandstone, the changing rule of critical slowdown with different window and lag step lengths was found. Different window lengths and lag steps have an impact on the stability of the auto-correlation coefficient and variance. According to Figure 3, the influence of different window lengths on variance and auto-correlation coefficient was studied when the window lengths were 1,000, 1,500 and 2000 with the same lag step. According to Figure 4, the influence of different lag steps on variance and auto-correlation coefficient was studied when the lag steps were 100, 200 and 300 with the same window length.
[image: Figure 3]FIGURE 3 | The self-correlation coefficient and variance variation characteristics of different window lengths (A,B):lag step length 100, (C,D):lag step length 200, (E,F):lag step length 300).
[image: Figure 4]FIGURE 4 | The self-correlation coefficient and variance variation characteristics of different lag steps (A,B):window length 2000, (C,D):window length 1,500, (E,F):window length 1,000).
From Figures 3A,B,E, it can be seen that when the lag step is constant, the auto-correlation coefficient curves corresponding to the window lengths of 1,000, 1,500 and 2000 are almost coincident, and the fluctuation trend is consistent. With the increase of window length, the fluctuation shows a gradually stable trend. With the increase of lag step, the fluctuation range of auto-correlation coefficient curve also increases. For the variance curve, the variances under the same lag step and different window lengths are no longer coincident, and the variation ranges are slightly different. The fluctuation range decreases with the increase of the window length, but the mutation point is slightly advanced with the increase of the window length. The variance curves of different lag steps are basically coincident under the same window length—The variance curve does not change with the lag step length. It can be seen from Figure 4 that under the same window length, the auto-correlation coefficient curves corresponding to different lag steps are chaotic and do not show certain rules, but most of the variance curves corresponding to different lag steps overlap. When the lag step is 100, the variance of the precursor signal is the largest. When the lag step is 200 and 300, the variance of the precursor signal decreases in turn. And with the increase of lag step, the variance curve mutation point corresponding to the smaller displacement. Comparing Figures 4B,D,F, with the increase of the window length, the amplification of the inflection point of the variance curve corresponding to the same lag step decreases, consistent with the conclusion of Li et al. (2021), Wei et al. (2018).
Through the comparison between Figure 3 and Figure 4, it can be found that the precursor points located by the auto-correlation coefficient and variance are about 0.84 mm, and the failure position is 0.9 mm, reaching 90% of the sandstone strength, which can better characterize the sample entering the dangerous fracture stage. By comparing the auto-correlation coefficient curve and the variance curve, it is found that the auto-correlation coefficient curve has more peaks, that is, more spurious signals are generated in the auto-correlation coefficient curve. Compared with the auto-correlation coefficient, the variance trend is more intuitive, the mutation point (precursor point) is easier to be identified, and is less affected by the lag length selection. Therefore, in terms of monitoring and early warning, the variance trend is more suitable as a precursor for the failure of sandstone samples.
4 A GWO-BP NEURAL NETWORK BASED EARLY WARNING MODEL FOR ROCK FAILURE IN COLD REGIONS
4.1 GWO-BP neural network
The BP neural network algorithm is a widely used neural network, which is essentially a gradient descent method. The objective function to be optimized is very complex, which leads to the slow convergence of the BP neural network algorithm. The selection of BP neural network structure lacks a unified and complete theoretical guidance, instead it generally depends on experience. Therefore, how to select an appropriate network structure for application is an important issue. Aiming at overcoming the shortcomings of BP neural network, the GWO algorithm is employed.
GWO is a new swarm intelligence optimization algorithm proposed by Mirjailili et al. (2014). Its core is to optimize the dynamic process of parameters by simulating the hunting process of grey wolves in searching, enclosing, and attacking prey. In order to mathematically model the social hierarchy of wolves when designing GWO, the optimal scheme is defined as α, and the second and third best schemes are β and δ respectively. The GWO algorithm is the process of expelling and surrounding the optimization target by ω under the guidance of α, β, and δ wolves (Gupta and Deep, 2019). The diagram is shown in Figure 5.
[image: Figure 5]FIGURE 5 | Chart of grey wolf searching and attacking prey.
The first step is to lock the target and surround it. The following equations are proposed:
[image: image]
[image: image]
where t denotes the current iteration, [image: image] and [image: image] are coefficient vectors, [image: image] is the position vector of prey, [image: image] is the position vector of the grey wolf. The calculation formulas of [image: image] and [image: image] are as follows:
[image: image]
[image: image]
where [image: image] is the convergence factor, and as the number of iterations decreases linearly from 2 to 0, the modulus between [image: image] and [image: image] is [0, 1].
[image: image]
[image: image] ,[image: image] , and [image: image] corresponds to the distance between α, β, δ and other individuals, [image: image] , [image: image] , and [image: image] represent the current positions of α, β, and δ, respectively, [image: image], [image: image], and [image: image] are the random vector, and [image: image] is the position of the current grey wolf.
The last step is attacking, which is to obtain the optimal solution. The solution is mainly obtained by reducing the value of [image: image], and [image: image] varies within the interval [[image: image], [image: image]]. When the value of A is within the interval and |a| ≤1, the wolf can attack the prey.
[image: image]
[image: image]
Equation 6 defines the step length and the direction of [image: image] individuals in the wolves towards [image: image], [image: image] and [image: image], and Eq. 7 defines the final position of [image: image].
Based on the divergence of mathematical modeling, the global search of the GWO algorithm is realized by adjusting the value of [image: image]. When ∣[image: image]∣> 1, the grey wolf of the global search is separated from the target, and the global search continues to find more suitable prey. The GWO algorithm also has another component [image: image] to help find new solutions, Eq. 9 shows that [image: image] is a random value within [0, 2], C represents the random weight of the impact of the location of the wolf on the prey, [image: image]> 1 indicates that the impact weight is significant, and vice versa. This helps the GWO algorithm to perform more randomly and support exploration, while avoiding falling into local optimum in the optimization process. In addition, [image: image] is non-linearly reduced, thus from the initial iteration to the final iteration, it provides global search in decision space. When the algorithm falls into local optimum and is not easy to jump out, the randomness of [image: image] plays a very important role in avoiding local optimum, especially in the iteration which calls for a global optimal solution.
BP model randomly allocates the weight matrix and threshold of the hidden layer neurons between the input layer and hidden layer, containing many variable parameters that are difficult to control, and the results are unstable. The GWO-BP algorithm can effectively extract the optimal matrix connecting weights and thresholds, and can dynamically optimize the penalty factor and kernel parameters of the BP neural network, so as to achieve the relatively stable prediction results. The core of the GWO-BP algorithm is to take the weights and thresholds of the BP neural network as the position information [image: image] of the grey wolf, and the updated position is equal to the weights and thresholds of the BP neural network, so as to find out the global optimal value. The specific steps are as follows:
1) Extract the feature vectors and normalize these data.
2) Initialize the deviations and weights, and set the minimum error, maximum number of iterations, and learning rate.
3) Initialize the GWO algorithm, set the number of wolves and the maximum number of iterations, use the initial deviations and weights as the initial solutions to find the optimal solution.
4) For the training of BP neural network, use the output of each layer to calculate the training errors and adjust the deviations and weights of each layer, repeat this operation until the maximum number of iterations or error is less than the threshold.
5) Test the BP neural network by using the test data to determine whether the accuracy meets the requirements.
4.2 A GWO-BP based early warning model of rock failure in cold regions
Freeze–thaw damage of rock mass poses a great threat to the safety of rock engineering, stone buildings, and low-temperature storage of liquefied natural gas (LNG) in cold regions. How to prevent and manage freeze–thaw disasters is what this paper considered, and what is more suitable than managing freeze–thaw disasters is for preventing disasters. At present, with the improvement of monitoring means, plenty of real-time monitoring data of rock engineering can be extracted, therefore, in this paper, the AE equipment is used as the monitoring method to analyze the critical slowdown in the process of rock failure, and the precursors of rock failure is obtained, a warning model of rock failure in cold regions is proposed through the GWO-BP neural network. The specific steps are as follows:
1) The failure process of engineering rock samples in cold regions under different environments was selected for AE monitoring.
2) The critical slowdown of rock samples under various working conditions was analyzed to obtain the failure precursors.
3) The GWO-BP neural network was constructed, and the effective influencing factors were selected to predict the precursors and strength. In this paper, 105 groups of experiments under 21 working conditions of sandstone in cold regions were carried out to establish and test the network.
4) The AE signal of rock engineering was monitored, and the GWO-BP neural network was imported to obtain the strength value at this time. Compared with the precursor points, the early warning was carried out.
4.3 Verification of early warning model
BP neural network is usually composed of input layer, hidden layer and output layer. The number of input and output neurons is determined by the parameters needed for modeling, while the number of nodes and layers in hidden layer is not fixed, which will have a certain impact on the performance of BP neural network. In the present study, as listed in Table 1, The input layer consisted of five neurons, one for each independent variable, which typically influenced the sandstone failure process, these variables included saturation, density, longitudinal wave velocity, freeze-thaw times and porosity. The output layer consisted of only one neuron,i.e. precursory signal. Generally speaking, too few neurons in the hidden layer will lead to a decrease in the prediction accuracy of the network, and there will be under-fitting. Increasing the number of neurons can improve the accuracy of the model, but if the number of nodes is too large, it may make the model over-fitting. Therefore, in the construction of this model, the hidden layer selected one layer since one hidden layer was considered sufficient for developing a sound neural network, and the number of neurons in the hidden layer was determined to be 10 by using the method of minimizing network error, which had the highest accuracy. The training algorithm used the Levenberg-Marquardt back propagation method to minimize the mean squared error (MSE) (Low MSE indicates good performance of neural network). With the increase of training error, the influence of the output error of the model on the parameters will increase, and the speed of parameter updating will be faster, but the parameters will be disturbed by a large number of abnormal data at the same time, and it is very easy to diverge. In this paper, the training error was set to 0.01 of the default. The maximum number of training times was selected to be 15,000. In the GWO model, the population was 20 and the maximum number of iterations was 15.
TABLE 1 | Selection of neural network parameters.
[image: Table 1]Firstly, the precursors were predicted according to the uniaxial tests of 105 frozen–thawed sandstones. 4 groups of parallel tests (84 in total) under each working condition are selected for network training. One is selected for each working condition to predict the precursor signals, and the correlation between the predicted value and the real value was used to determine the pros and cons of the prediction.
Then, according to the intensity prediction of AE signals, the number of AE ringing, energy, duration, and impact number were extracted as characteristic parameters. A total of 84,760 groups of data were selected, and 84,700 groups of data were randomly selected for network training. The remaining 60 groups of data were used to test the accuracy of the network.
By comparing the results of the precursors and intensity in GWO-BP and BP predictions (Figures 6, 7), it is found that the correlation between the BP neural network prediction value and the real value is 0.8514. The correlation coefficient between the predicted value and the real value of BP neural network optimized by GWO reaches 0.9990 and 0.9881 respectively, which greatly improves the prediction accuracy. The predicted value of the GWO-BP neural network is credible. The precursor warning model provides a new guarantee for the safety of rock engineering in cold regions.
[image: Figure 6]FIGURE 6 | Comparison of the prediction results of precursors: (A) GWO-BP, (B) BP.
[image: Figure 7]FIGURE 7 | Comparison of the strength prediction results: (A) GWO-BP, (B) BP.
5 CONCLUSION
In this paper, TAW is used to load the freeze-thaw sandstone with different saturations, and the loading process is recorded by acoustic emission. The critical slowing down theory is used to analyze the acoustic emission signal during the loading process of sandstone. Based on GWO-BP algorithm, the precursor signal warning model of rock failure in cold region is constructed. The conclusions are as follows.
1) During the whole loading process, the acoustic emission ringing count corresponds well with the damage and failure process of sandstone, showing obvious stages. Therefore, according to the change of ringing count in the failure process of rock samples, the damage and failure process of sandstone is divided into initial compaction stage, slow growth stage, rapid growth stage and failure stage. There are many mutations in the ringing count in the rapid growth stage, so the on-site monitoring and early warning need to eliminate these false signals through improved algorithms to improve prediction accuracy.
2) The window length and lag step length have little effect on the occurrence time of the precursory characteristics of the variance, but have a great influence on the stability of the auto-correlation coefficient. Compared with the auto-correlation coefficient, the variance trend is more intuitive and the precursory points are easier to identify. Therefore, in terms of monitoring and early warning, the variance trend is more suitable as a precursory point for sandstone sample failure prediction.
3) The grey wolf algorithm is introduced to optimize the penalty factor and kernel parameters of BP neural network. An early signal warning model is constructed based on GWO-BP algorithm to warn the failure of rock failure. After data comparison, the correlation coefficient between the predicted value obtained by this model and the real value reaches 0.999 and 0.9881, and the prediction effect is excellent. Precursory signal warning model provides a new guarantee for the safety of rock engineering in cold regions.
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Geothermal resources are one of the most valuable renewable energy sources because of their stability, reliability, cleanliness, safety and abundant reserves. Efficient and economical remote sensing and GIS (Geographic Information System) technology has high practical value in geothermal resources exploration. However, different study areas have different geothermal formation mechanisms. In the process of establishing the model, which factors are used for modeling and how to quantify the factors reasonably are still problems to be analyzed and studied. Taking Hangjiahu Plain of Zhejiang Province as an example, based on geothermal exploration and remote sensing interpretation data, the correlation between the existing geothermal hot spots and geothermal related factors was evaluated in this paper, such as lithology, fault zone distance, surface water system and its distance, seismic point distance, magmatic rock and volcanic rock distance, surface water, farmland, woodland temperature and so on. The relationship between geothermal potential and distribution characteristics of surface thermal environment, fault activity, surface water system and other factors was explored. AHP (Analytic Hierarchy Process) and BP (Back Propagation) neural network were used for establishing geothermal potential target evaluation models. The potential geothermal areas of Hangjiahu Plain were divided into five grades using geothermal exploration model, and most geothermal drilling sites were distributed in extremely high potential areas and high potential areas. The results show that it is feasible to analyze geothermal potential targets using remote sensing interpretation data and geographic information system analysis databased on analytic hierarchy process analytic hierarchy process and back propagation neural network, and the distribution characteristics of surface thermal environment, fault activity, surface water system and other related factors are also related to geothermal distribution. The prediction results of the model coincide with the existing geothermal drilling sites, which provides a new idea for geothermal exploration.
Keywords: geothermal resource, land surface temperature, analytic hierarchy process, back propagation neural network, geographic information system technology
1 INTRODUCTION
Geothermal resource is one of the most valuable renewable energy because of its stable, reliable, clean, safe and abundant reserves (Zhang et al., 2015; Zhou et al., 2015; Zhang et al., 2020). As one of the five non-carbon-based energy sources, geothermal energy has been included in the study of carbon neutral framework roadmap of China to control the total consumption of fossil energy, deepen the reform of the power system, and the geothermal energy industry will usher in new opportunities for development. The overall planning of mineral resources in Zhejiang Province (2021–2025) clearly points out that the development and utilization intensity of clean energy, such as geothermal and shallow low-temperature energy should be increased to form a mineral resources development pattern dominated by geothermal and other minerals. Traditional geothermal exploration is characterized by great difficulty, high economic cost and low success rate. Geothermal geological mapping and geophysical exploration are restricted by many factors, such as river system, residential buildings and multiple solutions of geophysical exploration (Zhang et al., 2016).
Remote sensing and GIS technology with high efficiency and economy have high practical value in geothermal resources exploration. On the one hand, the tone of thermal infrared remote sensing image can reflect the thermal radiation energy of ground objects, and geothermal anomaly information can be directly obtained from thermal infrared remote sensing images in areas with shallow geothermal or hot springs (Liu et al., 2004; Chen et al., 2006; Zhang and Zhang, 2006). On the other hand, based on the principles of geology and geophysics, scholars at home and abroad have established various mathematical models for geothermal resource exploration, and have obtained good results on the distribution characteristics and potential of geothermal water (Noorollahi et al., 2008; Yousefi et al., 2010; Moghaddam et al., 2014; Sadeghi and Khalajmasoumi, 2014; Trumpy et al., 2015; Meng et al., 2021). However, there are still some problems in these works, such as mainly driven by expert prior knowledge, simple model design, low accuracy and universality of the model.
In recent years, many new models have been introduced into the establishment of various geological models. Analytic Hierarchy Process (AHP), Fuzzy Comprehension Evaluation Method (FCEM) and Back Propagation Neural Network (BPNN) have been applied to geological environment exploration and geological prospecting effectively (Yu et al., 2017; Chakrabortty et al., 2018; Pal et al., 2019; Ahmad et al., 2020; Das and Pal, 2020a; Das and Pal, 2020b; Liang et al., 2020; Pang et al., 2020; Shao et al., 2020; Wang and Song, 2021; Pal et al., 2022; Ruidas et al., 2022). AHP and GIS technique have been applied in modeling and mapping of groundwater potentiality zones by factors, such as geology, slope gradient, LULC (land use land cover), soil texture, rainfall, lineament density, drainage density, groundwater fluctuation and so on (Chakrabortty et al., 2018), and also applied in modeling and mapping of potential landslide vulnerability zonation by factors, such as rock type, geomorphology, slope, aspect, drainage density, soil type and land use and land cover (Pal et al., 2019). MCDA, AHP, fuzzy logic and ensemble method in a GIS environment have been used in assessing the vulnerability of groundwater by factors, such as groundwater recharge, geology, ground, elevation, the groundwater level in the pre-monsoon season, soil texture, and LULC (Das and Pal, 2020a; Das and Pal, 2020b). The weight of each factor is calculated by the AHP model, and the geothermal potential target area model is established by BP neural network, which can reduce the dependence of the model on expert prior knowledge and make the delimitation of geothermal target area more intelligent and scientific.
However, different study areas have different geothermal formation mechanisms. In the process of establishing the model, which factors are used for modelling and how to quantify the factors reasonably are still problems to be further analyzed and studied. Many studies have shown that the distribution of geothermal activity is closely related to seismic activity, fault activity, fault fold distribution, igneous rocks and other factors, and the correlation between geothermal potential and various factors has also been evaluated (Johnson, 2014; Mcguire et al., 2015; Li and Zhang, 2017). In recent years, many studies have also shown that geothermal distribution is related to remote sensing surface thermal environment, and surface thermal environment is also related to topography and fault activity to a certain extent (Li and Zhang, 2017; Wu et al., 2019; Peng et al., 2020; Wu et al., 2012a; Wu et al., 2012b), so it can be seen that the distribution characteristics of surface thermal environment, fault activity and topographic characteristics should also be added to the factor quantification. At the same time, it is also found in the survey practice that the surface water system is related to the regional geothermal distribution, which requires the actual factor quantitative analysis and evaluation.
Therefore, in order to use the actual factor quantitative analysis and evaluation to study the correlation between geothermal distribution and remote sensing of surface thermal environment, topography, fault activity and surface water system, and to avoid the problems in previous work, the geothermal exploration area of Hangjiahu Plain in the north of Zhejiang Province was taken as an example in this paper based on remote sensing images and GIS analysis, the spatial distribution correlation characteristics between known geothermal hot spots and related geothermal factors, such as lithology, fault zone distance, surface water system and its distance, seismic point distance, magmatic rock and volcanic rock distance, surface water, farmland and woodland temperature were studied. In this paper, the AHP and BP neural network was used for establishing the evaluation model of geothermal potential target areas, and the potential areas of geothermal resources in Hangjiahu Plain were divided, providingdecision-making basis and direction for the establishment of geothermal exploration model in Hangjiahu Plain, and providing data and method supports for the construction of ecological and low-carbon Zhejiang.
2 STUDY AREA AND DATA
2.1 Overview of the study area
The Study Area is located in the Hangzhou-Jiaxing-Huzhou Plain in the northern part of Zhejiang Province, as shown in Figure 1, which roughly includes the vast area south of Taihu Lake, north of Qiantang River and Hangzhou Bay, east of Tianmu Mountain and west of the East China Sea. Its geographical range is 120° 00′ −121° 15′ E, 30° 20′ −31° 00′ N, and its administrative divisions include Hangzhou, Jiaxing and Huzhou. The area has a subtropical monsoon climate with a dense water network.
[image: Figure 1]FIGURE 1 | Location of study area.
Geothermal heat in the Study Area is in the framework of regional faults in NE and EW directions, with Huzhou-Jiashan active fault in the north, Huzhou-Linan active fault in the west and Xiaoshan-Qiuchuan active faults in the east. In addition, the Changxing-Fenghua fault zone and Majin-Wuzhen fault zone cross the region. The intersection of multiple fault zones and the active neotectonic movement have increased the water-bearing space of rocks. In addition, the heat source in the region is mainly deep conduction heat flow balance, and the fault zone is also a good conduction channel, which makes the Hangjiahu plain one of the areas with abundant geothermal resources in Zhejiang Province (Hu et al., 2011).
There are 134 geothermal drilling points in the Study Area, including four geothermal gradient >5°C/100 m anomalies and 19 geothermal gradient >4°C/100 m anomalies. Among them, the water temperature of Huimin Point, Wangdian Point and Jiaxing Cement Plant is 26°C–28°C, which is obviously higher than the normal water temperature calculated according to the average geothermal gradient of Hangjiahu Plain, and belongs to low temperature hot water. Tongxiang No.3 well and Jiashan No.6 well are sudden geothermal hot spots, and the water temperature is kept at 40.95°C and 58 C respectively. These geothermal anomalies indicate that there are more abundant underground hot water resources in the depth of the Study Area due to the shallow depth of exploration boreholes. Geothermal drilling sites, such as geothermal exploration data, can be used for analyzing the spatial correlation between geothermal drilling sites and geothermal factors and verifying the scientificity and rationality of the prediction model results.
2.2 Data source and data preprocessing
Two Landsat 5 TM multi-spectral and thermal infrared images on February 20 and 21, 2002 were used in this study. The data set was provided by Geospatial Data Cloud, Computer Network Information Center, Chinese Academy of Sciences (http://www.gscloud.cn). Six multi-spectral bands (with a resolution of 30 m) were used for extracting land cover types, and one thermal infrared band (with a resolution of 120 m) was used for retrieving land surface temperature. Selecting historical images can weaken the influence of urban land surface, and selecting winter images can reduce the influence of solar radiation on land surface temperature to some extent. The preprocessing mainly includes radiometric calibration and atmospheric correction to eliminate the radiation errors caused by atmospheric scattering and absorption.
Based on the geological map and geothermal exploration data provided by Zhejiang Coal Geology Bureau of China Coal Geology General Administration, the ArcGIS software was used for vectorization to obtain the geothermal factor data of the Study Area, including stratigraphic lithology, magmatic rock distribution, seismic point distribution, fault zone distribution and so on The vector data of surface water system was obtained by OpenStreetMap (https://www.openstreetmap.org/). These auxiliary data can be used for quantitative analysis of geothermal factors.
3 RESEARCH METHODS
3.1 Geothermal factor quantification
In order to better establish the geothermal potential target area evaluation model, quantitative research on the related geothermal factor data was conducted in this paper, such as stratigraphic lithology, fault zone distribution, surface water system, seismic point distribution, magmatic rock and volcanic rock distribution, surface water temperature, surface farmland temperature and surface forest temperature. The research method is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Flowchart of the analysis.
3.1.1 Formation lithology
Rock porosity, faults and fractures in different lithological distribution areas have different development characteristics, which are important factors affecting geothermal (Sang et al., 2017). Geothermal resources may exist in various geological environments composed of limestone, volcanic rock and granite (Moghaddam et al., 2014). Thermal reservoir is the key to store geothermal fluid and form enough geothermal fluid productivity, which provides a good space for the occurrence of hot water (Guan and Fang, 2021). Therefore, the thermal reservoir is the key to the quantification of formation lithology factors.
The regional exploration research shows that the Hangjiahu Plain is mainly divided into three sets of thermal reservoirs and caprocks. The first caprock is about 144 m thick Carboniferous Gaolishan Formation C1g, and the corresponding underlying thermal reservoirs are about 200 m thick Devonian Wutong Formation D3w and about 1,500 m thick Silurian Maoshan Formation S3m; the second set is shallower, with the Permian Longtan Formation P2l with a thickness of about 350 m and the Yanqiao Formation P1y (Gufeng Formation P1g) with a thickness of about 200 m as the caprock, and the underlying thermal reservoirs are the Permian Qixia Formation P1q with a depth of about 159m, the Carboniferous Chuanshan Formation C2c with a depth of about 42.8 m and the Huanglong Formation C2h with a width of about 90m; the third set of the uppermost caprock is the Cretaceous Qifangcun Formation K1q, which is more than 800 m thick, and the Jurassic Jiande Group J3, which is about 900 m thick; the underlying thermal reservoir is the Triassic Qinglong Group T1-2 Q, which is about 583 m thick, and the Permian Changxing Formation P2c, about 169 m thick. Magmatic activities in the area mainly occurred in the late Yanshanian-Cretaceous, with magmatic intrusions in the Yanshanian and volcanic eruptions in the Jurassic and Cretaceous. Magmatic rocks are widely distributed in the area, mainly K-feldspar granite, granite porphyry, and quartz diorite, etc., while volcanic rocks are mainly volcanic lava and pyroclastic rocks. The water permeability and water abundance of the strata are poor, and they are relatively aquicludes and geothermal insulation layers.
The vector stratigraphic lithology data obtained by digitizing the bedrock geological map are shown in Table 1. The thermal reservoir with a certain buried depth and a tight cap at the top is regarded as a high-quality reservoir. The greater the thickness of the thermal reservoir in the underlying strata of the bedrock, the greater the geothermal resource potential at that point. Taking the Tertiary, Cretaceous and Jurassic strata as an example, the thickness of the underlying Triassic Qinglong Group T1-2q, Permian Changxing Formation P2c and Qixia Formation P1q, Carboniferous Chuanshan Formation C3c and Huanglong Formation C2h, Devonian Wutong Formation D3w and Silurian Maoshan Formation S3m was added up to 2,743.8 as the value of the corresponding formation in the vector formation lithology data. Similarly, the Permian strata were assigned the thickness of the underlying thermal reservoir and 1,991.8 m. See Table 1 for the values of Carboniferous, Devonian, Silurian and other strata. Due to the strong correlation between magmatic rocks and volcanic rocks and geothermal hot spots, the magmatic rocks and volcanic rocks are also set at 2,743.8 m, which is consistent with the Tertiary, Cretaceous and Jurassic.
TABLE 1 | Numerical table of stratigraphic lithology.
[image: Table 1]Through statistical analysis, among the 134 geothermal drilling points in the area, 53 (39.6% of the total) are located in Huangjian Formation and Laocun Formation of Jurassic System, 43 (32.1% of the total) are located in Zhongdai Formation, Jinhua Formation and Tongxiang Formation of Cretaceous System, and 15 (11.2%) are in Changhe Formation of Tertiary System. That is to say, 111 geothermal drilling points (accounting for 82.8% of the total) are distributed in the Tertiary, Cretaceous and Jurassic strata with thick underlying thermal reservoirs, indicating that there is a certain correlation between the thickness of underlying thermal reservoirs and geothermal resources.
3.1.2 Distance of fault zone
In addition to hot dry rock-type geothermal systems, natural circulation of meteoric water in faults and fractures plays a dominant role in geothermal systems (Wu et al., 2012b). Faults and fractures, as water circulation channels, are one of the main controlling elements of geothermal systems, in which hot water flows or directly becomes geothermal reservoirs (Guan and Fang, 2021).
Large scale NE, EW and NW fault zones are developed in the basement of Hangjiahu area, which are mainly controlled by NE and EW fault zones, and on this basis, secondary fault structures are developed, which have obvious influence on geothermal anomalies and geothermal gradient anomalies (Feng, 2005).
In Figure 3A, most of the geothermal drilling points are distributed along the fault zone, and there is a certain negative correlation between the geothermal resources and the distance of the fault zone, that is, disconnection. The closer the rift zone is, the hotter spots there are. In order to quantify the impact factors of the fault zone on geothermal resources, the Euclidean distance tool of ArcGIS was used for processing the vector fault zone data into a fault zone distance map to analyze its spatial relationship with geothermal drilling sites. The value of each pixel in Figure 3B represents the vertical distance from the pixel to the nearest fracture zone. After statistical analysis, 126 geothermal drilling sites (94% of the total) are located within 4 km from the nearest fault zone, as shown in Table 2.
[image: Figure 3]FIGURE 3 | Distribution and distance map of faults in Study Area. (A) Distribution map of fault zone (B) Fault zone distance map.
TABLE 2 | Distance to the faults intervals and statistical results.
[image: Table 2]3.1.3 Surface water system and its distance
Water is an ideal medium for heat exchange, and the existence of water is a necessary condition for the development of geothermal fields and hot springs (Sang et al., 2017). The field survey shows that the surface water system can provide sufficient water for hydrothermal activities, which should be regarded as an important factor in geothermal resources exploration.
Most of the geothermal drilling points in the Study Area are distributed near the surface water system, as shown in Figure 4A. The distance between geothermal resources and surface water system shows a certain negative correlation, that is, the closer to the surface water system, the more geothermal hot spots. In order to evaluate the impact of surface water system on geothermal resources, the Euclidean distance tool of ArcGIS was used to process the vector surface water system data into a surface water distance map to analyze its spatial relationship with geothermal drilling sites, and the vertical distance from each pixel to the nearest surface water system was obtained, as shown in Figure 4B. Statistical analysis shows that 128 geothermal drilling sites (95.5% of the total) are located within 4 km of the nearest surface water system, as shown in Table 3.
[image: Figure 4]FIGURE 4 | Distribution and distance map of surface water system in Study Area. (A) Distribution map of surface water system (B) Surface drainage distance map.
TABLE 3 | Distance to the surface water system intervals and statistical results.
[image: Table 3]3.1.4 Distance of seismic point
Fault activity is usually related to seismicity (Yao, 2008). Because the hot water in the active fault zone has high permeability and convection, geothermal resources are commonly found in the fault zone where earthquakes occur (Tufekci et al., 2010).
Earthquake records from 1971 to 2019 in the Area was used in the study, and the epicenter location was used as the geographic location of seismicity. There is a certain correlation between the distribution of geothermal drilling points and seismic points in Figure 5A, and there are many geothermal drilling points near the seismic points. In order to evaluate the correlation between seismic points and geothermal points, the Euclidean distance tool of ArcGIS was used for obtaining the distance map from each pixel of the full map to the nearest seismic point, as shown in Figure 5B. Statistical analysis shows that 126 geothermal drilling sites (94% of the total) are located within 15 km from the nearest seismic site, as shown in Table 4.
[image: Figure 5]FIGURE 5 | Distribution and distance map of seismic points in Study Area. (A) Distribution map of seismic points (B) Seismic point distance map.
TABLE 4 | Distance to the seismic points intervals and statistical results.
[image: Table 4]3.1.5 Magmatic and volcanic rock distances
Magmatic rocks and volcanic rocks have the function of water insulation and heat preservation with a certain correlation with the fault zone. At the same time, the higher geothermal gradient is related to the subduction friction of magmatic rocks, magma replacement, eruption and the influence of the bottom of magma. In many areas, young intrusive bodies are the source of heat for geothermal systems. The potential for geothermal resources is higher when young intrusions are located at shallow depths and close to areas where intrusions have been identified (Yousefi et al., 2010). Mesozoic basalts in Hangjiahu Plain are relatively good bedrock aquifers and favorable heat storage layers due to their deep burial depth, developed joints, fissures and pores, and impermeable roof and floor.
Magmatic and volcanic rocks cover a total area of 207.48 km2 in the Study Area, accounting for about 2.52% of the total area. In Figure 6A, and there are certain geothermal drilling points near the magmatic rocks and volcanic rocks, indicating that the closer to the magmatic rocks and volcanic rocks, the more abundant the geothermal resources are. Using the Euclidean distance tool of ArcGIS, the vector magmatic and volcanic rock data were processed into a vertical distance map of each pixel of the full map to the nearest magmatic and volcanic rock, as shown in Figure 6B, for analyzing its spatial relationship with geothermal drilling sites. Statistical analysis shows that 111 geothermal drilling sites (82.8% of the total) are located within 15 km of the nearest magmatic and volcanic rocks, as shown in Table 5.
