
Edited by  

Jingjing Meng, Jia Lin, M. Younis Khan and Zhibo Zhang

Published in  

Frontiers in Earth Science 

Frontiers in Ecology and Evolution 

Frontiers in Environmental Science

Coal and rock dynamic 
disasters: Advances of 
physical and numerical 
simulation in monitoring, 
early warning, and prevention, 
volume II

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/research-topics/55183/coal-and-rock-dynamic-disasters-advances-of-physical-and-numerical-simulation-in-monitoring-early-warning-and-prevention-volume-ii
https://www.frontiersin.org/research-topics/55183/coal-and-rock-dynamic-disasters-advances-of-physical-and-numerical-simulation-in-monitoring-early-warning-and-prevention-volume-ii
https://www.frontiersin.org/research-topics/55183/coal-and-rock-dynamic-disasters-advances-of-physical-and-numerical-simulation-in-monitoring-early-warning-and-prevention-volume-ii
https://www.frontiersin.org/research-topics/55183/coal-and-rock-dynamic-disasters-advances-of-physical-and-numerical-simulation-in-monitoring-early-warning-and-prevention-volume-ii
https://www.frontiersin.org/research-topics/55183/coal-and-rock-dynamic-disasters-advances-of-physical-and-numerical-simulation-in-monitoring-early-warning-and-prevention-volume-ii
https://www.frontiersin.org/research-topics/55183/coal-and-rock-dynamic-disasters-advances-of-physical-and-numerical-simulation-in-monitoring-early-warning-and-prevention-volume-ii
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/environmental-science


May 2024

Frontiers in Earth Science frontiersin.org1

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is 

a pioneering approach to the world of academia, radically improving the way 

scholarly research is managed. The grand vision of Frontiers is a world where 

all people have an equal opportunity to seek, share and generate knowledge. 

Frontiers provides immediate and permanent online open access to all its 

publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-

access, online journals, promising a paradigm shift from the current review, 

selection and dissemination processes in academic publishing. All Frontiers 

journals are driven by researchers for researchers; therefore, they constitute 

a service to the scholarly community. At the same time, the Frontiers journal 

series operates on a revolutionary invention, the tiered publishing system, 

initially addressing specific communities of scholars, and gradually climbing 

up to broader public understanding, thus serving the interests of the lay 

society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include 

some of the world’s best academicians. Research must be certified by peers 

before entering a stream of knowledge that may eventually reach the public 

- and shape society; therefore, Frontiers only applies the most rigorous 

and unbiased reviews. Frontiers revolutionizes research publishing by freely 

delivering the most outstanding research, evaluated with no bias from both 

the academic and social point of view. By applying the most advanced 

information technologies, Frontiers is catapulting scholarly publishing into  

a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers 

journals series: they are collections of at least ten articles, all centered  

on a particular subject. With their unique mix of varied contributions from  

Original Research to Review Articles, Frontiers Research Topics unify the 

most influential researchers, the latest key findings and historical advances  

in a hot research area.

Find out more on how to host your own Frontiers Research Topic or 

contribute to one as an author by contacting the Frontiers editorial office: 

frontiersin.org/about/contact

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual 
articles in this ebook is the property 
of their respective authors or their 
respective institutions or funders.
The copyright in graphics and images 
within each article may be subject 
to copyright of other parties. In both 
cases this is subject to a license 
granted to Frontiers. 

The compilation of articles constituting 
this ebook is the property of Frontiers. 

Each article within this ebook, and the 
ebook itself, are published under the 
most recent version of the Creative 
Commons CC-BY licence. The version 
current at the date of publication of 
this ebook is CC-BY 4.0. If the CC-BY 
licence is updated, the licence granted 
by Frontiers is automatically updated 
to the new version. 

When exercising any right under  
the CC-BY licence, Frontiers must be 
attributed as the original publisher  
of the article or ebook, as applicable. 

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 
others may be included in the CC-BY 
licence, but this should be checked 
before relying on the CC-BY licence 
to reproduce those materials. Any 
copyright notices relating to those 
materials must be complied with. 

Copyright and source 
acknowledgement notices may not  
be removed and must be displayed 
in any copy, derivative work or partial 
copy which includes the elements  
in question. 

All copyright, and all rights therein,  
are protected by national and 
international copyright laws. The 
above represents a summary only. 
For further information please read 
Frontiers’ Conditions for Website Use 
and Copyright Statement, and the 
applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-8325-4867-7 
DOI 10.3389/978-2-8325-4867-7

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


May 2024

Frontiers in Earth Science 2 frontiersin.org

Coal and rock dynamic 
disasters: Advances of physical 
and numerical simulation in 
monitoring, early warning, and 
prevention, volume II

Topic editors

Jingjing Meng — Luleå University of Technology, Sweden

Jia Lin — Curtin University, Australia

M. Younis Khan — University of Peshawar, Pakistan

Zhibo Zhang — University of Science and Technology Beijing, China

Citation

Meng, J., Lin, J., Khan, M. Y., Zhang, Z., eds. (2024). Coal and rock dynamic 

disasters: Advances of physical and numerical simulation in monitoring, early 

warning, and prevention, volume II. Lausanne: Frontiers Media SA. 

doi: 10.3389/978-2-8325-4867-7

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-4867-7


May 2024

Frontiers in Earth Science frontiersin.org3

06 Mechanical behavior analysis and bearing capacity 
calculation of CFG pile composite foundation on coral sand 
site
Xiaobin Li, Ruiyuan Zhang, Zhao Yang, Peishuai Chen, Fuquan Ji and 
Bing Wen

19 Advanced perception and control method of harmful gas 
during construction period of coal tunnel based on DeepAR
Shengye Cao, Meng Yang, Juyi Hu and Jianzhong Chen

29 Research on the evolution law of the seismic wave field 
based on the explosive source parameters
Chenglong Yu, Xunxian Shi, Quan Gao, Xingkai Zhang and 
Fengnian Wang

41 Effects of CO
2
 injection factors on preventing spontaneous 

coal combustion in coal mine gobs: a simulation approach
Jiafeng Fan

53 IPSO-ELM intelligent prediction of landslide displacement in 
complex and unstable area of karst landform
Junwei Qiao, Yu Zhang, Weibo Li and Jieqing Tan

60 Multi-parameter comprehensive early warning of coal pillar 
rockburst risk based on DNN
Ying Guo, Shitan Gu, Ruimin Du and Jianbo Shen

72 Application research on the prediction of tar yield of deep 
coal seam mining areas based on PSO-BPNN machine 
learning algorithm
Junwei Qiao, Changjian Wang, Gang Su, Xiangyang Liang, 
Shenpei Dong, Yi Jiang and Yu Zhang

82 Stability analysis and evaluation of surrounding rock of 
ultra-deep shaft under complicated geological conditions
Kuikui Hou, Mingde Zhu, Yingjie Hao, Yantian Yin and Long An

96 Study on the dynamic response characteristics of roadbed 
and pavement under the humidity and season factors in the 
hilly area of Southwest China
Mingming Cao, Wanqing Huang, Guoming Liu and Zhiyong Wu

106 Study on dynamic strength and liquefaction mechanism of 
silt soil in Castor earthquake prone areas under different 
consolidation ratios
Jiang Chunlin, Wang Guangjin, Li Shujian, Kang Fuqi, Cai Binting 
and Zhao Lei

117 Statistical and numerical analysis on characteristics and 
influence factors of construction cracks of large-diameter 
underwater shield tunnel: a case study
Rui Yang, Qian Kong, Meng Ren, Fuquan Ji and Dejie Li

Table of
contents

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/


May 2024

Frontiers in Earth Science 4 frontiersin.org

137 Static pressure and dynamic impact characteristics of filled 
jointed rock after frozen-thaw cycle damage
Shaobo Chai, Huan Liu, Lang Song, Xianpeng Li, Xiaodong Fu and 
Yongqiang Zhou

154 Uniform thickness in the process of ore-mixed characteristics 
of particles passing through experimental research
Xiangdong Niu, Huafen Sun and Kepeng Hou

165 Research on irregular plane mid story isolation structures in 
castor earthquake prone areas considering SSI effect
Shuai Xiao, Cheng Li, Dewen Liu, Weiwei Sun and Min Lei

175 Study on the consolidation behavior of horizontal drainage 
foundation under complex aquifer formation conditions in 
karst regions
Yunbo Xu, Jiachao Zhang, Zhongyu Liu and Penglu Cui

186 Stochastic dynamics construction of a three-dimensional 
microstructure of red clay
Xiaohu Zhang, Jiabing Zhang, Xin Li and Xiao Ren

196 Early warning technique research of surface subsidence for 
safe mining in underground goaf in Karst Plateau zone
Yalei Zhe, Kepeng Hou, Xiangdong Niu and Wei Liang

211 Experiment on separated layer rock failure technology for 
stress reduction of entry under coal pillar in mining 
conditions
Juntao Liu, Wenlong Shen, Jianbiao Bai, Chengfang Shan and 
Xudong Liu

224 Risk assessment of debris flow disaster in mountainous area 
of northern Yunnan province based on FLO-2D under the 
influence of extreme rainfall
Xing-Yu Ding, Wen-Jun Hu, Fang Liu and Xian Yang

238 Key technologies research on of soil-structure interaction 
base story isolated structure response in 3D seismic zone
Jingran Xu, Haolun Gao, Zihan Guo, Jie Zhao, Zhuoxin Yang, 
Guangxing Zhao, Zhongfa Guo, Dewen Liu and Weiwei Sun

258 6G-enabled open-pit mine security: toward wise evaluation, 
monitoring, and early warning
Xiaokun Sun, Honghao Shen, Tingting Jiang, Peng Zhang, 
Simiao Peng and Shupeng Zhang

273 An improved Burgers creep model of coal based on 
fractional-order
Yongjie Yang, Gang Huang, Yangqiang Zhang and Lei Yuan

286 Numerical analysis for supporting and deformation of 
complex foundation pit groups in unstable areas of karst 
strata
Bin Li, Zhaorui Lin, Yonggang Chen, Changjie Xu, Peng Li and 
Haibin Ding

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/


May 2024

Frontiers in Earth Science frontiersin.org5

298 Study on slope stability under excavation and water storage 
based on physical model tests
Chengheng Hou

314 Improvement of the separation evolution law and separation 
position determination method of mining overburden strata
Yuxin Da, Zhiyuan Ning, Zilong Huang, Qirui Du, Qi Liu, Jinhai Zhao 
and Qinghai Li

329 Reasonable top coal thickness for large cross-section 
open-off cut in lower-layer mining
Shigang Gao, Wengang Du, Yongliang Liu, Jing Chai, Dengyan Gao, 
Chenyang Ma and Jianhua Chen

343 Analysis of face stability for shallow shield tunnels in sand
Sihan Qiang, Lizhi Zhao, Xuehai Wang, Xiaoming Li and 
Fengnian Wang

356 Experimental study of coal and gas outburst processes 
influenced by gas pressure, ground stress and coal properties
Jianchun Ou, Enyuan Wang, Zhonghui Li, Nan Li, He Liu and 
Xinyu Wang

367 Enhancing rock and soil hazard monitoring in open-pit 
mining operations through ultra-short-term wind speed 
prediction
Pengxiang Sun, Juan Wang and Zhenguo Yan

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/


Mechanical behavior analysis and
bearing capacity calculation of
CFG pile composite foundation on
coral sand site

Xiaobin Li1,2, Ruiyuan Zhang1*, Zhao Yang1, Peishuai Chen1,
Fuquan Ji1 and Bing Wen3

1CCCC Second Harbor Engineering Co, Ltd., Wuhan, China, 2First Engineering Co, Ltd. of CCCC Second
Harbor Engineering Bureau,Wuhan, China, 3Design Institute of the First Construction Engineering Co, Ltd.
of China Construction Third Engineering Bureau, Wuhan, China

Coral sand foundation formed by hydraulic fill often faces the problem of poor
bearing capacity. This paper proposed for the first time to apply CFG pile
composite foundation to coral sand sites to verify the feasibility of this scheme
and understand its mechanical characteristics. Firstly, taking on-site coral sand as
the research object, a pile sand interface shear test was conducted to clarify the
mechanism of pile side friction. At the same time, the ultimate bearing capacity of
CFG pile and its composite foundation was measured through in-situ static load
tests. Then, based on the strength parameters of the pile sand interface revealed
by indoor tests, numerical simulations were conducted to analyze the bearing
characteristics of CFG piles and their composite foundations. Finally, a method for
calculating the vertical bearing capacity of rigid piles in composite foundation
considering interface parameters was proposed. The results showed that the
bearing capacity characteristic values of single pile and composite foundation
meet the design requirements; The interface friction angle and cohesion together
increased the ultimate side friction by 64.41%; The load is mainly borne by the pile
tip resistance, and the increase of the interface friction angle will make the
proportion of the side friction load first increase and then decrease more
obviously; The pile soil stress ratio first increased and then tended to stabilize
as the interface strength increased. Comparedwith the field static load test results,
the rationality of the calculation method for composite foundation rigid piles was
verified. This study may have reference significance for the design and
construction of coral sand foundation treatment in offshore island and reef
projects.

KEYWORDS

coral sand, CFG pile composite foundation, interface strength parameters, static side
pressure coefficient, bearing characteristics

1 Introduction

Coral sand (Wang et al., 2020) is a kind of rock and soil mass formed by the remains of
coral groups under geological action, it is characterized by irregular shape (Liu and Wang,
1998; Smith and Cheung, 2003), many pores (Chang-qi et al., 2016; Xu et al., 2022), easy
cementation (Meng et al., 2014), easily broken (Hu, 2008; Donohue et al., 2009), and its
engineering mechanical properties are quite different from those of ordinary continental
sediments (JIANG et al., 2015; Wang et al., 2017). As the construction site gradually extends
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to the sea, more and more reclamation projects are being built. Due
to the characteristics of high cohesion, large internal friction angle
and high residual strength, coral sand has become a good blowing
filler and is widely used in island and reef engineering (Wang et al.,
2011; Wang et al., 2021); However, due to its engineering
characteristics of high porosity, large compressibility, and easy
crushing of particles (Coop, 1990; Ma et al., 2022), untreated
coral sand foundation often has problems such as large uneven
settlement and low foundation bearing capacity (Rittirong et al.,
2008), which brings great threats to the engineering construction
(Ohno et al., 1999). Therefore, proper foundation treatment
measures are suggested be taken.

