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Rock-engineering structures, particularly subway excavation rock-engineering structures, are subjected to the long-term effects of external loading that may gradually damage and cause creep and severe plastic deformations or even progressive failure. The traditional Nishihara creep model cannot accurately describe the accelerated creep stage of rock with particularly obvious nonlinear characteristics. Based on this model, a damage variable that can consider the plastic strain accumulation is introduced in this study to replace the viscoplastic body in the traditional model with a damaged viscoplastic body and establish an improved Nishihara creep model. Using the superposition principle, the creep equations of the improved model in the one- and three-dimensional stress states are derived. The accuracy and rationality of the improved model are verified using uniaxial and conventional triaxial creep tests of mudstone and sandstone under different confining pressures. The improved model can not only accurately reflect the nonlinear characteristics of the creep curve in the decay and constant velocity stages but also describe the accelerated creep characteristics of mudstone and sandstone in a high-stress state. Its applicability and accuracy are superior to those of the traditional model. This study can provide a theoretical reference for subway tunnel excavation and stability analysis of deep roadway surrounding rocks.
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1 INTRODUCTION
In the excavation process of underground engineering structures, such as tunnels and subways, the original stress and energy balance states of the surrounding rock are disturbed, and they undergo creep deformation. Creep deformation gradually accumulates over time, and it affects the stability of the surrounding rock and threatens the safety of construction personnel (Zhang and Wang, 2019). Therefore, the study of the creep characteristics of rock is of great significance for analyzing the surrounding rock deformation and selecting the support time and method.
Rock creep has always been a contentious and challenging topic in rock mechanics. Because the parameters of classical element creep models such as Burgers, Bingham, and Kelvin are constant, regardless of the complexity of the combination form of element models, they cannot accurately describe the nonlinear creep characteristics of rocks, specifically the nonlinear accelerated creep when the stress level exceeds the long-term strength of the rock (NazaryMoghadam et al., 2013; Liu H. Z. et al., 2017). In recent years, scholars at home and abroad have conducted numerous creep tests and theoretical studies on different rock types under stress path conditions. Zhang et al. (2021) conducted an indoor creep model test on a deep-buried soft rock roadway and used field measurements and a discrete element simulation method to analyze the influence of surrounding rock creep deformation on the stress deformation of the lining. Zhao et al. (2019) established a simple and practical mathematical model for rheological fracture of rock cracks under the combined effect of hydraulic pressure and far-field stresses. Chao et al. (2021) conducted conventional triaxial compression creep tests on salt rocks under high temperature and pressure, studied the influence of temperature and pressure on constant velocity creep rates, and established a fractional-order creep model. The results showed that this model can accurately describe the creep behavior of salt rocks and fully reflect the rheological properties of salt rocks under high-temperature and -pressure conditions. Wang et al. (2020) studied the creep characteristics of mudstone under disturbance loads, and the results showed that the instantaneous deformation, decay creep time, and constant velocity creep rate of mudstone have an exponential function growth relationship with stress level, and they linearly increase with the increase in disturbance amplitude and frequency. Wu et al. (2021) conducted true triaxial loading tests under high-stress conditions on a deep-mine horizontal roadway in inclined strata and studied the failure patterns of surrounding rock in the roadway over time. Mingyuan et al. (2020) proposed a new model to describe accelerated creep based on the Nishihara model, deduced the creep constitutive relationship of the model, and verified the rationality and accuracy of the model using the total creep test curves of sandy mudstone and sandstone. Cao et al. (2016) established a new nonlinear damage creep constitutive model for high-stress soft rocks based on nonlinear damage creep characteristics and damage variables of rocks combined with the improved Burgers, Hooke, and St. Venant models. Their model could accurately describe the deformation process of a typical soft rock in the Jinchuan No. 2 mine under different initial creep, steady creep, and accelerated creep stages. Zhang and Wang (2021) studied the nonlinear creep characteristics of rocks subjected to cyclic loads and proposed a damage viscoelastic creep model. The loading and unloading creep curves of lherzolite and limestone described by the model were consistent with the experimental curves, verifying the rationality and feasibility of the model. Zhao et al. (2017a) and Zhao et al. (2017b) conducted multi-level triaxial cyclic loading unloading creep tests on intact and cracked limestone and lherzolite, studied the creep characteristics of two types of rocks, and established corresponding creep models.