[image: Figure 6]FIGURE 6 | Distribution and distance map of intrusive rocks in Study Area. (A) Distribution map of magmatic and volcanic rocks (B) Magmatic and volcanic rock distance map.
TABLE 5 | Distance to the intrusive rock intervals and statistical results.
[image: Table 5]3.1.6 Surface water temperature of farmland and forest land
The surface thermal environment is related to geothermal to some extent, and the surface temperature can reflect a certain surface thermal environment (Li and Zhang, 2017). In the work, based on the thermal infrared band of Landsat 5 TM, the radiative transfer equation method was used for finding the abnormal area of surface thermal environment and analyzing the correlation between the geothermal hot spot and the abnormal area of surface thermal environment (Tu, 2006; Yang, 2015).
The land surface temperature was discussed in a separate surface feature type after removing the influence of various surface features. Therefore, the land surface temperature data of the Study Area was obtained through the inversion of the above steps on combination of the land use types obtained by supervised classification, the land surface temperatures of water bodies, farmlands and woodlands were masked and extracted. The surface temperature point data of water, farmland and woodland were obtained by using the raster turning point tool of ArcGIS. The Kriging interpolation method was used for drawing the surface temperature trend map corresponding to the water body, farmland and woodland in the Study Area, as shown in Figure 7, and the relationship between the surface thermal environment of different land types, such as water body, farmland and woodland and geothermal spots was counted. After statistical analysis, it is found that most of the hot spots are concentrated in the areas with higher temperature, and the trend map of water surface temperature is more obvious, followed by farmland and woodland.
[image: Figure 7]FIGURE 7 | Temperature map of surface water, farmland and forest in Study Area. (A) Surface water temperature map (B) Surface farmland temperature map (C) Surface woodland temperature map.
3.2 Analytic hierarchy process (AHP)
Analytic Hierarchy Process (AHP) is a combination of qualitative and quantitative decision analysis method, which is often used for solving multi-objective, multi-criteria, multi-factor, multi-level and unstructured complex decision-making problems, focusing on clarifying the factors involved in the problem and analyzing their internal relations. AHP is widely used in the fields of groundwater, shallow geothermal energy and geothermy (Chakrabortty et al., 2018; Xu et al., 2018; Lv et al., 2019; Pal et al., 2019; Das and Pal, 2020a; Das and Pal, 2020b; Shao et al., 2020; Pal et al., 2022; Ruidas et al., 2022).
Based on prior knowledge and expert analysis and evaluation, eight geothermal potential factors, including stratigraphic lithology, fault zone distance, surface water system and its distance, seismic point distance, magmatic rock and volcanic rock distance, and surface water, farmland and woodland temperature, are compared in pairs according to their importance in geothermal exploration and their correlation with geothermal resources. Eigenvalues and eigenvectors are calculated and passed the consistency check. The higher the weight value of the geothermal factor is, the more important the geothermal factor is and the more relevant it is to the potential geothermal target area.
In order to obtain the potential target area zoning map of the AHP method, firstly the weight difference between the geothermal factors was evaluated, and the geothermal factor assignment table was obtained, as shown in Table 6. Due to the important influence of formation lithology on geothermal resources, it is assumed that the formation lithology is absolutely more important, and its weight is determined to be 8. Similarly, as the channel of heat transfer mechanism, the distribution of fault zones is more important than the surface water system, and the weights are determined to be 7 and 6, respectively. The distribution of seismic points can indirectly reflect the activity of the fault zone, and its weight is determined to be 5. The outcropping magmatic rocks and volcanic rocks are less distributed in the Study Area and have less spatial association with the known geothermal drilling sites, and their weights are determined to be 4. In the study, the temperatures of surface water, farmland and woodland obtained by Kriging interpolation method were innovatively used as geothermal potential factors, and their impacts on geothermal resources reduced successively, with weights of 3, 2 and 1 in turn.
TABLE 6 | Weight assignment criteria for the thematic map.
[image: Table 6]In combination with the correlation between each geothermal factor and geothermal hot spot, the hierarchical analysis method is used for obtaining the classification and standardization weights of eight geothermal factors, as shown in Table 7. Taking the formation lithology as an example, the lithology is divided into six categories. The greater the thickness of the underlying thermal reservoir, the more geothermal resources it may contain. The greater the value set, the higher the weight given. The fault zone and the surface water system are used as the channel and medium for heat exchange, respectively, and are divided into six categories according to the distance to the nearest fault zone and surface water system; the distance to the nearest seismic point, magmatic rock and volcanic rock, which have less correlation, are also divided into seven categories according to the distances to the nearest seismic point, magmatic rock and volcanic rock; the closer the distance is, the higher the weight is set. The temperatures trend charts of water body, farmland and woodland obtained by Kriging interpolation were divided into five categories by natural breakpoint method, and the higher the temperature was, the higher the weight was.
TABLE 7 | Assigned and normalized weights of the factors for eight thematic maps.
[image: Table 7]According to the classification threshold in Table 7, the eight geothermal factors are re-classified, and the weight map of regional geothermal factors based on AHP is shown in Figure 8. The coincidence degree of geothermal hot spots and high-value parts is high, reflecting the accuracy of the weighting of geothermal factors in AHP to a certain extent. The geothermal factors were used for calculating the AHP geothermal potential target zoning map. In the AHP geothermal potential target zoning map, geothermal potential target zone was categorized as five levels by using the equal interval classification method: extremely high potential region, high potential region, medium potential region, low potential region and potential region.
[image: Figure 8]FIGURE 8 | Geothermal factor weight map based on AHP. (A) Classification of lithology map; (B) Classification of surface water temperature; (C) Classification of farmland temperature; (D) Classification of forest temperature; (E) Classification of distance to faults map; (F) Classification of distance to surface water map; (G) Classification of distance to seismic points map; (H) Classification of distance to intrusive rocks map.
3.3 Neural network
BP neural network is a kind of multilayer feedforward neural network which is trained according to the error back propagation algorithm. It is composed of input layer, hidden layer and output layer. It has the advantages of rigorous derivation, high algorithm accuracy and good versatility, and can obtain suitable connection weights by learning a large number of samples, and can reflect the nonlinear relationship of multi-factor interaction. The results obtained by BP neural network are accurate and simple in hydrologic analysis, water quality evaluation and prediction (Liu et al., 2008).
The eight geothermal factor zones in the Study Area are shown in Figure 8. The Study Area was divided into a regular 30 m × 30 m grid, and each pixel in the sampled raster data was a sample group containing eight geothermal factors. Taking the overall data set as an example, the training intensity accounts for 70% of the data volume in the entire data set, the verification intensity accounts for 20% of the data volume in the entire data set, and the final test intensity accounts for 10% of the total data volume. In order to avoid the gradient explosion phenomenon in the subsequent model calculation process and the fitting failure caused by the fact that some factor values are far greater than other values, the input data are normalized. Set the sum of the layers of the input layer and the hidden layer to 15, the number of nodes to 1,024, and the number of nodes of the output layer to 5.
The activation function aims at helping the network learn the complex patterns in the data. In this study, the ReLU function is used as the action function of the hidden layer and the output layer, and its expression is
[image: image]
The advantage of ReLU function is that it saves the amount of calculation, has a faster actual convergence speed, avoids the gradient disappearance, reduces the interdependence of parameters, alleviates the occurrence of over-fitting problems, and is more in line with the biological neural activation mechanism.
The training uses the SparseCategoricalCrossEntropy sparse cross-entropy loss function and the Adam optimization algorithm, and the optimal learning rate is considered to be 0.001.
And in the BP Neural Network Target Zoning Map, geothermal potential target zone is divided into five levels: extremely high potential area, high potential area, medium potential area, low potential area and potential area.
4 ANALYSIS OF RESULTS
4.1 Geothermal potential target area zoning map of analytic hierarchy process
Based on the Regional Geothermal Factor Weight Map, the AHP Geothermal Potential Target Zoning Map is obtained by calculation. In order to highlight the spatial distribution of geothermal resource potential in Hangjiahu Plain, the Groundwater Potential Map calculated by AHP is divided into five levels by using the equal interval classification method: extremely high potential region, high potential region, medium potential region, low potential region and potential region as shown in Figure 9.
[image: Figure 9]FIGURE 9 | Possibility class maps for the AHP model.
The extremely high potential areas are mainly located near Huzhou City in the northwest, Jiashan County and Jiaxing City in the northeast, and Tongxiang City in the central part of the Study Area, covering an area of about 1,766.39 km2 (21.46%). The high potential area is mainly in the form of northeast-trending strips, accounting for 42.25% (3,477.50 km2) of the total area. The area of medium potential area is about 1,864.90 km2 (22.66%), which is mainly distributed in the land part of the whole Study Area.
In order to verify the accuracy of the AHP model, the results of the model were compared with the existing 134 geothermal drilling locations. Sixty geothermal drilling sites (44.78% of the total) are located in very high potential areas, and 54 geothermal drilling sites (40.30% of the total) are located in high potential areas. That is to say, 114 geothermal drilling points (accounting for 85.07% of the total) are distributed in extremely high potential areas and high potential areas, which shows that the comprehensive analysis model of geothermal water exploration established by AHP is more accurate and effective.
4.2 Back propagation Neural Network Geothermal Potential Target Zoning Map
In order to analyze the spatial distribution of geothermal resource potential in Hangjiahu Plain, the BP neural network model is used for calculating and obtaining the BP Neural Network Geothermal Potential Target Zoning Map. As shown in Figure 10, the geothermal potential target area is divided into five levels: extremely high potential area, high potential area, medium potential area, low potential area and potential area.
[image: Figure 10]FIGURE 10 | Possibility class maps for the Back Propagation Neural Network model.
The extremely high potential areas are relatively scattered, mainly concentrated near Huzhou City in the northwest, Jiashan County and Jiaxing City in the northeast of the Study Area, covering an area of about 814.75 km2 (9.90%). The high potential area mainly surrounds the very high potential area and accounts for 10.24% (843.22 km2) of the total area. The area of medium potential area is about 1,006.86 km2 (12.23%), which is mainly accompanied by extremely high and high potential areas.
In order to verify the accuracy of the BP neural network model, the results of the model are compared with the existing 134 geothermal drilling sites. 123 geothermal drilling points (accounting for 91.79% of the total) are located in the extremely high potential areas, which shows that the comprehensive analysis model of geothermal water exploration established by BP neural network is more accurate and has high coincidence. At the same time, the precision of BP neural network model is evaluated, and the Kappa coefficient of the model is 0.785, which shows that the precision is high.
The possibility class maps obtained by AHP model and BP neural network model in the study are similar to the existing geothermal targets in this region (Feng, 2005; Hu et al., 2011). However, the result this time is more accurate than the previous target location, and the classification is more suitable for future exploration.
5 CONCLUSION
Taking Hangjiahu Plain as an example, based on the inversion of land surface temperature from Landsat TM data, the geothermal factors are spatially analyzed and quantified, and the geothermal exploration model is established by using AHP and BP neural network to analyze the potential geothermal target areas.
(1) Based on geological maps, geothermal exploration data and remote sensing images, factor data affecting the distribution of geothermal resources are obtained. In the selection of geothermal factors, the influence of surface thermal environment and surface water system is innovatively considered. Quantitative analysises are carried out one by one, which are classified according to their spatial association with known hot spots.
(2) The weight of each geothermal factor is calculated by AHP, and the geothermal potential target area model is established by BP neural network, which can reduce the dependence of the model on expert prior knowledge and make the delimitation of geothermal resource potential area more intelligent and scientific.
(3) The results show that, the known hot spots and high potential areas have a good coincidence degree, and the model accuracy meets the requirements.
(4) The results also show that using remote sensing interpretation data and GIS analysis data, it is feasible to analyze geothermal potential targets based on AHP analytic hierarchy process and BP neural network, and the distribution characteristics of surface thermal environment, fault activity, surface water system and other related factors are also related to geothermal distribution. The prediction results of the model coincide with the existing geothermal drilling sites, which provides a new idea for geothermal exploration.
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Resilient city is an ideal goal and model of urban development proposed in response to today’s complex and dynamic environmental changes. In this study, a resilient city evaluation framework of “social resilience-economic resilience-urban infrastructure and service-urban governance” was built upon the multi-dimensionality of the urban system; the entropy weight method was used to measure the level of urban resilience in Hunan Province while an obstacle degree model was used to identify any obstacle factor restricting to the development of resilience. The results show that the level of urban resilience in Hunan Province has grown slowly over the past 10 years, and there is an obvious regional difference in it. There are more and more highly resilient cities, but medium/low-resilience cities still dominate the province, forming a spatial process of evolution from “medium/high-level dispersion” to “medium/high-level aggregation” in the Changsha-Zhuzhou-Xiangtan Urban Agglomeration. The level of urban resilience is predominantly hindered by the social and economic systems; at the index layer, most obstacle factors are moving from the economic system to the social-economic-urban infrastructure and service system.
Keywords: resilient city, sustainable development, entropy method, spatial-temporal evolution, obstacle factors
1 INTRODUCTION
At present, a profound change is taking place in science and technology, industry, energy, and finance worldwide, resulting in increasingly prominent conflicts between populations, resources and the environment. Accordingly, the world is becoming increasingly complex and unpredictable, requiring cities to keep more resilient and smarter in response to various challenges and crises. On the one hand, cities need to cope with long-term risks, but more importantly, they shall enhance their ability to tackle unknown and sudden risks, such as droughts and floods caused by extreme weather; urban damage caused by major natural disasters; intensified social conflicts caused by economic crises; social instability caused by terrorist attacks; serious impact of public health events on the urban medical system and urban governance, etc. All the resultant dynamic changes and uncertainties in urban development are universal problems faced by every city.
In today’s world, where there are all kinds of crises and uncertainties, the international community is gradually abandoning the traditional development model that mainly relies on resource degradation and environmental disruption. The concept of sustainable development is widely accepted and used to guide the practice of urban development. However, 93 environment-related indexes in the SDGs were already assessed in The Global Environment Outlook 6 (GEO-6), showing that only 20 indexes had undergone significant improvements over the past 15 years (UNEP, 2019). The environment remains under increasing pressure from growing population, economic activities and global consumption and production.
For cities, a pressing issue that needs to be solved is how to cope with various changes and crises to maintain their vitality and sustainable development. Since the beginning of the 21st century, the concept of resilience has become an important complement to sustainable development. Sustainability and resilience are closely linked (Zhang and Li, 2018). Resilience is the preferred method (Levin et al., 1998) and a necessary condition (Lebel et al., 2006) for the sustainable development of natural and social systems, bringing new impetus for understanding and recognizing the inherent complexity and uncertainty of cities.
Resilient city helps to implement the concept of sustainable development in a specific space—the “city.” Essentially, it is designed to promote the coordinated development of social-economic-natural subsystems, as well as the urban system and surrounding areas. As urbanization deepens, the complex, huge urban system is achieving optimal development to finally improve people’s wellbeing and quality of life (Cui et al., 2010). As a multi-objective and multi-dimensional development framework, sustainable urbanization focuses on the long process of development (Kanuri et al., 2016). During this process, a series of prerequisites for safe urban development should be ensured, and events such as crises and disasters should be avoided as much as possible. If avoidance is not possible, resilience must be built to resist the negative impact of these events, so that the city can maintain its daily functions (Gebre-Egziabher, 2004). Compared with sustainable cities, resilient cities are more capable of coping with specific risks. On the one hand, they have the ability to defend and create buffers against disasters, crises and uncertainties, as well as high self-recovery capacity after destruction; on the other hand, the internal development vitality of the urban system is emphasized, so that cities can find opportunities in challenges and effectively convert them into resources. Therefore, the concept of resilient city not only is compatible with several important goals that contemporary cities need to achieve, such as sustainable development, but also serves as a strong complement and extension of sustainable urbanization. It therefore provides a new idea for coping with the crisis, uncertainty and complexity of future urbanization.
2 LITERATURE REVIEW
2.1 Resilience and resilient city
The concept of “resilience” was first proposed by the American ecologist Holling. It is the ability of an ecosystem to quickly restore back its original state and maintain its structure and function in the face of external shocks (Holling, 1973). Later, resilience achieved further deepening and development in the research areas of sociology (Dovers and Handmer, 1992; Adger, 2000; Brakman et al., 2015) and economics (Polèse, 2010; Hudec et al., 2018; Wilson and Jonas, 2018), used to describe the ability of communities or residents to cope with social, political, and economic changes. For these concepts, there is a significant difference in the scope and connotation of research, but they all agree that the most basic meaning of resilience is the ability of a system to resolve external shocks and maintain its main functions during a crisis. Moreover, by absorbing and adapting to the external shocks, restoring to its original state and learning from experience, the system can adjust itself to a new context and enter the next equilibrium state (Hudec et al., 2018).
Since the 1990s, the resilience theory has increasingly spilled over into the urban system. At first, it was used to test the vulnerability of the urban system to natural disasters, especially those caused by climate change (Colten et al., 2008). Later, it was further applied to other city systems, such as the urban social system (Waley, 2005), economic system (Pike et al., 2010), and safety system in response to growing terrorist threats (Coaffee, 2016). It was also applied to the spatial system (Cumming, 2011) and urban governance model (Klein et al., 2017), Thus began an improvement in its practical applicability, developing up a new vision of urban planning research (Davoudi et al., 2012).
2.2 Urban resilience assessment
Gunderson and Holling argue that resilience can be quantified (Holling and Gunderson, 2002) in terms of the degree of disturbance, provided that the system is able absorb disturbance and remain unchanged. The quantification, evaluation and empirical research of resilient city started after 2000. Presently, the research is in the process of exploration from theory to practice. Due to the complexity of the urban system and the universal goal of building resilient cities, the academic community has conducted continuous and diverse explorations on intrinsic dimensions and construction methods. As the Bonn Conference was held in Germany in 2010, many countries, including the United States, the United Kingdom, Australia, and Switzerland, formulated urban development strategies and policies based on resilience theory (Pestel, 2010; ARUP, 2014). Subsequently, more and more evaluation activities were held by international non-profit organizations and government agencies.
Chinese academic researchers turned their attention to resilient city in the early 21st century. At the Liberal Forum on “Risk Society and Resilient City” held during the China Urban Conference on Urban Planning in 2015, they proposed that cities should develop a comprehensive and systematic understanding of the importance of the urban resilience assessment by assessing, predicting and pre-evaluating different environment risks. Some scholars began to conduct research on resilient city assessment for China. The studies can be roughly classified into three categories: First urban resilience was measured based on different research scales, covering the whole country, urban agglomerations, cities, communities, etc (Li and Zhai 2017; Xiu et al., 2018; Zhang and Feng, 2019; Shen et al., 2021). Second, an urban resilience evaluation framework was developed from different perspectives, such as disaster management, sponge city, and geography (Zheng et al., 2018; Li et al., 2019; Li et al., 2022).Third, a discussion was made on the relationship between urban resilience and other urban characteristics, including urban space, city scale, etc (Wei and Pan, 2021; Fang et al., 2022).
Although academics have recognized the importance of urban resilience research, how to systematically and dynamically understand urban resilience remains difficult point in academic discussions. As a comprehensive and dynamically evolutionary system, urban resilience differs significantly from city to city because of regional developmental background in the presence of uncertain disturbing factors. Moreover, the dominating factors are different. Therefore, a multi-dimensional resilient city evaluation framework of “social resilience-economic resilience-urban infrastructure and service-urban governance” was built in this paper based on a comprehensive urban system; then, the entropy weight method was used to measure the level of urban resilience in Hunan Province, while an obstacle degree model was used to identify any obstacle factors to the development of resilience. Meanwhile, the dynamic changing process of the system was put under observation in an attempt to put forward relevant recommendations on enhancing urban resilience and promoting the sustainable coordinated development of intraregional cities.
3 STUDY AREA, INDEX SYSTEM CONSTRUCTION AND RESEARCH METHODOLOGY
3.1 Study area
According to the present status of social and economic development, China is divided into four economic regions, including East China, Central China, West China, and Northeast China. As the transition area between East China and West China, Central China comprises of six provinces including Shanxi, Henan, Anhui, Jiangxi, Hubei and Hunan. Located in the core inland area, Central China plays an important role in linking other parts of the country together. In this study, Hunan Province, part of Central China, was selected as the research object. By reference to the Statistical Yearbook of Hunan Province, the statistical yearbooks of the cities and prefectures under its jurisdiction, the Statistical Communiqué of the People’s Republic of China on the 2021 National Economy and Social Development, etc., the years 2010, 2015, and 2020 were selected for evaluation research on the urban resilience of Hunan Province and for identification of obstacle factors.
3.2 Index system construction and research methodology
3.2.1 Index system framework
Resilient city evaluation indexes provide a conceptual representation of the causes of urban resilience. Each index is designed to identify the basic elements related to resilience and explore the internal relation between resilience drivers from different perspectives. Compared with other relevant urban evaluation indexes, a resilient city should be problem-oriented and risk-targeted, and focus more on how to enhance the urban system’s resistance to multiple pressures as well as its diverse absorptive capacity. All the major constituents of the resilient city system, including the society, economy, environment, population health, policy management, and infrastructure, should be reflected in the index system, and multiple indexes should be used to form an organic whole. The index system should not only reflect the connotation of resilient city, but also comprehensively consider social economic characteristics; be not only conducive to leadership decision-making, but also highly understandable for the public.
In this study, the classification framework of the resilient city index system is defined as follows: 1) A classic classification framework widely recognized by the academic community is adopted for the index system; 2) The index system comprehensively reflects various aspects of resilient city development. Based on the above literature research and data availability, expert opinions and correlative analysis, a resilient city evaluation framework of “social resilience-economic resilience-urban infrastructure and service-urban governance” was selected. Different topics were set under each category, and 28 indexes were placed under the topics to represent the status of each topic. Finally, an evaluation index framework system was built for resilient city (Table 1).
TABLE 1 | Comprehensive weight table of urban resilience evaluation indexes.
[image: Table 1]3.2.2 Research methodology
All index data underwent dimensionless preprocessing, so as to have the same character; then, Pearson correlation analysis was conducted to remove a small number of indexes highly correlated with one another. The rationality of index weight has direct influence on the correctness of comprehensive evaluation, so the weight of each index should reflect its importance to resilient city development. In this study, the entropy weight method (Shannon, 1948) was used to scientifically determine the weight of each index. Also, an urban resilience evaluation model was built and used to measure the urban resilience of Hunan Province. Furthermore, an obstacle degree model was used to identify the obstacle factors to resilience.
(i) Data source and preprocessing
Most of the data adopted in this study came from the Statistical Yearbook of Hunan Province, the statistical yearbooks of the cities and prefectures under its jurisdiction, the Statistical Communiqué of the People’s Republic of China on the 2021 National Economy and Social Development, and the official website of each prefectural bureau of statistics. Some other data was obtained by basic information calculation.
The evaluation indexes underwent dimensionless processing in order to eliminate the difference between the indexes and make the data comparable. The calculation formula is as follows:
Let there be n years and m evaluation indexes selected for the study, So, Vij is the jth index value of Hunan Province for the ith year, where n=i (i=1.2.3……n);m=j (1.2.3……m).
If the index is a positive index, the following formula can be used:
[image: image]
If the index is a negative index, the following formula can be used:
[image: image]
where [image: image] is the maximum value of [image: image]; [image: image] is the minimum value of [image: image].
(ii) Entropy weight method
The discreteness of data matter much if the entropy weight method is adopted for weight determination. According to the amount of information provided by indexes, the degree of dispersion between indexes can be analyzed to objectively determine index weight, thus avoiding the impact of experts’ subjective thinking to a certain extent (Toumi et al., 2017). The higher the index weight, the greater its impact on comprehensive evaluation. The calculation steps are as follows:
The p-value obtained index normalization is as follows:
[image: image]
The entropy was calculated. The entropy Ej of the jth index is as follows:
[image: image]
The G value of difference coefficient was calculated:
[image: image]
The weight [image: image] of each index was calculated, obtaining a comprehensive weight table of resilient city evaluation indexes (Table 1):
[image: image]
The comprehensive score of urban resilience was calculated. Then, the index weight was multiplied by Pij:
[image: image]
(iii) Obstacle degree model
The obstacle degree model, which can be used to objectively and scientifically find out any obstacle factors to a certain evaluation object (Xu J., 2002), is a mathematical method used to identify the factors restricting the development of things based on index deviation and explain the varying degree that each index hinders the evaluation system.
[image: image]
4 RESEARCH RESULTS AND ANALYSIS
4.1 Spatial-temporal evolution characteristics of urban resilience of Hunan Province
4.1.1 Temporal evolution characteristics
By the above calculation steps, the resilience level of 14 cities in Hunan Province could be calculated for the years 2010, 2015, and 2020 (Table 2). The higher the score, the higher the urban resilience level and vice versa.
TABLE 2 | Score of urban resilience of each administrative region in Hunan Province.
[image: Table 2]As can be seen from Table 2, the urban resilience level of each administrative region in Hunan fluctuates over time, with the majority of the cities showing a slow growth trend. Changsha had the highest resilience level, and ranked first in the 3 years. It received the highest score, 0.5950, in 2020; the city that received the lowest scores vary across the three time sections. Hengyang received a score of 0.2635 only in 2010, the lowest in 3 years, with a difference of 0.3325 from the highest value. It can be seen that the development of resilience levels in various cities is uneven and there are large differences.
Urban resilience levels can be classified into the following three evolutionary states: The first evolutionary state is that the resilience level keeps rising over time. Such cities include Changsha, Zhuzhou, Xiangtan and Hengyang, accounting for 29% of the total. The second evolutionary state is that the resilience level rebounds after a decline, showing undulating changes. Such cities account for the highest proportion, at 64%, including Shaoyang, Yueyang, Changde, Zhangjiajie, Yiyang, Chenzhou, Yongzhou, Huaihua, and Loudi, a total of nine cities. Finally, as the only weakened city, Xiangxi Autonomous Prefecture has been in a state of decline for the past 10 years.
4.1.2 Spatial-temporal evolution characteristics
In Gis software, the natural breaks classification method (Jenks, 1967) was used to divide Hunan Province into cities with low (low, low-medium), medium and high (high, medium-high) resilience (Figure 1, Figure 2, Figure 3). For the cities with high resilience, their score is 0.4042; the score of those with medium resilience is 0.3707–0.4042; the score of those with low resilience is below 0.3707.
[image: Figure 1]FIGURE 1 | Urban resilience level of Hunan Province in 2010.
[image: Figure 2]FIGURE 2 | Urban resilience level of Hunan Province in 2015.
[image: Figure 3]FIGURE 3 | Urban resilience level of Hunan Province in 2020.
As can be seen, there is a significant spatial difference in urban resilience, and high-resilience cities have a space radiation effect with the provincial capital Changsha as the core. Other cities are medium/low-resilience regions, but have changed in the three time sections. For example, the medium and medium/low-resilience regions in North Hunan were reduced to medium/low-resilience regions, and their score began to rise again in 2020. A continuous change takes place in the cities with low resilience, primarily including Hengyang, Shaoyang, and Xiangxi.
As can be seen from the 2010–2020 development trend, the number of cities with medium/low-resilience gradually decreased, while the number of those with high resilience increased, score increasing faster than it decreased. Therefore, the comprehensive urban resilience level of Hunan Province was on the rise. The cities with medium/high resilience were located closer to the provincial capital Changsha. This was similar to Hunan Province’s urban structure, in which “Changsha, Zhuzhou and Xiangtan,” the core cities in Hunan Province, developed together with other cities. In other words, eastern Hunan was in the lead, with its predominance gradually spreading from east to west, forming a space pattern with Xiangxi as a low-resilience region.
4.2 Identification of major obstacle factors for urban resilience of Hunan Province
A targeted urban resilience optimization strategy was put forward in order to further identify the weaknesses of urban resilience development to help city managers prioritize the construction and development of various urban systems in accordance with urban needs. The obstacle degree of all 2010–2020 obstacle factors was calculated. Due to limited space, the top 6 obstacle factors were selected and arranged in order. See (Table 3) for details.
TABLE 3 | Rank order list of major obstacle factors to the development of urban resilience in Hunan Province Unit: %.
[image: Table 3]4.2.1 Obstacle type recognition on criterion layer
As can be seen from the 3D diagnostic results of obstacle factors on the criterion layer (Figure 4), urban resilience is primarily hindered by the social and economic systems. The two systems of urban infrastructure and services and urban governance are weak obstacles. In 2010, the economic system brought about the greatest obstacle, 35.72%. From 2010 to 2020, with the continuous development of the economy, the obstacle degree of the economic system showed a downward trend, while that of the social system and infrastructure system rose in a wave-like manner, and that of the urban governance system gradually increased. Thus it can be seen that rapid urbanization enhanced economic resilience, leading to a decline in the obstacle degree of the economic resilience system. However, the construction of the society, infrastructure and service and urban governance lagged behind, with the obstacle degree undulating, becoming an important factor affecting the urban resilience of Hunan Province. Although the obstacles degree of the economic system tends to gradually reduced compared with other systems, due to the original poor foundation and the low overall level of the urban economy in Hunan Province, its expenditure on education, medical care and social security is limited. Therefore, the social and economic systems would play a leading role in dominating the urban resilience level for a long time.
[image: Figure 4]FIGURE 4 | Obstacle on criterion layer level of Hunan Province.
4.2.2 Obstacle type recognition on index layer
Judging from the diagnostic results of obstacle factors on the index layer, from 2010 to 2015, the top three obstacle factors affecting the urban resilience of Hunan Province were the ratio of expenditure for research and experimental development to fiscal expenditure (C16), the ratio of the added value of the tertiary industry to GDP (C14), and the ratio of the added value of high-tech industries to industrial added value (C15), suggesting that Hunan Province should focus on optimizing its economic structure and tap economic innovation potential in order to enhance its urban resilience.
In 2020, the park land per capita (C20) appeared among major obstacle factors, and became a first obstacle factor restricting the development of urban resilience. The ratio of expenditure for research and experimental development to fiscal expenditure (C16), which had its obstacle degree lowered to a small extent, ranked behind. The per-capita shelter area (C27) and ratio of education expenditure to local government expenditure (C2) obstacle degree increased to some extent, mainly due to the fact that infrastructure construction failed to keep pace with the fast development of urban economy in Hunan Province. In general, the obstacle factors to the development of urban resilience from 2010 to 2020 transitioned from the economic system to the social-economic-urban infrastructure and service systems.
5 CONCLUSIONS AND SUGGESTIONS
5.1 Conclusions