At present, driven piles and bored piles were mostly used in coral
sand sites (Dean, 2009). In the earliest period, Angemeer et al. (1973)
used the field static load test to study the bearing characteristics of
the driven pile in the coral reef stratum, and it was found that the
side friction resistance of the steel pile was very low; through the test
of driving pile with openings, the ultimate side friction measured by
Dutt and Cheng, (1984) was only 9.2 kPa at the lowest level; Datta
et al. (1980) evaluated the bearing capacity of pile foundation in
calcareous sand, and they found that the surface friction might be
overestimated in the project because that the end bearing may not be
fully utilized. During the piling process of the driven pile, the coral
sand particles around the pile are damaged to a large extent, which
will make the bearing capacity decrease, and even cause pile sliding
(Poulos, 1988); Based on the deep mixing technology, Igoe et al.,
2014; Spagnoli et al. (2015) proposed a new type of cast-in-place pile
with steel casing inside, and systematically studied its bearing
capacity. Although the cast-in-place pile can significantly increase
the side friction resistance of the pile (Lee and Poulos, 1991) and has
little impact on the shape of coral sand around the pile, it has the
disadvantages offs high cost and long period. Compared with the
construction scheme of above pile foundations, the CFG pile
(i.e., pile constructed by granular materials of cement, fly-ash and
gravel) composite foundation has many advantages such as small
disturbance, small settlement, low cost, etc., but so far, its application
in the coral reef site is rarely reported. The mechanism of the pile-
soil interface is the key influencing factor for the bearing capacity of
pile foundation and has been studied by scholars. By conducting the
sand-steel interface shear test, Zhang et al. (2021) studied the shear
behavior of this interface under different roughness and
compactness. Similarly, Chen et al. (2022) studied the influence
of roughness and relative density on themechanical properties of the
sand-concrete pile interface through the interface shear test. Uesugi
et al. (1990) found that the maximum friction coefficient of the sand-
concrete interface is closely related to the interface roughness and
the average diameter of sand. Based on the sand-steel interface shear
test, Kou et al. (2021) studied the interaction mechanism between
coral sand and steel pipe pile interface under the geological
conditions of coral reef. Wang et al. (2022) analyzed the
macroscopic shear characteristics and particle crushing
characteristics. For the interface of the concrete pile, Li et al.
(2022) carried out large-scale direct shear tests to study the shear
failure characteristics of coral reef limestone-concrete interface.
Aiming to study the bearing capacity of pre-drilled rock-socketed
concrete piles on the coral reef debris layer, Liu et al. (2021)
conducted the direct shear test on the pile-coral reef debris
interface under the condition of constant normal stiffness and

analyzed the friction mechanism and shear expansion
characteristics of the pile-rock interface. To sum up, the
mechanical properties of the interface between continental
ordinary sand and steel pipe piles or concrete piles. For the coral
reef stratum, some scholars carried out research on the impact
mechanism of steel pipe piles on coral sand, except for the action
mechanism of concrete piles, while only reef limestone and its clastic
layer were involved, and fully classified coral sand (gravel sand,
coarse sand, medium sand, fine sand, and silt) was not taken into
account.

This article based on a high-rise residential project, which
was designed on a hydraulic fill coral sand site in Hulumale
Island, Maldives. Based on the special engineering properties of
coral sand, the shear characteristics of the interface between the
fully classified coral sand and the CFG pile were revealed through
the indoor shear test, and a large number of on-site static load
tests were conducted on the single pile and composite foundation
to evaluate the application effect of this composite foundation.
The influence of the interface strength parameters (cohesion and
friction angle) on the bearing characteristics of the CFG pile
composite foundation was clarified through numerical
simulation. Furthermore, it also proposed a calculation
method for the bearing capacity of rigid piles in the composite
foundation considering the interface strength.

2 Project overview

This high-rise residential project in Hulumale Island,
Maldives, is designed in the land area formed by coral sand
reclamation and is the largest residential building in this area.
This site is mainly distributed by coral sand from top to bottom,
and the pile end has quasi-reef limestone. The specific geological
overview is introduced in Table 1. In this project, the CFG pile
was used for foundation treatment; The pile diameter is 0.4 m, the
pile spacing is 1.3 m, and the pile body is made of C30 concrete.
These piles were arranged rectangular and drilled using the long
spiral, as shown in Figure 1. The pile end entered into the bearing

FIGURE 1
Construction of CFG pile.
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layer of the quasi-reef limestone for 50 cm, the design bearing
capacity of the single pile and the composite foundation is 420 kN
and 370 kPa, respectively.

3 Bearing characteristic test

3.1 Indoor direct shear test on interface

After sampling and analyzing the coral sand at the project site
for several times, the grain size distribution of the reclaimed coral
sand is found to be wide, which can be divided into coral gravel sand,
coral coarse sand, coral medium sand, coral fine sand and coral silty
sand according to Code for Geotechnical Investigation of Water
Transport Engineering (Partial Revision)—Geotechnical
Investigation of Coral Reef (General Revision) in Table 2. The

strength parameters of the interface bewteen different graded
coral sand and piles will directly affect the side friction resistance
of CFG piles, and furtherly affect the bearing characteristics of CFG
pile composite foundation.

3.1.1 Experiment scheme
In this paper, five kinds of coral sand were taken as the research

object to carry out the indoor interface shear test, so as to clarify the
shear strength parameters of the interface between coral sand and
concrete pile. The particle analysis test results of typical samples are
shown in Figure 2.

According to the particle grading curve in Figure 2, parameters
of the restricted particle size d60, medium particle size d30, average
particle size d50, effective particle size d10, nonuniformity coefficient
Cu and curvature coefficient Cc were all calculated and shown in
Table 3.

Due to the large and uneven particle size of coral sand, a large
special direct shear instrument for coral sand was invented, as
shown in Figure 3. The cutting box size is 15 × 15 × 15 cm, and
the measurement range is 0–50 kN with an accuracy of 0.01 kN
while using this special direct shear equipment to carry out
mechanical test of pile-sand interface, the sample was processed
into the size of 15 cm × 15 cm, and the density is 1.65 g/cm ³.
Besides, the normal stress of the test was set as 25, 50, 100, 200,
400 and 800 kPa, and the shear rate was 1 mm/min.

The specific test steps are as follows.

(1) Prefabricated the size to 15× 15 × 7.5 cm concrete block was
placed inside the sample box, with the top surface of the
concrete block located exactly at the shear plane position;

(2) According to the experimental design density (1.65 g/cm³) and
volume (15 × 15 × 7.5 cm) weighed a certain mass of coral sand
sample;

(3) Divided the weighed coral sand sample into three parts and
placed it in the upper half of the sample box. Vibrated according

TABLE 1 Geological overview.

Geotechnical no. And
name

Morphological description Average standard penetration
number

①Hydraulic fill sand Loose~slightly dense, calcareous, uneven particles 11

②-2 Coral sand Local clumping and stickiness between particles 4

③Parareef limestone The skeleton is mostly 0.5–1.0 cm, with weak cementation between particles and high
hammering strength

30

TABLE 2 Classification of coral sand.

Coral reef detritus Particle grading

Coral sandy soil

Coral gravel sand Percentage of the particle with the diameter of more than 2 mm is 25%–50%

Coral coarse sand Percentage of the particle with the diameter of more than 0.5 mm is 50%

Coral medium sand Percentage of the particle with the diameter of more than 0.25 mm is 50%

Coral fine sand Percentage of the particle with the diameter of more than 0.075 mm is 85%

Coral silty sand Percentage of the particle with the diameter of more than 0.075 mm is 50%

FIGURE 2
Particle grading curve of sample.
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to the height of the layers, so that the coral sand sample just
filled the upper half of the sample box;

(4) Started the instrument and applied normal stress through the
cylinder;

(5) Started the lateral pushing device, so that the lower part of the
shear box began to shear and move, from which the interface
shear strength between the concrete block and the coral sand
sample can be obtained.

3.1.2 Experiment results
Figure 4–Figure 8 shows the interface shear curves and the

change rule of strength with normal stress. From
Figure 4A–Figure 8A, it can be seen that with the increase of
shear strain, the shear stress on the coral sand-concrete interface
first increased and then basically remained unchanged; this
characteristic is similar to the ideal elastoplastic model.
Moreover, the interface strength of coral sand-concrete increased
with the side pressure. Draw the curve of normal stress and shear
strength, Figure 4B–Figure 8B shows the slope of the curves between
the interface strength and the normal stress was different under
different normal stress, that is, these curves were broken lines, and
the inflection point was about 100 kPa. After fitting the collected
data, the friction angle and cohesion of the coral sand-concrete
interface under different normal stresses are shown in Table 4. It can
be seen that the variation of shear stress on the coral sand-concrete

interface with the normal stress showed a broken line, with an
inflection point of about 100 kPa. When the normal stress was less
than 100 kPa, the interface cohesion was between 13.1 and 23.4 kPa,
and the friction angle was between 17.2 and 27.7. When the normal
stress was greater than 100 kPa, the interface cohesion was close to 0,
and the friction angle was between 28.4 and 34.1.

By summarizing the results of the coral sand concrete
interface shear test, it can be found that due to the natural
multiple edges and irregular shapes of coral sand, these
irregular shapes have significant impact on the interface
strength when it shears with concrete. Especially under low
normal stress, irregularly shaped coral sand will generate
significant biting force at the interface and inside the sand,
The reason is that the edges and corners between particles are
embedded and occluded with each other, forming a strong whole,
exhibiting greater biting force than conventional terrestrial sand.
At this time, coral sand cannot be simply treated as conventional
sand; At the same time, due to the fragility of coral sand, under
high normal stress, the irregular edges and corners of coral sand
will be broken to varying degrees, and the particle roundness will
continue to increase. The embedding and interlocking effect
between particles will gradually weaken, and the interfacial
interlocking force displayed will continue to decrease,
approaching 0. At this time, the cohesive force between coral
sand particles is becoming closer to conventional terrestrial sand.

TABLE 3 Grading parameters of coral sand.

Parameter Coral gravel sand Coral coarse sand Coral medium sand Coral fine sand Coral silty sand

d10 0.09 0.09 0.08 0.08 0.08

d30 0.45 0.28 0.16 0.14 0.09

d50 1.00 0.58 0.26 0.22 0.15

d60 1.50 0.80 0.36 0.30 0.20

Nonuniformity coefficientCu 16.67 8.70 4.80 4.00 2.67

Curvature coefficientCc 1.50 1.07 0.95 0.87 0.54

Gradation Good Good bad bad bad

FIGURE 3
Large-scale direct shear test of Pile-coral sand interface (A) Schematic diagram of the large-scale direct shear test; (B) The equipment large direct
shear test.
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During the process of normal stress variation, coral sand itself
undergoes a dynamic change process, resulting in a large range of
fluctuations in interface bite force. Coral sand and concrete also
exhibit different interface strengths, which in turn affect the
lateral friction resistance of the pile foundation and have
different effects on the bearing characteristics of the pile
foundation.

3.2 Site static load test

3.2.1 Static load test results of single pile
A total of 48 single pile static load tests were conducted on

site, and the static load test results of two test piles were used as
examples to illustrate. The test pile is 14 m long and 0.4 m in
diameter. During the static load test of single pile, a ceratin low

FIGURE 4
Coral gravel sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.

FIGURE 5
Coral coarse sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.

FIGURE 6
Coral medium sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.
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speed was kept to sustain the load. The maximum stacking load is
1000 kN and is divided into 8 levels, the loading amount of each
level is set as 1/10 of the estimated limit load. The 1st level load is
applied by 2 times the graded loading amount, and the field
loading is shown in Figure 9. As Q-S curves of a single pile shown
in Figure 10, after applying the first eight levels of loading, the
settlement was observed to be relatively stable. When the load
was increased to the 9th level of 1000 kN, there was a significant
steep drop in the pile top, indicating that the pile has been

damaged; thus, the ultimate bearing capacity of a single pile
was taken as 900 kN, and its characteristic value of the vertical
bearing capacity was taken as 450 kN, which meets the design and
specification requirements.

3.2.2 Static load test of composite foundation
A total of 48 single pile composite foundation static load tests

were conducted on site, and the results of the composite foundation
static load tests on two test piles were used as an example to

FIGURE 7
Coral fine sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.

FIGURE 8
Coral silty sand. (A) Relation curve between shear strain and shear stress; (B) Strength curve.

TABLE 4 Statistical table of interface mechanical parameters.

Interface sand type Low normal stress High normal stress

Cohesion/kPa Interface friction angle/° Cohesion/kPa Interface friction angle/°

Coral gravel sand 23.4 17.2 0 28.4

Coral coarse sand 19 24.1 0 33.7

Coral medium sand 18.3 27.7 0 34.1

Coral fine sand 16 26.6 0 33.6

Coral silt 13.1 23.2 0 32.2
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illustrate. The length, diameter and spacing of the test pile is 14 m,
0.4 m, and 1.3 m, respectively; the size of the pressing plate is
1.30 m × 1.30 m. During the test, a ceratin low speed was kept to
sustain the load, the maximum load on the pile was set as the
ultimate bearable load, which was divided into 9 levels, the loading
amount of each level was set as 1/10 of the estimated limit load, and
the 1st level of loading took 1/5 of the maximum load. Figure 11
shows the Q-S curve of the composite foundation. It can be seen that
the increasing rate of settlement obviously became larger after the
last level of the load was applied. According to the key points of the
composite foundation static load test, the limit load was taken as
740 kPa, and the characteristic value of the composite foundation
bearing capacity was taken as 370 kPa to meet the requirements.