Rock creep leads to instantaneous elastic deformation, time-dependent viscoelastic deformation, and viscoplastic deformation. Because the elastic deformation is reversible, the instantaneous elastic deformation recovers instantly during the unloading process, and the viscoelastic deformation can also recover after a period. However, the viscoplastic deformation cannot be recovered, and it gradually increases with time and accumulates in the rock. When plastic deformation accumulates to a certain extent, it causes creep failure in the rock. Therefore, rock creep failure is caused by the accumulation of viscoplastic strain during creep. In this study, a new creep damage variable is established to describe the viscoplastic strain accumulation process during the loading process. The damage variable was introduced into the classical Nishihara creep model to establish an improved Nishihara creep model. The creep equation of this model was derived under one- and three-dimensional stress states. Finally, uniaxial and conventional triaxial compression creep tests were conducted to verify the accuracy and applicability of the improved Nishihara creep model.
2 IMPROVED NISHIHARA CREEP MODEL
2.1 Classical Nishihara model
The classical Nishihara model comprises a Hooke body, Kelvin body, and viscoplastic body connected in series. It can simultaneously describe the instantaneous elastic, viscoelastic, and viscoplastic deformations. When the applied stress is less than the long-term strength of the rock, the Nishihara creep model degenerates into a generalized Kelvin creep model, which can better describe the steady creep of the rock under a low-stress state. When the applied stress exceeds the long-term strength of the rock, it can describe the unsteady creep of the rock (Qi et al., 2012). Therefore, the Nishihara model is widely used in theoretical research and practical engineering applications, and a schematic of its mechanical model is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Nishihara creep model.
Under a one-dimensional stress state, the constitutive equation of the Nishihara creep model is as follows:
[image: image]
where σ and ε are the stress and strain, respectively; are the elastic, viscoelastic, and viscoplastic strains, respectively; E0 is the elastic modulus of the Hooke body; are the elastic modulus and viscosity coefficient of the Kelvin body, respectively; [image: image] is the viscosity coefficient of the viscoplastic body; and [image: image] is the long-term strength of the rock.
According to the superposition principle, the creep equation of Nishihara’s model can be obtained as follows:
[image: image]
The Nishihara model can evaluate the unsteady creep process of rocks under a high-stress state. When the rocks undergo creep failure, they experience the decay creep, constant velocity creep, and accelerated creep stages and exhibit nonlinear characteristics. However, the classical Nishihara creep model cannot describe the accelerated creep process of rocks because its model parameters are linear. The model is limited to describing the creep failure process of rocks.
2.2 Improved Nishihara creep model
2.2.1 Damage variable
Under the long-term effect of an external load, a rock produces irrecoverable internal plastic strain. With an increase in the duration of the load, the internal microcracks in the rock develop rapidly and penetrate further, forming macrocracks. As plastic strain gradually develops and accumulates in the rock, the degree of damage to the rock becomes increasingly severe, thereby decreasing its ability to resist load until the final creep failure. The damage process of the rock owing to the accumulation of plastic strain can be represented by the following damage variables (Wen et al., 2016; Zhao et al., 2021):
[image: image]
where D is the damage variable, which is zero when loading and one when creep occurs, [image: image] is time, and [image: image] is the steady-state creep strain rate, which can be calculated using the Norton power law (Norton, 1929) as
[image: image]
where A is a material constant and n denotes the creep exponent. The values of the two parameters can be obtained from uniaxial creep tests under different applied stresses. Here, [image: image] is the deviatoric stress, and it can be calculated as follows:
[image: image]
where [image: image] and [image: image] are the maximum and minimum principal stresses, respectively.
Here, [image: image] is the multi-axial creep strain, which was defined based on the uniaxial creep fracture strain according to the Cocks and Ashby model (Oh et al., 2011). The creep exponent n is used to determine the multi-axial creep strain as follows:
[image: image]
where [image: image] is the creep fracture strain; [image: image] is the mean stress; [image: image] represents the equivalent stress; and h is the stress triaxiality, which was defined by the ratio of [image: image] and [image: image]. The abovementioned parameters can be calculated according to the following formula:
[image: image]
where [image: image] is the intermediate principal stress.
We substitute Eqs 4–6 in Eq. 3 to obtain the damage variable expression as follows:
[image: image]
For conventional triaxial testing, substituting Eq. 7 in Eq. 8, we can obtain
[image: image]
By integrating Eq. 9, the following equation is obtained:
[image: image]
As can be seen from Eq. 10, the damage variable is related to not only the stress level, material parameters, and time but also the plastic strain, which can reflect the cumulative time effect of plastic strain. Therefore, it can be used to describe the damage process during rock creep.
2.2.2 One-dimensional creep equation
To describe the characteristics of the nonlinear accelerated creep of rocks under high stress, damage variables were introduced into the viscous body, which was connected in parallel with the plastic body to form a damaged viscoplastic body. Subsequently, the viscoplastic body in the Nishihara creep model was replaced with the damaged viscoplastic body, and an improved Nishihara creep model was established. A schematic of the mechanical model is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Improved Nishihara creep model.