(1) In terms of time, the urban resilience level of Hunan Province has increased at a slow pace over the past 10 years; the overall level is not high, and there are differences from city to city; the provincial capital city Changsha has obvious development advantages and ranks first in terms of resilience level. Zhuzhou and Xiangtan have had their resilience level significantly improved with the construction of a new urban system centered on the Changsha-Zhuzhou-Xiangtan Urban Agglomeration. Other cities, especially non-regional central cities, generally have a low resilience level. In terms of space, there have been more and more cities with high resilience over the past 10 years, but the cities with low or medium-resilience still occupy a dominant position, forming a spatial process of evolution from “medium/high-level dispersion” to “medium/high-level aggregation” in the Changsha-Zhuzhou-Xiangtan Urban Agglomeration.
(2) Over the past 10 years, the level of urban resilience in Hunan Province has mainly been hindered by the social and economic systems, but the degree of economic system obstacles has improved with the development of the economy, while the other three system obstacles have shown a fluctuating increase. From the perspective of obstacle factors on the index layer, from 2010 to 2015, the major obstacle factors were the ratio of expenditure for research and experimental development to fiscal expenditure, the ratio of the added value of the tertiary industry to GDP, and the ratio of the added value of high-tech industries to industrial added value, which are part of the economic system. In 2020, the above major obstacle factors were replaced by those in the social-economic-urban infrastructure and service system, including the per-capita shelter area and ratio of education expenditure to local government expenditure.
5.2 Suggestions
Considering the evaluation results of Hunan Province’s urban resilience and the diagnostic results of obstacle factors, the following suggestions are put forward in order to improve the urban resilience and sustainable coordinated development of cities in Hunan Province:
(1) Support non-central cities and stabilize the development of the cities with medium/high resilience. On 24 February 2022, the Changsha-Zhuzhu-Xiangtan Metropolitan Area Development Plan was officially approved, meaning that Changsha, Zhuzhu and Xiangtan can achieve further regional integration. In the long run, it is necessary to actively exploit the surrounding cities with medium/low resilience, such as Hengyang, Yueyang, Changde, Yiyang, Loudi, etc., to build a greater metropolitan area “with Changsha, Zhuzhu and Xiangtan as the core to drive the integrated development of Northeast Hunan,” so as to greatly improve the urban resilience level of Hunan Province and the city agglomerations in the middle reaches of the Yangtze River. Non-central remote cities, such as Chenzhou, Huaihua, and Zhangjiajie, can build themselves into a second echelon of resilient cities in Hunan Province with the aid of their unique resource advantages and location characteristics. As a low-resilience city, the Xiangxi Prefecture should make full use of its local features to keep promoting rural revitalization. The opening of the Zhangjiajie-Jishou-Huaihua High-speed Railway at the end of 2021 will also significantly promote the economic vitality of the northwest region.
(2) Reduce the obstacle degree of the major economic and social systems. Regarding the economic system, it is necessary to focus on optimizing the economic structure and tapping economic innovation potential. On the one hand, Hunan Province should strengthen reasonable supply and guarantees in the industrial space to build an important national highland of advanced manufacturing, so as to establish a modern industrial development pattern with core leadership, rational division of labor and high agglomeration efficiency. On the other hand, it is necessary to insist on innovation, place an emphasis on human resources, carry on the supply-side reform with technological innovation, and promote the optimization of industrial structure and the transformation of economic development to achieve a balance between supply and demand, so as to realize high-quality economic development. As for high-tech industries, it should give prominence to industries and key projects, establish high-tech industrial advantages, promote industrial restructuring and increase the industrial scale, strengthen industry-university-research integration, etc. On this basis, it is necessary to steadily improve the social system, enhance the fair and reasonable allocation of public resources such as education and medical care, ameliorate the active social policy system, and carry out a policy reform in social security, pension service, employment support, etc.
(3) Strengthen infrastructure and service construction to enhance the efficiency of urban governance. Public traffic networks, Internet communication projects, public parks, etc., which are closely related to the public, provide vitality for urban development, and are of great significance to the improvement of urban resilience. The advent of a risk society has put forward new demands and requirements for urban governance, while the emergence of major public health emergencies, such as COVID-19 pandemic, has constituted a direct tests on the level of urban governance. Through more intensive and efficient institutional arrangements, as well as IT-based urban public management and services, economic resilience, social resilience and facility resilience can be combined together organically by urban governance under the construction of resilient cities, so that the cities can obtain resilient forces that enable them to renew, recovery and develop themselves.
The significance of the evaluation of urban resilience level lies in a more scientific and comprehensive assessment of a city’s adaptability to external changes and self-regulation capabilities. This study has certain limitations. This is first manifested in dependency on the accumulation and accuracy of basic statistical data on population, socioeconomic status, environment, infrastructure, etc. However, in the current period of rapid urbanization, Chinese cities all have difficulties in collecting data or lack existing data. Therefore, when selecting indexes, we tried to consider choosing those included in the scope of government monitoring. Second, owing to a large gap in urbanization among different regions in China, it is hard to use a unified standard to evaluate cities that differ greatly. In this index system, there are many indicators that are common in the current index systems of international organizations. Although every city agrees with a set of basic indexes during the evaluation, each city also needs to screen or expand the indicator system according to the characteristics and policy preferences of the specific city, so as to better serve the development and construction of resilient city.
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Land subsidence is an environmental geological phenomenon with slowly decreasing ground elevation, The North China Plain is one of the areas with the most serious land subsidence in China, and Guangrao County is one of the subsidence centers. This paper is based on the hydrogeological and engineering geological data of Guangrao County, the groundwater monitoring data for many years and the land subsidence monitoring data, systematically analyzes the dynamic characteristics of groundwater, the distribution and evolution of land subsidence, and the correlation between groundwater exploitation and land subsidence development in different layers of this area. Based on Biot porous medium consolidation theory, establishes a three-dimensional fluid solid coupling numerical model of land subsidence in Guangrao County, restores the development process of land subsidence, predicts and analyzes the subsidence evolution law under different groundwater exploitation schemes, and proposes targeted prevention and control measures. The research results show that: the shallow groundwater forms a cone of depression with Guangbei Salt Field as the center, and the deep groundwater forms an elliptical regional cone of depression with the urban area as the center. The ground is gradually formed two small settlement areas with the urban area of Guangrao County and Guangbei Salt Field as the settlement center, and there is a trend of interrelated expansion. The three-dimensional fluid solid coupling model of land subsidence accurately restored the development process of land subsidence in the study area, predicted that under the current groundwater exploitation conditions, by 2040, the settlement of Guangrao urban settlement center will increase to 1,350 mm, forming a large regional funnel centered around the urban area, and gradually developing and expanding around. Prohibition of groundwater exploitation in the main funnel area is a more reasonable and effective exploitation plan to prevent the development of land subsidence.
Keywords: land subsidence, groundwater overexploitation, three-dimensional, fluid-solid coupling numerical model, evolution trend
1 INTRODUCTION
Land subsidence is an environmental geological phenomenon that the regional ground elevation decreases slowly due to the consolidation and compression of the surface soil of the crust caused by natural or human factors. It has the characteristics of slow growth, long duration, expansive influence, complex genesis mechanism, and difficult prevention and control (Xue et al., 2003), (Xue et al., 2006), (Ora et al., 2019). The main causes of land subsidence are the development and utilization of underground fluid resources (groundwater, oil, natural gas, etc.), geological structure subsidence, solid mineral exploitation and engineering environmental effects, and overexploitation of groundwater is widely considered to be the most important cause of land subsidence (Liu, 2001), (Galloway and Burbey, 2011). The impact of land subsidence is mainly reflected in four aspects: 1) damage to infrastructure such as pipelines, buildings and dams (Sarah et al., 1779); 2) causing the deformation of pavement and railway foundation, and affect the service capacity of highway and railway; 3) increasing the risk of flooding (Du et al., 2018); 4) a potential channel for ground pollution sources to penetrate into the underground, causing groundwater pollution (Hussain and Abed, 2019).
Since the first discovery of land subsidence in Mexico City in 1891 (Ortega-Guerrero et al., 1999), land subsidence has been found in Ravenna and Venice in Italy (Antonellini et al., 2019), Tokyo and Osaka in Japan (Inaba et al., 1970), San Joaquin Vally and Santa Clara in the United States (Tolma and Poland, 1940), (Jeanne et al., 2019), Bangkok in Thailand (Phien-Wej et al., 2006), Jakarta in Indonesia (Abidin et al., 2011), Saudi Arabia (Othman and Abotalib, 2019), Kathmandu Watershed in Nepal and other regions (Shrestha et al., 2017), and has carried out relevant exploration and research. In China, the earliest record of land subsidence disaster was in Shanghai in 1923 (Zhang and Wei, 2002). Subsequently, land subsidence was found and became increasingly serious in whole the country. The Yangtze River Delta represented by Shanghai and Suzhou Wuxi Changzhou (Li and Wang, 2006), the North China Plain represented by Beijing, Tianjin, Hebei and Shandong (Zhang, 2014), and the Fenwei Basin represented by Xi’an (Wang et al., 2014) are the regions most affected by land subsidence in China, They have invested in a lot of research and achieved many research results.
The North China Plain is among the area with the most serious overexploitation of groundwater in the world, and also the area with the largest land subsidence funnel and the largest subsidence coverage area (He et al., 2006). As an important part of the land subsidence funnel in the North China Plain, the land subsidence in northern Shandong Province is particularly serious. The land subsidence phenomenon in Shandong mainly occurs in Dongying, Dezhou, Binzhou and Weifang, relevant scholars have carried out some research work in Dezhou, Binzhou and other regions (Jia et al., 2015). At present, no scholar has systematically analyzed and studied the land subsidence in Guangrao, Dongying. According to the relevant data of the Dongying land subsidence monitoring network established in 2002, the deep groundwater level in Guangrao County has continued to decline for many years, and the land subsidence rate has not slowed down.
At present, the research on land subsidence mainly focuses on the following aspects: 1) study the settlement mechanism of land subsidence and analyze its related influencing factors (Ji et al., 2019); 2) Investigate on land subsidence disasters, and expand to the secondary disasters caused by land subsidence, such as ground fissures, land collapse, urban waterlogging and water logging (Qin et al., 2018), (Jia et al., 2019); 3) Carry out research on the simulation and prediction of land subsidence, from simple qualitative prediction of single factor to quantitative prediction of multiple models with comprehensive effect of multiple factors (Luo et al., 2018); 4) In terms of land subsidence monitoring technology, make the subsidence monitoring results more accurate and intuitive by expanding from a single leveling method to a variety of monitoring means such as InSAR and GPS using satellite remote sensing technology (Xue et al., 2021); 5) In terms of the prevention and control measures of land subsidence, change the previous mode of discovering disasters—managing them to predicting—controlling disasters (Li et al., 2021).
For the calculation of land subsidence caused by pumping, the current research focuses more on the study of soil constitutive relationship or fluid solid coupling effect with characteristics such as soil creep and parameter time variation, so as to propose the characteristics and laws of soil deformation under different hydraulic conditions. However, for regional land subsidence, due to the existence of a large number of pumping wells, the pumping horizon and pumping volume are different. When conventional numerical analysis methods are used to deal with the boundary conditions of the pumping wells, the grid division is too dense, which will lead to a huge amount of calculation. However, the simplified processing also affects the calculation accuracy, and cannot reasonably and accurately reflect the development characteristics of regional land subsidence based on different pumping information of pumping wells, and predict its development trend.
Therefore, this paper takes Guangrao County, Dongying City, North China Plain as the study area, fully learns from and absorb the research achievements of land subsidence at home and abroad, widely collects the hydrogeology and engineering geology of Guangrao County, the monitoring data of groundwater for many years and the monitoring data of land subsidence over the years, uses the effective stress theory, deeply analyzes the formation mechanism of land subsidence in Guangrao County. Using Biot consolidation fluid solid coupling theory, establishes a three-dimensional porous medium fluid solid coupling numerical model for land subsidence in Guangrao County. Using the line source mass flux method, simulates the production volume of each pumping well, accurately depicts the hydraulic boundary conditions of hundreds of pumping wells with different production horizons and different production volumes in the area. Through numerical analysis, accurately restores the evolution law of land subsidence caused by groundwater exploitation in this area. At the same time, through the design of different groundwater exploitation schemes, predicts the development of land subsidence and proposes effective prevention and control measures. It provides theoretical basis and data support for land subsidence prevention in this area.
2 OVERVIEW OF THE STUDY AREA
2.1 Physical geography overview
Guangrao County is located in the north of the central part of Shandong Province (Figure 1). The geographical coordinates are 118°17′∼118°57′ east longitude and 36°56′∼37°21′ north latitude, with a gross area of 1,166 square kilometers. The northeast of the study area is adjacent to Laizhou Bay of Bohai Sea, with a coastline of 12.35 km. The county is located in the overlapping zone of Mount Tai Yi northern foot piedmont alluvial plain and the Yellow River flood plain. The area terrain gradually inclines from southwest to northeast. The highest elevation in the southwest is 28 m, and the lowest elevation in the northeast is 2 m. The natural slope is 1/1,000∼1/2000. The study area has a monsoon climate, and there is no significant difference in the climate within the territory. The annual average precipitation is about 587 mm, mainly from June to September.
[image: Figure 1]FIGURE 1 | Geographical location of the study area.
2.2 Dynamic distribution characteristics of groundwater
According to the hydrogeological and engineering geological survey data of the study area, the groundwater system in the area is composed of shallow phreatic water micro confined water system (buried depth 0∼60 m), medium and deep confined water system (buried depth 60∼250 m), and deep confined water system (buried depth >250 m). The buried depth of shallow groundwater level varies greatly, and its distribution characteristics are roughly bounded by Xiaoqing River. The south of Xiaoqing River is mostly well irrigation area, the buried depth of the water level is large, and the main supply source is atmospheric precipitation, followed by river leakage supply, irrigation infiltration supply and runoff supply, and the discharge way is mainly manual pumping. Generally, The year presents the dynamic characteristics of “two peaks and one valley”. From March to April, the spring irrigation starts, and the groundwater is recharged by irrigation infiltration. The water level has its first peak in the year. Later, the water level drops due to continuous pumping, the lowest water level in the year occurs in June. In July, with the arrival of the rainy season, the groundwater is recharged by precipitation infiltration, and the water level has its second peak in the year. Due to the large buried depth of water level and the insufficient intensity of single precipitation, it is difficult for precipitation to effectively recharge groundwater. Therefore, the second peak of water level in the rainy season of 2015–2017 is not obvious. The annual variation of water level affected by artificial exploitation is large, generally more than 10 m. In recent years, the water level continues to return due to the policy of reducing groundwater exploitation (Figure 2). The buried depth of water level in the north of Xiaoqing River is small, the upper soil permeability is good, and it is greatly affected by precipitation and evaporation intensity. The phreatic water is mainly in vertical movement, which is mainly supplied by precipitation infiltration, followed by the Yellow River lateral infiltration and irrigation infiltration; It has the characteristics of direct infiltration replenish, direct excretion, intermittent replenish and continuous excretion; Generally, the lowest water level in the year is reached before the rainy season, and the highest water level in the year is reached in the rainy season. The annual variation is generally less than 2 m (Figure 3). The water level of middle and deep groundwater is very weakly affected by the atmosphere, but mainly affected by artificial exploitation; Generally, the lowest water level occurs during the peak period of water use in summer, and the highest water level occurs during the Spring Festival holiday (Figure 4). In addition, there are 12 rivers in the study area, they belong to the two major water systems of Xiaoqing River and Zhimai River respectively, mainly including Xiaoqing River, Zihe River, Zhimai River, Zhinv River, Yang River, spillway river and preparatory river.
[image: Figure 2]FIGURE 2 | Relationship between shallow groundwater dynamics and precipitation in the south of Xiaoqing River.
[image: Figure 3]FIGURE 3 | Relationship between shallow groundwater dynamics and precipitation in the north of Xiaoqing River.
[image: Figure 4]FIGURE 4 | Relationship between deep groundwater dynamics and annual exploitation.
The hydrogeological conditions and water system distribution in Guangrao County are different from north to south, and the spatial distribution of water resources is also different. The shallow and deep groundwater in the southern well irrigation area is relatively abundant, with good water quality, convenient water intake and stable water supply. However, overexploitation of groundwater for many years has led to a continuous and substantial decline in the groundwater level, causing geological environmental problems such as salt water intrusion and ground fissures. The shallow groundwater in the northern region is brackish water and saline water. Only the deep confined fresh water can be used. The amount of resources is, however, limited, and it is difficult to replenish. The fluorine content of water quality generally exceeds the standard of drinking water, and the development potential is limited. In the north, there are Xiaoqing River, Zhimai River and Yellow River. The surface water is relatively abundant, and the diversion of the Yellow River is relatively convenient.
2.3 Development characteristics of land subsidence
The first land subsidence leveling survey was carried out in Dongying City in 2002. According to the monitoring data of land subsidence for many years, there is widespread land subsidence in Dongying City, of which Guangrao urban area is one of the subsidence centers, and the cumulative subsidence of the subsidence center is more than 1.5 m (Figure 5), from 2017 to 2021, the area with accumulated subsidence more than 300 mm is 647.81-square-kilometres.On the whole, the development trend of land subsidence in the main urban area and coastal areas of Guangrao County is the most obvious, with an average annual settlement rate of 135.1 mm. The amount of land subsidence in Guangrao County is increasing year by year and developing rapidly. The Development Zone in the north of the city and the coastal area in the East have formed a relatively obvious subsidence funnel. The land subsidence funnel is constantly expanding and connecting with other small funnels, and there is a trend to form a large regional land subsidence funnel, It has had a significant impact on local urban planning and construction, social and economic development and people’s lives (Yang, 2014), (Zhang et al., 2018), (Liu et al., 2014).
[image: Figure 5]FIGURE 5 | Land subsidence accumulative settlement of longitudinal section of Guangrao.
3 CORRELATION ANALYSIS OF GROUNDWATER AND LAND SUBSIDENCE IN DIFFERENT LAYERS
Both groundwater funnel and land subsidence are caused by the reduction of water level in the pumping area due to excessive exploitation of groundwater, and the occurrence time of funnel is synchronized with the occurrence of land subsidence, so it is closely related to the occurrence of land subsidence. The contour lines of groundwater funnel level and land subsidence in different aquifers are drawn by GIS software, and they are superimposed for analysis.
The center of shallow groundwater funnel is located in Dawang Town-Xiliuqiao Village- Damatou Town and Guangbei salt field. The buried depth of the central water level is 50∼56 m, The funnel area with -30 m constant water level coil closed is about 393.32 square kilometers, There are also the serious land subsidence area in the above areas, and the points with the largest subsidence rate are located in the funnel range, the average settlement rate for many years is 102mm/a. This shows that the land subsidence in these areas is closely related to the exploitation of shallow groundwater (Figure 6). The development and utilization of groundwater in the middle layer is low, and there is no groundwater funnel, so it has little correlation with land subsidence (Figure 7). The center of deep groundwater funnel is located in Guangrao urban area, and the buried depth of the central water level is 118∼121 m, The funnel area with −70 m constant water level coil closed is about 428.65 square kilometers, At the same time, there is also a Serious Land Subsidence Area in this area. The point with the largest subsidence rate is located in the funnel range, and the average settlement rate for many years is 131.5 mm/a. The deep groundwater funnel in this area basically coincides with most settlement funnel areas (Figure 8); The analysis shows that the land subsidence here is mainly induced by the exploitation of deep groundwater. Pumping reduces the pore water pressure and increases the effective stress, which leads to land subsidence.
[image: Figure 6]FIGURE 6 | Superimposed chart of land subsidence and shallow groundwater funnel development.
[image: Figure 7]FIGURE 7 | Superimposed chart of land subsidence and middle layer groundwater funnel development.
[image: Figure 8]FIGURE 8 | Superimposed chart of land subsidence and deep layer groundwater funnel development.
According to the field survey of Guangrao County, combined with the flow field of shallow, middle and deep groundwater and the distribution of land subsidence, the influencing factors of land subsidence in each funnel area are shown in Table 1.
TABLE 1 | Correlation between ground subsidence and groundwater in each aquifer in Guangrao County.
[image: Table 1]4 THREE DIMENSIONAL FLUID SOLID COUPLING MODEL OF LAND SUBSIDENCE
The consolidation settlement of soil mass due to water loss is a typical fluid-solid coupling process in porous media, which is microscopically described as the coupling of seepage field and stress field (Jia et al., 2019). Based on groundwater seepage theory and soil consolidation theory, a three-dimensional fluid-solid coupling numerical model of land subsidence is established to predict the evolution trend of land subsidence induced by groundwater exploitation in the study area (Luo et al., 2018) (Xue et al., 2021).
4.1 Theoretical method
In the coupling model of groundwater flow and porous media, by considering the coupling relationship between pore water pressure dissipation and skeleton deformation in the process of water loss consolidation of soil, derives the three-dimensional consolidation equation of soil with time varying average total stress, gives the stress-strain constitutive relationship in the form of tensor:
[image: image]
where, [image: image] is the stress tensor, [image: image] is the strain tensor, the symbol ":" represents the second order tensor product, [image: image] is Biot-Willis coefficient, [image: image] is the fluid pore pressure, C is the fourth order elastic tensor obtained by measuring the stress-strain relationship of soil under constant pore water pressure, I is the unit matrix.
The equilibrium equation of porous media under self weight load is:
[image: image]
where, [image: image] is the total stress tensor in Eq. 1, [image: image], [image: image] and [image: image] represents average density, fluid density and dry density, respectively, [image: image] is porosity.
Geometric equation of deformation of porous media material through its total strain tensor [image: image] and displacement tensor [image: image] give:
[image: image]
For fluid motion, the flow field equation in the porous medium model can be established by combining Darcy’s law and the fluid mass conservation equation:
[image: image]
[image: image]
Where, [image: image] is the volumetric strain rate of the porous matrix, [image: image] is the fluid density, [image: image] is Biot-Willis coefficient, the storage term S is calculated by Eq. 5, the first term on the right of the equal sign can be understood as the expansion rate of the pore space.
In the model, for the simulation of pumping wells, the method of one-time application of water level boundary conditions can be used to directly apply the water level change or water pressure change after pumping to the boundary of the pumping well model, or the pumping rate can be applied to the wall model of the corresponding pumping horizon in the model. This method is only applicable to the non-point source pumping wells, and the boundary conditions are:
[image: image]
[image: image]
The third method is to use the mass flux method to directly apply the pumping volume to the edge of the model of the production well, including the model of the non-point source production well and the line source production well, and its effect is equivalent to the pumping rate. The boundary conditions are:
[image: image]
[image: image]
4.2 Model establishment
In this study, according to the formation conditions, groundwater data, drilling data and relevant data of pumping well location in the study area, the strata are divided into 4 aquitards and 3 aquifers (Figure 9). The soil parameters of each layer are obtained according to the relevant engineering geological survey reports in the study area and combined with the empirical data on Soil in the [Engineering Geology Manual (Fifth Edition)] (Hua and Zheng, 2017) (Table 2).
[image: Figure 9]FIGURE 9 | Guangrao County division of engineering geological characteristic layers.
TABLE 2 | Physical and mechanical parametres of each layer (range).
[image: Table 2]The boundary conditions are defined as follows: the flow boundary is used around the study area, and the hydraulic change conditions are obtained by analyzing and calculating the dynamic evolution of groundwater flow field, while limiting the horizontal movement and vertical free sliding; The surface is a zero flow boundary and a free moving boundary; The bottom is a zero flow boundary with fixed displacement in horizontal and vertical directions; The pumping well adopts the flow boundary condition, which converts the actual production into the unit mass flux to limit the horizontal displacement and the vertical free movement. The model boundary is composed of multiple line segments connected with each other, which is equivalent to the actual boundary. Mesh division adopts free subdivision tetrahedral mesh. The numerical model of land subsidence in Guangrao County, Dongying City is divided into 117,538 domain elements, 49,989 boundary elements and 3,994 boundary elements. The numerical model and mesh division are shown in Figure 10.
[image: Figure 10]FIGURE 10 | Three dimensional fluid solid coupling numerical model of land subsidence in Guangrao County.
4.3 Model establishment
4.3.1 Validation using InSAR data
Based on the existing InSAR settlement data and GIS spatial analysis technology, the distribution chart of cumulative land subsidence in Guangrao County, Dongying City, Shandong Province from 2017 to 2021 was obtained (Figure 11). Taking 2017 to 2021 as the model validation period, the land subsidence of Guangrao County during this period was simulated by using a three-dimensional numerical model (Figure 12). Through comparative analysis:
1) The spatial ranges of the land subsidence area obtained by the two methods are highly coincident. The model calculates that the area of the settlement area with the accumulated settlement >300 mm is 606-square-kilometres, which differs with the InSAR interpretation area by 6.9%. The settlement range includes the south of Huaguan Town, Shicun town and Huayuan Village, and there is also a certain settlement funnel in the Northeast coastal area.
2) The funnel centers obtained by the two methods is the same. In the region, Regionally Guangrao city is the funnel center, and the small settlement funnel in the Northeast coastal area is the Guangbei salt field.
3) The settlement rates obtained by the two methods are similar. The simulated accumulated settlement of the land subsidence center in 48 months is 498 mm, and the average annual settlement rate for many years is 124.5 mm; According to InSAR interpretation, the accumulated settlement in 48 months is 526 mm, and the average annual settlement rate is 131.5 mm, thus the difference between them is 5.6%
[image: Figure 11]FIGURE 11 | distribution chart of land subsidence in Guangrao County, Dongying City (2017–2021).
[image: Figure 12]FIGURE 12 | | Numerical simulation of land subsidence in Guangrao County, Dongying City (2017–2021).
From the comparison of numerical simulation results with InSAR Data, it can be concluded that the simulation effect of land subsidence in this period is relatively ideal, which can reflect the actual settlement trend of the region during this period.
4.3.2 Verification with leveling results
At present, there are 11 monitoring points in Guangrao County, Dongying City, and the monitoring data are the four-year cumulative settlement from 2017 to 2021. Among them, The actual effective monitoring data are 20, 55, 63 and 68 points, which are distributed in Lique Town, Shicun town and Daozhuang town (Figure 13). The actual settlement of each effective monitoring control point is statistically compared with the three-dimensional fluid solid coupling numerical simulation results. The results are shown in Table 3.
[image: Figure 13]FIGURE 13 | Distribution of effective monitoring points.
TABLE 3 | Comparison between actual monitoring values and numerical simulation results of some settlement monitoring points in Guangrao County, Dongying City.
[image: Table 3]Comparing the actual measured values of each monitoring point with the simulated values from three-dimensional fluid-solid coupling numerical model, it can be found that the simulated values are in good agreement with the measured values. The minimum absolute simulation error is 2.44%, and the maximum absolute simulation error is 12.14%. The results of the two coincide well, which shows that the numerical model of land subsidence can reflect reliably the development and evolution trend and law of land subsidence in this area.
4.4 Analysis on the development process of land subsidence in Guangrao
Based on the calibrated three-dimensional fluid solid coupling numerical model of Guangrao land subsidence, taking the land subsidence of Guangrao County in 2017 as the initial state, restores the evolution process and development law of land subsidence in the region during 2017∼2020, Figures 14A–C show the land subsidence development of Guangrao County in 2017–2018, 2018–2019 and 2019–2020 respectively. It can be seen from the analysis in the figure that the land subsidence in Guangrao County will decrease first and then increase during 2017–2020, the land subsidence from 2017 to 2018 is a stage of rapid development, the development rate from 2018 to 2019 has slightly decreased, but it still maintains a rapid development. After 2019, the land subsidence develops rapidly. On the whole, the development trend of land subsidence in the urban area and coastal area of Guangrao County is the most obvious, with the average annual subsidence rate of 135.1 mm/a and 102 mm/a, respectively. The Open Economic Zone and Guangbei salt field have formed obvious subsidence funnels. The land subsidence funnels are expanding and connecting other small funnels, forming a large regional land subsidence funnels.
[image: Figure 14]FIGURE 14 | Evolution trend of land subsidence in Guangrao County.
By restoring the development process of land subsidence in Guangrao, and combining the statistical information such as distribution of mining wells, mining horizon, and mining volume in the study area, and dynamic distribution characteristics of groundwater. It is found that the main exploitation horizon of groundwater in the urban area of Guangrao County is the fourth and fifth deep groundwater aquifers, which is consistent with the deep groundwater funnel of Guangrao County. Therefore, it is believed that the land subsidence in the urban area of Guangrao County is mainly related to the exploitation of deep groundwater in the fourth and fifth aquifers. Guangbei Salt Field has a large number of brine exploitation wells, The main mining horizon is the second and third aquifers, and the distribution of land subsidence coincides with the distribution of shallow brine funnels. Therefore, it is considered that the land subsidence in Guangbei Salt Field area is relatively related to the mining of shallow brine.
5 PREDICTION OF EVOLUTION TREND OF GUANGRAO LAND SUBSIDENCE AND ITS PREVENTION AND CONTROL MEASURES
Based on the established three-dimensional fluid-structure coupling numerical model of land subsidence in Guangrao County, the land subsidence trend and rule in Guangrao County in the next 20 years were simulated, calculated and predicted under the condition of maintaining the current pumping conditions and reducing groundwater extraction, and targeted groundwater prevention and control schemes and measures were proposed.
5.1 Prediction of land subsidence evolution trend in Guangrao
5.1.1 Prediction of land subsidence trend under current mining conditions
Using the established three-dimensional fluid-solid coupling numerical model of land subsidence in Guangrao area, assuming that the current groundwater exploitation conditions remain unchanged, the land subsidence and groundwater exploitation in 2021 are taken as the initial state to predict the change trend and regulation of land subsidence in the study area in the next 20 years. Our analysis shows that if the current pumping state is maintained, the land subsidence in Guangrao area will continue and increase much more in the next 20 years, by 2025, the maximum settlement of funnel center in Guangrao city will be 784 mm (a), by 2030, the maximum settlement will increase to 1040 mm(b), by 2035, the maximum settlement will be 1220 mm(c), By 2040, the maximum accumulated land subsidence in the study area will reach 1,350 mm, more than three times the maximum accumulated land subsidence in 2021(d). However, the ground subsidence funnel centered on Guangbei Salt Field will gradually recover in the future due to less brine exploitation in recent years. The results are shown in Figure 15.
[image: Figure 15]FIGURE 15 | The evolution trend of land subsidence in different periods.
Maintain the current groundwater exploitation, and by 2040, the land subsidence funnel in Guangrao County will become a large funnel, and gradually develop and expand around. According to the distribution of local groundwater extraction wells, even if there is no strong pumping source or underground engineering excavation and other factors in the connecting belt areas such as Ligue Town, Dawang Town and Xiliuqiao Town, the phenomenon of land subsidence will also form and develop gradually due to the influence of the nearby land subsidence center. Therefore, when formulating the prevention and control plans or measures for land subsidence, we should consider the phenomenon of “passive subsidence” formed in the middle connecting belt due to the correlation and influence of the centers of multiple land subsidence funnels. We should pay attention to strengthening the investigation and analysis in this aspect, especially when it involves the construction of important engineering buildings or high-precision projects where this phenomenon is often ignored.
5.1.2 Land subsidence prediction under reduced groundwater extraction
Based on the groundwater extraction of each pumping well in 2021, four groundwater reduction schemes, namely 10% reduction, 30% reduction, 50% reduction and 70% reduction, were respectively adopted. The land subsidence distribution chart of the study area in 2040 was obtained through the simulation calculation of the land subsidence fluid-solid coupling model in Guangrao area. The influence law of different groundwater recovery control on land subsidence was analyzed.
Figures 16A–D show the evolvement cloud chart of land subsidence distribution in Guangrao area in 2040 under the condition that the groundwater extraction in 2020 decreases by 10%, 30%, 50% and 70%.
[image: Figure 16]FIGURE 16 | Development trends of land subsidence under different groundwater reduction plans in 2040. (A) Reduce groundwater exploitation by 10% (B) Reduce groundwater exploitation by 30%. (C) Reduce groundwater exploitation by 50% (D) Reduce groundwater exploitation by 70%.
It can be seen that with the decrease of groundwater extraction, although the location of the land subsidence funnel is not changed, its development trend will be obviously curbed, especially the land subsidence phenomenon at the center of the land subsidence funnel is significantly slowed down. The maximum cumulative land subsidence in Guangrao County in 2040 is extracted, and the values under the condition of 10%, 30%, 50% and 70% reduction are 1,220 mm, 946 mm, 676 mm and 405 mm respectively. Compared with the maximum cumulative land subsidence under the current groundwater mining condition (1,350 mm), The declines reached 7.63%, 26.93%, 52.93% and 78.00% respectively. The results show that reducing groundwater extraction is one of the simplest and most effective measures to prevent land subsidence.
5.1.3 Land subsidence prediction under restricted groundwater exploitation
According to the planning scheme of Dongying Municipal government for partial groundwater exploitation in Guangrao County and the current exploitation amount of each pumping well in the study area, the two areas with the most serious land subsidence in the study area are selected as the no-pumping areas (A and B) in this study, and the requirement that all pumping Wells in the area be shut down is strictly followed. The restricted mining area is shown in Figure 17.
[image: Figure 17]FIGURE 17 | Sketch chart of demarcation of prohibited pumping area.
The fluid-solid coupling model was used to simulate the land subsidence in Guangrao area, and the land subsidence distribution chart (Figure 18) in 2040 when the mining prohibition measures were adopted was calculated, and the influence of the groundwater extraction prohibition on the land subsidence in the study area was analyzed.
[image: Figure 18]FIGURE 18 | Forecast chart of land subsidence in Guangrao County in 2040.
It can be seen that the subsidence trend will change greatly after effective mining prohibition in the main subsidence area. In addition, the maximum land subsidence in the study area in 2040 under the mining prohibition condition is also reduced compared with the current mining condition, from 1,350 mm to 164.00 mm. Moreover, it can be seen that if the mining prohibition measures are implemented in a certain area, not only the land subsidence trend of the area will be slowed down, but also the land subsidence trend of the nearby area will be slowed down. It shows that it is feasible and effective to adopt a scientific mining prohibition scheme for the area with serious land subsidence.
5.2 Zoning and suggestions for prevention and control of land subsidence
In view of the development characteristics, current situation and development trend of land subsidence in Guangrao County, effective prevention and control of land subsidence in Guangrao County must be carried out. In order to better control the land subsidence within an acceptable range, it is necessary to carry out the prevention and control of land subsidence from the perspective of the whole region. Therefore, it is necessary to divide the prevention and control areas of land subsidence.
It is divided according to the characteristics, current situation and development trend of land subsidence, and the following principles are followed: the objectivity of land subsidence, the difference of land subsidence prevention and control, and the consistency between the prevention and control scope and the prevention and control subject. Taking into account in a comprehensive way the development status, evolution characteristics, cause analysis of land subsidence and the dynamic characteristics of shallow and deep groundwater, the whole area is divided into three areas: Key prevention and control area, Secondary key prevention and control area and General prevention and control area (Figure 19). Based on the analysis and research of land subsidence monitoring results, groundwater dynamic monitoring data and numerical simulation prediction results, and referring to the «Technical code for land subsidence monitor and control», the prevention and control measures for each region are proposed, as shown in Table 4.
[image: Figure 19]FIGURE 19 | Zoning chart of land subsidence prevention and control in Guangrao County.
TABLE 4 | Zoning table of land subsidence prevention and control in Guangrao County.
[image: Table 4]6 DISCUSSION