4 Numerical simulation research

4.1 The establishment of numerical model

The numerical model was established with PLAXIS 3D software, as
shown in Figure 12. The pile length was 14 m and the pile diameter was
0.4 m. The side dimension of soil was set as 60 times the pile diameter,
and the verticle dimension was set as 2 times the pile length. The
horizontal displacement of soil around the pile was fixed, and the
bottom was fixed. In this model, 29451 elements were generated and
with 45406 nodes in total. The solid element was adopted for CFG pile,
and the linear elastic model was selected; Based on the Mohr Coulomb
criterion, a hardening soil constitutive model considering small strain

FIGURE 9
Static load test.

FIGURE 10
Q-S curve of single pile.

FIGURE 11
Q-S curve of composite foundation.

FIGURE 12
Numerical grid model.
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stiffness was adopted for the soil layer. The contact interface between
piles and soil was set to simulate the real contact between piles and soil,
and this interface was regarded as an independent material, and its
material parameters were input separately. The specific operation
method is to set up a layer of interface unit between the pile and
sand when establishing the model. The interface unit does not have
actual thickness, and the material properties of the interface unit were
customized. By inputting the designed cohesion and internal friction
angle values in the material properties, accurate simulation of different
interface strengths can be achieved, simulating the interface interaction
between the pile and sand, Further results can be obtained on the
impact of different interface strengths on the bearing characteristics of
pile foundations. The mechanical parameters of all these materials are
shown in Table 5.

4.2 Model validation and analysis

To verify the rationality of the numerical model, the load-
displacement curves obtained from numerical simulation and
bearing capacity tests of single pile and composite foundation on
site were compared, as shown in Figures 13, 14. From Figure 13, it

can be seen that in the initial stage of loading, the trend of the two load
displacement curves was consistent, and the displacement increased
linearly with the load. The slope of the load displacement curve obtained
from numerical simulation was larger, and the displacement is greater
under the action of primary load; After the primary load, there was a
significant change in the slope of both curves, and the on-site measured
curves performed more significantly; When the load reached its
ultimate bearing capacity, the slope of the curve increased, and then
the two showed an approximate linear relationship. The on-site
measured load displacement curve showed a sharp drop, indicating
that the pile had undergone certain damage and reached its ultimate
bearing capacity. However, the slope change of the load displacement
curve obtained from numerical simulation was not significant. In the
primary and ultimate load stages, there was a deviation between the two
curves, especially in the ultimate load stage, where there was a certain
deviation in the ultimate bearing capacity obtained by the two curves.
However, overall, the calculated values of the two curves were in good
agreement with the measured values, verifying the rationality of the
numerical simulation.

From Figure 14, it can be seen that in the initial stage of loading,
the displacement in the two curves increased linearly with the load.
After loading to the primary load, the on-site measured load

TABLE 5 Mechanical parameters of pile and soil.

Material Elastic modulus Poisson’s ratio Cohesion Friction angle Expansion angle

MPa kPa (°) (°)

Pile 25000 0.2 — — —

Coral sand 5 0.3 34.5 41.5 10

Medium-coarse sand 10 0.3 23 44 10

Parareef limestone 35 0.2 34.5 23 10

Cushion layer 15 0.3 0 40 10

Interface material 9 0.25 0、4、8、12、16、20、24 0、17、20.5、24、27.5、31、34.5 10

FIGURE 13
Comparison of Q-S curves of single pile.

FIGURE 14
Q-S curve comparison of composite foundation.
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displacement curve showed different amplitude fluctuations, leading
to a certain deviation in the two curves. When the load reached the
ultimate bearing capacity, the slope of the curve increases, and then
the two showed an approximate linear relationship. The slope of the
on-site measured load displacement curve showed a significant
change, indicating a certain degree of damage within the
composite foundation and reaching the ultimate bearing capacity.
However, the slope change of the load displacement curve obtained
from numerical simulation was relatively small, and there was a
certain deviation in the ultimate bearing capacity values obtained
from the two curves. However, overall, the calculated values were in
good agreement with the measured values, verifying the rationality
of the numerical simulation.

4.3 Influence of interface strength
parameters on bearing capacity of
composite foundation

The strength parameters of the pile-sand interface have a direct
impact on the pile side friction, which furtherly affects the bearing
capacity of the pile foundation. Therefore, in this research, the
interface strength parameters obtained from the indoor shear test
were input in the software as interface parameters to study the
impact of different interface strength parameters on the vertical
bearing capacity of the pile foundation.

4.3.1 Influence of interface strength parameters on
ultimate side friction

The influence of interface strength parameters on the ultimate
side friction is shown in Figure 15. It can be seen from Figure 15A
that with the increase of interface friction angle, the ultimate side
friction increased continuously, and when the interface friction
angle was 0, 17, 20.5, 24, 27.5, 31 and 34.5, the corresponding

limit side friction was 12, 13.48, 14.71, 15.09, 15.53, 15.99 and
16.31 kPa respectively; it was noticed that when the friction angle
was 34.5, the limit side friction resistance increased by 35.92%. It can
be seen from Figure 15B that the increase in cohesion led to an
increase of ultimate side friction. When the interface cohesion was 0,
4, 8, 12, 16, 20 and 24 kPa, the corresponding limit side friction was
11.76, 12.53, 13.29, 13.77, 14.68, 14.82 and 15.11 kPa respectively.
When the cohesion was 24 kPa, the limit side friction increased by
28.49%. The interface friction angle and cohesion together increased
the ultimate side friction by 64.41%, indicating that the interface
strength parameters are key factors affecting the ultimate side
friction, and also indicating that the interface strength parameter
is only one influencing factor.

4.3.2 Influence of interface strength parameters on
pile load sharing ratio

The ratio of pile side friction Qs and pile end resistance Qp

with load Q is shown in Figure 16. It can be seen from Figure 16A
that in the coral sand foundation, the pile end resistance plays a
major role in the bearing capacity of the pile foundation. The
proportion of side friction increased first and then decreased with
the increase in load. As the load increased, the pile side friction
gradually played its role and the share proportion gradually
increased; then, as the load continued to increase, the impact
of pile side friction was fully used and became stable. As the share
proportion of pile end resistance gradually increased, the
corresponding share of side friction decreased, so the load was
mainly sustained by the pile end resistance. This phenomenon
became more and more obvious with the increase of interface
friction angle. It can be seen from Figure 16B that with the
increase of cohesion, the proportion of pile side friction gradually
increased, while the proportion of pile end resistance decreased;
but their changing amplitudes were small, and the load
proportion tended to a stable level.

FIGURE 15
Influence of interface strength parameters on ultimate side friction under different loads (A) Influence of interface friction angle on ultimate side
friction; (B) Influence of interface cohesion on ultimate side friction.
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4.3.3 Influence of interface strength parameters on
pile-soil stress ratio

The influence of interface strength parameters on the pile-soil
stress ratio is shown in Figure 17. It can be seen that with the
increase of interface friction angle and cohesion, the pile-soil stress
ratio gradually increased, but the increase ratio gradually slowed
down to a stable value; this indicated that with the increase of the
upper load, the load sustained by soil between piles gradually
decreased, and the pile body sustained more load, reflecting the
bearing characteristics of the rigid pile composite foundation.

5 Formula correction of the
characteristic value of single pile
bearing capacity

According to the Technical Code for Building Foundation
Treatment, the characteristic value of the vertical bearing
capacity of composite foundation reinforcement single pile
can be estimated as follows; Based on the indoor test and the
vertical compressive static load test of single pile, the
calculation formula of the characteristic value of the vertical

FIGURE 16
Influence of interface strength parameters on load sharing ratio of piles under different loads (A) Influence of interface friction angle on load sharing
ratio; (B) Influence of interface cohesion on load sharing ratio.

FIGURE 17
Influence of interface strength parameters on pile-soil stress ratio under different loads (A) Influence of interface friction angle on pile-soil stress
ratio; (B) Influence of interface cohesion on pile-soil stress ratio.
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bearing capacity of composite foundation rigid single pile is
proposed:

Ra[ ] � up∑
n

i�1qsilpi + c1frkAp (1)

Where the pile end bearing capacity is determined by the
uniaxial compressive strength frk and development coefficient of
pile end resistance c1 related to the integrity of rock mass. up is the
perimeter of the pile m); lpi is the thickness of the layer of soil within
the range of pile length m); Ap is the sectional area of the pile (m2);
αp is the development coefficient of pile end resistance; qp is the
characteristic value of pile end resistance (kPa).

The characteristic value of pile side friction is related to the
horizontal effective stress and interface strength parameters, which
can be calculated according to the following formula:

qsi � c + σ ′
n tan δ � c + k0σ

′
v tan δ (2)

Where σ′n is the horizontal effective stress of the soil at the pile
side, δ is the interface friction angle, c is the interface cohesion, k0 is
the static lateral pressure coefficient of the soil, σ ′v is the vertical
effective self-weight stress of the soil at the pile side.

5.1 The determination of parameter value

Based on the field static load test of the single pile, the ultimate
bearing capacity of each pile was obtained, and its half value was

taken as the characteristic value of the vertical bearing capacity of a
single pile. Assuming the stratum only distributes medium-coarse
sand, qsi was calculated to be 15.6 kPa according to the parameters in
Table 6.

5.2 Comparison of characteristic values of
pile end resistance

After substituting all characteristic values of the bearing capacity of
single pile obtained from the field static load test into Formula (2), the
characteristic values of pile end resistance are shown in Figure 18.

By comparing the characteristic value of pile end resistance
obtained from the field static load test of the single pile with that
from the modified formula c1frk, it was found in Figure 19 that the
confidence interval of the characteristic value of pile end resistance
corresponding to 95% confidence in the field test results was
1.48–2.64 MPa, the calculated value of c1frk was 1.35 MPa and was
less than the measured value, with a small error, indicating that the
proposed calculation method of composite foundation rigid pile is
reliable.

6 Discussion

Currently, there are few engineering reports on the application
of CFG pile composite foundation to coral sand foundation. In this

TABLE 6 The determination of parameter value.

Parameter Pile
diameter(m)

k0 Interface
friction

anglle δ (°)

Interface
cohesion
c (kPa)

Gravity
(kN/m3)

Calculation
depth(m)

End resistance
coefficient c1

Uniaxial
compressive

strength frk (MPa)

Value 0.4 0.23 30 0 18 6.5 0.4 3.375

FIGURE 18
The characteristic value of pile end resistance in the static load
test.

FIGURE 19
Characteristic value interval of pile end resistance with 95%
confidence interval.
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study, it was found that the maximum cohesive force at the pile coral
sand interface is 23.4 kPa, which is consistent with the research
conclusion that the coral sand bite force is relatively large (Feng
et al., 2020; Liu and Li, 2022). At the same time, this study showed
that the pile end resistance in coral sand foundation plays a major
role in the bearing capacity of CFG piles, with the load sharing of pile
side frictional resistance accounting for about 20%, while the
remaining 80% of the load is borne by the pile end resistance.
The variation law of pile soil stress ratio is basically consistent with
that of pile soil stress ratio in general terrestrial strata (Chen et al.,
2008; Liu et al., 2023). The difference is that the pile in coral sand
foundation always bears a large load, which is due to the relatively
poor bearing capacity of coral sand formation formed by hydraulic
fill, and the pile end bearing layer is quasi reef limestone, with a large
characteristic value of pile end resistance (Zhang et al., 2022). This
provides an important reference for the design of similar projects in
coral sand foundation. The first point is to pay attention to the
design of the vertical bearing capacity of the pile itself, and the pile
always bear the main load; The second point is that the design of pile
length in composite foundation should be embedded in rock, and
the design of pile end resistance should be strengthened (Li et al.,
2023). The limitations of the research work in the article are
explained as follows: The contact interface between CFG piles
and coral sand during on-site construction is rough and complex,
and the shear test of coral sand concrete interface failed to consider
the influence of interface roughness. The grading range of coral sand
listed in the article is limited, and in-depth research is needed on the
interfacial shear characteristics of other graded coral sand. Because
coral sand is brittle and anisotropic, the influence of these
characteristics on the bearing characteristics of pile foundation
has not been fully considered in the numerical simulation (Zhang
et al., 2023).

7 Conclusion

In this paper, a series of studies have been carried out on the
bearing characteristics of CFG pile composite foundation in the
reclaimed coral sand site, and the following conclusions can be
drawn.

(1) By conducting the shear test on the interface between the
concrete pile and coral sand, it is shown that under the low
normal stress, the corner bite effect of coral sand is obvious,
while the corner is damaged and the bite effect becomes
unobvious under the high normal stress. It is also revealed
that when the normal stress of pile-sand is less than 100 kPa, the
interface cohesion is between 13.1 and 23.4 kPa, and the
interface friction angle is between 17.2 and 27.7; When the
normal stress of pile-sand is greater than 100 kPa, the interface
cohesion is close to 0, and the interface friction angle is between
28.4 and 34.1.

(2) Aiming to the reclamation coral sand site, the treatment method
of CFG pile composite foundation was proposed for the first
time. The results of the field static load test of single pile and
composite foundation show that both the limit bearing capacity
and settlement of the pile meet the specification and design
requirements, which verifies the reliability and rationality of this

foundation treatment. Furthermore, the practical engineerings
show that the application of the CFG pile composite foundation
in the hydraulic fill coral sand foundation is feasible.

(3) The numerical simulation results show that with the increase of
interface strength parameters, the ultimate side friction
resistance of the pile increases gradually. With the increase of
the interface friction angle, the proportion of the side friction
resistance increases first and then decreases more obviously. At
the same time, the increase of the interface cohesion leads to a
slight increase in the proportion of the side friction resistance of
the pile, and the pile end resistance bears the most of load. With
the increase of interface strength parameters, the pile-soil stress
ratio gradually increases and tends to be stable, reflecting the
bearing characteristics of rigid pile composite foundation.

(4) Based on the field load test results, the rationality of the
calculation formula of the vertical bearing capacity of
composite foundation reinforcement single pile considering
the interface strength parameters is verified.

Suggestions for future research work are as follows.