As observed from Figure 2, the Hooke and Kelvin bodies can accurately describe the instantaneous elastic and viscoelastic strains during rock loading. For damaged viscous bodies, according to Lemaitre’s strain equivalence principle (Xu et al., 2006), the constitutive equation of damaged viscous bodies can be expressed as follows:
[image: image]
where [image: image] is the effective stress
By substituting Eq. 10 in Eq. 11, the constitutive equation for the damaged viscous body can be obtained as follows:
[image: image]
where m can be expressed as [image: image].
By integrating Eq. 12, the creep equation of the damaged viscous body can be obtained as follows:
[image: image]
where [image: image] is the integral constant.
When [image: image] and [image: image], the integral constant becomes zero.
[image: image]
Substituting Eq. 14 in Eq. 13 yields the following:
[image: image]
For a damaged viscoplastic body in a one-dimensional stress state, the creep equation can be obtained by replacing [image: image] with [image: image] in Eq. 15. Therefore,
[image: image]
According to the superposition principle, the creep equation of the improved Nishihara creep model can be expressed as follows:
(1) When [image: image],
[image: image]
(2) When [image: image],
[image: image]
In conclusion, an improved Nishihara creep model was established, and the creep equation under a one-dimensional stress state was derived. By comparing Eq. 18 with Eq. 2, it can be found that the improved Nishihara creep model adds only one model parameter compared with the classical Nishihara creep model, and the form of the creep equation is simple, which is conducive to practical engineering applications.
3 THREE-DIMENSIONAL CREEP EQUATION
In practical rock mass engineering, rock is often in a complex three-dimensional stress state, and the conventional triaxial graded loading method is generally used in laboratory creep tests. Therefore, to facilitate comparison and analysis with the test results, it is necessary to establish the creep constitutive relationship of the rock in a three-dimensional stress state.
When the rock is in a three-dimensional stress state, it is assumed that the total strain of the improved Nishihara creep model is [image: image], the strain of the Hooke body is [image: image], the strain of the Kelvin body is [image: image], and the strain of the damaged viscoplastic body is [image: image]. According to the superposition principle,
[image: image]
For the Hooke body, the stress tensor [image: image] at any point on the rock in a three-dimensional stress state can be divided into a spherical stress tensor [image: image] and deviatoric stress tensor [image: image]. Similarly, the strain tensor [image: image] at any internal point can also be divided into a spherical strain tensor [image: image] and deviatoric strain tensor [image: image] (Bao et al., 2015). Therefore,
[image: image]
where [image: image] is the Kronecker tensor.
According to generalized Hooke’s law,
[image: image]
where [image: image] is the bulk modulus and [image: image] is the shear modulus.
By substituting Eq. 21 in Eq. 20, the three-dimensional creep equation of the Hooke body can be obtained as follows:
[image: image]
The three-dimensional creep equation of the Kelvin body (Yan et al., 2010; Zhao et al., 2018) can be expressed as follows:
[image: image]
where [image: image] is the shear modulus of the Kelvin body.
The three-dimensional creep equation of the damaged viscoplastic body can be expressed as follows:
[image: image]
where [image: image] denotes the switch function, [image: image] is the rock yield function, and [image: image] is the initial value of the rock yield function, which is typically 1 for simplicity (Hu, 2018). Furthermore, [image: image] is generally an exponential or power function, and [image: image]. Here, k is a constant, generally 1 (Tang et al., 2022), and [image: image] is the plastic potential function. Moreover, for the convenience of calculation, the associated flow rule is used; therefore, [image: image] (Ren et al., 2022).
For a viscoplastic body, certain yield conditions must be met before it works; therefore, an appropriate yield function and yield criterion must be selected (Shi et al., 2022). Currently, the Tresca or von Mises yield criterion is mostly used as the criterion for the effectiveness of plastic elements. In the conventional triaxial compression creep test, [image: image]; therefore, the expressions of the Mises and Tresca yield functions are only different in terms of the constant coefficient terms. For the convenience of expression, the Tresca yield criterion was selected, and the yield function was defined (Wu et al., 2022).