1) The numerical simulation calculation in this paper is based on the stratigraphic structure and physical and mechanical parameters in Guangrao area. It is assumed that the soil is continuously homogeneous and the aquifers are all one hydrogeological unit. The completely connected and boundary are continuous replenishment conditions with fixed head, which can form a stable groundwater flow. However, the actual groundwater storage environment and recharge conditions are complex, so it is difficult to have completely continuous aquifer or aquifer in practice, almost all of them are discontinuous and heterogeneous, and there is often hydraulic connection between aquifers. Therefore, there may be some deviation in the deformation and settlement characteristics of stratum in actual engineering.
2) The main purpose of this study is to analyze, restore and predict the regional characteristics and spatio-temporal evolution of land subsidence in the study area, and the accurate simulation of land deformation is not within the scope of this study. In order to improve the calculation efficiency, the porous elastic fluid-solid coupling calculation model does not consider the time effect of land subsidence lag caused by clay creep, etc., so the simulation results may have some errors, but it has no impact on the overall regional distribution characteristics and evolution trend prediction of land subsidence.
7 CONCLUSION

1) The land subsidence in Guangrao County has obvious regional characteristics, and gradually formed two subsidence funnels centered on the urban area and the Guangbei Salt Field. The average annual subsidence rate of the urban subsidence center is 131.5 mm/a, and the regional subsidence range includes the south of Huaguan Town, Shicun Town and Huayuan Town, which has a good spatial correlation with the deep groundwater descending funnel, which is mainly caused by excessive exploitation of deep groundwater in the fourth and fifth aquifers, The buried depth of the central water level of the funnel is 118–121 m. The average annual subsidence rate of the subsidence center of the Guangbei Salt Field is 102 mm/a, which has a good spatial correlation with the shallow groundwater descending funnel, which is mainly caused by excessive exploitation of the second and third aquifers, and the buried depth of the central water level of the funnel is 50–56 m.
2) A three-dimensional fluid-solid coupling numerical model of land subsidence in Guangrao County was established to restore the development process of land subsidence in Guangrao County from 2017 to 2020. It is predicted that under the current groundwater exploitation plan, the land subsidence in Guangrao County will continue to develop at a large rate in the next 20 years. By 2040, the land subsidence in Guangrao County will form a large regional subsidence funnel, and the maximum accumulated land subsidence in the urban area will reach 1,350 mm. Attention should be paid to the possible “passive subsidence” phenomenon in the connecting belt such as Lique Town, Dawang Town and Xiliuqiao Town.
3) This paper analyzes and predicts the evolution law of ground subsidence under the reduced and restricted groundwater exploitation schemes. Reducing or restricting groundwater exploitation can significantly slow down the development rate of ground subsidence. In order to curb the rapid development of ground subsidence, it is suggested to strictly control the exploitation of groundwater resources in the main urban area of Guangrao and around the Guangbei Salt Field, adjust the exploitation layout, and strengthen the introduction of foreign water resources. Xiliuqiao Town, Daozhuang Town, Lique Town, Guowang Village and other places can take control of mining, adjust the mining layout, strengthen the exploitation and utilization of shallow groundwater and other measures; The groundwater exploitation in Changuan Village, Xiying Village and other areas is basically in a balanced state.
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In practice, constant-resistance, energy-absorbing, and anti-scouring bolts inevitably deflect at an angle from the coal wall and other bearing surfaces, eventually giving way and losing their energy-absorbing function. The aim of this study was to determine the applicable range of deflection angles for constant-resistance, energy-absorbing, and anti-scouring bolts and to provide a reference design for bolt construction. The principle of application of bolts under various deflection angles was proposed, and the numerical simulation of use of constant-resistance, energy-absorbing, and anti-scouring bolts was carried out using ABAQUS finite element software. The effects of deflection angle, impact energy, and impact velocity on the deformation performance, load-bearing performance, and energy absorption performance of the bolts were investigated. The deformation process of the bolt based on deflection angle was found to change from axial stretching to “stretching and bending”. As the deflection angle increased, the load bearing capacity of the anti-punching device increased, and the bolt’s breaking force increased after decreasing, and then decreased again while absorption energy decreased non-linearly. The bolt yield distance decreased while the displacement of bolts remained essentially the same and the deflection distance of the anti-punching device decreased. The stroke efficiency of bolts decreased and, based on the design principles of constant-resistance, energy-absorbing, and anti-scouring bolts, it was determined that the bolt was still applicable within a deflection angle of 0–17°. The impact energy had a minor effect on the bolt indicators of yield force, breaking force, and energy absorption, and the bolt’s impact resistance time decreased non-linearly with increasing impact energy. Impact velocity had less effect on bolt yield force and breaking force. Both yielding time and anti-punching load capacity of the bolt decreased with increased impact velocity. As the impact velocity increased, yield distance, anti-punching deflection distance, and stroke efficiency all increased. The absorption energy increased linearly with increasing impact velocity. The results of this study provide a reference for similar anchor angle studies and a guide for the design of field construction.
Keywords: deflection angle, energy-absorbing anti-scour anchor, numerical analysis, impact energy, impact velocity
INTRODUCTION
Rock burst is one of the most serious natural disasters in coal mining (Pan, 2018; Jiang et al., 2014; Dou et al., 2022). With increases in mining depth, rock burst in coal mines is becoming more and more serious. The core problem of roadway envelope deformation control in the coal mining process is in coordinating the support of the roadway envelope. In recent years, energy-absorbing supports and constant-resistance, energy-absorbing, and anti-scouring bolts have been shown to effectively control deformation of the roadway envelope (Zheng et al., 2020; Dong et al., 2022; Zhang et al., 2019).
Scholars at home and abroad have conducted a substantial amount of research on energy-absorbing bolts and have developed bolts with many advantages, such as high strength, elongation, and yielding distance, as well as high energy-absorbing and prestress characteristics (Wang et al., 2017; Zhang et al., 2016; Zhu et al., 2021; Gong et al., 2018). He et al. (2016) developed a new type of high constant-resistance large deformation anchor (NPR anchor), consisting of a piston-like cone, rod, casing, tray, and fastening nut, which has a negative Poisson’s ratio effect and excellent performance in terms of impact resistance, shear resistance, and energy absorption. Kang et al. (2007) developed high prestressing and powerful support systems, such as ultra-high strength heat treatment anchors (Wu et al., 2015) and powerful anchors that can effectively control the deformation and damage of the surrounding rock. Wang Q et al. (2022) developed a constant-resistance large deformation bolt which consists of a constant-resistance device, anchor rod body, connection sleeve, tray, and nut, and a new NPR material was used to develop a constant-resistance energy-absorbing bolt. The comparison test between static tension and dynamic impact showed that the constant-resistance, energy-absorbing bolt has good impact resistance and overall deformation capacity. Wang et al. (2017) et al. designed a new type of energy-absorbing bolt (ropes) comprising an energy-absorbing connecting sleeve, a threaded steel anchor rod with an extruded round table and a friction cylinder at the end, a steel strand anchor cable, and an energy-absorbing device at the end. The new energy-absorbing bolts (cable) have good self-protection and impact adaptability compared with ordinary anchor rods, as shown in the combination static and impact tensile tests. Tang et al. (2021) designed a constant-resistance, energy-absorbing, and anti-scouring bolt consisting of a rod body, a tray, an anti-punching device, and a profiled nut. It was concluded that, under static and impact loads, the indices of the constant-resistance, energy-absorbing, and anti-scouring bolts, including yield distance, anti-scour time, and energy absorption, were significantly better than those of the conventional bolts.
In actual engineering, the design requirements of the roadway support, the unevenness of the rock or coal wall, the axial direction of the rod, and the normal direction of the bearing surface produce a certain angle (deflection angle) (Liu et al., 2021; Guo et al., 2021; Hao et al., 2017). The mechanical properties of the constant-resistance, energy-absorbing, and anti-impact bolts are affected by the deflection angle and, depending on the angle, may not work properly. Therefore, this study used numerical simulation to assess the influence of deflection angle on the yield distance, energy absorption, load capacity, and deformation distance of constant-resistance, energy-absorbing, and anti-scouring bolts to determine the range of angles within which the bolts function properly to provide a reference for practical construction design.
DEFINITION OF DEFLECTION ANGLE AND PRINCIPLE OF APPLICATION OF CONSTANT-RESISTANCE, ENERGY-ABSORBING, AND ANTI-SCOURING BOLTS
Parameter design and definition of deflection angle
The constant-resistance, energy-absorbing, and anti-scouring properties of bolts are determined by a bolt’s body, a tray, an anti-punching device, and a shaped nut. For our study the bolt’s body was 2560 mm long and 20 mm in diameter, the pallet was 150*150*10 mm, with a central hole of Φ25 mm. The anti-punching device had an inner diameter of 40 mm, a wall thickness of 3 mm, and a height of 150 mm. The profile nut had a height of 38 mm, a diameter of 28 mm at the thin end and 48 mm at the thick end, and a taper angle of 26.5° at the ends, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Structure of the constant-resistance, energy-absorbing, and anti-scouring bolt.
The deflection angle is defined as the angle between the axial direction of the bolt and the normal direction of the bearing surface; ideally, the anchor should be driven vertically into the surrounding rock or coal wall, at which point the deflection angle is 0°. However, in actual engineering, the bolt produces an angle between the anchor rod and the surface of the surrounding rock of the roadway due to construction errors (errors in drilling bolt holes), design requirements for roadway support, unevenness around the surrounding rock (e.g., flake bubbles in the coal rock body), etc. The angle between the axial direction of the bolt and the normal direction of the bearing surface of the surrounding rock is the deflection angle θ, as shown in the schematic diagram in Figure 2.
[image: Figure 2]FIGURE 2 | Diagram of the deflection angle θ of a constant-resistance, energy-absorbing, and anti-scouring bolt.
In practice, bolts are constructed in the following sequence: hole drilling, anchor bolt insertion, insertion of the tray and anti-punching device and, finally, tightening of the nut to apply preload. As the centre hole diameter of the pallet is slightly larger than the diameter of the rod, the rod can be deflected at a certain angle, defining the maximum angle at which the centre hole allows the bolt to be deflected, i.e., the maximum deflection angle. When the deflection angle is less than the maximum, the pallet can be tightened against the load bearing surface, but the impact protector is not sufficiently tightened against the pallet (see Figure 2). When the deflection angle is greater than the maximum, the pallet does not fit tightly against the load bearing surface; therefore, under the action of preload, the pallet bends or shears the rod, which is not conducive to maintenance of the bolt’s tensile performance.
To determine conditions that allow full use of the tensile properties of the rod, a theoretical analysis of the maximum deflection angle was carried out. The positioning of the bolt and the pallets was simplified, as shown in Figure 3, and the geometric relationship was obtained from:
[image: image]
[image: Figure 3]FIGURE 3 | Position relation of the pallet and the bolt. (A) θ = 20.2° and (B) θ > 20.2°.
Solution: θ1 = 20.2° and θ2 = -63.8° (rounded off).
From the results, it can be seen that the maximum deflection angle that can be generated between the bolt and the pallet is 20.2° (Figure 3A).When the deflection angle is less than 20.2°, the pallet only acts in the axial direction of the rod; when the deflection angle is greater than 20.2°, the pallet cannot be tightened against the load-bearing surface (Figure 3B), and under the action of the preload or external load, the wall of the central hole of the pallet will exert a lateral force on the bolt, which results in bending or shear deformation of the rod.
Principles of application of constant-resistance, energy-absorbing, and anti-scouring bolts in the presence of a deflection angle
Bolts have a much larger dimension in the lengthwise direction than the other two directions, providing mainly tensile and shear resistance, with very little bending and compression resistance (Wu 2009). Based on the theory of yielding scour protection support and the principles of ideal energy-absorbing device design (Pan et al., 2014a; Pan et al., 2014b; Tang et al., 2022), it is proposed that constant-resistance, energy-absorbing, and anti-scouring bolts in the presence of deflection angles should have the following basic characteristics: 1) Reasonable deformation load threshold. The load carrying capacity of the anti-puncher in the force-displacement curve of the anchor rod is the deformation load threshold of the anchor rod, which is set at 90–110% of the yielding force of the rod to ensure that the anti-punching device is playing a role near the yielding stage of the rod. 2) High stroke efficiency. The performance of the bolt giving way depends largely on the adequacy of the deformation of the anti-punching device, which can be considered adequate when the stroke efficiency is 85–99%. 3) Constant reaction force. The reaction force of the anti-punching device should be kept as constant as possible during the deformation of the surrounding rock, which ensures that it protects the bolt. 4) A stable and repeatable deformation damage pattern to ensure the reliability of the anti-punching device in complex situations. 5) High load-bearing capacity. Anchor rods with a deflection angle should have a breaking force that is not less than 85% of the breaking force under axial tension to be considered as having a high support resistance to the surrounding rock. 6) Good energy absorption performance. The energy absorption of the bolt should be higher than 75% of its energy absorption in axial tension to allow good energy absorption performance. 7) Good deflection capacity. The yield distance of the bolt should be higher than 80% of its yield distance in the tensile test, which indicates good deflection capacity.
INFLUENCE OF DEFLECTION ANGLE ON MECHANICAL PROPERTIES OF AN ANCHOR BOLT UNDER STATIC LOAD
Using ABAQUS software, the finite element models of the rod, pallet, energy absorber, and profile nut were built according to the dimensions described above, and explicit dynamic analysis was performed. The material parameters for the bolt’s body, pallets, anti-punching device, and shaped nuts were set in the properties module. The settings included density of 7850 kg/m3, modulus of elasticity of 210 GPa, and Poisson’s ratio of 0.3. The plasticity parameters were taken from laboratory tensile tests of the bolt and converted to yield strength of 400 MPa and tensile strength of 588 MPa. The rods were set for flexible damage in ductile metal damage. The anti-punching device used self-contact, other surface contact methods were set to surface-to-surface contact, the contact method was the penalty contact method, and the coefficient of friction was taken as 0.3. The boundary conditions of the model were set: the left end of the bar was completely fixed and only axial displacement was allowed at 10 mm from the pallet. The model was assembled in the relative positions shown in Figure 1. A rigid plate with a diameter greater than that of the bolt’s body was displaced 450 mm to the right from the left side of the pallet, treating the plate as a load bearing surface with an angle of the bolt. Mesh settings: C3D8R cells were used for each part, the mesh shape was hexahedral, the mesh size of the pallet and bolt were set to 5, the size of the anti-punching device was set to 2, the bolt’s cell type was set to hourglass control for stiffness, and the cell delete was set.
To determine the influence of the deflection angle on the mechanical properties of the constant-resistance, energy-absorbing, and anti-scouring bolts under static load, simulations of the tensile process of the bolts were carried out at deflection angles of 0, 3, 5, 7, 10, 13, 15, 17, 20, 23, 25, 27, 30, 33, and 35°. The mechanical properties of the bolts at different angles are shown in Table 1.
TABLE 1 | Comparison of mechanical properties of bolts with different deflection angles.
[image: Table 1]Effect of deflection angle on deformation performance
The deformation process of the bolt at partial deflection angles is shown in Figure 4. The displacement of the bolt/stroke efficiency of the anti-punching device—deflection angle curve is shown in Figure 5. Figures 4, 5 and Table 1 indicate that:
1) With a deflection angle of 0° (Figure 4A), the bolt as a whole underwent only axial tension and no bending deformation. In the deflection angle range of 3–35° (Figures 4B–D), the pallet-nut section of the bolt was deformed in “stretching + bending”. At a deflection angle of 27°, the pallet did not fit sufficiently with the anti-punching device due to the angle, and the stress was concentrated on the side of the anti-punching device, which was the first to reach its strength limit and show damage. These data demonstrate that the deflection angle changes the deformation of the bolt from axial tension to a combination of “stretching + bending”.
2) The let-off distance of the bolt is the sum of the displacement of the bolt’s body and the deformation distance of the anti-puncher. With a deflection angle in the range of 0–20°, the nut was first in contact with the side of the anti-puncher, the compressive stress increased, and the bolt was curved by the eccentric load. The angle of deflection increased and the degree of pole bending increased. The locations of the stress concentration in the anti-puncher and the bending of the pole took the lead in plastic deformation and damage, with a reduction in both pole displacement and anti-puncher deformation distance. The anchor deflection distance decreased from 365.3 mm to 266.8 mm, with an average decrease of 4.93 mm/°. In the range of 20–27°, the pallet contacted the anti-puncher first on one side, and stresses were concentrated and the pallet acted laterally on the bolt’s body. The direction of action of the anti-puncher on the nut was opposite to the direction of force on the rod and the deformation of the bolt was reduced. There was a small variation in the deflection distance in the range of 270.6 mm–262.9 mm. In the range of 27–35°, the stress concentration of the pallet on the anti-puncher increased and the local plastic deformation of the anti-puncher was too large. The bending of the rod was large and the expansion of the anti-puncher was hindered. The yield distance dropped from 262.9 mm to 164.8 mm, with an average drop of 12.26 mm/°. These data indicate that the yield distance decreases overall with increasing deflection angle. The yielding distance decreased to a lesser extent before 20°; it remained almost constant from 20 to 27° and decreased to a greater extent after 27°.
3) Stroke efficiency is the ratio of the deformation distance to its own length. During the “stretching and bending” deformation of the bolt, the side of the anti-puncher was first in contact with the nut, resulting in stress concentration and plastic deformation. The increase in angle increased the degree of deformation and decreased the distance of deformation. For deflection angles in the range of 0–23°, the yield distance of the anti-punching device reduced from 142.0 mm to 130.0 mm and the stroke efficiency reduced from 94.7% to 86.7%. In the range of 23–35°, the deformation distance was reduced from 130.0 mm to 26.1 mm and the stroke efficiency dropped rapidly from 86.7% to 17.3%. These data indicate that the larger the deflection angle, the smaller the deflection distance and the lower the stroke efficiency. Before 23°, the deformation distance and stroke efficiency of the anti-puncher device were less influenced by the deflection angle; after 23°, they were greatly influenced by the deflection angle.
[image: Figure 4]FIGURE 4 | Deformation of bolt and anti-punching device at partial deflection angles.
[image: Figure 5]FIGURE 5 | Displacement of the bolt/stroke efficiency of the anti-punching device—deflection angle curve.
Influence of deflection angle on load bearing performance
The anchor rod force-displacement curves for different deflection angles are shown in Figure 6. The breaking force of bolt/load bearing force of the anti-punching device deflection angle curve is shown in Figure 7. The load bearing force of the anti-punching device was defined as the value of the anti-punching reaction force during the expansion stage. Figure 6, Figure 7, and Table 1 indicate that:
1) When the deflection angle was in the range of 0–20°, there was still a gap between the centre hole of the pallet and the rod body. The pallet had no force on the pole, but there was a certain angle between the anti-puncher and the pallet, which made them unevenly stressed. The pole was bent and deformed. The bolt breaking force decreased gradually in the range of 171.1–134.3 kN. In the range of 20–33°, the pole was affected by the composite lateral action of the pallet and the nut, and resulted in less deformation of the pole and a small increase in load capacity. The breaking force rose gradually in the range of 134.3–147.0 kN. The bending of the bolt was greater at 35° and the load capacity was greatly reduced. The breaking force was 131.8 kN. These data indicate that the breaking force of the anchor is not linearly related to the angle of deflection, but rather tends to fall, then rise slightly and then continue to fall.
2) After the bending and deformation of the rod, the anti-puncher was squeezed by the pallet, in addition to the frictional and pressure effects with the nut. Plastic damage occurred at the contact position. As the angle increased, the deformation of the anti-puncher increased. The force state changed from friction to friction and plastic deformation, and the anti-puncher reaction force increased significantly. The load carrying capacity of the anti-puncher increased from 120.0 kN to 137.7 kN over the range of 0–30° of deflection. The rate of increase was 0.57 kN/° over the range of 0–20° and 0.63 kN/° over the range of 20–30°. These data indicate that the load-bearing capacity of the anti-punching device increases with increase of deflection angle.
3) The force-displacement curve of a constant-resistance, energy-absorbing, and anti-scouring bolt consists of five parts: “linear elastic stage”, “expansion stage”, “yielding stage”, “strengthening stage”, and “breaking stage” (Tang et al., 2022). The change in position of the expansion stage reflects the strength between load-bearing properties of the anti-punching device and bolt. The anchor pull-off force decreased as the angle increased, while the load-bearing capacity of the anti-puncher increased as the angle increased. In the deflection angle range of 0–5°, the expansion stage occurred after the linear elastic stage and before the yielding stage. At a deflection angle of 7°, the expansion phase occurred partly after the inline elastic stage, partly after the yielding stage, and before the strengthening stage. In the range of 10–17°, the expansion phase occurred after the yielding phase and before the strengthening stage; in the range of 20–35°, the expansion stage occurred simultaneously with the strengthening stage. The curve of the expansion stage is smoother at all deflection angles, indicating that the bolt had a constant reaction force. The position of the spreading stage in the curve varied for different deflection angles.
[image: Figure 6]FIGURE 6 | Force-displacement curves for bolt with different deflection angles. (A) 0, 3, 5, and 7°, (B) 10, 13, 15, and 17°, (C) 20, 23, 25, and 27°, and (D) 30, 33, and 35°.
[image: Figure 7]FIGURE 7 | Breaking force of bolt/load bearing force of anti-punching device—deflection angle curve.
Effect of deflection angle on energy absorption performance
The absorption energy-displacement curves for different deflection angles are shown in Figure 8 and the absorption energy-deflection angle curves are shown in Figure 9. Figure 8, Figure 9, and Table 1 indicate that:
1) The area enclosed by the force-displacement curve reflects the amount of energy absorbed by the anchor. The bearing capacity and yield distance of the bolt decreased as the deflection angle increased, so the amount of energy absorbed should also decrease as the deflection angle increases. In the deflection angle range of 0–20°, the energy absorbed by the anchor dropped from 46.2 kJ to 32.0 kJ. In the range of 20–27°, the energy absorption fluctuated slightly within 31.9–33.0 kJ; in the range of 27–35°, it decreased from 31.9 kJ to 18.7 kJ. These data demonstrate that energy absorption decreases non-linearly with increase of the deflection angle.
2) In the range of 0–20°, the reduction rate of the energy absorption of the bolt was 0.71 kJ/°; in the range of 27–35°, the absorbed energy decreased from 31.9 kJ to 18.7 kJ, with an average reduction rate of 1.65 kJ/° (> 0.71 kJ/°). These data indicate that the bolt had good energy absorption performance before 20°, but performance was severely reduced in the range of 27–35°.
3) The ratio of energy absorption to displacement (energy absorption per unit of displacement) is the slope of the energy absorption-displacement curve, and the energy absorption per displacement of the bolt at each deflection angle is 7.88 kJ/mm, 7.88 kJ/mm, 7.88 kJ/mm, 7.89 kJ/mm, 7.97 kJ/mm, 7.99 kJ/mm, 7.99 kJ/mm, 7.99 kJ/mm, 8.19 kJ/mm, 8.19 kJ/mm, 8.18 kJ/mm, 8.19 kJ/mm, 8.39 kJ/mm, 8.39 kJ/mm, 8.39 kJ/mm, and 8.39 kJ/mm, respectively. These data demonstrate that the amount of energy absorbed by the anchor rod increases linearly with displacement for different deflection angles. The effect of deflection angle on the energy absorption per displacement of bolt was minor.
[image: Figure 8]FIGURE 8 | Energy absorption-displacement curves for bolts at different angles.
[image: Figure 9]FIGURE 9 | Energy absorption—deflection angle curve.
Determination of the scope of application of constant-resistance, energy-absorbing, and anti-scouring bolts
Through the above analysis and based on the design principles, the indicators corresponding to different deflection angles have been collated and analysed, and the percentage of each indicator is shown in Table 2.
TABLE 2 | Percentage of each indicator for bolts with different deflection angles.
[image: Table 2]We studied the reasonable range of deflection angles based on the applicable principles presented earlier in this article. The deformation process of the bolt includes the “elastic stage”, “yielding stage”, “expansion deformation stage”, “strengthening stage”, and “breaking stage”, indicating that the bolts have a repeatable deformation mode. The deformation stage of the anti-punching device is the expansion stage. The force-displacement curve of the bolt at each angle has a constant reaction force with a small floating range of reaction force in the expansion stage. All angles in the deformation threshold indicator, except 30°, are in accordance with the design principles. The stroke efficiency indicators are in accordance with the design principles for all angles except 25, 27, 30, 33, and 35°. At 0–17° and 33°, the breaking force percentage indicators are in accordance with the design principles. At 0–17° the energy absorption ratio indicator is in accordance with the design principles. As the bolt should all satisfy the above design principles when there is a deflection angle, our analysis demonstrates that the deflection angle of the anchor bolts in the range of 0–17° is still considered applicable.
ANALYSIS OF MECHANICAL PROPERTIES OF BOLTS UNDER IMPACT LOADING
In this study, we investigated the mechanical properties of constant-resistance, energy-absorbing, and anti-scouring bolts under impact loading in the presence of deflection angle. Combined with the results of static analysis, we chose to use ABAQUS finite element software to simulate the impact loading of the bolt with a deflection angle of 17°. Due to the large amount of impact energy released by the impact ground pressure working at the pallets of the bolts, a rigid body with mass and velocity was used to simulate the impact energy of the surrounding rock and to study the mechanical properties of the bolts under the action of different impact energies and impact velocities. The parameters were set in the same way as for static loads, with an angle of 17° between the rigid plate and the pallet.
Effect of impact energy on mechanical properties of bolts
The impact velocity was 6 m/s and the impact energy was 50, 500, and 5000 kJ. Separate impact loading simulations were carried out on constant-resistance, energy-absorbing, and anti-scouring bolts with a deflection angle of 17°. The deformation of the bolts is shown in Figure 10, the force-time curve of the bolts is shown in Figure 11, the energy absorption-displacement is shown in Figure 12, and the mechanical properties are shown in Table 3. From Figures 10–12 and Table 3, it can be seen that:
1) At different impact energies, the deformation process of the bolt underwent the “elastic stage”, the “yielding stage”, the “reinforcement stage + anti-punching device expansion deformation stage”, the “breaking stage”, and the “breakage stage”. These data indicate that the bolt has a repeatable deformation pattern.
2) As the impact energy increased, the load-bearing capacity of the anti-punching device remained between 139.6 and 140.3 kN, which indicates that the anti-punching device has a relatively constant reaction force.
3) Under the impact energy of 50, 500, and 5000 kJ, the deflection distances of the bolt (equal to the bolt’s body displacement plus the deformation distance of the anti-punching device) were 293.5, 306.8, and 305.8, mm respectively, and the deformation distances of the anti-punching device were 127.4, 141.1, and 140.3 mm, respectively. Stroke efficiency was 84.9, 94.1, and 93.5% respectively. The displacement of the bolt’s body was 166.1, 165.7, and 165.5 mm, respectively. These data indicate that the impact energy has a minor effect on the deformation distance and stroke efficiency of the bolt and on yield distance of the anti-puncher.
4) At 50, 500, and 5000 kJ impact energy, the yield force of the bolt was 125.8, 126.7, and 126.4 kN, respectively, and the breaking force was 139.7, 146.5, and 146.2 kN, respectively. The impact energy had a small effect on the yield force, breaking force, and load bearing capacity of the anchor.
5) Under the action of 50, 500, and 5000 kJ impact energy, the energy absorption of anchor rods was 36.9, 38.9, and 38.6 kJ respectively, indicating that the impact energy has a small effect on the energy absorption index of anchor rods.
6) The impact resistance times were 67.6, 55.4, and 54.1 ms at 50, 500, and 5000 kJ impact energy, respectively, indicating that the impact resistance time decreases with increasing impact energy.
[image: Figure 10]FIGURE 10 | Deformation of bolt with time at different impact energies.
[image: Figure 11]FIGURE 11 | Anchor force-time curve.
[image: Figure 12]FIGURE 12 | Anchor energy absorption-displacement curve.
TABLE 3 | Mechanical properties of anchor bolts at different impact energies.
[image: Table 3]Effect of impact velocity on mechanical properties of bolts
The impact energy was chosen as 50 kJ and the impact velocities were 2, 4, 6, and 8 m/s, respectively. The impact loading simulations were carried out for a constant-resistance, energy-absorbing, and anti-scouring bolt with a deflection angle of 17°. The bolt’s deformation is shown in Figure 13, the force-time curve of the bolt is shown in Figure 14, the energy absorption-displacement is shown in Figure 15, and the mechanical properties of the anchor rod are shown in Table 4. From Figures 13–18 and Table 4, it can be seen that:
1) At impact speeds of 2, 4, 6, and 8 m/s, the deformation process of the bolt experienced the “elastic stage”, the “yielding stage”, and the “reinforcement + expansion deformation stage”, indicating that the bolt has a repeatable deformation mode at different impact speeds.
2) As the impact velocity increased, the load-bearing force of the anti-punching device remained between 140.3 and 151.5 kN, indicating that the anti-punching device has a relatively constant reaction force.
3) At impact velocities of 2, 4, 6, and 8 m/s, the bolt yield distances were 213.2, 233.1, 293.5, and 321.4 mm, respectively. The deformation distances of the anti-punching device were 41.7, 63.2, 127.4, and 144.1 mm, and the stroke efficiencies were 27.8, 42.1, 84.9, and 96.1%, respectively. The displacements of bolt’s body were 171.5, 170.0, 166.1, and 177.3 mm, respectively. These data indicate that the impact velocity has a small effect on the displacement of the bolt. The yielding distance of the bolts, and the deformation distance and stroke efficiency of the anti-punching device increased with the increase of the impact velocity.
4) At impact speeds of 2, 4, 6, and 8 m/s, the yield forces of the bolt were 124.1, 124.7, 125.8, and 126.1 kN respectively; the tensile forces were 152.7, 149.6, 139.7, and 155.7 kN, respectively, and the load bearing force of the anti-punching device was 151.5, 142.6, 140.3, and 141.5 kN, respectively. These data indicate that impact velocity has a minor effect on the yield force and breaking force of the bolt. The load breaking force of the anti-punching device remained essentially the same with the increase of impact velocity.
5) The energy absorption of the bolt was 26.5, 28.9, 37.0, and 42.3 kJ, respectively, for impact velocities of 2, 4, 6, and 8 m/s, indicating that energy absorption increases approximately linearly with impact velocity.
6) The impact velocities of the bolts were 125.1, 75.0, 67.6, and 60.8 ms for impact velocities of 2, 4, 6, and 8 m/s, respectively, indicating that impact resistance time decreases with increasing impact velocity.
[image: Figure 13]FIGURE 13 | Deformation of bolt with time at different impact velocities.
[image: Figure 14]FIGURE 14 | Anchor force-time curve.
[image: Figure 15]FIGURE 15 | Anchor energy absorption-displacement curve.
TABLE 4 | Mechanical properties of anchor bolts at different impact velocities.
[image: Table 4][image: Figure 16]FIGURE 16 | Anchor give way distance at different impact velocities.
[image: Figure 17]FIGURE 17 | Anchor impact resistance time for different impact velocities.
[image: Figure 18]FIGURE 18 | Absorption energy of anchor bolt at different impact velocities.
CONCLUSION
Constant-resistance, energy-absorbing, and anti-scouring bolts were simulated by static loading at different deflection angles and by impact loading of the anchors at a deflection angle of 17°. The main conclusions of this study are:
1) Design principles for constant-resistance, energy-absorbing, and anti-scouring bolts at deflection angles are proposed.
2) At the angle of deflection, the deformation process of the bolt changes from an axially stretching form to a “stretching and bending” form. The bolt has a repeatable deformation mode and a relatively constant reaction force.
3) As the deflection angle increases, the load bearing force of the anti-punching device increases, the breaking force of the bolt increases after decreasing and then decreases again, the energy absorption decreases non-linearly, the yield distance of the bolt decreases (the displacement of the bolt remains basically the same and the deformation distance of the anti-punching device decreases), and the stroke efficiency decreases. According to the principles of constant-resistance, energy-absorption, and anti-scouring bolt design, it was determined that the bolt is still applicable within a deflection angle of 0–17°.
4) Impact energy has a minor effect on the indices of yield force, breaking force, and energy absorption of the bolt. The impact resistance time decreases non-linearly with increase in impact energy.
5) Impact velocity has a minor effect on the yield force and breaking force of the bolt. The impact resistance time and the load bearing force of the anti-puncher device both decrease with increasing impact velocity. The yield distance of the bolt, and the deformation distance and stroke efficiency of the anti-punching device all increase with increasing impact velocity. Absorption energy increases linearly with increasing impact velocity.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary material; further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
Conceptualization, ZT; methodology, ZT; software, ZT and HW; validation, JL; investigation, HW; resources, ZT; data curation, HW; writing—original draft preparation, HW; writing-review and editing, ZT; visualization, HW; supervision, DC; project administration, ZT; funding acquisition, ZT. 
FUNDING
This study was funded by the National Natural Science Foundation of China (51804152, 52174116), Liaoning Revitalization Talents Program (XLYC1907168), and Natural Science Foundation of Liaoning Province (2019-MS-163, 2021-MS-337).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Dong, J. J., Zheng, G. Y., and Yang, D. (2022). FBG bolts used for bolt support for safety monitoring of mining roadways. J. Min. Saf. Eng. 39 (02), 328–334. doi:10.13545/j.cnki.jmse.2021.0224
 Dou, L. M., Tian, X. Y., Cao, A. Y., Gong, S. Y., He, H., He, J., et al. (2022). Present situation and problems of coal mine rock burst prevention and control in China. J. China Coal Soc. 47 (01), 152–171. doi:10.13225/j.cnki.jccs.yg21.1873
 Gong, W. L., Sun, Y. X., Gao, X., He, M. C., and Qi, P. (2018). Dynamic characteristics of constant-resistance-large-deformation bolts based on weight-dropping tests. Chin. J. Rock Mech. Eng. 37 (11), 2498–2509. doi:10.13722/j.cnki.jrme.2018.0674
 Guo, J. G., Li, Y. H., He, F. L., Chen, J. H., Zhao, G. M., and Zhang, J. W. (2021). Pullout simulation on fully grouted rock bolts based on residual shear strength. Rock Soil Mech. 42 (11), 2953–2960. doi:10.16285/j.rsm.2021.0544
 Hao, C. S., Shang, D., Sun, M., Zhang, P., and Chen, Z. (2017). Supporting parameters impact on pretensioned distribution of roadway. Coal Technol. 36 (03), 17–21. doi:10.13301/j.cnki.ct.2017.03.007
 He, M. C., Li, C., Gong, W. L., Wang, J., and Tao, Z. G. (2016). Support principles of NPR bolts/cables and control techniques of large deformation. Chin. J. Rock Mech. Eng. 35 (08), 1513–1529. doi:10.13722/j.cnki.jrme.2015.1246
 Jiang, Y. D., Pan, Y. S., Jiang, F. X., Dou, L. M., and Ju, Y. (2014). State of the art review on mechanism and prevention of coal bumps in China. J. China Coal Soc. 39 (02), 205–213. doi:10.13225/j.cnki.jccs.2013.0024
 Kang, H. P., Wang, J. H., and Lin, J. (2007). High pretensioned stress and intensive bolting system and its application in deep roadways. J. China Coal Soc. (12), 1233–1238. doi:10.13225/j.cnki.jccs.2007.12.003
 Liu, H. Y., Zuo, J. P., Liu, D. J., Li, C. Y., Xu, F., and Lei, B. (2021). Optimization of roadway bolt support based on orthogonal matrix analysis. J. Min. Saf. Eng. 38 (01), 84–93. doi:10.13545/j.cnki.jmse.2019.0420
 Pan, Y. S. (2018). Instability theory of coal mine impact ground pressure disturbance response and application. J. Coal 43 (08), 2091–2098. doi:10.13225/j.cnki.jccs.2018.0604
 Pan, Y. S., Ma, X., Xiao, Y. H., and Li, Z. H. (2014b). Numerical analysis and experimental study of a coal mine anti-impact and energy-absorption supporting component. J. Exp. Mech. 29 (02), 231–238. doi:10.7520/1001-4888-13-089
 Pan, Y. S., Xiao, Y. H., Li, Z. H., and Wang, K. X. (2014a). Study of tunnel support theory of rockburst in coal mine and its application. J. China Coal Soc. 39 (02), 222–228. doi:10.13225/j.cnki.jccs.2013.2015
 Tang, Z., Wu, H., Liu, Y., Pan, Y., Lv, J., and Chang, D. (2022). Numerical analysis of mechanical characteristics of constant-resistance, energy-absorbing and anti-scour bolts. Materials 15 (10), 3464–3510. doi:10.3390/ma15103464
 Tang, Z., Wu, H., Lv, J., Xin, Z., and Zuo, W. (2021). Study on mechanical characteristics of energy-absorbing and anti-scour bolts. Complexity 2021, 1–9. doi:10.1155/2021/8876517
 Wang, A. W., Fan, D. W., Pan, Y. S., Zhao, B. Y., and Dai, L. P. (2022). Expansion-friction energy-absorption anti-impact cable and its mechanical characteristics. J. China Coal Soc. 47 (02), 695–710. doi:10.13225/j.cnki.jccs.xr21.1728
 Wang, A. W., Pan, Y. S., Zhao, B. Y., and Sheng, J. Q. (2017). Static and dynamic mechanical properties of energy absorption bolts (cable) and field tests. Chin. J. Geotechnical Eng. 39 (07), 1292–1301. doi:10.11779/CJGE201707016
 Wang, Q., He, M. C., Xu, S., Xin, Z. X., Jiang, B., and Wei, H. Y. (2022). Mechanical properties and engineering application of constant resistance energy absorbing bolt. J. China Coal Soc. 47 (04), 1490–1500. doi:10.13225/j.cnki.jccs.2021.0383
 Wu, Y. Z., Kang, H. P., Ding, J., Wu, J. X., and Wang, Q. (2015). Development and application of ultrahigh-heat processed rock bolts. J. China Coal Soc. 40 (02), 308–313. doi:10.13225/j.cnki.jccs.2014.0283
 Wu, Y. Z. (2009). Study on stress and supporting effects of bolt body“. China Coal Research Institute. 
 Zhang, B., Zhang, Z. Q., Wang, B., and Zhou, L. (2016). Experimental study of application of yielding bolt to large deformation tunnel. Rock Soil Mech. 37 (07), 2047–2055. doi:10.16285/j.rsm.2016.07.028
 Zhang, H. J., Li, H. Y., Zhang, T. P., Wang, Q., Wang, W., Wang, X., et al. (2019). Research and engineering application of high pre-stressed resistance enhancement large deformation bolt in deep soft rock roadway. J. China Coal Soc. 44 (02), 409–418. doi:10.13225/j.cnki.jccs.2018.0495
 Zheng, G., Lei, Y. W., Cheng, X. S., Li, X. Y., and Wang, R. Z. (2020). Influences and mechanisms of anchor failure on anchored pile retaining system of deep excavations. Chin. J. Geotechnical Eng. 42 (03), 421–429. doi:10.16285/j.rsm.2021.1715
 Zhu, C., He, M. C., Zhang, X. H., Tao, Z. G., Yin, Q., and Li, L. F. (2021). Nonlinear mechanical model of constant resistance and large deformation bolt and influence parameters analysis of constant resistance behavior. Rock Soil Mech. 42 (07), 1911–1924. doi:10.16285/j.rsm.2020.1764
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Tang, Wu, Lv and Chang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