(1) It is recommended to conduct coral sand concrete interface
shear tests considering interface roughness to improve the
accuracy of testing interface strength parameters;

(2) It is recommended to carry out on-site monitoring of CFG
pile composite foundation in coral sand sites, monitor the
stress characteristics of the pile foundation during the
bearing process, and verify and revise the numerical
simulation research results.

(3) Due to the high porosity of coral sand, it is recommended to
conduct research on the post grouting technology of CFG piles
to enhance the bearing capacity of pile foundations.
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Effective real-time treatment and control of harmful gases are key to ensuring the
safety of tunnel construction workers. Currently, the monitoring ability of harmful
gases is insufficient tomatch the processing needs, which poses significant risks to
the safety of tunnel construction workers. This paper proposes an advanced
perception and treatment method for harmful gases during tunnel construction,
utilizing the DeepAR algorithm. Real-time monitoring of the concentration and
diffusion of harmful gases is conducted, and a harmful gas concentration
prediction model is established using the DeepAR algorithm, achieving
advanced perception of harmful gases during tunnel construction. The harmful
gas treatment plan is developed in advance, and the effectiveness of the proposed
method is demonstrated by simulation testing under realistic field scenarios and
comparing with other prediction models. The method was applied in a coal mine
tunnel in Qinghai Province, achieving an accuracy rate of 94.3%, which is higher
compared to those obtained using RNN and LSTM algorithms. Moreover, the
computational time is less than 60 s. The method provides timely perception of
the concentration distribution of harmful gases in the tunnel and proposes
targeted treatment measures, verifying the effectiveness of the prediction
model from the perspective of practical engineering application.

KEYWORDS

highway tunnel, harmful gas, DeepAR, advance forecast, tunnel construction

1 Introduction

With the continuous development of modern transportation facilities, more and more
underground tunnels, subway passages and underground spaces have been built and utilized.
In modern tunnel construction, due to the complexity of construction methods and
geological environment (Fei et al., 2010; He et al., 2017; Su et al., 2020), the
concentration and diffusion law of harmful gases produced by different coal seam
structures are different under coal-penetrating geological conditions (Zhang et al., 2023a;
Liu et al., 2023), and the generation and aggregation characteristics of toxic and harmful
gases such as gas and hydrogen sulfide need to be sensed in advance, which will effectively
protect the health of tile workers in tunnel construction (Cao et al., 2016; Zhao et al., 2020;
Gong et al., 2022). Excessive inhalation of harmful gases has a great negative impact on
human respiratory system, circulatory system and nervous system, especially under
continuous exposure to high concentration of harmful gases, workers may lose
consciousness and even die. Therefore, how to effectively warn and control the
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concentration of harmful gases during tunnel construction, adopt
effective methods to forecast harmful gases and take
countermeasures in advance is of great practical significance to
tunnel engineering practice (Kang et al., 2010).

Current toxic and harmful gas monitoring and detection
methods rely on real-time sensing devices to monitor gases and
take prompt action to prevent harm to construction workers and
nearby environmental conditions (Chen et al., 2020).
Nonetheless, the

Assessment and identification of dangerous gases during tunnel
construction is greatly influenced by the location of sensor
placement, the work conditions, and the number of sensors
utilized in the process. Meanwhile, a range of geological factors
contribute to differing amounts of toxic gases, their fluctuations, and
overall trends during excavation, all of which pose formidable
challenges for the real-time management and control of these
gases, thereby endangering the wellbeing of construction personnel.

With the development, and application of deep-learning and
artificial intelligence technology, using deep-learning-based time-
series prediction models to make real-time predictions of noxious
gas concentrations has shown extensive potential applications
(Gong et al., 2015a; Zhang and Yang, 2017a; Wu and Fan, 2020).
DeepAR, a deep-learning algorithm specially designed for the
prediction of time-series data, holds high flexibility and
prediction accuracy and has been widely applied across domains,
including transportation, electricity, and finance (Salinas et al.,
2020). However, pertinent research on the prediction and
evaluation of noxious gas concentrations during tunnel
construction lacks an adequate experimental foundation and
having improvement schemes implemented.

This article presents a proactive approach to monitoring and
mitigating the risks associated with harmful gases during tunnel
construction, utilizing the DeepAR algorithm for effective prediction
and control of gas concentrations. Firstly, existing technologies for
monitoring and controlling harmful gases are extensively reviewed,
including a detailed description of the data preprocessing process.
Following this, various time series prediction algorithms are
compared and analyzed to provide a comprehensive assessment of
their respective advantages and limitations. The DeepAR-based model
for predicting harmful gas concentrations is subsequently presented,
with simulated results obtained from actual field scenarios compared
and contrasted with other prediction models. Finally, a comprehensive
discussion is made on the effectiveness of the DeepAR approach in
mitigating harmful gas concentrations. The proposed method provides
a new and promising means of minimizing harmful gas exposure
during tunnel construction.

2 Overview of relevant work

The monitoring and early detection of hazardous gases has always
been a crucial aspect of construction site safety. In China, the
predominant method for mountain tunnel excavation is the drilling
and blasting technique. This method boasts simple, versatile, and
economically efficient equipment and facilities that can adapt to a
wide range of geographical conditions and has been widely employed in
China’s mountain-tunnel excavation processes. However, the use of
drilling and blasting for excavation produces hazardous gases (Zhang

et al., 2023b; Liu et al., 2023), which are more prone to accumulation in
the relatively enclosed spaces of the tunnels. As a result, large-scale
excavation works in tunnel construction lead to a buildup of hazardous
gases on the tunnel surface, severely impacting the construction
workers’ health. Therefore, it is imperative to address this issue
promptly by effectively monitoring hazardous gases, predicting their
diffusion and development laws in real-time during construction
periods, and implementing appropriate countermeasures.

Domestic scholars have developed relevant standards and
specifications to alleviate the construction of tunnels, and have made
relevant regulations on the tunnel construction environment (Industry
Standards of the People’s Republic of China, 2002; Indus try Standards
of the People’s Republic of China, 2009; Industry Standards of the
People’s Republic of China, 2000). For the CO concentration in the
tunnel, it must not exceed 20 mg/m3 and in special conditions, when the
time does not exceed 15 min, the concentration of COmust not exceed
30 mg/m3. CO2 calculated by volume should not be less than 0.5%; NO2

in nitrogen oxides should not be less than 5 mg/m3. At the same time,
relevant standards and specifications also specify the highest allowable
concentration of harmful gases during tunnel construction, time-
weighted average allowable concentration and short-term exposure
allowable concentration. Foreign standards for tunnel construction
research have started relatively early, and Germany, the
United States, and Japan have specified the concentration of carbon
monoxide, nitrogen dioxide, and hydrogen sulfide during tunnel
construction in Table 1.

According to the table, it is clear that China implements more
rigorous standards. However, the ventilation method on tunnel
construction sites still follows the traditional approach of “real-
time monitoring before forced ventilation” which leads to poor
effectiveness in treating harmful gas due to the inadequate awareness
of gas diffusion patterns and range. Numerous studies have been
conducted by domestic and international experts and scholars on
the monitoring and treatment of harmful gases in tunnels.

TABLE 1 Allowable concentration of harmful gases in tunnel construction site.

Country Harmful gas Allowable exposure
limits

Ppm mg/m3

China CO 24 30

NO2 5 5

H2S 6.6 10

United States CO 50 55

NO2 5 9

H2S 20 25

Germany CO 30 33

NO2 5 9

H2S 10 14

Japan CO 50 57

NO2 5 9

H2S 5 7
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Matsumoto et al. built a numerical model to analyze the
comprehensive impact of structural, geological, and
environmental factors (Matsumoto et al., 1998). Liu et al.
conducted numerical simulations to investigate the diffusion of
harmful gases during tunnel excavation under press-in
ventilation conditions, revealing the patterns and changes in the
spread of these gases (Liu et al., 2009). Additionally, Liu et al. (2014)
used Fluent simulations to explore the distribution of harmful gases
during the rock breaking process at tunnel exits and to investigate
the wind field characteristics and harmful gas distribution in the
tunnel cavity during this process. Klemens et al. (2001) investigated
the movement of tunnel dust and optimized the current ventilation
methods based on this understanding of dust distribution patterns.
Chen and Su, 2019 analyzed the features of harmful gases in tunnels
and drew upon experiences and data from similar underground
projects in geochemically comparable areas to provide a reference
for studying harmful gases in metamorphic and magmatic rock
areas. Lastly, Huo et al. (2023) applied the key stratum theory, fluid
mechanics, and other theories to propose conditions for the failure
of harmful gases in Jurassic goaf and establish a multi-parameter
control equation for harmful gas discharge from Jurassic goaf to the
coal seam working face.

During tunnel construction, various harmful gases are released, and
their prediction and treatment is essential. Gong et al., 2015b addressed
the problem of detecting multiple harmful gases by using the particle
swarm optimization (PSO) algorithm to optimize the weights and
thresholds of the BP neural network. They proposed a method that
combined a sensor array with the BP neural network for monitoring
multiple harmful gases. Fu, 2022 suggested corresponding preventive
measures for gas outburst at different positions in the tunnel and
developed a gas outburst prediction model based on the exponential
smoothingmethod. Li (Li, 2017) proposed awireless network technology
that enables the transmission of video and audio data using 2.4Gwireless
signals and gas data using 470MHZ wireless signals, thereby freeing the
system from cable constraints. Ding, 2011 analyzed the factors affecting
coal and gas outbursts, established two tunnel gas concentration
prediction models using the exponential smoothing and curve trend
prediction methods, and monitored the short-term gas concentration of
the tunnel. Li (Li et al., 2022) tackled the problemof single controlmeans,
control lag, low efficiency, and poor effects of ventilation systems, and
proposed a novel method using the fuzzy PID control technology based
on an improved fuzzy logic theory for comprehensive treatment of
various harmful gases. Wang, 2022 pointed out the drawback of using
harmful gas content prediction technology based on quality sensors,
which overly relies on sensor sensitivity and thus lowers the accuracy of
harmful gas content prediction. They proposed a harmful gas content
prediction technology based on sensitivity infrared sensors. Finally, to
address the high cost of numerous geological drills used in previous
studies that seriously affected construction progress, Zhang and Yang,
2017b used a comprehensive projection calculation method of tunnel-
rock relationship to predict the occurrence location of harmful gases in
the tunnel for the next phase.

3 Data preprocessing

During tunnel construction, harmful gases such as hydrogen
sulfide, methane, and carbon monoxide are monitored using gas-

collection sensors. Wind-speed sensors are used for information
control and monitoring. To track the diffusion of gas, sensors are
placed in various sections such as the leading end of the lining, the
return air outlet, and the face of the excavation area. Figure 1
displays the distribution of these sensors.

Four types of monitoring sensors are used to continuously
monitor gas concentrations inside the tunnel in two states,
traditional ventilation diffusion and system purification through
dilution and spraying. These sensors are programmed to
automatically collect data every 5–60 s, which are then
transmitted via a network to a central PC for storage.

The data collected from sensors are subject to limitations imposed
by the operating environment. These limitations may result in
erroneous, missing or duplicate data during the data collection
process. Thus, data must be cleared and repaired to ensure their

FIGURE 1
Monitor section distribution.

FIGURE 2
Abnormal result of data collection.
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quality and reliability. In this study, we adopted the method of
identifying harmful gas data anomalies to explore the original data
and remove erroneous values. By drawing the time series graph of
harmful gases, we were able to easily identify the exceptional data. For
example, as shown in Figure 2, the hydrogen sulfide concentration and
the methane variation of a collected data segment suddenly drop to
zero, while adjacent data change normally, indicating data loss during
the data collection of hydrogen sulfide concentration. Therefore, the
data of this time period needs to be patched.

The collected raw data exhibits certain patterns. To address
missing data, we employed time series analysis. Specifically, we
utilized the sulfur dioxide data as a time series and employed the
weighted mean method to estimate and fill in the missing data. As a
result, we obtained a more comprehensive and reasonable trend of
the data, as depicted in Figure 3. Similarly, after identifying all
outliers in the raw data, we filled them in using time series analysis,
thereby maintaining the integrity of our dataset.

When dealing with large volumes of raw data or data with high
dimensionality, computing distances between different data can be
extremely difficult. Additionally, utilizing random sampling to
process data poses a risk of producing biased results, while still
being unable to guarantee data completeness. To overcome these
issues, data normalization becomes necessary, especially when
dealing with data that possess varying dimensions. This paper
utilizes the z-score method to normalize raw data. The z-score
method ensures that data errors resulting from varying dimensions
are eliminated. In the case of a data set on harmful gases, the z-score
expression is utilized.

y � xi − �x�����������
1
n ∑

n

j�1
xj − �x( )

2
√

In the equation, y is the normalized value of harmful gases, �x is
their respective mean. The normalized result falls within the range
of [-1, 1].

4 Prediction model based on DeepAR

4.1 Model building

Predicting changes in harmful gas concentrations during
tunnel construction can aid in the early formulation of
effective treatment plans and ensure the health and safety of
workers. The gas concentration data is time-dependent, and can
be viewed as time-series data. A wide range of time prediction
algorithms are available, including the traditional statistical
methods of ARIMA and exponential smoothing models. With
the development of artificial intelligence, deep learning methods
such as RNN, LSTM, and DeepAR have gradually been applied to
time series prediction. Compared to traditional models, DeepAR
is a self-autoregressive recurrent neural network-based time
series probability prediction method. It can handle complex
scenarios such as periodic and multi-variable time series,
accurately predict the probability of large-scale time series
through learning similar data, and is therefore used in this
study to predict harmful gas in the tunnel construction period.
Figure 4 and Figure 5 shows the training and prediction process,
which comprises the following steps.

FIGURE 3
Data patch results.

FIGURE 4
Model training process.

FIGURE 5
Model prediction process.

Frontiers in Earth Science frontiersin.org04

Cao et al. 10.3389/feart.2023.1225287

22

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1225287


Step1: the harmful gas data during the tunnel construction period
was preprocessed, and the results were divided into training and
testing sets. 70% of the data was used for the training set, and 30% for
the testing set.