[image: image]
Substituting Eq. 25 in Eq. 24 yields the following:
[image: image]
By substituting Eq. 26 in Eq. 24, the three-dimensional creep equation of the damaged viscoplastic body can be obtained as follows:
[image: image]
For conventional triaxial axial creep of rock,
[image: image]
By substituting Eq. 28 in Eqs 22, 23, the three-dimensional creep equations of the Hooke and Kelvin bodies can be obtained as follows:
[image: image]
Simultaneous Eqs 27, 29 were solved according to the superposition principle, and the axial creep equation of the improved Nishihara creep model of rock under the three-dimensional stress state was obtained as follows:
[image: image]
4 MODEL VALIDATION
In this study, the applicability of the improved Nishihara creep model was verified using conventional triaxial compression creep test data of mudstone. First, a TAW-2000 rock material testing machine (Figure 3) was used to conduct conventional uniaxial and triaxial compression tests on mudstone. The basic mechanical parameters of mudstone are listed in Table 1.
[image: Figure 3]FIGURE 3 | TAW-2000 rock material testing machine.
TABLE 1 | Mechanical parameters of mudstone.
[image: Table 1]Then, uniaxial compression creep tests and conventional triaxial compression creep tests with confining pressures of 5 MPa and 10 MPa were performed to obtain the creep curves of mudstone under different stress conditions. There are five test loading levels, the first level of stress is 40% of [image: image], the second level of stress is 50% of [image: image], the third level of stress is 60% of [image: image], the fourth level of stress is 70% of [image: image], and the fifth level of stress is 80% of [image: image]. The stress of each level is listed in Table 2. At each stress level, the loading time is 36 h.
TABLE 2 | Stress levels of the compression creep step loading test.
[image: Table 2]After processing the uniaxial and triaxial creep test data of mudstone, the creep curves of mudstone under 0 MPa, 5 MPa, and 10 MPa confining pressure are obtained, and the results are shown in Figure 4. It can be seen from the figure that under different confining pressures, the mudstone is damaged at the fifth stress level. The creep deformation of mudstone under the first to fourth stress level is relatively small, while the creep deformation of mudstone under the fifth stress level increases sharply with time. At this stress level, plastic deformation of mudstone accumulates rapidly and creep failure occurs in a short time. At the same time, it can also be seen from the figure that under any level of stress, the greater the confining pressure, the greater the creep deformation of mudstone.
[image: Figure 4]FIGURE 4 | Creep curves of mudstone under different confining pressures.
The creep failure mode of mudstone under different confining pressures is shown in Figure 5. It can be seen from the figure that during uniaxial compression creep, the damage degree of mudstone is relatively serious, there are more vertical cracks, and the crack width is relatively large. During triaxial compression creep, the mudstone is mainly subject to oblique shear failure, with only one crack, a small width, and a certain angle with the axial direction of the mudstone sample.
[image: Figure 5]FIGURE 5 | Failure modes of mudstone under different confining pressures.
According to the creep test data of mudstone under different confining pressures, the rationality and accuracy of the improved Nishihara model established in this paper are verified. The parameters [image: image] and [image: image] of the improved Nishihara creep model are the bulk and shear moduli, respectively, and they can be determined using the elastic modulus E and Poisson’s ratio [image: image]. The model parameters [image: image] can be obtained by inversion using MATLAB, according to the test results.
In the uniaxial compression creep test, stress in the first four levels was less than the long-term strength of 24.9 MPa; therefore, Eq. 17 was used to perform curve fitting, and the accuracy of the fit was evaluated using the correlation coefficient square (R2). As stress in the fifth level exceeded the long-term strength, Eq. 18 was used to perform curve fitting and obtain the model parameters listed in Table 3. A comparison of the fitting and test curves is shown in Figure 6.
TABLE 3 | Uniaxial compression creep model parameters.
[image: Table 3][image: Figure 6]FIGURE 6 | Comparisons between creep test curves and theoretical curves when [image: image] MPa.
As shown in Figure 6, during the uniaxial compression creep, when the stress level is lower than the long-term strength of mudstone, the improved Nishihara creep model transforms into the generalized Kelvin creep model. The theoretical curve of this model coexists with the test curve, which can describe the attenuated creep and constant velocity creep of mudstone under low-stress conditions. When the stress level exceeded the long-term strength of mudstone, an obvious accelerated creep stage is developed. The improved Nishihara creep model results were consistent with the experimental results, and R2 was 0.996. This indicates that the improved Nishihara creep model can not only accurately describe the steady creep of mudstone under a low-stress state but also describe unsteady creep, which is nonlinear when the rock is in a high-stress state.
During the triaxial compression creep, the first four stress levels were below 5 MPa and 10 MPa, and the confining pressures were less than their long-term strengths of 31.8 and 42.3 MPa. Therefore, the first formula in Eq. 30 was used to perform curve fitting. As the fifth stress level exceeded the long-term strength of mudstone, the second formula in Eq. 30 was used to perform curve fitting. The model parameters obtained through curve fitting are listed in Tables 4, 5, and comparisons of the results obtained through curve fitting and tests are shown in Figures 7, 8.