[image: image]


OPS/images/feart-10-954547/feart-10-954547-g022.gif
Operation Signal Proceser

Vit St

s ettt e






OPS/images/feart-10-954547/feart-10-954547-g020.gif
l—«| Main Return Module

Power Unit

Control

Py Protection Module

Signal Conditioning
Isolation Module

Logic Control Module|






OPS/images/feart-10-954547/feart-10-954547-g021.gif
- Digitat topur]_| Ot | |
Driving Unic e
Motule ensa Vo
|anatog topud_|—vic
Driving Unit [ conteote
o,






OPS/images/feart-10-954547/feart-10-954547-g018.gif





OPS/images/feart-10-954547/feart-10-954547-g019.gif
Teting g

o






OPS/images/feart-10-1016605/feart-10-1016605-g006.gif





OPS/images/feart-10-1011291/math_7.gif
@





OPS/images/feart-10-954547/feart-10-954547-g016.gif





OPS/images/feart-10-1016605/feart-10-1016605-g005.gif





OPS/images/feart-10-954547/feart-10-954547-g017.gif





OPS/images/feart-10-1016605/feart-10-1016605-g004.gif





OPS/images/feart-10-954547/feart-10-954547-g014.gif





OPS/images/feart-10-1016605/feart-10-1016605-g003.gif





OPS/images/feart-10-954547/feart-10-954547-g015.gif





OPS/images/feart-10-1016605/feart-10-1016605-g002.gif





OPS/images/feart-10-1016605/feart-10-1016605-g001.gif
Crack
| Rock

T

i

-
AopwE St






OPS/images/feart-10-954547/feart-10-954547-g013.gif





OPS/images/feart-10-1016605/crossmark.jpg
©

|





OPS/images/feart-10-1011291/math_9.gif
©





OPS/images/feart-10-1011291/math_8.gif
®






OPS/images/feart-10-1011291/math_6.gif
©





OPS/images/feart-10-1011291/math_5.gif
©®





OPS/images/feart-10-873986/inline_36.gif
A min





OPS/images/feart-10-873986/inline_35.gif
A max





OPS/images/feart-10-873986/inline_34.gif





OPS/images/feart-10-873986/inline_33.gif





OPS/images/feart-10-873986/inline_32.gif





OPS/images/feart-10-873986/inline_31.gif
(N >





OPS/images/feart-10-873986/inline_30.gif





OPS/images/feart-10-873986/inline_3.gif
X0s YVos <0





OPS/images/feart-10-1011291/math_4.gif
@





OPS/images/feart-10-1011291/math_3.gif
~qdssin 0+ Feds + N + Qd0 = 0
~qdscosd - Fds ~ dQ + N0 =0 8
"dM - Ods






OPS/images/feart-10-1011291/math_2.gif





OPS/images/feart-10-1011291/math_11.gif
an






OPS/images/feart-10-1011291/math_10.gif
3= 2500 = SEN 0 = ZE0

IC)

o)






OPS/images/feart-10-1011291/math_1.gif
R=y H-D+y D (5-%)+2:8u(H+3) ()






OPS/images/feart-10-1011291/feart-10-1011291-g015.gif
Difrent Bria Depths
e |
< 05m
P
15w

200 430 630 830 1000 00 400 160
Lengibin





OPS/images/feart-10-1011291/feart-10-1011291-g014.gif
Traaseens
it Lot

05m burial depth

TR Ay

\m burial depth 1.5m burial depth





OPS/images/feart-10-954547/inline_150.gif





OPS/images/feart-10-954547/inline_149.gif





OPS/images/feart-10-954547/inline_15.gif





OPS/images/feart-10-954547/inline_14.gif





OPS/images/feart-10-954547/inline_148.gif





OPS/images/feart-10-954547/inline_12.gif





OPS/images/feart-10-954547/inline_13.gif
(),





OPS/images/feart-10-954547/inline_101.gif





OPS/images/feart-10-954547/inline_11.gif





OPS/images/feart-10-954547/inline_100.gif





OPS/images/feart-10-954547/inline_1.gif





OPS/images/feart-10-954547/inline_10.gif





OPS/images/feart-10-954547/feart-10-954547-t007.jpg
Combination

Dynamic indicators

Standard deviation

Overshoot (%)

Settling time/s

WOA - FOPID-Integer order
WOA - FOPID-Fractional order
WOA - PID-Integer order
WOA - PID- Fractional order

0.03923
0.1247
0.03663
0.0366

18.04
684
203
20.12

0.09
05

0.09
0.09





OPS/images/feart-10-954547/feart-10-954547-t008.jpg
Times

halie L. ol

=¥

Drilling time

10:
9:35-10:05
9:15-9:31

-10:42

10:31-10:48

11:18-11:31
11:57-12:10
12:47-13:00
13:44-1:59

10:50-11:08
11:21-12:56
12:42-12:56
13:25-13:40

Undrilling time

10:42-10:55
10:05-9:43
9:31-9:43
12:39-12:49
9:46-9:54
10:48-11:03
11:31-11:39
12:10-12:18
13:00-13:14
13:50-14:08
11:08-11:15
12:56-13:05
12:56-13:05
13:40-13:52

Anchor installation

9:43-9:48

12:51-12:56
9:54-9:58

11:03-11:06
11:39-11:43
12:18-12:23
13:17-13:20
14

-14:12
13:34-13:38
13:05-13:09
13:05-13:09
13:52-13:54

Truck moving

11:01-11:06
9:48-9:52
9:48-9:52
12:58-13:04
9:59-10:03
11:07-11:50
11:44-11:50
12:23-12:28
13:20-13:24
Stop
11:18-11:20
12:38-12:42
13:15-13:20
Stop

Total minutes

41
37
37
38
30
39
31
31
34
28
30
81
32
29





OPS/images/feart-10-1016605/feart-10-1016605-g008.gif





OPS/images/feart-10-1016605/feart-10-1016605-g007.gif





OPS/images/feart-10-954547/feart-10-954547-t005.jpg
Combination

Dynamic indicators

Standard deviation

Overshoot (%)

Settling time/s

WOA - FOPID -Integer order
WOA - FOPID -Fractional order
WOA - PID -Integer order
WOA - PID -Fractional order

0.1307
003571
003753
02206

95
8672
2578
25

068
0.02
0.095
6.065





OPS/images/feart-10-1016605/inline_1.gif
Y





OPS/images/feart-10-954547/feart-10-954547-t006.jpg
DOA090470 - 1(1)

No Symbol Parameter meaning Parameter value Parameter units
1 [ Hydraulic natural frequency 226
2 o Hydraulic damping ratio 0.82
3 Ay Effective area of piston 9.6x10°* m
4 Vv, 25x10°
5 Ke Gain of electro-hydraulic proportional valve 300
6 K, Flow Gain of Hydraulic Cylinder 7.78
7 K Gain of proportional amplifier 02
8 M Total load quality 2x10° kg

Fractional order mathematical model of hydraulic cylinder DOA090260 —





OPS/images/feart-10-1016605/feart-10-1016605-t001.jpg
Parameter ro(m) r(m) rr(m) E;(MPa) 14 Py(MPa)

Value 4.55 545 6.85 28,300 0.18 30
Parameter E,(MPa) t E;(MPa) # o k

Value 25,000 037 27,500 0.37 0.45% 15





OPS/images/feart-10-954547/feart-10-954547-t003.jpg
Combinations

Dynamic indicators

Standard deviation

Overshoot (%)

Settling time/s

GA - FOPID -Integer order

PSO ~ FOPID -Integer order
GPS ~ FOPID -Integer order
Optimal-FOPID -Integer order
WOA ~ FOPID -Integer order
GA ~ FOPID -Fractional order
PSO ~ FOPID -Fractional order
GPS - FOPID -Fractional order
Optimal-FOPID -Fractional order
WOA ~ FOPID -FrActional order
GA - PID -Integer order

PSO — PID -Integer order

GPS ~ PID -Integer order
Optimal-PID -Integer order
WOA ~ PID -Integer order

GA - PID -Fractional order

PSO - PID -Fractional order

GPS - PID -Fractional order
Optimal-PID -Fractional order
WOA - PID -Fractional order

0.05865
0.05853
0.0444

0.05869
0.03653
003944
00475

0.04547
0.05803
005529
004421
004421
0.04421
007034
0.04092
0.0448

0.0448

0.0448

007027
04019

39
38.72
23.45
38.819
15.18
27.91
25.52
26.12
37.67
349
29.59
29.6
29.6
53.57
27.03
30.7
30.7
30.7
53.3
26.27

029
028
041
028
0.09
059
052
039
028
0.19
07

07

07

027
034
0.67
067
0.67
027
031





OPS/images/feart-10-1016605/feart-10-1016605-g014.gif





OPS/images/feart-10-954547/feart-10-954547-t004.jpg
Symbol Parameter meaning Parameter value Parameter units

1 % Piston displacement of hydraulic cylinder . P

2 @ Hydraulic natural frequency 1677 radls
3 M Total load quality = Kg

4 & Hydraulic damping ratio 061 -

5 B, Viscous damping coefficient of load - -

6 ke Gain of Electro - hydraulic Proportional Valve 7.78x10" =

7 K Gain of proportional amplifier 02 -

8 Ky Flow Gain of Hydraulic Cylinder 300 -

9 [% Potential signal - -

10 4, Effective area of piston 9.6x10" m

Fractional order mathematical model of hydraulic cylinder DOA090470 - 1(1).