Step2: the preprocessed harmful gas data was transformed into
DeepAR data format, which is a JSON file consisting of the following
attributes: “start” representing the starting time of the time series,
“target” representing the time series that meets the conditions, “cat”
indicating the classification variables related to the time series, and
“dynamic_feat” representing the non-classification features
associated with the time series.

Step3: we configured the hyperparameters and the model
structure of the DeepAR model. The hyperparameters included
the length of predicted time series, the number of LSTM
layer neurons, the number of LSTM layers, the Dropout
regularization rate, the loss function, the optimizer, and other
hyperparameters.

Step4: the DeepAR model was trained using a training dataset.
During the training process, at each time step t, the network takes
the input of harmful gases, the previous value zi,t−1, and the previous
state �hi,t−1. The current state �hi,t � h( �hi,t−1, zi,t−1, xi,t−1) is calculated
first, and then the parameter θi,t � θ( �hi,t) for the likelihood l(z|θ) is
derived. Finally, the prediction result is obtained using maximum
likelihood estimation. The expression for this prediction is as
follows:

 � ∑
i

∑
t

log l zi,t
∣∣∣∣θ �hi, t( )( )

Step5: After comparing the predicted and actual values, the error
function E is calculated. If the loss function E is less than the
predetermined threshold, the training is considered complete.
Otherwise, the weights and biases in the neural network are
updated using gradient descent, and the computation returns to
step 4 for recalculation.

Step6: After the training process is completed, a model for
predicting the concentration of harmful gases at the tunnel
construction site is obtained.

4.2 Model evaluation

To evaluate the outcomes of the model, this paper introduces the
Root Mean Square Error (RMSE) as the metric. The equation to
calculate RMSE is presented below.

RMSE �
������������
1
n
∑
n

i�1
yi − ŷi( )2

√

The equation takes the form of yi and ŷi, which represent the
actual and predicted values, respectively.

5 Model application and result analysis

5.1 Data source

A certain tunnel, spanning 6,044 m, is located in a frigid and
high-altitude area. In accordance with the requirement of geological
forecast for advanced tunnel construction, the geological drilling of
the left tunnel face was carried out in front of the construction plant
while crossing geological formations such as coal seams. When the
drilling was done at a distance of 2 m from the floor, the
concentration of hydrogen sulfide and gas reached as high as
0.010% and 2.5%, respectively, after the drilling depth reached
2.5 m. The analysis of onsite detection data shows that the coal
geological structure of the tunnel excavation is more likely to
produce a large amount of harmful gas, of which methane and
hydrogen sulfide are the main ones. Based on expert experience and
field judgment evaluation, it is necessary to monitor and perceive
harmful gases in real time and take corresponding control measures
to ensure the safety of personnel during the tunnel construction, as
there is still about 1,500 m of coal geological structure for the
subsequent tunnel section, which could be even longer. The
sampling interval of the harmful gas monitoring sensor is
sufficiently frequent, but since there are a lot of monitoring data
and the monitoring duration exceeds 24 h, only the harmful gas
concentration values before and after the detonation and in the front
end of the lining before the initial data selection were chosen.
Preliminary screening and analysis of the initial data shows that
the gas concentration changes are significant only before and after
the detonation, while at other times, they did not exceed the limit
value and tended to be stable. The data results are shown in Table 2.

4.2 Model parameter optimization

The prediction of harmful gas concentration in tunnels using AI
algorithms commonly uses mean squared error (MSE) or mean
absolute percentage error (MAPE) as the loss function. However,
MSE is sensitive to outlier values, and handling them may
compromise the integrity of actual data. Hence, this paper uses
MAPE as the loss function.

The DeepAR model was employed to construct a predictive
model for harmful gas concentration at a tunnel construction site.
The optimal parameters of the model were iteratively calculated.
Based on the data from April 2022 at a tunnel construction site in
Qinghai, the model was optimized by varying the number of hidden

TABLE 2 Raw data result.

Date Gas/% H2S/(x10−6)

2021–04-20 00:00:00 0.18 3.6

2021–04-20 00:02:00 0.3 4.2

2021–04-20 00:04:00 0.21 4.7

2021–04-20 00:06:00 0.23 5.5

2021–04-20 00:08:00 0.24 5.6

2021–04-20 00:10:00 0.21 4.5

2021–04-20 00:12:00 0.23 5.2

. . . . . . . . .
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layer nodes, the number of hidden layers, and the optimizer used.
Specifically, the DeepAR predictive model for 5, 10, 15, and
20 hidden layer nodes were separately optimized using
100 iterations. The resulting MAPE values and run times for
different parameters are presented in Figure 6 and Figure 7.

The MAPE values obtained from the DeepAR predictive models
for different structures suggest that the MAPE values decrease as the
number of hidden layer nodes increases and then stabilize,
indicating an increase in the accuracy of the model’s output.
However, an exponential increase in the running time of the
model accompanies the gradual increase in the number of hidden
layers. Therefore, to reduce the running time of the model while
maintaining its accuracy, the model with 10 nodes in the hidden

layer was selected as the baseline parameter to build the predictive
model. The DeepAR predictive models for 2, 3, 5, and 8 hidden
layers were separately optimized using 100 iterations. The resulting
MAPE values and run times for different parameters are presented
in Figure 8 and Figure 9.

Based on the MAPE values obtained from the DeepAR
predictive models of different structures, an increase in the
number of hidden layers led to an improved model accuracy.
However, as the number of hidden layers increased to 5, the
improvement in the model’s accuracy reduced significantly while
the model’s running time increased drastically. Therefore, in this
study, a hidden layer size of five was selected as the baseline
parameter for the predictive model.

FIGURE 6
Calculation of MAPE values for different hidden layer nodes.

FIGURE 7
Running time of different hidden layer nodes.

FIGURE 8
Calculation of MAPE values for different hidden quantities.

FIGURE 9
Running time for different hidden quantities.
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We conducted a comparative analysis of Adagrad, Adadelta,
and Adam optimization algorithms, utilizing a learning rate of 10.
The corresponding results of our training are presented in
Figure 10.

Based on the MAPE results obtained from the DeepAR
forecast model with various structures, the MAPE values for
the models under every optimizer decrease continually with
increasing iterations. Among them, the MAPE values for the
models that use Adagrad and Adam as optimizers decrease at the
fastest rates. When the model is iterated 1,000 times, the MAPE
value of the model that uses Adam as the optimizer is
0.064, which is relatively the lowest. Thus, we chose Adam
as the optimizer for the tunnel construction site’s harmful
gas early warning model that we constructed based
on DeepAR. The corresponding parameters can be found in
Table 3.

4.3 Result analysis

This paper presents a case study on gas sampling during a tunnel
construction site. We selected the monitoring data of the past 7 days
to forecast the gas concentration in the tunnel 72 h ahead. Then, we
utilized the data in the advanced perception model for harmful gases
during the tunnel construction period. The prediction result is
shown in Figure 11.

As shown in Figure 11, the predicted results are consistent with
the trend of actual values, with relatively small errors, indicating that
the model has good forecasting results.

To ensure the accuracy of the harmful gas advanced perception
model during tunnel construction based on DeepAR, this paper
performs a comparison between Recurrent Neural Networks (RNN)
and Long Short-Term Memory (LSTM) models. The prediction
results of both models are shown in Figure 12 and Figure 13, and
their RMSE values and run times are listed in Table 4.

After comparing the results obtained from different models, it
can be concluded that the DeepAR model is a more effective tool for
predicting harmful gases concentration at highway tunnel
construction sites compared to RNN and LSTM models. The
RMSE for the DeepAR model is relatively smaller, and its

FIGURE 10
Calculation of MAPE values for different hidden quantities.

TABLE 3 Predictive model parameters.

Indicator type Parameter result

Number of hidden layer nodes 10

Number of hidden layers 5

Optimizer Adam

FIGURE 11
shows the model prediction results.

FIGURE 12
RNN model prediction results.
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accuracy has reached 94.3%. These results demonstrate that the
DeepAR model’s predicted values are closer to actual values.
However, the DeepAR model takes longer time to run compared
to other models, albeit still within 60s. Nevertheless, the model’s
prediction time fully satisfies the daily working requirements.

5 Discussion on harmful gas control
methods in tunnels

Road tunnel construction sites are prone to harmful gas
diffusion, which poses a significant threat to the health and
safety of workers. In this study, we use real-time sensors installed
at construction sites to preprocess and analyze harmful gas data. By
implementing artificial intelligence algorithms, we can predict and
anticipate the concentration and distribution of harmful gases. This
method enables us to effectively track the development and spread of
harmful gases.

Traditional methods of treating harmful gas during tunnel
construction involve enhancing ventilation and spraying diluting
fluids to purify the tunnel’s air. However, it is currently common
practice to intensify ventilation only after conducting real-time
gas monitoring at construction sites. This practice may lead to
mismatched connections between the concentration and range of
harmful gases, and the effectiveness of ventilation or dilution.
Consequently, ventilation and dilution may not occur on time, be
imprecise, and unsafe. By accurately perceiving and predicting

harmful gases in advance, we can provide a basis for ventilation or
dilution efficacy during tunnel construction. Using advanced
fuzzy PID control technologies, we can open the fans early
and regulate the wind volume, speed, and pressure inside the
tunnel. This will ensure that harmful gases remain within the
acceptable range for worker health, guarantee their
physical wellbeing, and simultaneously maintain construction
progress.

This study proposes a DeepAR-based method for accurately
anticipating harmful gases during tunnel construction. By leveraging
real-time sensor data and considering harmful gas diffusion
characteristics, this approach enables advanced perception and
prediction of harmful gases, which can ensure effective
remediation and providing accurate data. The harmful gas
prediction data obtained from this method can be utilized by
remediation equipment such as fans and atomizers, to implement
intelligent control measures. By setting up the necessary index
parameters for harmful gas remediation in advance, an
appropriate working environment can be secured within the
tunnel while reducing material and resource waste incurred by
ineffective ventilation or atomization, reducing tunnel
construction costs.

6 Conclusion

In the context of constructing coal tunnels, there exist concerns
regarding the safety of workers due to exposure to three types of
toxic and harmful gases: gas, hydrogen sulfide, and carbon
monoxide. To address this issue, this paper proposes a method
for forecasting and managing hazardous gases during tunnel
construction based on the DeepAR model. The proposed method
has been verified through actual tunnel monitoring data,
demonstrating its capability to precisely predict changes in gas
concentration and facilitate effective synchronous treatment of
hazardous gases. These findings contribute to enhancing the
safety of tunnel construction. The primary research conclusions
are summarized below.

(1) Superior advance perception and advance handling of
hazardous gases in tunnel construction sites are of significant
importance for the safety of the construction process. As tunnel
excavation progresses, different layers contain varying
concentrations and changes of harmful gases which, when
anticipated and treated in advance, guarantee the safety of
the construction process. By perceiving and processing
harmful gases ahead of time, accidents during tunnel
construction can be prevented or reduced.

(2) Combining real-time monitoring data of harmful gases in the
tunnel, a method for predicting the concentration variation of
harmful gases at the construction site ahead of time is proposed.
This method enables the prediction of the concentration change
of harmful gases within the next 72 h. The Root Mean Square
Error (RMSE) of this method is superior to that of both the
Recurrent Neural Network (RNN) model and the Long Short-
Term Memory (LSTM) model, demonstrating an accurate
prediction of the changes in harmful gas concentrations in
the tunnel. The prediction speed is within 60 s, allowing for

FIGURE 13
LSTM model prediction results.

TABLE 4 Comparison of calculation results of different models.

Model RMSE Running time (s)

DeepAR 2.67 58.46

RNN 6.59 34.17

LSTM 3.79 39.62
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sufficient time to develop effective and timely treatment
solutions for harmful gases in the tunnel.

(3) The tunnel harmful gas prediction method proposed in this
study can sense the changes of harmful gas at the tunnel
construction site in advance, and also provides an effective
and accurate data basis for the control parameters of the
treatment equipment, which can save costs and increase
construction efficiency while ensuring construction safety.
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We present a numerical model for blast-induced seismic waves. This model is
based on the transformationmechanismof the seismicwave field, and the process
of the seismic wave’s generation is divided into two stages. The first stage is the
generation of elastic waves. Due to the plastic deformation of the geotechnical
medium in this stage, we have established the Euler model to describe it. The
second stage is the prorogation of the elastic waves; we have established the
Lagrange models to describe this stage. Finally, the influence of the main
parameters of the explosive sources (detonation pressure and expansion index)
on the seismic wave is analyzed by the established model. The results show that
the proposed model in this paper can reasonably predict the evolution law of the
seismic wave field based on the explosive source parameters.

KEYWORDS

explosive source, seismic wave, numerical model, seismic exploration, transformation
mechanism

1 Introduction

It is essential to improve seismic resolution, since the seismic exploration has challenges
in exploring the smaller, deeper, and thinner targets.