TABLE 4 | Compression creep model parameters when [image: image] MPa.
[image: Table 4]TABLE 5 | Compression creep model parameters when [image: image] MPa.
[image: Table 5][image: Figure 7]FIGURE 7 | Comparisons between creep test curves and model curves when [image: image] MPa. (A) Low stress. (B) High stress.
[image: Figure 8]FIGURE 8 | Comparisons between creep test curves and model curves when [image: image] MPa. (A) Low stress. (B) High stress.
As observed from Figures 7, 8, when the confining pressures were 5 MPa and 10 MPa, the theoretical curves of the improved Nishihara creep model were consistent with the test curves, and R2 was above 0.985. This indicates that the improved Nishihara creep model can describe not only the uniaxial creep characteristics of mudstone but also the creep characteristics of mudstone under different confining pressures. Simultaneously, to compare the applicability and accuracy of the traditional and improved Nishihara models, the results obtained using the two models were fitted to the mudstone creep test results for the fifth level of stress. The comparison results show that the fitting curve of the traditional Nishihara model was significantly different from the test results for the decay creep and accelerated creep stages, and the model results were only consistent with the test results for the constant velocity creep stage. Therefore, the traditional Nishihara creep model has difficulty reflecting the nonlinear creep characteristics of mudstone; however, the improved Nishihara model can accurately describe the nonlinear characteristics of mudstone in the stages of attenuation, constant velocity, and accelerated creep under the condition of high-stress level, and the fitting curve is consistent with the test results. Therefore, the applicability and accuracy of the improved Nishihara creep model are higher than those of the traditional Nishihara model, and the improved model describes the mudstone nonlinear creep process with higher accuracy.
In order to further verify the applicability of the improved Nishihara creep model to other types of rocks, the model was validated using sandstone creep test data from the work of Liu D. Y. et al. (2017). There are six test loading stages, and the stress levels of each stage are listed in Table 6. The comparison results between the test data and the theoretical curve of the model are shown in Figures 9–11.
TABLE 6 | Stress levels of the compression creep test.
[image: Table 6][image: Figure 9]FIGURE 9 | Comparisons between creep test curves and theoretical curves when [image: image] MPa.
[image: Figure 10]FIGURE 10 | Comparisons between creep test curves and model curves when [image: image] MPa.
[image: Figure 11]FIGURE 11 | Comparisons between creep test curves and model curves when [image: image] MPa.
From Figures 9–11, it can be seen that under three different confining pressures, the experimental data at any stress level are basically consistent with the theoretical curve. Especially after the stress level exceeds the long-term strength of the sandstone, the sandstone undergoes attenuation creep, constant velocity creep, and accelerated creep processes, with particularly obvious nonlinear characteristics. The improved Nishihara creep model can accurately describe the three creep stages of the sandstone, and its applicability and accuracy are further verified.
The accuracy (R2) of the creep fitting curve for sandstone at each stress level is shown in Table 7.
TABLE 7 | Stress levels of the compression creep step loading test.
[image: Table 7]According to Table 7, the fitting accuracy of the experimental data and theoretical model is relatively high under different confining pressures. Especially under high-stress conditions, the fitting accuracy of the improved Nishihara creep model is 0.996, 0.994, and 0.998, respectively, which is basically close to 1, indicating that the improved model can describe the sandstone non-linear creep process with higher accuracy.
5 CONCLUSION

1. A creep damage variable considering the accumulation of plastic deformation was introduced into a viscoplastic body that was connected in parallel to a plastic body to establish a damaged viscoplastic body. This was used to replace the viscoplastic body of the traditional Nishihara creep model, thereby establishing an improved Nishihara creep model. When the applied stress level is less than the long-term strength of the rock, the improved Nishihara model reduces to the generalized Kelvin creep model.
2. According to the series–parallel stress–strain relationship and superposition principle, the one- and three-dimensional creep equations of the improved Nishihara creep model under low- and high-stress conditions were derived, respectively. Compared with the creep equation of the traditional Nishihara model, the creep equation of the improved Nishihara model has only one additional model parameter, and therefore, the equation is simple.
3. The applicability and accuracy of the improved Nishihara creep model were verified using uniaxial and conventional triaxial compression creep test results for mudstone and sandstone under different confining pressures. The results show that the creep model can not only accurately reflect the nonlinear characteristics of the creep curve in the attenuation and constant velocity stages but also describe the accelerated creep characteristics of mudstone and sandstone under high-stress conditions.
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