OPS/images/feart-10-1016605/feart-10-1016605-g013.gif





OPS/images/feart-10-954547/feart-10-954547-t001.jpg
Rod order

bl LR

Length of
connecting rod
almm

0
2054.86
31448
0

0

Distance between
joints d/mm

160
7866

Connecting rod
rotation angle

al(°)

90
0

90
90
90

Joint rotation
angle 60/(°)

0

6;
04

Variable range

(0-45)
(-45-45)
(0-180)
(-90-90)
0





OPS/images/feart-10-1016605/feart-10-1016605-g012.gif





OPS/images/feart-10-954547/feart-10-954547-t002.jpg
Symbol

Ja
Ca

Parameter meaning

Gain of proportional amplifier

Natural frequency of valve core

Quality of valve core armature assembly

Damping ratio of valve core

Spring stiffness

Damping coefficient of valve core armature assembly
Current force gain of proportional electromagnet

Total spring stiffness

Flow pressure coefficient

Flow gain

Dynamic head coefficient

Total leakage coefficient of hydraulic motor

Motor displacement

Hydraulic natural frequency

Hydraulic damping ratio

Effective bulk modulus of elasticity

Total volume of hydraulic motor and connecting pipeline
Viscous damping coefficient of hydraulic motor and load
Viscous damping coefficient of reducer

Viscous damping coefficient of power head

Equivalent inertia of motor shaft

Equivalent inertia of reducer

Equivalent inertia of power head

Flow coefficient of solenoid proportional directional valve
Hydraulic oil density

Transmission ratio of reducer

Parameter value

02
15.1

05

0.046

50

07

3

64

12x 10"
242

061

265 x 107
119 x 107
51

046

69 x 10°
3x 10
200

348

9835

15

0476

0.6
860
49

Parameter unit

AV

Nemes/rad
Nemes/rad
Nemes/rad
kgom?
kgom?
kgom?

ky/m®





OPS/images/feart-10-1016605/feart-10-1016605-g011.gif





OPS/images/feart-10-1016605/feart-10-1016605-g010.gif





OPS/images/feart-10-1016605/feart-10-1016605-g009.gif





OPS/images/feart-10-931071/math_3.gif
®





OPS/images/feart-10-931071/math_2.gif





OPS/images/feart-10-931071/math_1.gif





OPS/images/feart-10-931071/inline_7.gif





OPS/images/feart-10-931071/inline_6.gif





OPS/images/feart-10-931071/inline_5.gif





OPS/images/feart-10-931071/inline_4.gif





OPS/images/feart-10-931071/inline_3.gif





OPS/images/feart-10-931071/inline_2.gif





OPS/images/feart-10-931071/inline_1.gif





OPS/images/feart-10-931071/feart-10-931071-t002.jpg
Reinforcement Density (tonne/mm”) Young modulus (MPa) Poisson ratio Yield stress

Q235 7.85¢-09 200000 03 235
HRB400 7.85¢-09 210000 03 400





OPS/images/feart-10-931071/feart-10-931071-t001.jpg
Density (tonne/mm”) Young modulus (MPa) Poisson ratio

2.4e-09 31500 02





OPS/images/feart-10-931071/feart-10-931071-g010.gif





OPS/images/feart-10-931071/feart-10-931071-g009.gif





OPS/images/feart-10-931071/feart-10-931071-g008.gif
i -
=y

iz

I






OPS/images/feart-10-931071/feart-10-931071-g007.gif





OPS/images/feart-10-931071/feart-10-931071-g006.gif





OPS/images/feart-10-931071/feart-10-931071-g005.gif





OPS/images/feart-10-931071/feart-10-931071-g004.gif





OPS/images/feart-10-931071/feart-10-931071-g003.gif





OPS/images/feart-10-1011291/feart-10-1011291-g013.gif
Different Burial Depths.

Foon. B
fu | et
Zooe
fows
foon
grum
Lo

3770 200 400 600 800 100012001400 1600
Lengthim





OPS/images/feart-10-1011291/feart-10-1011291-g012.gif
Oom burial depth 0.5m burial depth

i

H

o —
g

peta

1m burial depth 1.5m burial depth





OPS/images/feart-10-1011291/feart-10-1011291-g011.gif
H

g

g

Different Burial Depths

3 8 8 8

200 400 600 00 100012001400 1600
Lengthim

Stondird Devigtich of Bencing Mottent(LN.m)





OPS/images/feart-10-1011291/feart-10-1011291-g010.gif
1 burial depth 1.5m burial depth





OPS/images/feart-10-1011291/feart-10-1011291-g009.gif
|0k

ssssssses

Standard Deviation of Shear Fo,

0200 430 600 800 1000 120014001600
“Lengthim





OPS/images/feart-10-1011291/feart-10-1011291-g008.gif
Lo

\m burial depth 1.5m burial depth





OPS/images/feart-10-1011291/feart-10-1011291-g007.gif
Different Burial Depths

~ im
A ey

v i5m
0200 430 660 800 1000 1200 1400 1600

Length'm





OPS/images/feart-10-1011291/feart-10-1011291-g006.gif
ER;

P

Tt Lo

Om burial depth 0.5m burial depth

[

v Tomrio o PipdmedN.

L ————
boegEBYE

o o

1m burial depth 1.5m burial depth





OPS/images/feart-10-1011291/feart-10-1011291-g005.gif





OPS/images/feart-10-1011291/feart-10-1011291-g004.gif





OPS/images/feart-10-1011291/feart-10-1011291-g003.gif
unuuumu

P -





OPS/images/feart-10-1011291/feart-10-1011291-g002.gif
N





OPS/images/feart-10-1011291/feart-10-1011291-g001.gif





OPS/images/feart-10-1011291/crossmark.jpg
©

|





OPS/images/feart-10-931071/math_9.gif
F,

-e2

m(
3 Conf-b(1 -

6)
cosf) + D]

©





OPS/images/feart-10-931071/math_8.gif
_ m(v, sin6)°
=3 3Conf-b(1-cos®) + D]

®





OPS/images/feart-10-931071/math_7.gif
(@ )max = =a, @)





OPS/images/feart-10-931071/math_6.gif
F,

mn

=3 [Conf-b(1 —cos) + D]

[C





OPS/images/feart-10-931071/math_5.gif
vsin' 6
IComd-b(l—cos® s D

)





OPS/images/feart-10-931071/math_4.gif
Can0-5(1-c0)+D
Ssin0/2

@





OPS/images/feart-10-966222/math_11.gif
(11)





OPS/images/feart-10-966222/math_10.gif
Byt = | Bw,.candb 0





OPS/images/feart-10-966222/math_1.gif
(2) + ho(2)s(2°) I
(2) - g, (2)s(z?)






OPS/images/feart-10-966222/inline_9.gif
s(2) = (z- 1)U (2)





OPS/images/feart-10-966222/inline_8.gif





OPS/images/feart-10-966222/inline_7.gif





OPS/images/feart-10-966222/inline_6.gif
(hupdates G pdate> Mupdates Gupdate}





OPS/images/feart-10-966222/inline_5.gif





OPS/images/feart-10-966222/math_12.gif
wan(x) = ) usen (2x - k)

it (x) = Y guthy (25~ K) o





OPS/images/feart-10-966222/inline_43.gif
V. (1)





OPS/images/feart-10-931071/feart-10-931071-g002.gif





OPS/images/feart-10-931071/feart-10-931071-g001.gif





OPS/images/feart-10-931071/crossmark.jpg
©

|





OPS/images/feart-10-966222/math_qu4.gif
g | = { & -0.0951,0,0.0553, -0.0341, -0.17%7,0.3076,0.9497,0.3676,
e =123 005550 oot

e | = 10.00,-00645,0,04180,-0707,0.4180.0,-00615,0,0.0.0)

] = 0.0,0,-0.0645,0.0.4150,07071,04180,0,-00615.0.0,0.0

] - | 0T10-00555,-00301.0175 03876 0907.0.7,
{upsac} = 01737, -0.0341,-0,0555,0,0.0031





OPS/images/feart-10-966222/math_qu3.gif
aP(2)

P(2) = o (2) + hupaae (2) (2 4 U () =5

k=0.123






OPS/images/feart-10-966222/math_qu2.gif
ratmatl hi(—"!‘ 0(2) + B ()5 ()
z-1)'Q(2)






OPS/images/feart-10-966222/math_qu1.gif
P(2) = 4,(2) (@) 2 + 100 (), 0D






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Geological disasters in deep engineering mechanism, warning and risk mitigation



		Editorial: Geological disasters in deep engineering: mechanism, warning and risk mitigation



		Introduction



		Progress in the Research Topic



		Formation and evolution of geological disasters in deep engineering and their mechanism



		Testing and monitoring technologies for geological disaster in deep engineering



		Risk assessment and warning methods for geological disaster in deep engineering



		Development trend



		Observation, monitoring and mechanism of rockburst in deep engineering



		Warning of rockburst in deep engineering



		Risk mitigation of rockburst in deep engineering



		Rockburst case database and artificial intelligence



		Author contributions



		Acknowledgments



		Publisher’s note









		A Gray Wolf Optimization-Based Improved Probabilistic Neural Network Algorithm for Surrounding Rock Squeezing Classification in Tunnel Engineering



		1 Introduction



		2 Methodology



		2.1 Probabilistic Neural Network



		2.2 Improved Gray Wolf Optimization



		2.3 Principal Component Analysis









		3 PCA-IGWO-PNN Prediction Model for Squeezing Levels



		4 Database Description



		5 Database Preprocessing With PCA



		6 Model Construction and Application



		6.1 Hyper-Parameter Optimization With IGWO



		6.2 Prediction Performance Evaluation









		7 Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		References









		Prediction Method of TBM Tunneling Parameters Based on PSO-Bi-LSTM Model



		Introduction



		Bi-LSTM Model Optimized by PSO



		Unidirectional LSTM



		Bi-LSTM



		Particle Swarm Optimization



		Bi-LSTM Model Optimized by PSO









		Project Overview and Data Processing



		Project Overview



		Data Preprocessing



		Tunneling Cycle Extraction









		Prediction Model Based on PSO-Bi-LSTM



		Feature Selection



		Model Establishment



		Model Training and Evaluation



		Model Parameter Analysis









		Model Application and Comparison



		Application of PSO-Bi-LSTM Model Under Different Surrounding Rock Grades



		Comparison With the Prediction Effect of the Bi-LSTM Model









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Centrifugal Test and Instability Model Analysis of Excavation Surface Stability of a Shield Tunnel in a Clay Layer



		Introduction



		Centrifugal Model Test



		Test Preparation



		Test Device



		Test Scheme and Steps



		Experimental Treatment









		Instability Mode Analysis



		Support Pressure Change Process



		Change of Support Pressure on Excavation Face of Dry Soil



		Variation of Support Pressure on Excavation Face of Saturated Soil









		Factor Influence Analysis



		Influence of C/D on Limit Support Pressure of Tunnel



		Influence of Internal Friction Angle on Limit Support Pressure of Tunnel



		Influence of Height of Water Head on Limit Support Pressure of Tunnel









		Numerical Analysis



		Influence of C/D on Tunnel Instability Mode



		Internal Friction Angle φ Influence on Tunnel Instability Mode



		Influence of Cohesion c on Instability Mode of Tunnel









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Influence Evaluation of Sensor Coordinate Error on Microseismic Source Location



		Introduction



		Least Square Linear Inversion Equation and Location Error Analysis



		Least Square Linear Inversion Equation



		Location Error Analysis









		Influence Evaluation of the Sensor Coordinate Error on the Microseismic Source Location



		Sensor Array Center



		Sensor Coordinate Error Threshold



		Comprehensive Evaluation Index









		Field Applications



		Sensor Array Center in the Mine



		Sensor Coordinate Error Threshold and Comprehensive Evaluation Index in the Monitoring Area



		Comparison of the MS Location Results Before and After Remeasurement of Sensor Coordinates









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		Force-Chain-Based Analysis of Factors Influencing Pressure Arch Around Tunnel Under Earthquake



		Introduction



		Numerical Simulation



		Effect of Tunnel Depth



		Effect of Tunnel Span



		Effect of Section Shape



		Effect of Lining Stiffness



		Effect of Seismic Spectrum



		Effect of Seismic Amplitude









		Shaking Table Test



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Determination Method of Excavation Damage Zone Based on Surrounding Rock Damage-Fracture Ratio in Underground Engineering



		Introduction



		Limitations of Acoustic Test in Determining Excavation Damage Zone



		Evaluation Method of Rock Mass Damage Based on Surrounding Rock Damage-Fracture Ratio



		Mathematical Model for R



		Determination of the Parameters in R



		The Error Analysis









		Engineering Practice



		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Micropore Structure and Fractal Characteristics of Clays Due to Freeze-Thaw and Compression Based on Mercury Intrusion Porosimetry



		1 Introduction



		2 Experiments



		2.1 Soil Samples



		2.2 Apparatus for the Freeze-Thaw Simulation



		2.3 Consolidation Test



		2.4 Mercury Intrusion Porosimetry









		3 Results and Analysis



		3.1 Freeze-Thaw Characteristics



		3.2 Compression Characteristics



		3.3 Analysis of the Mercury Intrusion Porosimetry Test Results









		4 Fractal Quantitative Characteristics of the Soil Micropores



		4.1 Computation of the Capacity Dimension



		4.2 Fractal Quantitative Characteristics of the Soil Pore Volume Distribution



		4.3 Fractal Quantitative Characteristics of the Soils’ Pore Surface Area









		5 Limitations and Engineering Implications



		6 Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Influence of the Xianshuihe Fault Zone on In-Situ Stress Field of a Deep Tunnel and its Engineering Effect



		Introduction



		Geological Setting



		Topography



		Formation Lithology



		Geological Structure









		In-Situ Stress Measurements and Main Characteristics



		The In-Situ Stress Testing Method



		The In-Situ Stress Value



		Maximum Principal Stress Direction



		Lateral Pressure Coefficient









		Influence of the Fault Zone on the Stress Distribution of the Tunnel Site



		Influence Characteristics of the Fault Zone on the In-Situ Stress



		Distribution Characteristics of the In-Situ Stress at the Tunnel Barrel









		Engineering Effect Analysis



		Rockburst Prediction at the Tunnel Site



		Prediction of Large Deformation at the Tunnel Site









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Ground Surface Deformation in the Hanging Wall of the Jinshandian Underground Iron Mine in China



		1 Introduction



		2 Engineering Geology of the Mining Site



		2.1 Strata Lithology



		2.2 Discontinuities and Faults



		2.3 In Situ Ground Stress



		2.4 Description of the Orebodies









		3 Nature of the Ground Surface Cracking and Collapse



		3.1 Ground Surface Collapse



		3.2 Cracking and Damage to the Ground Surface, Buildings, and Other Structures









		4 Nature of the Ground Surface Deformation



		4.1 Methods Used to Monitor the Deformation



		4.2 Surface Displacement–Time Curves



		4.3 Surface Displacement Velocity–Time Curves



		4.4 Ratio of Horizontal to Vertical Displacement









		5 Deformation Mechanism and Ground Surface Zones



		5.1 Ground Surface Deformation Mechanism



		5.2 Ground Surface Zones









		6 Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		Energy Evolution Characteristics of Rock Under Different Confining Conditions



		Introduction



		Stiffness Confining Condition



		Specimen Preparation and Testing



		Test Results



		Stress-Strain Relationship Under Different Confining Conditions



		Failure Mode Under Different Confining Conditions









		Evolution of Strain Energy



		Calculation of Strain Energy



		Evolution of Strain Energy Under Constant Confining Stress



		Evolution of Strain Energy Under Constant Confining Stiffness









		Comparison Under Different Confining Conditions



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Study on Safety Management Assessment of Coal Mine Roofs Based on the DEMATEL-ANP Method



		1 Introduction



		2 Establishment of the Evaluation Index System of Coal Mine Roof Safety Management



		2.1 Identification of the Influencing Factors of Coal Mine Roof Safety Management



		2.2 Selection of Evaluation Indexes for Coal Mine Roof Safety Management



		2.3 Establishment of the Evaluation Index System of Coal Mine Roof Safety Management









		3 Construction of the Coal Mine Roof Safety Management Evaluation Model



		3.1 Applicability Analysis of DEMATEL-ANP



		3.2 Evaluation Index Influence Relationship and Weight Establishment









		4 Case Analysis



		4.1 Data Collection



		4.2 Establishment and Analysis of Influence Relationships Among Indicators



		4.3 Calculation and Analysis of the Evaluation Index Weight









		5 Discussion



		6 Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Supplementary Material



		References









		Experimental Research and Instrument Design of Seepage Measurement in Rock and Soil Based on Heat Transfer



		Introduction



		Principle of Seepage Measurement Based on Heat Transfer



		Sensor Design



		Structural Design of Thermal Seepage Sensor



		Principle of Water Level Detection



		Selection of Permeable Materials



		Structural Design of Seepage Meter









		Thermal Seepage Sensor Signal Acquisition and Processing System



		Thermal Seepage Sensor Temperature Measurement Circuit Design



		Signal Acquisition Unit Design



		Portable Geotechnical Seepage Measuring Instrument









		Experimental Measurement



		Experiment on the Relationship Between Flow Rate and Temperature Change



		Seepage Measurement Experiment









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Stability Analysis on the Steeply-Inclined Small-Angle Layered Surrounding Rock Masses at the Upstream High Sidewall of a Large-Span Cavern



		Introduction



		Engineering Background



		Geological Setting



		Excavation, Support, and Monitoring Plan









		Characteristics of Layered Rock Masses



		Discontinuum Analysis of the Failure Mechanisms of Steeply-Inclined Small-Angle Layered Surrounding Rock Masses



		Model and Parameters



		Protocol



		Results and Discussion









		Reinforcement Practice and Validation Verification



		Optimization of Excavation Method and Sequence



		Optimization of Support Design



		Implementation Effect Verification









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Analysis of the Mechanism of Ground Fissures in the Nairobi–Malaba Railway Rift Valley Area in Kenya



		1 Introduction



		2 Analysis of Influencing Factors on Ground Fissures DK76 and DK77



		3 Physical Model Test on the Genetic Mechanism of Ground Fissures in Kenya



		3.1 Physical Model Design Principles



		3.2 Test Modeling



		3.3 Test Design and Results Analysis









		4 Discussion



		5 Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Study on the Mechanism of Weakening Thick and Hard Roof by Deep-Hole Blasting in Deep Coal Mines



		Introduction



		Engineering Background



		Geological Conditions of the Mining Area



		Mining-Induced Seismicities During Coal Seam Mining



		Deep-Hole Blasting Scheme and Seismicities Monitoring









		Numerical Simulation of the Deep-Hole Blasting



		Plane Strain Model of Deep-Hole Blasting



		Expansion Mechanism of Rock Damage Under Blasting









		Numerical Simulation of Mining-Induced Rock Broken After Blasting



		Modeling and Numerical Simulation Methods



		Pressure Relief Mechanism of Blasting Weakening the Thick Hard Roof During Deep Coal Excavation









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		A New Classification Method of Mine Goaf Ground Activation Considering High-Speed Railway Influence



		1 Introduction



		2 Stability Evaluation of Mine Goaf Ground



		2.1 Evaluation Index System



		2.2 Stability Classification



		2.3 Filtering Algorithms









		3 Classification of High-Speed Railway Influence



		3.1 Train Axle Load



		3.2 Railway Speed



		3.3 Track Type



		3.4 Railway Line Location









		4 Extension Evaluation Model



		4.1 Identification of Classic and Joint Domains



		4.2 Matter Element



		4.3 Index Weight



		4.4 Correlation Function



		4.5 Correlation Degree



		4.6 Activation Classification









		5 Case Study



		5.1 Case 1



		5.2 Case 2









		6 Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Study on Failure Difference of Hard Rock Based on a Comparison Between the Conventional Triaxial Test and True Triaxial Test



		Introduction



		Failure Analysis of Marble Sample Based on Conventional Triaxial Test



		Failure Analysis of Granite Sample Based on True Triaxial Test



		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		Microsimulation Study on Energy Release and Rock Block Ejection Force of Granite under Different Unloading Conditions



		Introduction



		Microsimulation Unloading Test of Granite



		Microstructure Characterization of Granite



		Building of Microstructure Numerical Model



		Simulation Scheme



		Energy Calculation and Monitoring Schemes









		Energy Release Law of Unloading Granite



		Energy Release Process and Stage Division



		Influence of Unloading Velocity on Energy Release



		Influence of Lateral Stress on Energy Release



		Influence of Axial Stress on Energy Release









		Rock Block Ejection Characteristics



		Influence of Unloading Velocity



		Influence of Lateral Stress



		Influence of Axial Stress









		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Experimental Analysis on Mechanical Characteristics of Foundation Soil in Rift Valley Area of Kenya Nairobi-Malaba Railway



		1 Introduction



		2 Summary of Ground Fissure and Surface Subsidence in Rift Valley Area



		3 Engineering Geological Conditions of Surface Fissure Site



		3.1 Site Construction Environment



		3.2 Geotechnical Engineering Geological Characteristics









		4 Test and Analysis of Soil Mechanics and Physical Characteristics



		4.1 Basic Physical Indexes of Soil and Analysis



		4.2 Direct Shear Test



		4.3 Collapsibility Test









		5 Discussion



		5.1 Mechanism Analysis of Settlement and Fissure Caused by Soil Collapsibility



		5.2 Deduce on Influencing Factors of Settlement Degree









		6 Conclusion



		Data Availability Statement



		Author Contributions



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References









		A Comparative Study of Six Hybrid Prediction Models for Uniaxial Compressive Strength of Rock Based on Swarm Intelligence Optimization Algorithms



		Introduction



		Basic Concepts and Algorithms of Predict Models



		BP Neural Network



		Random Forest Algorithm



		Bird Swarm Algorithm



		Grey Wolf Optimization



		Whale Optimization Algorithm



		Seagull Optimization Algorithm



		Lion Swarm Optimization



		Firefly Algorithm









		Database and Data Presentation



		Selection of Input and Output Parameters



		Database









		Result Analysis



		Parameters Initialization



		Predicted Results



		Evaluation Method of Prediction Models









		Comprehensive Evaluation of UCS Prediction Models



		Sensitivity Analysis



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		The Calculation of Inelastic Zone Width of Coal Pillar in Highwall Mining With Backfill



		1 Introduction



		2 The Full Stress and Strain Process of Coal



		3 Mechanics Model Based on the Limit Equilibrium Method



		3.1 Establishment of the Mechanical Model



		3.2 Calculation Model for the Inelastic Zone Width of Highwall Mining With Backfill Under the Incomplete Filling Condition



		3.3 Calculation Model for the Inelastic Zone Width of Highwall Mining With Backfill Under the Complete Filling Condition



		3.4 Model Correlation Coefficient Fitting









		4 Numerical Simulation Verification Based on the Antaibao Open-Pit Mine



		4.1 Overview of the Antaibao Open-Pit Mine in Pingshuo



		4.2 Verifying the Calculation Model Accuracy Based on the Mining of 11# Coal in the Antaibao Open-Pit Mine









		5 Numerical Simulation Verification Based on the West Bokaro Open-Pit Mine



		5.1 Verifying the Calculation Model Accuracy Based on the Mining of 5# Coal in the West Bokaro Open-Pit Mine



		5.2 Inelastic Zone Width Under the 0% Filling Rate Condition of the West Bokaro Open-Pit Mine



		5.3 Inelastic Zone Width Under the 100% Filling Rate Condition of the West Bokaro Open-Pit Mine









		6 Conclusion



		Data Availability Statement



		Author Contributions



		Publisher’s Note



		References









		An Effective Denoising Method Based on Cumulative Distribution Function Thresholding and its Application in the Microseismic Signal of a Metal Mine With High Sampling Rate (6 kHz)



		Introduction



		Theoretical Background



		Synchrosqueezed Continuous Wavelet Transform









		Methods



		Estimation of Background Noise Range



		Wavelet Threshold Determination Based on Cumulative Distribution Function



		Post-Processing









		Results



		Synthetic Data Test



		Mine Microseismic Data









		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		Triggering and Relationship Between Mine Earthquake Activities and Stress of Earth Tides During Deep Mining



		Introduction



		Characteristics of Regional Tectonic Stress and Solid Tidal Stress



		Schuster Test Method



		Correlation Analysis Between the Solid Tidal Action and Mine Earthquake Activity



		Triggering Effect of Different Components of Tidal Stress on Mine Earthquakes



		Analysis of the Triggering Effect of Tidal Stress on Mine Earthquakes of Different Magnitudes









		Discussion of the Triggering Effect of Tidal Stress on Floor-Type Mine Earthquakes



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Numerical Method for the Deformation Calculation of the Shallow Buried Tunnel Caused by the Excavation of Overlying Soil Based on Soil Rebounding Characteristics



		1 Introduction



		2 Analysis of Cyclic Compression-Rebound Characteristics of Soil



		2.1 Compression-Rebound Test Conditions for Soil



		2.2 Compression-Rebound Characteristics of Soil



		2.3 Method for Calculating Rebound Modulus Esc of Soil in Different Construction Stages



		2.4 Determination of Soil Rebound Modulus Ec0 in Different Construction Stages









		3 Calculation Method of Shallow Buried Tunnel Deformation



		4 Verification of Calculation Method



		4.1 Case I: Influence of Shanghai Daning Commercial Center Foundation Excavation to Shanghai Metro Line One



		4.2 Case II: Influence of the Shanghai Bund Underground Passage Construction on the Existing Tunnel









		5 Project Application—Influence of Soil Unloading on Wuhan Metro Line Four



		5.1 Project Background



		5.2 Numerical Model, Parameters, and Simulation Procedure



		5.3 Influence Assessment According to the Calculation Result



		5.4 Deformation Law of the Metro Tunnel



		5.5 Contrast Between the Calculation Result and the in Site Measured Datum



		5.6 Assessment of the Influence of the Soil Unloading to the Metro Tunnel









		6 Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Developing an evaluation model based on unascertained measurement for evaluation of tunnel squeezing



		Introduction



		Method description



		Single-index measurement matrix



		Information entropy theory



		Comprehensive measurement matrix



		Credible identification principle



		Sample score



		Squeezing evaluation using unascertained measurement



		Single index measurement of samples



		Index weight of squeezing evaluation



		Determination of squeezing grade



		Sample score for tunnel squeezing



		Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Workspace analysis and motion control strategy of robotic mine anchor drilling truck manipulator based on the WOA-FOPID algorithm



		1 Introduction



		2 Structural design and working principle of the manipulator



		3 Kinematic workspace analysis of the manipulator



		3.1 Kinematics model based on screw theory



		3.2 Motion space analysis of the manipulator









		4 Fractional order FOPID motion control algorithm based on WOA-FOPID parameter tuning



		4.1 Fractional order control theory and the parameter tuning optimization process



		4.2 Mathematical modeling and simulation test of the hydraulic cylinder/hydraulic motor at the joint of the manipulator









		5 Experiment



		5.1 Composition of the control system



		5.2 Hardware structural design of the control system



		5.3 Control system software composition



		5.4 Control principle



		5.5 Implementation plan









		6 Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		In situ stress measurement method of deep borehole based on multi-array ultrasonic scanning technology



		Introduction



		Multi-array ultrasonic scanning technology



		Multi-array ultrasonic scanning system



		Scanning model of borehole horizontal profile



		Reconstruction of horizontal profile of borehole









		In situ stress measurement method of deep borehole



		Basic principle of borehole in-situ stress measurement



		Experimental test and data processing



		Calculation results and analysis









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		References









		Deformation and Failure Characteristics of Loading and Unloading Rock Based on Volume Crack Strain



		1 Introduction



		2 Loading and Unloading Tests of Marble



		2.1 Test Specimen and Equipment



		2.2 Discrete Analysis



		2.3 Test Plan









		3 Analysis of Test Results



		3.1 Stress-Strain Curve



		3.2 Macroscopic Failure Characteristics



		3.3 Progressive Failure Process Based on Crack Strain



		3.4 Progressive Evolution Law of Deformation Parameters









		4 Discussion



		4.1 Characteristic Volume Crack Strain



		4.2 Evolution Characteristics of Volume Crack Strain Rate



		4.3 Identification of Failure Precursor Based on Volume Crack Strain Rate









		5 Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Frequency spectrum and energy refinement characteristics of blasting vibration signals in raw water pipeline tunnel excavation



		Introduction



		Engineering situation



		Biorthogonal wavelet construction based on second generation lifting method



		Algorithm and principles



		Continuous wavelet transform



		Scale energy spectrum and time-scale energy spectrum of blasting vibration signals



		Wavelet packet analysis



		Analysis process of time-frequency characteristics of blasting vibration signals









		Spectrum analysis of blasting vibration signals



		Time-frequency characteristics analysis for blasting vibration signals



		Selection of wavelet basis for blasting vibration signal analysis



		Scale energy spectrum of blasting vibration signals



		Continuous wavelet transform energy spectrum and wavelet packet energy analysis









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Study on anti-collision behavior of new precast concrete curb components in a highway tunnel



		Introduction



		Design of tunnel curb components



		Calculation of anti-collision performance



		Common check calculation methods



		Finite element modeling



		Boundary conditions and loadings



		Results









		Construction of prefabricated curb components



		Engineering application



		Conclusions



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Mechanical characteristics analysis of horizontal lifting of subsea pipeline with different burial depths



		Introduction



		Computational theory



		Establishment of dynamic simulation model



		Environmental and pipeline parameters



		Establishment of dynamic simulation model



		Accuracy verification of the modeling method









		Calculation results



		Effective tension of the pipeline



		Shear force of the pipeline



		Bending moment of the pipeline



		Curvature of the pipeline



		Von Mises stress of the pipeline









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Analytical solution of mechanical response in cold region tunnels under transversely isotropic freeze–thaw circle induced by unidirectional freeze–thaw damage



		Introduction



		Mechanical model of cold region tunnels under a transversely isotropic freeze–thaw circle



		Transversely isotropic freeze–thaw circle induced by unidirectional freeze–thaw damage



		Mechanical model of cold region tunnels









		Solution of mechanical response in cold region tunnels with a transversely isotropic freeze–thaw circle



		Solution of mechanical response in cold region tunnels under state TU



		Solution of the mechanical response in cold region tunnels under state TF



		Solution of stress and displacement in cold region tunnels under initial state and state F









		Case study



		Stress distribution in the lining and surrounding rock



		Analysis of influencing factors









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Settlement analysis of the giant open caisson during the construction of the Changtai Yangtze River Bridge



		1 Introduction



		2 Changtai Yangtze River Bridge



		2.1 General description



		2.2 Geological conditions



		2.3 Stepped open caisson foundation









		3 Layer-wise summation method



		4 3-D finite element numerical analysis



		4.1 3-D finite element numerical model



		4.2 Computing conditions



		4.3 Result analysis









		5 Large centrifuge model test



		5.1 Test model



		5.2 Layout of monitoring points



		5.3 Loading process



		5.4 Result analysis









		6 Comparison analysis



		7 Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Study on critical slowdown characteristics and early warning model of damage evolution of sandstone under freeze–thaw cycles