For a long time, physicists have been expected to explain the corresponding relationship
between the elastic wave caused by the explosion and the initial conditions, such as the
explosive performance and dynamic characteristics of the soil medium, by establishing an
equivalent model. Jeffreys (1931) first introduced the operator symbol and operator to solve
the one-dimensional cavity vibration problem. The particle displacement caused by the body
wave (P wave) and surface wave (S wave) in the spherical impact propagating in the medium
changes with time, and the displacement analytical solution of the two waves is obtained. In
1942, Sharpe (1942) observed and recorded the time travel curve of the particle vibration
velocity at different positions through a large-scale explosion test in soil and clarified the
relationship between some characteristics of the recorded results and the characteristics of
explosive seismic sources. According to these experimental results, the equivalent model of
the “equivalent cavity” elastic medium was proposed, and many studies conducted later were
based on this equivalent cavity model. Goldsmith and Allen (1955) assumed that the elastic
medium is isotropic, there is a spherical cavity with a certain radius inside, and the cavity is
subjected to the pulse stress in the exponential attenuation form. The function equations of
particle displacement, velocity, normal stress, and shear stress with respect to space and time
are derived to reflect the propagation law of stress waves in the elastic medium. Friedman
et al. (1965) calculated the one-dimensional stress–wave propagation during the expansion

OPEN ACCESS

EDITED BY

Jingjing Meng,
Luleå University of Technology, Sweden

REVIEWED BY

Gang Huang,
Wuchang University of Technology,
China
Xu Qian,
Changzhou University, China

*CORRESPONDENCE

Chenglong Yu,
ycl19880228@126.com

RECEIVED 18 March 2023
ACCEPTED 09 May 2023
PUBLISHED 14 June 2023

CITATION

Yu C, Shi X, Gao Q, Zhang X and Wang F
(2023), Research on the evolution law of
the seismic wave field based on the
explosive source parameters.
Front. Earth Sci. 11:1189129.
doi: 10.3389/feart.2023.1189129

COPYRIGHT

© 2023 Yu, Shi, Gao, Zhang and Wang.
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.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 14 June 2023
DOI 10.3389/feart.2023.1189129

29

https://www.frontiersin.org/articles/10.3389/feart.2023.1189129/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1189129/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1189129/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1189129&domain=pdf&date_stamp=2023-06-14
mailto:ycl19880228@126.com
mailto:ycl19880228@126.com
https://doi.org/10.3389/feart.2023.1189129
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1189129


of the medium cavity, obtained the analytical expression of the
elastic region with respect to time and spatial location parameters,
and calculated the particle disturbance caused by the elastic
unloading near the cavity when the pressure on the cavity wall
decayed exponentially with the spatial location parameter by a
“jump” difference scheme. However, the method he proposed
becomes unstable as the distance increases. Achenbach and Sun
(1966) also studied the effect of the initial cavity size on the
explosion in the medium under the assumption that the medium
is an elastomer. The stress fields when the cavity wall is not moving
and the cavity radius increases with the time parameter alignment
are calculated, and the propagation of the stress wave after the cavity
stops expanding is discussed. Garg (1968a) changed the pressure
load on the cavity under the premise of Friedman operation and
gave a more complicated pressure form to calculate the particle
stress and particle vibration velocity distribution in the plastic region
near the cavity. The results obtained by this method can clearly
reflect the spatial distribution of the particle stress and particle
vibration velocity near the cavity in a short time. However, this
method still requires a complex boundary processing method. In
another research by Garg (1968b), the start-up conditions of the
computation procedure were improved, which simplified the
boundary condition process, and a new pressure attenuation load
was applied. The numerical solution obtained by the theoretical
method is only applicable to particles with a small time parameter
and near the cavity. No detailed calculation methods are given for
the more distant medium.

On the basis of the elastic medium, considering the destruction
and compression of the soil medium caused by an explosive high-
pressure effect, it is very meaningful to introduce the elastic–plastic
medium. Ghosh (1968) took the large underground explosion as the
premise, assumed that the medium around the cavity was an
elastomer, and pointed out that the medium near the cavity
should exhibit plastic properties, and there was a plastic wave
that propagates outward from the cavity boundary after the
elastic wave. Elastoplastic region boundaries also propagated
outward at a certain speed. In his article, he assumed two
situations: first, the propagation velocity of the elastoplastic
boundary is constant, and the pressure load on the cavity
boundary is under normal pressure; second, the propagation
velocity of the elastoplastic boundary and the pressure load of
the cavity boundary decay exponentially with time. The
corresponding analytical expression is obtained by solving the
displacement field in these two cases. Lyakhov (1964) and
LyakhovPolyakova (1967) obtained the relationship between peak
overpressure and distance by the closed explosion test of the TNT
spherical charge in sand. The results show that the larger the air-to-
volume ratio, the smaller the moisture content and the larger the
overpressure attenuation velocity. The peak overpressure in the
unsaturated soil may be 1/100th of the peak overpressure in the
saturated soil. The explosives in unsaturated soil produce a stable
shock wave, and the shock wave attenuation becomes the
elastic–plastic wave when the overpressure attenuation is
4–12 kg/cm2. Kawasumi and Yosiyama (1935) solved the
displacement field of the cavity wall when the spherical pressure
load is given by the Fourier’s integral and proved that the simplest
reason for the seismic wave is the existence of the initial strain
potential energy. It is pointed out that the cavity is subjected to

different loads, and the excited damping oscillation form still
maintains a certain degree of similarity. G. N. Bycroft (1966)
solved the cavity-expansion problem of the semi-infinite space
analytically, taking into account the free-surface particle vibration
caused by the seismic wave returning to the cavity wall after free-
surface reflection and re-reflecting. The particle displacement
solution of the free surface with the known expansion velocity of
the cavity wall is calculated.

In addition, the pressure time function of the point source is
determined according to the far-field vibration waveform and
spectral characteristics, and this kind of inversion is also an
effective seismic source model to interpret the explosive seismic
wave. The pressure load of the equivalent seismic source is the
difference between the true stress and the linear elastic model
stress, which is essentially different from the “ideal cavity”model.
Heelan (1953) proposed a point-source moment model to explain
linear explosion, and the theoretical prediction results are close
to the experimental results. Aboudi (1972) used the finite
difference method to calculate the stress and displacement
fields during the explosion of shallow-buried deep explosives.
The numerical calculation is carried out for two different cases of
cavity non-expansion and cavity expansion velocity constants.
Thiruvenkatachar derived the series form the transient solution
of the semi-infinite elastic space problem using the iterative
method (Thiruvenkatachar and Viswanathan, 1965) and
proved its convergence. Considering the complexity of the
series solution, the analytical approximation
(Thiruvenkatachar and Viswanathan, 1967) was made on the
steady-state solution using the saddle-point method, and the
approximate solution of three emissions between the chamber
wall and the free surface is obtained. At the same time, the
transient solution is also calculated for the case where the
pressure load on the chamber wall is subjected to an

FIGURE 1
Stress–strain relationships of the soil medium (Henrych, 1979).
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exponential decay law with time. Pekeris (1955) studied the
problem of free-surface vibration caused by the impact
pressure under the one-dimensional column model and solved
the displacement of the free-surface particle of horizontal and
vertical directions caused by the action of a single impact
pressure (impact pressure only related to the time parameter)
on the semi-infinite elastic medium. Based on the Heelan model,
Blair proposed a class of models that can calculate infinite linear
explosion (Blair, 2007) and finite linear explosion (Blair, 2010).

However, all these methods focus on the destruction of the
medium rather than the propagation of explosion waves. The
solutions of non-wave dynamic expansion and elastic wave
propagation are independent.

In this study, we propose a numerical model that describes
the whole process from the explosion of explosive sources to the
propagation of seismic waves. Based on our model, the blast-
induced seismic waves can be predicted. The influence of the
main parameters of the explosive sources (detonation pressure
and expansion index) on the seismic wave is briefly discussed.
The model shows that the frequency spectrum of seismic waves
can be enhanced by lowering the initial explosion pressure of
explosive sources or increasing the adiabatic exponent. This
model would help us to predict seismic waves, which are
generated by explosion, and control the seismic waves for a
specific exploration target.

2 Transformation mechanisms of the
seismic wave field

There are four stages of the explosion process involved
during the blast-induced seismic wave’s generation:
hydrodynamics, crushing of soil mediums, dynamic

expansion, and elastic-wave propagation outside the
destructed zone (Opjiehko, 2011).

These four stages and the evolution of explosion waves are
illustrated by the stress–strain relationship of the soil media in
Figure 1 (Henrych, 1979), and the evolution process of the explosion
wave profile is illustrated in Figure 2 (Henrych, 1979). The complete
transformation mechanisms are illustrated in our previous research
results (Chenglong et al., 2018) (Chenglong et al., 2017). At the same
time, the medium is subject to different intensities in the process of

FIGURE 3
Response regions in a spherical explosive (Favreau, 1969).

FIGURE 2
Evolution of explosion waves (Henrych, 1979). (A) steady shock wave, (B) unsteady shock wave, (C) plasticity, (D) elasticity.
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stress–wave propagation, and different deformation areas will be
generated after the seismic wave propagation, as shown in Figure 3
(Favreau, 1969).

In order to find the key influencing factors of explosive
seismic wave propagation, specific propagation stages need to
be divided. According to Ding’s research, the seismic signals are
produced from the vibration of the elastic cavity, rather than
being decided by the non-elastic properties of a medium (Ding
and Zheng, 2002), and the whole process of the explosion wave’s
evolution could be considered in two parts. They are the
dynamic expansion of blast-induced cavities and the
propagation of elastic waves. These two parts are associated
with the condition of the elastic zone’s boundary (Drukovanyi
et al., 1976).

According to the seismic wave field transformation theory
mentioned previously, the whole process of the explosive source-
excited seismic wave can be categorized into the formation of
seismic waves of the close-in blasting zone and propagation of the
seismic wave in elastic regions. As the two processes differ vastly
in the range and scale, the numerical simulation method of the
multiscale seismic wave field is adopted to establish models to
conduct the research.

3 Excitation model of explosion seismic
waves

The formation of the initial seismic wave is simulated by the
Euler model. Due to the high-pressure load in the vicinity of the
explosion, the Euler method is applied to manage large
deformation problems. With the simulation of the close-in
explosion area, this paper grasps the explosive source
parameters, elastoplastic boundary, and the relationship
between the pressure load characteristics on the boundary and
extracts the pressure load as the conditions of loading in the
simulation of far explosion zones.

3.1 Control equation

The simulation of the close-in explosion area is aimed at
addressing problems such as large deformation in very short time
periods and finite strain transient. Such problems are described in
terms of mass, momentum, energy conservation equation, and the
equations of continuous mechanics made of equations that describe
the behavior of the material.

In order to simplify the problem, the following assumptions are
usually made.

3.1.1 Continuum assumption
It is assumed that the substance is composed of a large

number of micelles, and the size of the micelles is negligible
compared with the discussed flow field. However, it is much
larger than the molecular free path and the size of the solid crystal
structure. The micelles are processed statistically and on average
to obtain corresponding macroscopic variables, thus leading to
the natural conclusion that matter is a continuous composition of
micelles with microscopic quantities.

3.1.2 Assumption of local heat balance
It is assumed that each micelle in the substance is in a thermal

equilibrium state, and there exists a statistically averaged
thermodynamic quantity in each micelle. All the conclusions of
equilibrium thermodynamics can be applied to anymicelle. Ignoring
the dissipative process in micelles, it is considered that micelles have
instantaneously reached heat balance, and then, an energy balance
relation can be established for the material micelle.

3.1.3 Material homogeneity and isotropy
assumption

It is assumed that each material micelle is composed of the same
species, the physical and mechanical properties of which are the
same in any direction.

The processes of non-steady flows such as seismic source-
explosive detonation, product expansion, and deformation of the
soil medium depend not only on the time variable t but also on
spatial variables r and z. In a 2D rectangular coordinate system (α =
0) or an axisymmetric cylindrical coordinate system (α = 1), without
considering external force, external source, and heat conduction, the
conservative form of the partial differential equations of Euler fluid
elastoplastic dynamics is as follows.

Mass-conservation equation:

zρ

zτ
+ z

zz
ρuz( ) + 1

rα
z

zr
rαρur( ) � 0. (1)

Momentum-conservation equation:

zρuz

zτ
+ z

zz
ρu2

z( ) + z

rαzr
rαρuzur( ) � −zP

zZ
+ zSzz

zZ
+ z rαSrz( )

rαzr
,

zρur

zτ
+ z

zz
ρuzur( ) + z

rαzr
rαρu2

r( ) � −zP
zr

+ zSrs
zZ

z rαSrr( )
rαzr

− α
Sθθ
r
.

(2)
Energy-conservation equation:

z ρE( )
zτ

+ z ρEuz( )
zZ

+ z rαρEur( )
rαzr

� z Srzur( )
zZ

+ z −P + Sss( )
zZ

+ zrrαur −P + Srr( )
rαzr

+ z rαSrzuz( )
rαzr

.

(3)

3.2 Physical model

3.2.1 Geotechnical medium models and
parameters

The geomaterial model in the finite-element model is an
elastoplastic model, and the equation of state in the model is in
the linear equation of state, which is expressed as follows (Blake,
1952):

p � K
ρ

ρ0
− 1( ), (4)

where K is the bulk modulus of the geomaterial, and the intensity
model of the geomaterial is the von Mises model (Forrestal and
Tzou, 1997).

σ1 − σ2( )2 + σ2 − σ3( )2 + σ3 − σ1( )2 � 2σ2
s � 6G2, (5)
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where σs is the yield strength of the medium and G is the shear
modulus of the medium. The engineering elastic constants of the soil
are determined by the triaxial and light-gas gun tests, as shown in
Table 1.

3.2.1 The equation of state and parameters for
detonation products of explosives

JWL model is used to describe the effects of explosives. It should
be noted that this model is a simplified model. When the type and
shape of explosives change, the calculation results will be different.
For TNT, the equation of state commonly taken for the ideal
explosive detonation products is the JWL equation of state (Yixin
et al., 2013).

P � C1 1 − ω

r1v
( )e−r1v + C2 1 − ω

r2v
( )e−r2v + ω

v
, (6)

where e is the C–J detonation energy and C1, C2, r1, r2, and ω are the
experimentally determined parameters (Figure 2). The values of
these parameters are listed in Table 2.

3.3 Geometric model

A one-dimensional wedge soil model is established, and the
numerical simulation of the dynamite scheme calculated by the
analytical model in the second section is carried out to obtain

the variation of each area and the main factors affecting the
elastic-wave pressure. The model and the status of each area after
the explosion are presented in Figure 4.

3.4 Simulation results and analyses

The explosion of 1 kg TNT in silty clay is calculated, and the
motion of the damage area by explosion is calculated through the
one-dimensional model, as shown in Figure 4:

From the simulation results in Figure 5, it can be seen that an
explosive cavity is formed in the medium in direct contact with the
explosive and shows a fluid state. With the attenuation of the
pressure peak, a plastic range with a certain width is formed
between the explosive cavity and the elastic zone. With the
spread of the explosive stress wave, the cavity and the plastic
range gradually expand. After a certain time, when the stress in
the medium tends to be stable, the cavity radius and the elastoplastic
boundary stop expanding. By documenting the development of the
cavity and the elastic–plastic range, the curve of development time of
the two boundaries is obtained, as shown in Figure 6.

In Figure 6A, the blasting cavity radius is formed after the
dynamite blast increases with time, and the size of the blasting cavity
gradually tends to a certain value near the position of 2 ms. The
region of the explosion cavity in this method is 0.36 m (Chenglong
andWang, 2017), and the region which is calculated by a quasi-static

TABLE 1 Soil parameters (Chenglong et al., 2018) (Chenglong et al., 2017).

Density (kg/m3) Bulk modulus (MPa) Shear modulus (MPa) Yield strength (MPa)

2000 32.1 14.8 10

TABLE 2 Parameters of the JWL equation of state for TNT explosives (Yixin et al., 2013).

C1(Pa) C2 (Pa) r1 r2 ω ρ (kg/m3) D (m/s) E (J/m3) PCJ (Pa)

3.737 × 1011 3.747 × 109 4.15 0.90 0.35 1,630 6,930 6.0 × 109 2.1 × 1010

FIGURE 4
One-dimensional wedge calculation model.
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model is 0.37 m. The regions we obtained through experiments are
0.38 m (Chenglong andWang, 2017). In Figure 6B, it is obvious that
the plastic range formed after the dynamite blast begins to develop
almost at the same time as the cavity and expands outward at the
same time. When the pressure reaches the limit of yielding of
geomaterials, the plastic range stops developing and approaches a
certain value, which is the elastoplastic boundary after the final
stabilization.

The initial pressure load generated by the explosion (Figure 7) and
the pressure load on the elastoplastic boundary (Figure 8) are extracted,
respectively. It can be seen from the change in the pressure load that the

peak value of the pressure load drops rapidly from 3 GPa to 2.5 MPa,
and the duration also increases from 0.02 ms to 2 ms.

4 Propagation model of explosive
seismic waves

The Lagrange model is adopted to simulate the propagation
of the initial elastic wave in geomaterials. Since the pressure peak
of the initial elastic wave is basically consistent with the yield
condition of the geomaterial, under the loading condition of the
initial elastic wave, the medium will not experience large
deformation. By changing the load of the initial elastic wave,
the whole process of the seismic wave field excited by the
explosive source is simulated.

4.1 Control equations

When the initial elastic wave is formed, its pressure peak is less
than the limit of yielding of the medium. Hence, it will not cause
large deformation in the geomaterial. In this regard, the Lagrange
method is applied to simulate the propagation process of seismic
waves, and the governing equations include the mass-conservation
equation, the momentum-conservation equation, and the energy-
conservation equation in the following form.

Mass-conservation equation:

ρ � ρ0V0

V
� m

V
. (7)

Momentum-conservation equation:

ρ€x � zσxx
zx

+ zσxy
zy

+ zσxz
zz

, ρ€y � zσyx

zx
+ zσyy

zy
+ zσyz

zz
, ρ€z

� zσzx

zx
+ zσzy

zy
+ zσzz

zz
. (8)

Energy-conservation equation:

FIGURE 5
Movement of the explosion-damaged area.

FIGURE 6
Time-dependent movement of the boundary of different blasting areas.
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_e � 1
ρ

σxx _εxx + σyy _εyy + σzz _εzz + 2σxy _εxy + 2σyz _εyz + 2σzx _εzx( ). (9)

4.2 Physical model

By simulating the formation of the blasting seismic wave, the radius
of the elastoplastic boundary and the pressure curve on the elastoplastic
boundary are obtained. When the curve is applied to the viscoelastic
medium models in the initial condition, the propagation process of
seismic waves can be simulated.

For the geomaterial in the propagation process of the seismic
wave, the viscoelastic medium model is adopted, in which the linear
equation of state is selected. The linear viscoelastic model is adopted
for the intensity model of geomaterials. The long-term behavior of
this model is described by the elastic shear modulus G, and the
viscoelastic behavior is introduced by the instantaneous shear
modulus (G0) and the viscoelastic attenuation constant (β). The
viscoelastic deviatoric stress at the time increment n + 1 is calculated
from the viscoelastic stress at the time increment n and is expressed
as follows (Ricker, 1953):

σn+1′ � σ′ne−βΔtn + 2 G0 − G( ) 1 − e−βΔtn( )
β

Δε′n
Δtn

. (10)

For the effect of the explosive source, we extract the data curve of
the blasting seismic wave formation simulation in the previous step
and load the corresponding explosive source.

4.3 Geometric model

The calculation model is shown in Figure 9.
The observation points (Gaussian point) are set at the free

surface of the geomaterial and below the explosive source, with a
burial depth of explosives of 15 m as measured by the observation
points. The variation of the seismic wave excited by the explosive
source on the surface and the downward direction is analyzed. The

FIGURE 7
Initial pressure elastic–plastic boundary.

FIGURE 8
Pressure on the elastic plastic boundary.

FIGURE 9
Calculation model diagram.
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overall computational domain is 200 m × 100 m, and the free
boundary is selected on the surface of the soil medium, while the
transmitting boundary is adopted for other boundaries. These
boundary conditions do not reflect the stress wave propagating
along these boundaries.

4.4 Calculation results

We simulated the aforementioned case using a dual-core
CPU (Intel Xeon Silver 4210 R Processor) and calculated each
scenario for 10 h, resulting in the following results. By simulating
the propagation process of the seismic wave, Figure 10 reveals the
vibration velocity nephogram of seismic waves excited by 1 kg
TNT at 10 ms, 30 ms, and 50 ms. Qualitative analysis is adopted
on the nephogram of different particle vibration velocities. At
10 ms, the seismic wave excited by the explosive takes the
explosive source as its center and radiates spherical stress

waves to the surrounding area. As the stress wave propagates,
stress waves with different peaks are gradually formed in the
medium. It is easily seen from the velocity contours of 30 ms and
50 ms that although the detonation products of the explosive
source have already been completed at this time, the particle
velocity of the explosion center is higher than the external
vibration velocity, indicating that the blasting cavity generated
by the explosive source is still moving after the explosion. This is
the main cause of the subsequent seismic wave, which is the same
as Ding Hua’s conclusion that the seismic wave signal is due to
the cavity vibration.

The results of the particle velocity at 30 m from the explosion center
are shown in Figure 11, and by Fourier analysis on the vibration velocity,
we obtained Figure 12:

Through the numerical simulation of the explosive source
excitation seismic wave process, the explosive cavity, plastic
range, particle velocity, and spectrum features at different
distances can be obtained. As a result, the relation between
parameters of explosive-source characteristics and amplitude-

FIGURE 10
Seismic wave velocity nephogram at different times.

FIGURE 11
Comparison of particle vibration velocities obtained by
numerical simulation.

FIGURE 12
Spectrum features of particle vibration.
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frequency characteristics of the seismic wave field can be deeply
analyzed.

5 Influence of parameters of explosive
source characteristics on amplitude
frequency characteristics of seismic
waves

Through the theoretical study on seismic waves stimulated by
explosive sources, when the geotechnical medium parameters are
determined, the detonation pressure of explosive sources and the
expansion index of explosion products are the main factors that
affect the amplitude frequency characteristics of seismic waves.
The following are respective studies on the patterns of how
different detonation pressures and product expansion indexes
affect the amplitude frequency characteristics of seismic waves.

We continue to use the numeric simulation scheme
propagated by blasting seismic waves as described previously
to change the bursting pressure of explosive sources so that the
detonation pressure can vary in the range of 5–25 GPa. A
monitoring point on the surface directly above the explosive
source is selected 15 m away from the explosive source, and the
particle velocity caused by different detonation pressures at this
point is shown in Figure 13.

By extracting the particle vibration velocity peak under
different detonation pressures, the influence law of the
detonation pressure on the particle vibration velocity peak is
obtained, as shown in Figure 14A; PPV in this figure is the
peak particle velocity. Through Fourier transform on the
velocity curve in Figure 13, the influence law of the detonation
pressure on the dominant frequency of the seismic wave is
acquired, as shown in Figure 14B:

Figure 14 proves that the particle vibration velocity peak value
increases with the increase in the detonation pressure. Both the
particle vibration velocity peak value and the particle vibration
amplitude are parameters representing the seismic wave energy.
The law of energy increasing with the increase in the bursting
pressure obtained by the numerical method is consistent with the
conclusion of the theoretical model of the seismic wave by the
explosive source. The increase in the explosive pressure leads to the
expansion of the damage area by the media and more loss on high-
frequency parts, lowering the master frequency of seismic waves.
The detonation pressure of the explosive source in the numerical
simulation scheme remains unchanged, and the expansion index
of the explosion products of the explosive source varies from 1.0 to
4.0. Then, the calculated attenuation law is obtained as shown in
Figure 15:

Figure 15 shows that the particle vibration velocity peak
decreases with the expansion index of detonation products, and
the dominant frequency of the seismic wave increases with the
increase in the product expansion index. The process of
explosive source exploding and forming a damage area is
very fast, which is considered as an adiabatic process.

FIGURE 13
Particle velocity at 15 m from the explosion center at different
distances of explosion pressure.

FIGURE 14
The influence law of seismic wave field characteristics under different detonation pressures.
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According to the adiabatic law, when the product expansion
index increases, the damage area decreases by explosion, the
energy decreases, but the main frequency increases.

6 Conclusion

Based on the numerical simulation of the characteristics of the
explosive source and the relation of the wave field, the development
process of the explosive cavity and elastic–plastic boundary is collected
along with the variation rule of seismic wave amplitude frequency
characteristics with distance.

The formation of seismic waves is simulated by the Eulerianmethod.
During the formation of seismic waves, along with the development of
explosive cavities and elastoplastic range, the boundaries between the
three zones almost expand simultaneously along the explosion center
until the explosive cavity, plastic range, and elastic zone are formed
in turn.

The Lagrange method is applied to simulate the propagation
process of seismic waves, extract the numerical simulation data
curve of the formation process of seismic waves, and load it into the
two-dimensional Lagrange model. The vibration velocity of the
particles at different positions can be acquired, and the Fourier
transform can be adopted to obtain the spectral features of the
particle vibration.

Finally, the influence law of the explosive source detonation
pressure and the expansion index of explosion products on the
particle vibration velocity peak and the dominant frequency of
the seismic wave are analyzed. The detonation pressure and
expansion index of explosive sources exert opposite effects on
the energy and dominant frequency of seismic waves, and the
change law between the energy of the seismic wave and the
master frequency is often the opposite, and this conclusion
was calculated by our prediction model for
amplitude–frequency characteristics of blast-induced seismic
waves (Chenglong et al., 2018). While the energy of the
seismic wave increases, the master frequency of the seismic
wave decreases. To finally realize the control of the seismic

wave field and improve the seismic exploration accuracy, it is
vital to comprehensively consider the influence law of the
explosion pressure of the blasting source and product
expansion index on the amplitude and frequency of seismic
waves and adjust the amplitude and frequency characteristics
of seismic waves to a certain extent, so as to improve the seismic
exploration accuracy.
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Nomenclature

List of symbols

σA, σB,
and σC

Critical stresses of different deformation characteristics of the
medium under the stress loading

εA, εB,
and εC

Corresponding strains of the medium under different stress loadings
σA, σB, and σC

am Radius of the expanding cavity

b* Inner boundary of the elastic zone

b0 Radius of the crushed zone

p Pressure on the medium

ρ Density of the medium

ρ0 Initial density of the medium

e C–J detonation energy

K Bulk modulus of the geomaterial

σs Yield strength of the medium

G Shear modulus of the medium

G0 Instantaneous shear modulus

β Viscoelastic attenuation constant
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Effects of CO2 injection factors on
preventing spontaneous coal
combustion in coal mine gobs: a
simulation approach

Jiafeng Fan*

State Key Laboratory of Coal Mine Safety Technology, China Coal Technology and Engineering Group
Shenyang Research Institute, Shenfu Demonstration Zone, Fushun, China

The spontaneous combustion of residual coal in the gob seriously threatens the
safety of coal mining. Injecting CO2 into the gob not only prevents the residual
coal from spontaneous combustion but also realizes CO2 storage in the mined
areas. Injection flux and burial depth of the port are crucial for CO2-preventing fire
in coal mine gobs. In this study, the distribution of the oxidation zone in the
Tanyaoping coal mine was field-measured, and the coal oxidation kinetic model
was built by the adiabatic test. Then, a 3-D mathematical model was constructed
based on the conditions of the 5011 working face by COMSOL Multiphysics.
Furthermore, the coupled effects of the two factors on the distribution of the
oxidation zone were investigated. Increases in both injection flux and burial depth
result in a decrease in the oxidation zone volume. The reasonable ranges of the
injection flux and burial depth are 540–720 m3 h-1 and 30–40m, respectively.
These results provide some guidelines on how to prevent the spontaneous
combustion of residual coal in mine gobs.