		1 Introduction



		2 Uniaxial compression experiment of sandstone under freeze–thaw conditions



		3 Critical slowdown of sandstone failure under freeze–thaw cycles



		3.1 AE signals of sandstone during the uniaxial compression



		3.2 Critical slowdown principle



		3.3 Effects of different windows and lag steps









		4 A GWO-BP neural network based early warning model for rock failure in cold regions



		4.1 GWO-BP neural network



		4.2 A GWO-BP based early warning model of rock failure in cold regions



		4.3 Verification of early warning model









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Analysis of geothermal potential in Hangjiahu area based on remote sensing and geographic information system



		1 Introduction



		2 Study area and data



		2.1 Overview of the study area



		2.2 Data source and data preprocessing









		3 Research methods



		3.1 Geothermal factor quantification



		3.2 Analytic hierarchy process (AHP)



		3.3 Neural network









		4 Analysis of results



		4.1 Geothermal potential target area zoning map of analytic hierarchy process



		4.2 Back propagation Neural Network Geothermal Potential Target Zoning Map









		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Evaluation of urban resilience level and analysis of obstacle factors: A case study of Hunan Province, China



		1 Introduction



		2 Literature review



		2.1 Resilience and resilient city



		2.2 Urban resilience assessment









		3 Study area, index system construction and research methodology



		3.1 Study area



		3.2 Index system construction and research methodology









		4 Research results and analysis



		4.1 Spatial-temporal evolution characteristics of urban resilience of Hunan Province



		4.2 Identification of major obstacle factors for urban resilience of Hunan Province









		5 Conclusions and suggestions



		5.1 Conclusions



		5.2 Suggestions









		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		Supplementary material



		References









		Research on prevention and control methods of land subsidence induced by groundwater overexploitation based on three-dimensional fluid solid coupling model—a case study of Guangrao County



		1 Introduction



		2 Overview of the study area



		2.1 Physical geography overview



		2.2 Dynamic distribution characteristics of groundwater



		2.3 Development characteristics of land subsidence









		3 Correlation analysis of groundwater and land subsidence in different layers



		4 Three dimensional fluid solid coupling model of land subsidence



		4.1 Theoretical method



		4.2 Model establishment



		4.3 Model establishment



		4.4 Analysis on the development process of land subsidence in Guangrao









		5 Prediction of evolution trend of Guangrao land subsidence and its prevention and control measures



		5.1 Prediction of land subsidence evolution trend in Guangrao



		5.2 Zoning and suggestions for prevention and control of land subsidence









		6 Discussion



		7 Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References









		Effects of deflection angle on the mechanical properties of constant-resistance, energy-absorbing, and anti-scouring bolts



		Introduction



		Definition of deflection angle and principle of application of constant-resistance, energy-absorbing, and anti-scouring bolts



		Parameter design and definition of deflection angle



		Principles of application of constant-resistance, energy-absorbing, and anti-scouring bolts in the presence of a deflection angle









		Influence of deflection angle on mechanical properties of an anchor bolt under static load



		Effect of deflection angle on deformation performance



		Influence of deflection angle on load bearing performance



		Effect of deflection angle on energy absorption performance



		Determination of the scope of application of constant-resistance, energy-absorbing, and anti-scouring bolts









		Analysis of mechanical properties of bolts under impact loading



		Effect of impact energy on mechanical properties of bolts



		Effect of impact velocity on mechanical properties of bolts









		Conclusion



		Data availability statement



		Author contributions



		Funding



		Publisher’s note



		References























OPS/images/feart-10-966222/math_9.gif
©





OPS/images/feart-10-966222/math_8.gif
Ew,, ah = Wy (a,b)|”

(8)





OPS/images/feart-10-966222/math_7.gif
1

() r—'[”[ Wi @by, 55





OPS/images/feart-10-966222/math_6.gif
Wyla,0) =/ y(a,0))

E [thnur‘"v

) e ©





OPS/images/feart-10-966222/math_5.gif
©





OPS/images/feart-10-966222/math_4.gif
c,- [

Bl e oo

@





OPS/images/feart-10-966222/math_3.gif
(2170 (2) + huputare (2)s(27)
-1

=QG@) ®





OPS/images/feart-10-966222/math_2.gif
(2) = go(2)3(2)

o (2) + ho (2)3(2%) @





OPS/images/feart-10-966222/math_17.gif
= 7
2% 100%
Py ==L x 100¢





OPS/images/feart-10-966222/math_16.gif
e





OPS/images/feart-10-966222/math_15.gif
s






OPS/images/feart-10-966222/math_14.gif
(9= Y sy msatsa o bsan (09
2





OPS/images/feart-10-966222/math_13.gif
U, =UT"e U™ jeZine Z, (13)





OPS/images/feart-10-916753/feart-10-916753-g006.gif





OPS/images/feart-10-916753/feart-10-916753-g005.gif
Sicmulated cracks layout





OPS/images/feart-10-916753/feart-10-916753-g004.gif





OPS/images/feart-10-916753/feart-10-916753-g003.gif





OPS/images/feart-10-916753/feart-10-916753-t001.jpg
Types of
soil
Sand

Silty clay
Loess

Dry density
(g/em®)

1.81
175
1.45

Water content
(%)

10.24
19.81
515

Specific gravity

265
274
272

Plastic limit
(%)

2482
14.79

Liquid limit
(%)

40.93
27.32

Porosity

0.59
0.55
0.53





OPS/images/feart-10-916753/feart-10-916753-g011.gif





OPS/images/feart-10-916753/feart-10-916753-g010.gif





OPS/images/feart-10-916753/feart-10-916753-g009.gif
Water flow dicection  —————————— Siculated cracks layout





OPS/images/feart-10-916753/feart-10-916753-g008.gif
diecion of concesied cracks

e .|






OPS/images/feart-10-916753/feart-10-916753-g007.gif





OPS/images/feart-10-933192/feart-10-933192-g012.gif





OPS/images/feart-10-933192/feart-10-933192-g011.gif





OPS/images/feart-10-933192/feart-10-933192-g010.gif
LDECTE,






OPS/images/feart-10-933192/feart-10-933192-g009.gif





OPS/images/feart-10-933192/feart-10-933192-g008.gif





OPS/images/feart-10-933192/feart-10-933192-g007.gif





OPS/images/feart-10-933192/feart-10-933192-t003.jpg
Density Detonation Gj Pressure State Parameters of the JWL Equation
Velocity

/kgm™ /ms™ 1GPa Al B/ Ry R. w El
GPa GPa GPa

1,200 4,950 6.125 524 0.768 42 1.1 0.34 85





OPS/images/feart-10-933192/feart-10-933192-t002.jpg
3E-11

gamma
0.0

3E-12
gt
al

0.8671

Shear

0.2417
fc
0.00119
ec
3E19
xi
a2
1.4567

Onempa

00
s
0.38
et
3E19
d1

0.8903

Epsf

20
P
0.1
betac
0.0106
d2
pel
4E-4

bo

1.68
Y
0.64
betat
0.0144
epm
pco
0.06

b1

168

00105
ptf
0.001
af
np
40

t

0.8671
©2

nf
alpha
11





OPS/images/feart-10-933192/feart-10-933192-t001.jpg
Lithology

Soil
Sandstone
Mudstone
Sandstone
Mudstone
Sandstone
Siltstone
Bupper 00
Medium
sandstone

Elastic Compressive Tensile Average

Modulus Strength Strength Density

/GPa /MPa /MPa 1G/Cm®
- 20 21 241
2101 8.6 8.17 249
11.55 4399 373 2.44
187 63.22 6.29 233
3551 72.24 747 263
36.63 9025 8.61 259
5089 107 7.57 261
509 1056 59 256

Poisson’s

03
029
041
022
027
023
026

033

Cohesion Friction Thickness
Angle

/MPa r /m
13.21 2 150
17.99 31 160
15.46 20 10
15.29 28 258
12,68 20 108
13.84 27 27
16.21 1" 573

= - 539
14.32 18 10





OPS/images/feart-10-933192/feart-10-933192-g013.gif





OPS/images/feart-10-933192/feart-10-933192-g001.gif





OPS/images/feart-10-933192/crossmark.jpg
©

|





OPS/images/feart-10-916753/feart-10-916753-t004.jpg
Test number Soil property Flow rate characteristic Thickness-confined water level Proportion of crack

(cm) discrimination area (%)
9 Loess s-s 24 23.42
10 Loess & 21 24.86
1 Loess s 21 2889
3 Loess f 2+ 32.52
6 Loess s 53 15.67
12 Loess s 53 16.42
13 Loess s 53 19.87

14 Loess = 5-3 23.19





OPS/images/feart-10-916753/feart-10-916753-t003.jpg
Soil property

Loess
Loess
Loess
Loess
Loess
Loess
Loess
Loess

Thickness (cm)

aaanN D oo

Confined water
level (cm)

[ N )

Rate characteristic

-
-
s
s
f-s
s
f-s
-

Compactness (kg)

23.07
15.02
7.51
7.51
7.51
15.02
15.02
16.02

Crack layout

Parallel
Vertical
Parallel
Parallel
Parallel
Parallel
Parallel
Parallel





OPS/images/feart-10-916753/feart-10-916753-t002.jpg
Case

TR e e =

Soil property

Sand
Sity clay
Loess
Sand
Silty clay
Loess

Thickness (cm)

ERCRCENENEN

Confined water
level (cm)

©ww s

Rate characteristics

=

-

f
ss
s-s
ss

Compactness (kg)

7.51
7.51
7.51
16.02
15.02
16.02

Crack layout

Parallel
Parallel
Parallel
Parallel
Parallel
Parallel





OPS/images/feart-10-933192/feart-10-933192-g006.gif





OPS/images/feart-10-933192/feart-10-933192-g005.gif
gt





OPS/images/feart-10-933192/feart-10-933192-g004.gif





OPS/images/feart-10-933192/feart-10-933192-g003.gif





OPS/images/feart-10-933192/feart-10-933192-g002.gif





OPS/images/feart-10-891289/inline_30.gif





OPS/images/feart-10-891289/inline_3.gif





OPS/images/feart-10-891289/inline_29.gif





OPS/images/feart-10-891289/inline_28.gif





OPS/images/feart-10-891289/inline_27.gif





OPS/images/feart-10-891289/inline_26.gif





OPS/images/feart-10-891289/inline_25.gif





OPS/images/feart-10-1033441/math_3.gif
o






OPS/images/feart-10-1033441/math_2.gif
@





OPS/images/feart-10-1033441/math_1.gif
&





OPS/images/feart-10-1033441/inline_5.gif





OPS/images/feart-10-1033441/inline_4.gif





OPS/images/feart-10-1033441/inline_3.gif





OPS/images/feart-10-1033441/inline_2.gif





OPS/images/feart-10-1033441/inline_1.gif





OPS/images/feart-10-891289/inline_33.gif
X,





OPS/images/feart-10-891289/inline_32.gif
X* = [xji]sxs





OPS/images/feart-10-891289/inline_31.gif





OPS/images/feart-10-1033441/math_4.gif
L]

— @
ISP, np,





OPS/images/feart-10-891289/inline_23.gif





OPS/images/feart-10-933284/inline_8.gif
',





OPS/images/feart-10-891289/inline_229.gif
1)y





OPS/images/feart-10-933284/inline_7.gif
pla)





OPS/images/feart-10-891289/inline_228.gif





OPS/images/feart-10-933284/inline_6.gif
pla)





OPS/images/feart-10-891289/inline_227.gif
1),y





OPS/images/feart-10-933284/inline_5.gif





OPS/images/feart-10-891289/inline_226.gif
1)





OPS/images/feart-10-933284/inline_4.gif
pla)





OPS/images/feart-10-891289/inline_225.gif
1)





OPS/images/feart-10-933284/inline_3.gif





OPS/images/feart-10-933284/inline_22.gif





OPS/images/feart-10-933284/inline_21.gif





OPS/images/feart-10-933284/inline_20.gif





OPS/images/feart-10-1033441/feart-10-1033441-t003.jpg
Year

Rank

2010

Obstacle
factors

Ratio of expenditure for
research and experimental
development to fiscal
expenditure

Ratio of the added value of
the tertiary industry to GDP
Ratio of the added value of
high-tech industries to
industrial added value

Per-capita shelter area

Ratio of education
expenditure to local
government expenditure

Number of large-scale urban
public facilities cligible for
emergency renovation

C16

Cl4

c15

c27

o]

c28

Obstacle
degree

829

821

759

649

644

624

2015

Obstacle
factors

Ratio of expenditure for
research and experimental
development to fiscal
expenditure

Ratio of the added value of
the tertiary industry to GDP

Ratio of the added value of
high-tech industries to
industrial added value

Per-capita shelter area

Number of doctors per
10,000 people

Number of school places per
10,000 people

C16

et}

c1s

Cs

C3

Obstacle
degree

7.96

749
731

72

6.07

561

2020

Obstacle
factors

Park land per capita

Per-capita shelter area

Ratio of education
expenditure to local
government expenditure

Ratio of the added value of
high-tech industries to
industrial added value

Ratio of expenditure for
research and experimental
development to fiscal
expenditure

Number of school places per
10,000 people

C20

c27

c2

[¢8)

C16

C3

Obstacle
degree

1042

7.75

7.69

75

6.98

592





OPS/images/feart-10-933284/inline_2.gif
mean (|W (a, 1)|)





OPS/images/feart-10-1033441/feart-10-1033441-g004.gif





OPS/images/feart-10-1033441/feart-10-1033441-g003.gif





OPS/images/feart-10-1033441/feart-10-1033441-g002.gif





OPS/images/feart-10-1033441/feart-10-1033441-g001.gif





OPS/images/feart-10-1033441/crossmark.jpg
©

|





OPS/images/feart-10-1031665/math_1.gif





OPS/images/feart-10-1031665/feart-10-1031665-t007.jpg
Geothermal
factor

Formation lithology

Surface farmland
temperature

Fault zone distance

Seismic point distance

Actual numerical
partition

27438
19918
18328
1700,1790
1,500

0

1249-19.14°C
11.68-1249°C
10.86-11.68°C
9.82-10.86°C
0.37-9.82'C

0-1km
1-2km
2-3km
3-4km
4-9 km
>9 km

0-5 km
5-10 km
10-15 km
15-20 km
20-25 km
25-30 km
>30 km

‘Weights  Specific Geothermal factor

[N w ow oo “w a0 oo e

MW s N e e

gravity

0321 Surface water temperature
0.214
0.179
0143
0.107
0.036

0.36 Surface woodland
028 temperature

0.2

0.12

0.04

0273 Surface water system and its
0242 distance

0212

0182

0.061

003

0.268 Magmatic and volcanic
_— rock distances

0196

0119

0.089

0.06

003

Actual numerical
partition

11.48-2539°'C
10.19-11.48°C
832-1019°C
5.06-832'C
0.33-5.06'C

1259-16.44°C
11.86-12.59°C
11.17-11.86°C
9.96-1117°C
3.06-9.96'C

0-1km
1-2km
2-3km
3-4km
4-5km
>5 km

0-5 km
5-10 km
10-15 km
15-20 km
20-25 km
25-30 km
>30 km

Weights

NN e o wow e w ow N e

B owos N e v

Specific
gravity

036
028
02

0.12
0.04

036
028
02

012
0.04

0273
0242
0212
0.182
0.061
0.03

0268
0238
0.196
0.119
0.089
0.06

0.03





OPS/images/feart-10-1031665/feart-10-1031665-t006.jpg
Number

bt SR Ll il ol o

Geothermal factor

Formation lithology

Fault zone distance

Surface water system and its distance
Seismic point distance

Magmatic and volcanic rock distances
Surface water temperature

Surface farmland temperature

Surface woodland temperature

‘Weight value

[






OPS/images/feart-10-891289/inline_24.gif





OPS/images/feart-10-891289/inline_232.gif
1),y





OPS/images/feart-10-891289/inline_231.gif
1)





OPS/images/feart-10-1033441/feart-10-1033441-t002.jpg
2010
2015
2020

2010
2015
2020

Changsha city

0.4273
05342
0.5950

Zhangjiajie city
0.4107
0.3091
04237

Zhuzhou city

03253
03677
04288

Yiyang city
03413
03232
03406

Xiangtan city

03224
0.4206
0.4257

Chenzhou city
0.3662
0.3104
0.3485

Hengyang city

02635
03823
04042

Yongzhou city
0.3888
03642
03972

Shaoyang city

03507
03033
03412

Huaihua city
03944
03251
03943

Yueyang city

03858
0.3509
04019

Loudi city
03829
03174
03911

Changde city

0.4158
03576
0.3707

Xiangxi prefecture
03731
0.3196
0.3014





OPS/images/feart-10-891289/inline_230.gif
1)





OPS/images/feart-10-1033441/feart-10-1033441-t001.jpg
Target layer

Urban resilience
evaluation index
system (A)

Criterion layer

Social resilience (A1)

Economic
resilience (A2)

Urban infrastructure
and service
resilience (A3)

Urban governance
resilience (Ad)

Weight

0329

0.261

0.255

0.155

Domain layer

Education (B1)

Health (B2)

Social security (B3)

Social equity (B4)

Economic
prosperity (B5)

Structural
improvement (B6)

Innovation
potential (B7)

Ecological
environment
management (B8)

Critical
infrastructure (B9)

Social
integration (B10)

Emergency
management (B11)

‘Weight

0.104

0.112

0.067

0.046

0.062

0.109

0.090

0.144

0.111

0.052

0.103

Index layer

Teacher-student ratio (C1)

Ratio of education expenditure to local
government expenditure (C2)

Number of school places per
10,000 people (C3)

Average life expectancy of
population (C4)

Number of doctors per
10,000 people (C5)

Number of hospital beds per
10,000 people (C6)

Basic pension insurance coverage (C7)

Ratio of fiscal expenditure for social
security to total fiscal expenditure (C8)

Affordable housing coverage (C9)
Housing price-to-income ratio (C10)

Per capita disposable income of urban
residents (C11)

Registered urban unemployment
rate (C12)

Ratio of local fiscal revenue to
GDP (C13)

Ratio of the added value of the tertiary
industry to GDP (C14)

Ratio of the added value of high-tech
industries to industrial added
value (C15)

Ratio of expenditure for research and
experimental development to fiscal
expenditure (C16)

Number of effective invention patents
per 10,000 people (C17)

Urban air quality compliance
rate (C18)

Comprehensive utilization rate of
industrial solid waste (C19)

Park land per capita (C20)

GDP energy consumption for every ten
thousand yuan (C21)

Public traffic network density (C22)

Natural gas penetration rate in urban
areas (C23)

Internet penetration rate (C24)

Proportion of community-based health
service centers (C25)

Ratio of personnel engaged in public
administration, social security and
social organizations (C26)

Per-capita shelter area (C27)

Number of large-scale urban public
facilites eligible for emergency
renovation (C28)

Unit

%
people/
10,000 people
Year

people/

10,000 people

PCS/
10,000 people

%
%

%

yuan

%

%

%

PCs/
10,000 people

%
%

m2

TCE/
10,000 yuan
km/km2

%
Household/
100 people

%

%

sqmlperson

sqm/person

‘Weight

0015

0.050
0.039
0.031
0.045
0.036

0.028
0.039

0014
0.032
0033

0015
0.014
0.060

0.049

0.061

0.029

0.027

0.015

0.065
0.037

0.043
0.025
0.043
0.034

0018

0.058

0.045






OPS/images/feart-10-891289/math_5.gif
(N+N* 4

+N)

N(@I-N)"






OPS/images/feart-10-891289/math_4.gif





OPS/images/feart-10-891289/math_3.gif
e





OPS/images/feart-10-891289/math_2.gif
@





OPS/images/feart-10-891289/math_13.gif
By xWa o B xWa e B Wy,
By xwy, By xwy, B xw |

By xWis o B xWis o By xWis
(3





OPS/images/feart-10-891289/math_12.gif
byt by

P @

W e





OPS/images/feart-10-891289/math_1.gif
[0





OPS/images/feart-10-891289/inline_72.gif





OPS/images/feart-10-891289/inline_7.gif





OPS/images/feart-10-891289/math_6.gif
\5), ()






OPS/images/feart-10-891289/inline_40.gif
M = [M;j|s.s





OPS/images/feart-10-891289/inline_4.gif





OPS/images/feart-10-891289/inline_39.gif





OPS/images/feart-10-891289/inline_38.gif
. X°

. X7

. oXt
X





OPS/images/feart-10-891289/inline_37.gif





OPS/images/feart-10-891289/inline_36.gif





OPS/images/feart-10-891289/inline_35.gif





OPS/images/feart-10-891289/inline_34.gif





OPS/images/feart-10-891289/inline_6.gif





OPS/images/feart-10-891289/inline_5.gif





OPS/images/feart-10-937893/crossmark.jpg
©

|





OPS/images/feart-10-917561/math_4.gif
=27.811In(x) - 50.67





OPS/images/feart-10-917561/math_3.gif
&





OPS/images/feart-10-917561/math_2.gif





OPS/images/feart-10-917561/math_1.gif
510

ki +ka (o)

[0





OPS/images/feart-10-917561/feart-10-917561-t003.jpg
Geotechnical type

Clay
Powder

Fine sand
Coarse sand

Particle samples
diameter (mm)

0.003
0.006
0.100
1.000

Experiment start
temperature (/'C)

21.80
21.80
21.80
21.80

Tt(C)

25
9.8
26
06

Measured seepage
flow (ml/s)

0.070
0.112
0.143
0.158

Calculated seepage
flow (ml/s)

0.072
0.113
0.147
0.159

Relative error
(%)

2.79
1.39
2.98
0.61
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Seepage flow (mL/s)

0.025
0.050
0.100
0.150

Experiment start temperature
(rey

218
218
218
218

Tt(C)

52.0
32.0
13.0
20

Heating time (min)

22
20
18
15
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Formation lithology

Clay
Clay

Powder

Fine sand
Moderate sand
Coarse sand
Fine Gravel

Particle diameter (mm) Permeability
coefficient (m/d)

0.001-0.002 <0.006
0.002-0.005 0.1-05
0.005-0.075 0.5-1.0
0.075-0.25 1.0-5.0
0.25-0.5 5.0-20
0.5-2 20-50
2-3 50-100
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Step Failure volume of intact rocks (m®?) Failure areas of bedding plane (m?
Current shear Current tensile Previous shear Previous tensile Current shear Previous shear Previous tensile
failure failure failure failure failure failure failure
1 2 145 3 5978 667 578 2062
2 1 39 6 3,742 644 1,606 1923
3 0 217 6 7,786 708 4,673 1815
4 1 386 8 12,630 1819 7,822 1930
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Step

B

Failure volume of intact rocks (m°)

Failure areas of bedding planes (m?)

Current shear
failure

co-o

Current tensile Previous shear

failure failure
220 3
58 6
208 ¥
896 13

Previous tensile
failure

5,987
3,765
8,208
13,561

Current shear Previous shear

failure failure failure
655 594 2064
829 1,447 1938

2,106 3,521 1887

3,142 7,158 2,291

Previous tensile
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Step

Bedefe =

Without supports (mm)

16.94 (top arch and floor)
17.18 (upstream sidewall and floor)
23.1 (upstream sidewall)

32.21 (upstream sidewall)

With supports (mm)

15.96 (top arch and floor)
16.56 (upstream sidewall and fioor)
21.16 (upstream sidewall)
29.24 (upstream sidewall)
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Systematic rockbolt

Length (m)

Cross-sectional area (x10° m?)
Young's modlus (GPa)

Bond stiffness of grout (x10° N/m?)
Bond strength of grout (x10° N/m)
Compressive yield strength (x10° N)
Tensile yield strength (x10° N)
Pre-tension force (kN)

6.9
8042
200
05
238
1.0
1.33
50 (L=9m)

Anchor cable

Length (m)

Cross-sectional area (x10° m?)
Young's modulus (GPa)

Bond stiffness of grout (x10? N/m?)
Bond strength of grout (x10° N/m)
Compressive yield strength (x10° N)
Tensile yield strength (x10° N)
Pre-tension force (kN)

22,2325
19.6
200
1.0
83
1.0
16
1800, 2,200
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Intact rock

Density (kg/m°)

Bulk modulus (GPa)
Shear modulus (GPa)
Cohesion (MPa)
Internal friction angle ()
Diation angle ()
Tensile strength (MPa)

2,740
8.4
5.0
8.0
45

1.0

Bedding plane

Normal stifiness (GPa/m)
Shear stifness (GPa/m)
Cohesion (MPz)

Friction angle ()

Dilation angle ()
Residual cohesion (MPa)
Residual friction angle ()
Tensie strength (kP)

5.0
1.0
0.1
35

0.05
20
1.0
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Intact rock Bedding plane

Density (kg/m°) Deformation modulus (GP2) Poisson's ratio Normal stifiness (GPa/m) Shear stiffness (GPa/m)
2,740 200 026 100 20
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Rockbolts

Prestressed anchor

cables

Shotcrete with wire
mesh

Range

Above EL789.7 m

Below EL780.7 m

Above reinforced concrete crane girder
Between reinforced concrete crane girder and
EL780.7m

Al

Parameters

@32 mm, L=6m/9 m@1.5 m x 1.5 m, fully grouted and installed altemately. In addition, 9 m
rockbolt is pretensioned with T = 50 kN

@28 mm, L= 6m@1.5m x 1.5 m, fully grouted

L =20-45m@4.5m x 45 m, T = 2000 KN

L =22-25m@4.5m x 45 m, T = 2000 KN

Total thickness 15 cm, most of which is mixed with steel fibers
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Number Fracture zone distance  Geothermal drilling points number  Interval proportion/%  Cumulative proportion/%
departure interval/km

1 0-1 44 3284 3284
2 1-2 38 28.36 6119
3 2-3 21 1567 76.87
4 3-4 23 17.16 94.03
5 4-9 8 597 100.00
6 >9 0 0.00 100.00
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Depth/m

27438

19918
18328
1,790
1,700

1,500

Formation lithology

Magmatic and volcanic rocks
Tertiary
Cretaceous
Jurassic
Permian
Carboniferous
Carboniferous
Carboniferous
Devonian
Silurian
Ordovician
Cambrian

Sinian

Changhe Formation

Tongxiang Formation, Quxian Formation, Jinhua Formation and Zhongdai Formation
Huangjian Formation and Laocun Formation

Longtan Formation and Qixia Formation

Chuanshan Formation

Huanglong Formation

Yejiatang Formation

Zhuzangwu Formation and Xihu Formation

Tangjiawu Formation, Kangshan Formation, Helixi Formation and Xiaxiang Formation
Wenchang Formation and Changwu Formation

Chaofeng Formation, Yangliugang Formation, Dachenling Formation and Hetang Formation
Piyuancun Formation, Bangiaoshan Formation and Dengying Formation

Jinshan Group
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Number  Magmatic and volcanic ~ Geothermal drilling points number  Interval proportion%  Cumulative proportion/%
rock distance map/km

1 0-5 50 37.31 3731
2 5-10 36 26.87 64.18
3 10-15 25 18.66 82.84
4 15-20 12 8.96 91.79
5 20-25 7 522 97.01
6 25-30 4 2.99 100.00

-~

>30 0 0.00 100.00
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Number

o Ve AN e LN

Seismic point distance
interval/km

0-5
5-10
10-15
15-20
20-25
25-30
>30

Ge

36

ERERIVES

eothermal drilling points number

Interval proportion/%

2687
4328
2388
2.99
149
1.49
0.00

Cumulative proportion/%

2687
70.15
94.03
97.01
9851
100.00
100.00
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Number  Surface water system  Geothermal drilling points number  Interval proportion/%  Cumulative proportion/%
distance interval/km

1 0-1 78 58.21 5821
2 1-2 29 21.64 79.85
3 2-3 14 1045 90.30
4 3-4 7 522 95.52
5 4-5 4 2.99 9851
6 >5 2 1.49 100.00
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Impact Yield Breaking Resistance Energy Yield Load capacity Deformation Stroke

energy/k)  force/  force/kN time/ms absorption/  distance/ of the anti- distance/mm  efficiency/
kN kJ mm punching %
device/kN
2 1241 1527 1251 25 2132 1515 417 278
4 1247 149.6 750 289 2331 1426 632 421
6 1258 139.7 676 369 2035 1403 1274 849

8 126.1 155.7 60.8 423 3214 1415 144.1 96.1
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3 13 15 17 20 23 25 30 33 35
353 368 | 392 | 356 | 360 | 3106 | 089 2934 2668 | 2694 2706 | 2629 2056 | 1901 1648

Yield distance of ant-punching device/mm 120 02 | 130 | 1361 1364 | 132 | 13L3 | 124 1300 | 1300 | 121 | 1082 | 424 | 301 | 261
Stroke efficiency/% 947 933 920 | %7 | 07 | 893 | 873 881 87 | 867 813 | 720 280 200 | 173
Breaking force/kN 712 161 1630 | 1624 1592 1542 1513 1512 1M3 | 1388 104 1381 M3 1470 | 1318
Load capacity of the anti-punching device !N | 1201 1200 | L1 1226 | 148 1290 | 107 | 1323 | 134 | 1307 | 138 | 131 1377 132 | 1278
Yield forcekN 29 2 2 28 2 131 130 129 130 | 28 132 128 126 1249 | 1240

Energy absorption/k] 462 460 | 47 | w8 | 44 382 383 %60 R0 | 2»S RO | 39 26 | 20| 187
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Algorithm

Decision tree

Discriminant analysis

SVM

KNN

Classifier ensemble

Model

Complex tree
Medium tree
Simple tree

Linear discriminant
Quadratic discriminant

Linear SVM

Quadratic SVM

Gubic SVM

Medium Gaussian SVM
Coarse Gaussian SVM

Fine KNN
Medium KNN
Coarse KNN
Cosine KNN
Cubic KNN
Weighted KNN

Boosted trees
Bagged trees
Subspace discriminant
RUSBoosted trees

Accuracy, %

86.5
86.5
86.5

946
Failed
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Factor

Assignment
Structure of rock
mass

Geological
structure
Hydrologic
patterns
Repeated mining
Mining situation in
adjacent areas

1
Complete block
structure

No faults and folds

There is no water
around the wall rock
No impact

No other mine goaf
grounds within the
affected area

2
Laminated structure

The fault depth is less than the
thickness of the loose layer

Water around the wall rock, less
affected

Less impact

The area of mine goaf ground is small,
the quantity s not much, and the mine
goaf ground is concentrated

3
Crushing structure

Fault partial cutting

Leaching occurs in rainy season and
surrounding rock is affected by water
Greater impact

Large area, large quantity, and
scattered distribution of mine goaf
ground within the scope of influence

v

4
Loose smut of wheat structure

Fault runs through wall rock

Long-term leaching, wall rock affected
greatly

Great impact

The mine goaf ground within the scope of
influence is large, a large number, more
concentrated, as the mine goaf ground
group
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Level

Hierarchical features

The caving zone and fault zone in mine goaf ground are dense and have litle influence on engineering construction
The caving zone and fault zone of mine goaf ground are basically dense, which have littie influence on engineering
construction, and the residual deformation is small

The caving of mine goa ground is insufficient and discontinuous deformation may occur, which has great influence on
engineering construction

The collapse of mine goaf ground is not sufficient, which is prone to discontinuous deformation and has great influence on
engineering construction
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Partition name Distribution location Area (Square

Prevention and control measures

kilometres)
Key prevention and control | Main urban area and coastal area of Guangrao 201.847
areas County
Secondary key prevention | Huagua Town, Xiliugiao Village, Daozhuang 189.619
and control area ‘Town, Lique Town, Dawang town,etc
General prevention and Chenguan Village, Xiying Village, etc. 760.268

control area

Limit the exploitation of shallow and medium deep
groundwater, adjust the structure of water use, and strengthen
‘monitoring

It mainly restricts the exploitation of deep groundwater, reduces
the exploitation of shallow groundwater, adjusts the structure of

water use, and strengthens monitoring

Adjust water use structure and strengthen monitoring
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Monitoring Source of 2017~2018 2018~2019 2019~2020 2020~
point value
Settlement Error Settlement Error Settlement Error Settlement
(mm) (%) (mm) (%) (mm) (%) (mm)
20 Measured -43 407 -15 9.00 44 1214 -35 986
value
Analog value ~41.25 -16.35 -38.64 3155
55 Measured -4 919 -18 244 -38 566 -28 1107
value
Analog value -37.23 1756 ~40.15 -249
63 Measured -22 791 -9 1178 -2 504 -17 1035
value
Analog value -2374 -10.06 -21.84 -1524
68 Measured -53 1066 -38 9.16 =55 687 46 972
value
Analog value -4735 -34.52 -51.22 4153
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Engineering Buried depth of Modulus of Poisson’s Density Porosity Compressibility

geological layer bottom plate (m)  elasticity (MPa) ratio (1) (kg/m?) (1) coefficient (MPa™")

Aquitard | 45~50 3749 0.37~0.42 1977~1983 | 0.657~0.790 0.18~0.32
Aquifer | 105~110 | 4301 032035 1989~1997 | 0.659~0.758 -

Aquitard Il 173~176 | 55.66 o304 20m209 | 0547069 0.11~0.17
Aquifer 11 245250 | 3634 ooz wse | 0se072 -
Aquitard 11l 321~325 | 4623 0.25~0.35 2065~2073 | 0.561~0.672 0.09~0.15
Aquifer 11l 407~411 | 68.31  ozeon 2067~2077 | 0.587~0.701 —

Aquitard IV 597600 49.68 023029 2070~2020 | 0355~0365 0.025~0027
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Funnel position

Main urban area of Guangrao County, Shicun
Town, Huayuan Village

Huaguan Town

Daozhuang Town, Xiliugiao Village, Damatou

Town

Lique Town

Dawang Town

Coastal area of Guangrao County

11675

105.42

2835

47.04

6299

Influence factor

‘The middle and west sides of the urban area are mainly affected by the exploitation
of deep groundwater; The east side is jointly affected by shallow and deep
groundwater

There are many factories with large water consumption, so the land subsidence is
‘mainly affected by the exploitation of deep groundwater

It is mainly affected by shallow groundwater exploitation, followed by deep
groundwater

This area is a water source exploitation area and there are industrial parks, which
are mainly affected by the exploitation of deep groundwater, followed by shallow
groundwater

“This is a fully diluted groundwater area, which is jointly affected by shallow,
medium and deep layers

A large number of salt fields are distributed here, which are mainly affected by the
exploitation of shallow groundwater; At the same time, the industrial and
agricultural exploitation of medium and deep groundwater also affects the
settlement of this area
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No

ol o

i B e

Earthquake name

El Centro earthquake
El Centro earthquake
El Centro earthquake

El Centro earthquake
Kobe earthquake
Kobe earthquake
Kobe earthquake
Kobe earthquake

Wenchuan earthquake
Wenchuan earthquake
Wenchuan earthquake
Wenchuan earthquake

Direction

Along x-axis
Along x-axis
Along x-axis

Along x-axis
Along x-axis
Along x-axis
Along x-axis
Along x-axis

Along x-axis
Along x-axis
Along x-axis
Along x-axis

Peak acceleration (g)

0.05
0.1
0.2

0.3
0.05
0.1
0.2
0.3

0.05
0.1
0.2
0.3
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Name River sand Sawdust Water Laundry liquid

Ratio (%) 43 496 44 5
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Class-V surrounding
rock

Original
Testing

Elastic modulus
(MPa)

1,800
60

Poisson’s ratio

0.35

0.35

Unit weight
(KN/ms)

21
7

Cohesion (kPa)

200

1.03

Angle of
internal friction

0

25°
25
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ltem
factor

Depth (m)

Span (m)

Section shape

Lining stiffness
(N/m)

Seismic spectrum

Seismic
amplitude (g)

Value

15
20
2
4
8
12
Gircular
Rectangular
1E+10
SE+10
1E+11
El Centro
Kobe
Wenchuan
o1
02
03

Before
earthquake

08
12
15
2
29
33
29
41
29
2
12
29
29
29
29
29
29

Atter
earthquake

1
21
33
21
58
9.1
58
838
58
53
5.1
58
53
5.1
36
4.3
58

Sensitivity here i& defined as the ratio of height rale to value rate.

Increment

0.2
09
18
0.1
29
5.8
29
47
29
33
39
29
2.4
22
07
14
29

Increment
rate

0.25
0.75
1.20
0.06
1.00
1.76
1.00
115
1.00
1.65
325
1.00
0.83
0.76
0.24
0.48
1.00

Value
rate

0.33
0.25

1.00
0.50

4.00
1.00

1.00
0.50

Height
rate
before
earthquake

0.50
025
033
045
014
-0.12
041
-0.29
-0.31
-0.40
142
0.00
0.00
0.00
0.00
0.00

Height
rate
after

earthquake

1.10
0.57
-0.36
176
057
-0.36
0.52
-0.34
-0.09
-0.04
0.14
-0.09
-0.04
-0.29
0.19
0.35

Sensitivity
before

Sensitivity

after

earthquake earthquake

1.50
1.00
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0.28

-0.08
-0.40

0.00
0.00

3.30
229

1.76
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Boundary conditions of line source pumping
N = Nt = V(tp, (kg/m-5). ®
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Frequency Signals No. Frequency Signals

intervals/Hz intervals/Hz

YBJ1/ YBJ2/ YBF3/ YBF4% YBJ1/ YBJ2/ YBF3/ YBF4%

% % % % % %
1 0-244 0.10 010 0.08 0.06 16 3662~39.06 305 0.51 220 325
2 244~4.88 025 037 005 013 17 3906~4150 0.62 131 122 247
3 488~7.32 054 194 017 034 18 4150-4395 426 8.05 215 697
4 7.32~9.77 365 117 023 0.57 19 43.95~46.39 1.00 3.9 491 6.13
5 9.77~12.21 530 644 080 119 20 4639~48.83 3.02 386 349 101
6 1221~14.65 506 561 117 139 21 4883~5127 148 0.80 302 118
7 14.65~17.09 446 738 055 034 2 5127~5371 078 027 412 292
8 17.09~19.53 458 538 063 021 23 53715615 0.84 041 478 182
9 19.53~21.97 558 354 055 030 24 5615~58.59 157 145 533 355
10 2197-2441 1541 1439 238 139 25 58596104 0.56 032 138 184
11 24412686 412 242 277 175 26 61.04~6348 046 0.40 123 175
12 2686~29.30 746 875 622 477 27 6348~6592 031 0.20 083 023
13 2930-3174 7.28 1188 1301 1891 28 65926836 088 018 041 023
14 3174~3418 472 517 758 12.78 29 6836~7080 019 0.19 110 019

15 3418~36.62 744 130 13.76 15.84 30 70.80~f/2 5.05 3.03 1385 649
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Wavelet functions Maximum reconstruction error Average reconstruction error ‘Wavelet center frequency

of signal
Db3 14402 x 107 14648 x 107 08000
Db4 27187 x 107° 26920 x 107 07143
Db5 51315 x 107° 48111 x 107 06667
Db6 31388 x 107° 31474 x 107 07273
Db7 27365 x 107° 25907 x 107 06923
Dbs 7.9667 x 107 74318 x 107 06667
Db 19853 x 107 24248 x 107 07059
Db10 40458 x 107° 45968 x 107 06842
Biorl.3 19516 x 107 10869 x 107 08006
biorl.5 21684 x 107° 1.0865 x 107 0.7781
Bior2.2 17347 x 107 13705 x 107 1.0008
Bior2.4 13010 x 107 65516 x 10 08893
Bior2.6 21684 x 107 68718 x 107 09234
Bior2.8 17347 x 107 10104 x 107 08826
bior3.1 23852 x 107 19167 x 107 10013
bior3.3 21684 x 107 10913 x 107 1.0006
bior3.5 17347 x 107 11262 x 107 1.0004
Bior3.7 1.7347 x 107 1.2854 x 107 0.9336
Bior3.9 17347 x 107 12947 x 107 09476

Blas2.4 1.0842 x 107* 46991 x 107 0.8464
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Samples Actual grade Unascertained measure theory (A; = 0.55)

Linear Parabolic Exponential Sine
1 1 1 2 2 2
2 2 2 2 2
3 1 1 1 1 i
4 1 1 1 2 1
5 4 4 4 3 4
6 3 3 3 3 3

Accuracy 100% 83.33% 50% 83.33%
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Samples Membership function type

Linear Parabolic Exponential Sine
1 1.69 1.69 176 1.69
2 226 220 219 229
3 155 151 151 153
4 162 161 1.70 166
5 307 3.00 295 303
6 283 274 276 283
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Grade

Rc/Mpa

80-120
60-80
40-60
20-40
0-20

D/%

80-100
60-80
40-60
20-40
0-20

‘GW/10 L/(min-m)

0-5
5-10
10-25
25-125
125-250

0-18

18-36
36-54
54-72
72-90

0-02
0.2-04
0.4-0.6
0.6-0.8
0.8-1
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Sample Comprehensive unascertained measure Grade
Ly L, Ly Ly Actual Predictive
1 05538 02197 0.2060 00206 1 1 (Linear)
05353 02543 01984 00120 1 2 (parabolic)
05164 02026 02810 2785 x 102 1 2 (exponential)
05478 02328 0.1985 00209 1 2 (sine)
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Distance from the calculation point to mining hole opening (m) 50 85 120 155 190 225 260 295 330

Numerical results (m) 0.00 0.08 0.04 0.22 0.30 035 0.65 1.68 2,62
Numerical simulation results (m) 0.00 0.00 0.00 0.00 0.00 0.35 0.50 1.40 2.50
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Distance from the calculation point to mining hole opening (m) 50 85 120 155 190 225 260 205 330

Numerical results (m) 0.00 0.00 0.00 0.19 0.19 072 1.26 1.80 2.84
Numerical simulation results (m) 0.00 0.00 0.00 0.00 0.00 0.60 1.20 220 2.80
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Distance from the calculation point to mining hole opening (m) 50 85 120 155 190 225 260 295 330

Numerical results (m) 0.00 0.00 0.01 0.37 037 0.89 1.45 212 2.92
Numerical simulation results (m) 0.00 0.00 00.00 0.00 0.00 0.60 1.40 1.90 3.20
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Distance from the calculation point to mining hole opening (m) 30 55 80 105 130 155 180 205 230

Numerical results (m) 0.40 0.72 113 1.20 1.32 151 1.67 1.81 1.92
Numerical simulation results (m) 0.30 0.67 1.04 1.13 1.40 1.62 1.78 1.90 2.06
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Distance from the calculation point to mining hole opening (m) 30 55 80 105 130 155 180 205 230

Numerical results (m) 0.62 0.97 1.69 1.64 178 1.89 2.01 212 21
Numerical simulation results (m) 0.50 0.89 1.43 1.57 174 1.93 2.05 2.14 2.35
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angle ()
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Strata Buried Average Density Elastic Poisson’s Cohesion Internal Tensile

depth thickness (kgm™) modulus ratio (MPa) friction strength
(m) (m) (GPa) angle (MPa)
0

Abandoned 0 34 1,760 0015 0.42 004 2 0.006
loess
Loess 34 15 1,960 0015 0.42 0085 28 0013
Clay 49 14 1,980 0011 0.36 0.131 20 0.18
Weathered 63 14 2300 20 036 25 38 075
sandstone
Sandstone 77 30 2,380 42 032 30 39 09
Mudstone 107 24 2490 28 034 20 38 06
Sitstone 131 12 2320 46 032 35 36 1.0
Sandstone 143 12 2,380 40 03 40 40 1.2
Coal 4* 155 8 1,440 1.0 0.38 162 36 07
Shale 163 15 2450 24 033 30 42 09
Siltstone 178 15 2,600 48 0.32 50 38 1.2
Shale 193 10 2,580 35 035 50 38 1.0
Coal 9" 203 13 1,330 12 0.36 162 36 07
Sandstone 216 12 2,380 29 0.28 50 4 1.2
Coal 11* 228 3 1,400 13 035 162 36 07

Bedrock 231 160 2,380 29 0.28 50 41 12
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Experiment number

bo i o L S

1319
1321
1.363
1.482
1.280
1.301
1.359
1.468

0.456
0547
0.568
0582
0.437
0445
0.557
0583

ka

0.535
0.535
0.545
0.568
0.497
0.517
0.529
0.550

Experiment number

9

10
1
12
13
14
15
16

1.176
1.243
1.295
1.341
1.172
1179
1211
1.316

0.426
0.485
0.495
0.562
0.635
0.456
0.309
0.223

ka

0.483
0.477
0.492
0.515
0.475
0.471
0.515
0.502
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Lithology Density (kg/m®) Tensile strength Cohesion (Mpa) Internal friction Bulk modulus Shear modulus

(MPa) angle () (GPa) (GPa)
Mudstone (overburden) 2,500 15 200 30 1.19 1.26
Coal 1,500 03 1.50 25 009 008
Sand mudstone (floor) 2,700 17 230 32 290 227

Backfill 1,250 0.1 0.12 40 095 0.20
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Experiment number G/m D/m H/m

1 25 3.0 155
2 25 36 190
3 25 4.0 225
4 25 4.6 260
5 3.0 3.0 190
6 3.0 36 155
7 3.0 4.0 260
8 3.0 46 225
] 35 3.0 225
10 35 36 260
il 35 4.0 155
12 35 46 190
13 4.0 3.0 260
14 4.0 36 225
15 40 40 190

16 40 46 155
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Experiment number G/m D/m c H/m

1 25 3.0 0.65 165
2 25 36 0.80 190
3 25 4.0 0.95 225
4 25 46 1.00 260
5 3.0 3.0 0.80 225
6 3.0 36 0.65 260
7 3.0 4.0 1.00 165
8 3.0 4.6 0.95 190
9 35 3.0 0.95 260
10 35 36 1.00 225
il 35 4.0 0.65 190
12 35 46 0.8 155
13 4.0 30 1.00 190
14 4.0 36 0.95 155
15 4.0 4.0 0.80 225

16 4.0 4.6 0.65 260
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G/m D/m H/m

Level 1 25 3.0 155
Level 2 3.0 36 190
Level 3 35 4.0 225

Level 4 4.0 4.6 260
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Level 1
Level 2
Level 3
Level 4

G/m

25
3.0
35
4.0

D/m

3.0
36
40
46

0.65
0.80
0.95
1.00

H/m

155
190
225
260
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Simulated condition

Different excavation disturbance

Different depths

Different depth unloading

Different excavation rates

Test type

Quasi-static strain rate triaxial loading test

Constant confining pressure loading test

Unloading test under different initial confining pressure

Unloading test with different unloading rate

Test condition

£=105s7
03=50 MPa =10
=109
0= 25MPa
= 105! 0= 50 MPa
0= 80MPa
0= 25MPa
Ags = 0.01 MPa/s 0= 50 MPa
0= 80MPa
A = 001 MPa/s
3= 50 MPa Ao = 0.1 MPa/s
Ao = 1 MPals

Sample quantity

3x3

3x3

3x3

3x3
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Test type Physical quantity Average value Standard deviation Variation coefficient/%

Loading test p 2805 0012 0418
Plpmax 0994 0.004 0413

A 3,890.733 155.132 3.987

VilVi max 0875 0.03087 3.980

Unloading test p 2808 0017 059
Plpmax 0982 0.006 0601

Vo 3,772.333 180.252 4778

VoV max 0913 0.044 4.792
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Prediction variable Full name Acquisition method

SSR Strength-stress ratio SSR = oem/yH
H Tunnel burial depth Determined by geological survey
Bal Rock mass quality index (BQ) =63.029n(Q) +327.5
Do Tunnel equivalent diameter Do = VaATm

K Support stifiness K=K+ Ky +Ky

A, tunnel cross-section area; Ke, shotcrete lining stiffness; K steel arch stiffness; K, anchor stifiness; azm, uniaxial compressive strength of rock mass; y, rock specific gravity; Q, rock
quality index.
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Statistical index

Minimum
Maximum
Mean

sD
Skewness
Kurtosis

SSR

0.01
1.55
0.3204
0.27551
1.704
3.720

H/m

45.10
1,110.00
361.3856
214.77502
0.882
0.445

Ba]

70.00
441.00
216.0791
72.58499
0.675
1.165

Do/m

4.00
14.00
9.7495
2.92968
-0.371
-0.946

K/MPa

2.98
1979.56
1,110.3576
482.01800
-0522
-0.045
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Vertical load (10° kN)

Maximum settlement (mm)

Lower pylon column 69 305
Middle tower column 170 1155
Upper pylon 187 1311
Girder structure 45 188.6
2257

Accessory structure 281
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Structure Time (month) Load (KN)

1 Lower pylon column 7 691,385
2 Middle tower column 8 1,696,699
3 Upper pylon 10 1,870,007
4 Girder structure. | 8 2452937
5 Accessory structure 3 2,801,186
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Top elevation (m)  Density (kN/m?) Cohesion (kPa) Friction angle () E%f, (MPa) E%f (MPa) Ee

oed

(MPa)
‘ Dense sand -65 19.8 52 | 369 34.11 3411 170.55
‘ Silty clay <722 20.1 27.08 183 17.09 17.09 8545
 Dense fine sand [ 841 | 19.1 52 | 369 230 s s
1’ Silty clay [ -87.6 | 203 27.08 [ 183 17.09 17.09 | 85.45
‘ Dense fine sand 913 205 52 369 34.50 345 1725
’ Dense mealy sand 967 | 27 47 383 | s 12386 2143

‘ Medium sand -1085 210 42 387 41.84 4184 2092
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Name of the soil layer Depth (m;
Dense sand 7.30 1263 2576
Silty clay 119 7.08 17.83
Dense fine sand 350 1383 3250
Silty clay 370 7.08 17.83
Dense sand 540 14.14 3450
Dense mealy sand 18 1084 4286
Medium sand 120 1213 4426
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Stratum Top Bottom Weight/ Stratum Top Bottom Weight/

altitude/m altitude/m (kN/m?) altitude/m altitude/m (kN/m?)

Silty clay 181 -227 194 Silty clay -563 649 190

Loose silt -227 -282 206 Dense fine sand -649 -722 198

Hard plastic silty -282 -313 200 Silty clay -722 -84.1 201
clay

Slightly dense silt -313 -332 206 Dense fine sand -84.1 -876 19.1

Soft plastic silty -332 -39.7 190 Silty clay -876 -913 203
clay

Medium dense silt -397 -48.2 206 Dense fine sand -913 -967 205

Dense fine sand 482 -53.9 198 Dense mealy -967 -1085 217

sand

Dense medium -53.9 -56.3 200 Medium sand -1085 -1285 210

sand
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Plane size

1936 America Anchorage caisson foundation of the San Francisco-Oakland Bridge 435x28 73.28
1938 Canada North tower anchorage caisson of the Lion Gate bridge 36.57 x 2068 127
1938 America Anchorage caissons in the new Greenville Bridge | 36 % 24 | 58 (62)
1995 China North anchorage caisson of the Jiangyin Bridge 69 x 51 | 58
1998 Japan No.1 anchorage caisson of the Akashi Kaikyo Bridge 2 80 65
2003 China Main pier caisson of the Hankou Century Bridge 298 x 186 406
2007 China Middle tower caisson of the Taizhou Yangtze River Bridge 584 x 444 76
2007 China North anchorage caisson of the Taizhou Yangtze River Bridge 679 x 52 57
2007 China South anchorage caisson of the Taizhou Yangtze River Bridge 679 x 52 | 41
2008 China North anchorage caisson of the fourth Nanjing Yangtze River Bridge 69 % 58 528
2010 China North anchorage caisson of the Maanshan Yangtze River Bridge 602 % 554 51
01| Chim | Norh anchorage caisson of the Yingwuzhou Yangtze River Bridge 664 | 43
2014 China Main pier caisson of the Hutong Yangtze River Bridge 869 x 587 115
2019 China Middle tower caisson of the Oujiang Beikou Bridge 66 % 56 50

2020 China Main pier caisson of the Changtai Yangtze River Bridge 95 x 578 470
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Method

Noisy data
Band-pass fitering
Hard thresholding
Soft thresholding
CDF thresholding

RMS

0.1076
0.0593
0.0473
0.0578
0.0326

SNR

2.9072
47277
8.7472
162117
79.1576

cc

0.6277
0.8336
0.8962
0.9331
0.9731

Time (s)

0.03
0.56
0.65
1.58
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Dimension Index min max u 8 cv s

Principal responsibity Risk management 5 5 5.00 0.00 0.00 100.0%
Safety education and training 4 5 493 026 005 93.8%
Leadership lead work groups system 4 5 420 041 0.10 100.0%
Safety investment 5 5 5.00 0.00 0.00 93.8%
Legal mining 4 5 487 035 007 100.0%
Terrtorial supervision 4 5 420 041 0.10 93.8%
Supenision of superior company 4 5 420 041 0.10 93.8%
Responsibilty system for safety in production 4 5 480 041 0.09 100.0%
Site management Timber setting 4 5 487 035 007 93.8%
Armanging construction 4 5 4.20 041 010 100.0%
Knock ring and roof testing 4 5 487 035 007 93.8%
Organizing workers 4 5 487 035 007 100.0%
Emergency disposal 4 5 487 035 007 87.5%
Individual factors Break regulations to direct 4 5 487 035 007 87.5%
Break regulations to work 4 5 487 035 007 100.0%
Risk Identification abilty 4 5 487 035 007 100.0%
Self-mutual protection awareness 4 5 487 035 007 100.0%
Working skill 4 5 420 041 0.10 100.0%
Technology management Operation reguiation 4 5 493 026 005 100.0%
Technical measures 4 5 493 023 005 100.0%
Roadway layout 4 5 420 041 010 100.0%
Safety monitoring system 4 5 4.20 0.41 0.10 87.5%
Environmental change Geologic structure 5 5 5.00 0.00 0.00 100.0%
Stress concentration 5 5 500 000 000 100.0%
Roof pressurized 5 5 5.00 0.00 0.00 100.0%
Surrounding rock deformation 5 5 5.00 0.00 0.00 100.0%

R stands for rationality.
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Dimension Dimension weight Indicators Local weight Global weight

Principal responsibiity 05619 Risk management 0284 0176
Safety education and training 0038 0.023
Leadership shift system 0009 0.006
Safety investment 0277 0.172
Legal mining 0.286 0177
Territorial supervision 0003 0.002
Supervision of superior company 0003 0.002
Responsiilty system for safety in production 0099 0.061
Site management 0.047 Timber setting 0279 0.013
Arranging construction 0238 0011
Knock on top 0185 0.009
Work orgarization 0194 0.009
Emergency disposal 0103 0.005
Individual factors 0094 Violate commanding 0171 0016
Work performed against regulation 0.156 0015

Risk Identification ability 0.238 0.022
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Dimension

Principal responsibity
Site management
individual factors
Technology management
Environmental change

3.291
3.435
3.271
3.109
3.229

3.178
4.073
3.892
2.288
2.904

R+C

6.469
7.508
7.163
5397
6.133

R-C

0.113
-0.638
-0.621

0.821

0.325
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Category Research/professional experience Proportion/%

<10 years >10 years
Coal mine safety scholars 2 4 50
Coal mine safety management practitioners 1 3 333

Safety assessment organization practitioners 1 1 16.7
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No.

o B ks e

Soil layer
Fil
Muddy sitty clay
Clay
Sty clay 1
Sity ciay 2

Strongly weathered muddy sandstone
Moderately weathered muddy sandstone

Initial young
modulus (MPa)

20
12
22
32
56
150
200

Density (kN/m®)

1,770
1,650
1,810
1,860
1,920
1,980
2,250

Cohesion (kPa)

1
21
28
36
80
150

Friction angle
(<

15
4
12
15
16
34
42

0.26
0.28
0.27
0.26
0.25
0.23
0.22
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Soil Property

Plain fill

Mucky sitty clay

Silty clay

Clay

Loading Classification/kPa

Load point1:25
Load point2:50

Load point3:100
Load point:200
Load point1:25

Load point2:50

Load point3:100
Load point4:200
Load point5:400
Load point1:25

Load point2:50

Load point3:100
Load pointd:200
Load point5:400
Load point1:100
Load point2:200
Load point3:400
Load point4:600
Load point5:800;

Unloading/Reloading Classification/kPa

1. 26-12.5-0-12.5-26

2. 50-25-0-25-50

3. 100-50-25-0-25-50-100

4. 200-150-100-50-0-50-100-150-200
5. 400-300-150-50-0-50-150-300-400

6. 600-400-200-100-0-100-200-400-600
7. 800-600-400-200-0-200-400-600-800
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Compression fitting parameter

Rebounding fitting
parameter

Fitting
parameter

Fitting parameter Soil
Plain fill Mucky silty clay Silty clay Clay
a 7.45E-01 7.23E-01 7.07E-01 8.23E-01
b 1.67E+02 2.56E+02 591E+01 1.03E+02
c -1.43E-01 -2.05E-01 -1.34E-01 -8.45E-02
Soil
Plain fill Mucky silty clay Silty clay Clay
A 7.36E01 A 821E01 A 7.16E-01 A 6.98EO1
Al +p/ B 227Es02 Al+p/ B 109E+02 A(l+p/ B 112E:02 A(l+p/ B 820E+01
BC BC Bc BC
C  -1.40E-01 C -847E02 C  -947E-02 C  -968E
02
A 500E+02 A 1A7E+02 A 200E+02 A 1.89E+01
Al +p/ B 457Es01  All+p/ B 33802 A(l+p/ B 223E:01 A(l+p/ B 465E01
BIC B BC Bc
C -164E+00 C  -3.90E-01 C -1.25E400 C  -387E
o1
A -141E02 A 1.00E+02 A 223603 A -560E-
03
AexplBlp) B -BSGE+00 Al +p/ B -1.00E+02 A(l+p/ B 589« 01 A+pB+ B  -836E
BC BC p/C2 06
C 144E+00 C  887E0! C 2256400
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Indicators cases

C1

c2

C3

Actual grade

P1(m)
P2(m)

P3

P4(d)
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32
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15
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Indicator Risk predictive grades for large deformation
Ly L, Ly Ly
c1 P <5 10 (0.5) 15 (0.75) >20 (1)
P2 <4 (025) 8(0.5) 12 (0.75) >16 (1)
3 Reasonable (0.25) Basically reasonable (0.5) Unreasonable (0.75) Extremely unreasonable (1)
P4 <15 (0.17) 30 (0.33) 60 (0.67) >90 (1)
5 Reasonable (0.25) Basically reasonable (0.5 Unreasonable (0.75) Extremely unreasonable (1)
P6 >4 (1) 3(075) 2(05) <1(025)
c2 P7 <50 (0.25) 100 (0.5) 150 (0.75) >200 (1)
P8 Dry (0.25) Wet (0.5) Dripping (0.75) Gushing (1)
P9 <2 (04) 3(06) 4(0.8) >5 (1)
P10 Weak weathering (0.25) Medium weathering (0.5) Strong weathering (0.75) Complete weathering (1)
Cc3 PiL >40 (1) 225 (0.563) 10 (0.25) >2.5 (0.063)
P12 >2000 (1) 1750 (0.875) 1250 (0.625) <1,000 (0.5)
P13 <2(0.33) 3(05) 5(0.83) >6 (1)
P14 >075 (1) 0375 (0.5) 02 (027) <0.15 (02)
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042
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044
049
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061
035
028

GW/10 L/(min-m)

18
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18
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