KEYWORDS

coal, spontaneous combustion, CO2 injection, oxidation zone, oxidation kinetic model

1 Introduction

China is the largest producer of coal in the world. Coal mining normally faces several
types of accidents that can cause environmental disruption, fatalities, and equipment loss
(Zhang et al., 2021; Li et al., 2022). The reaction between coal and O2 at low temperatures
usually results in spontaneous combustion and uncontrolled coal fires (Zhang et al., 2023).
During underground coal mining, spontaneous combustion of residual coal in the mine gob
often leads to a wide range of secondary disasters, such as methane explosions, carbon
monoxide generation, and ventilation disorders. The oxidation process of residual coal in the
gob is extremely complex. High-mechanized technology, especially coal caving mining,
results in considerable coal resources left in the gob. However, it is necessary to keep enough
fresh air through the airways and working face for human survival and methane dilution.
Therefore, the residual coal in the gob is exposed to continuous O2 and has the possibility of
spontaneous combustion. The hazardous areas of self-ignition in the gob depend on many
factors, such as air leakage, thickness of residual coal, and the advanced rate of the working
face (Zhu and Wen, 2023). Normally, the “three zones” (the cooling zone, oxidation zone,
and suffocation zone) in the gob are determined based on the distribution of O2

concentration in the gob area (Ma et al., 2020).
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Spontaneous combustion of coal is influenced by coal
oxidation reactions, heat accumulation, and the characteristics
of porous media (Si et al., 2021). Therefore, many technical
solutions were presented to prevent coal from spontaneous
combustion and inhibit coal fire, which normally focus on two
aspects: isolating coal active sites from O2 and cooling the
temperature (Dou et al., 2022). The present strategies can be
broadly classified as uniform pressure ventilation (Lu et al.,
2017), grouting (Zhang et al., 2018), spray inhibitors (Lu et al.,
2020; Sun et al., 2022), pumping inert gas (Zhu and Wen, 2023),
and injecting gel foam or gel (Lu et al., 2018; Lu et al., 2021; Han
et al., 2022; Huang et al., 2022). CO2 is an inert gas and can dilute
the O2 concentration and protect the coal from heat release.
Furthermore, broken coal can absorb CO2 and thus saved from
oxidation (Guan et al., 2018). With the advancement of the
working face, the volume of the mine gob increases. The
resistance of internal airflow is small, and the porosity is large.
Thus, the coal mine gob is an ideal location for storing CO2.
Injecting CO2 into the gob can achieve the dual benefits of fire
prevention and CO2 storage.

This study is based on the actual conditions of the 5011 working
face of the Tanyaoping coal mine. To achieve the fire prevention of
residual coal in the gob by injecting CO2, the oxidation zone was
calculated by mathematical simulation using COMSOL
Multiphysics. This simulated result without CO2 injection was
verified to be reasonable by comparing it with the field
measurement. By studying the effect of the injection flux and
burial depth of the injection port on the oxidation zone, the
superior injection parameters were determined.

2 Overview of the 5011 working face

The Tanyaoping coal mine is located in Lvliang city, China. The
recoverable coal seams consist of 5# and 10# coal seams. The
5011 working face is in coal seam 5# and adopts the “U”
ventilation method. Coal seam 5# is the main production seam

and is around 4.4 m thick. The width and design length are 180 and
2,000 m, respectively. The width and height of the intake and return
airways are 5 and 4.5 m, respectively. The thickness of the residual
coal that remains in the mined area, that is, the gob, is about 0.4 m.
The mined coal has a spontaneous combustion tendency.

As shown in Figure 1, two sensors were fixed in the intake and
return airways to collect the gas. The monitoring system was based
on the measurement of bundle tubes. With the advancement of the
working face, O2 concentrations at different buried depths were
drawn out through the bundle tubes using a vacuum pump. A gas
chromatography analysis system was used to analyze the O2

concentrations of the collected bags. Figure 2 shows the
measured O2 concentration values in the intake and return
airways. The O2 concentrations at the observation points
decrease with increasing buried depth. According to the actual

FIGURE 1
Measurement of O2 concentration in the gob.

FIGURE 2
O2 concentration of measured points in the intake and return
airways.
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condition and other studies, the “three zones” were divided by using
an O2 concentration of 10%–18% (Ma et al., 2020). The O2

concentration at the point in the intake airway decreased to 18%
and 10% at 90 and 147 m, respectively. For themeasured point in the
return airway, the buried depths of O2 concentrations of 18% and
10% are 30 and 73 m, respectively. Normally, there are three
parameters to determine the “three zones” in the gob: the air
leakage velocity, O2 concentration, and heating rate (Deng et al.,
2018). However, the O2 concentration is the most accessible and
was, therefore, applied in this study to judge the oxidation zone.

3 Coal oxidation kinetic model

Coal exothermic processes under low temperatures include
three forms: physical adsorption, chemical adsorption, and
chemical reactions (Liang et al., 2021). Chemical adsorption and
chemical reactions are recognized as themain reasons for promoting
the self-heating of coal under low temperatures (Zhang et al., 2019;
Qu et al., 2023). Although partially active functional groups are self-
reacting, a significant amount of heat will be released from the
coal–O2 reaction. Therefore, a linear relationship between the O2

consumption rate and heat generation rate is generally considered to
exist, expressed as follows:

q � rΔH, (1)
where q is the heat generation rate of the coal reaction (W·m−3); ΔH
is the coal oxidation heat (J·mol−1); and r is the O2 consumption rate
(mol·m−3·s−1).

Based on the coal oxidation dynamics theory, another major
influence on coal oxidation is temperature, which increases, causing
the activation of functional groups, i.e., the exothermic intensity
increases with increasing temperature. Most of the models on O2

consumption in the previous studies were based on the Arrhenius
equation, expressed as follows:

r � Aco exp −E/RT( ), (2)
where A is the pre-exponential factor (s−); E is the activation energy
(J·mol−1); R is the gas constant (8.314 J mol−1·K−1); co is the O2

concentration (%); and T is the temperature (K). The kinetic
parameters in Equation 2 are normally obtained from the
adiabatic oxidation test.

As shown in Figure 3, the coal sample was mined from the
5011 working face of the Tanyaoping coal mine. Moisture, ash,
volatile matter, and fixed carbon of coal are 7.64, 2.21, 26.24, and

FIGURE 3
Schematic representation of the adiabatic oxidation test.

FIGURE 4
Temperature profile versus time under adiabatic conditions.
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63.19, respectively. Elements of C, H, O, and N of coal are 63.61,
4.86, 0.81, and 30.69, respectively. Approximately 220 g of coal
particles (0.2–0.45 mm) were prepared and naturally filled into
the reaction vessel. The sample was dried in N2 at 105°C for 5 h
and then cooled to 40°C under a N2 atmosphere (Wang et al., 2010).
Once the temperature was stable, the mixed gases with 21% O2 were
injected into the reaction vessel at 10 mL min−1. It should be ensured
that the oven temperature is synchronized with the coal temperature
using the temperature controller. The change in coal temperature
over time was recorded using the recorder for later analysis. Figure 4
shows the temperature profile versus time of the adiabatic
oxidation test.

Under the adiabatic conditions, the coal sample was subjected to
accelerated self-oxidation so that the heat released in the last step
was completely converted to internal energy, which can be described
by Equation 3 as follows:

q � ρcCpc
dT

dt
� rΔH � ΔHAco exp −E/RT( ), (3)

where ρc is the density of coal (kg·m−3) and Cpc is the specific heat
capacity of coal (J·kg−1·K−1). Equation 4 can be rearranged by taking
the natural logarithm, which is expressed as follows:

ln
dT

dt
� ln

ΔHAco
ρcCpc

− E

R
· 1
T
, (4)

y �
y1 � −17230x + 45.476 R2 � 0.9796 x< 48.1( ),
y2 � −6910.4x + 13.353 R2 � 0.9933 48.1< x< 56( ),
y3 � −3955.9x + 4.3786 R2 � 0.9937 56<x< 68.7( ),
y4 � −2343.1x − 0.3393 R2 � 0.9974 x> 68.7( ).

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(5)

The relationship between lndT/dt and −1/T shown in Figure 5 is
a nonlinear positive correlation, which does not follow the standard
Arrhenius equation, and this phenomenon also appears in other
studies (Zhang et al., 2020; Yoruk and Arisoy, 2022). It is difficult to
fit the curve with one or two straight lines. The curve was divided
into four stages with three break points of 48.1, 56, and 68.7°C. In
each stage, lndT/dt and −1/T exhibit good linearity, as shown in
Equation 1. The slope of the fitting line in each stage presents the
value of -E/R, and the intercept is the value of lnΔHAc0/ρcCpc. The

apparent activation energies of the four stages are 143.25, 57.45,
32.89, and 19.48 kJ mol−1, respectively. Accordingly, the pre-
exponential factors of the coal sample are 2.53×1020, 2.83×106,
358.31, and 3.2 s−1, respectively. In the numerical calculation,
different E and A are invoked based on the coal temperature for
the heat generation model.

4 Numerical simulation

The process of spontaneous combustion of residual coal in the
gob area will involve heat transport and generation, O2 consumption
and transport, CO2 emission and migration, and gas airflow. As
shown in Figure 6, all the involved equations are interrelated based
on the fluid-solid-thermal coupling (Xia et al., 2016; Zhang et al.,
2019; Qi et al., 2021). The continuity equation and the momentum
conservation equation are as follows:

z ερg( )
zt

+ ∇ ρgU( ) � 0, (6)
z ερgU( )

zt
+ ∇ · ερgUU( ) � −ε∇p + ∇ · ετ( ) + εF − ε2μ

K
U, (7)

where ρg is the density of air (kg·m−3); ε is the porosity of gob; t is the
time (s); U is the seepage air velocity vector (m·s1); p is the static
pressure (Pa); τ is the stress tensor (Pa); μ is the air viscosity (Pa s); K
is the permeability (m2); and F is the gravitational body
force (N·m−3).

The relationship between porosity and permeability is
expressed as

K � dε3

150 1 − ε( )2, (8)

where d is the particle size (mm). With the working face advanced,
the stress status of overlying strata is damaged, and the roof-bed
formation collapses. The overlying strata are vertically divided into a
caving zone, fissure zone, and bent deformation zone based on the
differences in the balance status and re-compaction degree of the
damaged strata (Qin et al., 2016). Therefore, it is a significant
challenge to build mathematical models with reasonable
permeability and porosity in the gob area. According to the
observation of the mine pressure, the compaction bulking factor,
k, of the gob follows the law (Xia et al., 2015):

ε � 1 − 1
k
, (9)

k � kp,min + kp,max − kp,min( ) · exp −a1d1 · 1 − exp ξ1 · a0d0( )[ ]{ ,

(10)
where kp,min and kp,max are the initial bulking factors before and
after compacting in the gob area, respectively, (1.15 and 1.5). a0
and a1 are the decay ratios of the bulking factor in the dip and
strike directions of the working face, respectively, (0.268 and
0.0368 m−1). d0 and d1 are the distances between the point (x,y)
in the gob and the working face and coal pillar, respectively. ξ1 is
the adjustment factor controlling the distribution pattern of the
model, 0.233.

The local thermal non-equilibrium is considered in the energy
equation of conservation, which is given by

FIGURE 5
Fitting of lndT/dt versus −1/T.
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For gas, ερgCpg
zTg

zt
+ ρgCpgU∇Tg � ε∇ λg∇Tg( ) + qgc, (11)

For solid, 1 − ε( )ρcCpc
zTc

zt
� 1 − ε( )∇ λc∇Tc( ) − qgc + 1 − ε( )qo,

(12)
where Cpg is the specific heat capacity of air (J·kg−1·K−1); λg and λc are
the thermal conductivities of air and coal, respectively (W·m−1·K−1);
Tg and Tc are the temperatures of air and coal, respectively (K); qo is
the heat generation rate of coal (W·m−3) obtained using Equation 3;
qgc is the solid–gas heat exchange around coal particles (W·m−3),
which has

qgc � hgca Tc − Tg( ), (13)

where hgc is the convective heat transfer coefficient (W·m−2·K−1),
indicating the heat exchange between coal and pore air; a is the
specific surface area, that is, the exposed area of coal particles per
unit volume (m-1).

O2 conservation is a unique consideration without CO2

injection. However, we must consider the conservation of O2 and
CO2 for fire prevention by injecting CO2 into the gob, which is
expressed as follows:

ε
zco
zt

+ ∇ Uco( ) � ∇ εD∇co( ) + ro, (14)

ε
zcm
zt

+ ∇ Ucm( ) � ∇ εD∇cm( ) + rm, (15)

where cm is the concentration of CO2 (mol·m-3); Do and Dm are the
effective diffusivities of O2 and CO2, respectively (m2·s−1); and ro is

the O2 consumption rate (mol·m−3·s−1). rm is the CO2 generation rate
(mol·m−3·s−1) of coal oxidation, whose ratio to ro is 0.1 (Taraba et al.,
2014). The oxidation reaction of residual coal in the gob is affected
by working face advance. Based on Equation 2, ro can be expressed as

ro � wr, (16)
where w is the influence coefficient of working face advance.

In addition, to ensure the normal operation of modeling, the
following main assumptions are supplemented (Ma et al., 2020;
Zhang et al., 2022):

(i) The effects of moisture transport and evaporation are not
considered.

(ii) Thermal conductivity and heat capacity of coal and gas are
independent of other parameters.

(iii) The transfer of heat in the gob merely involves convection
and conduction, and the radiative transfer is not taken into
account.

(iv) The gas in the gob is incompressible.

According to the actual conditions of the 5011 working face,
the corresponding geometric model has been established.
COMSOL Multiphysics software was applied to simulate the
oxidation process of residual coal in the mine gob. The whole
model consists of four parts: the mining area, the inlet airway, the
return airway, and the working face. The cross-sectional area of
both the inlet and return airways is 22.5 m2, and the cross-sectional
area of the working face is 25 m2. The length of the inlet and return
airways is 5 m. The length of the working face is set as 220 m, and

FIGURE 6
Main conservation equations of modeling.
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the length and height of the gob area are 180 and 15 m,
respectively. For the condition without CO2 injection, grid
independence was checked by carrying out three sets of grids.
Eventually, after considering the CPU time and the sensitive
parameter, 34,954 mesh blocks are divided among this model,
including 32,389 mesh blocks in the gob area. The mesh blocks of
the models for CO2 injection were slightly larger than those
without CO2 injection. The time step was set as 1 h. As shown
in Figure 7, the CO2 injection port was a round tube with a radius
of 0.2 m and a length of 0.2 m. Two parameters, injection flux (U,
m3h−-1) and injection port burial depth (L, m), were considered to
investigate the performance of CO2 injection in preventing residual

coal fires. The parameters used in the simulations are listed in
Table 1. The boundary and initial conditions used in the
mathematical model are illustrated in Table 2.

5 Results and discussion

5.1 Analysis of the oxidation zone without
CO2 injection

As shown in Figures 8A, B, the porosities and permeabilities of
the gob near the working face and pillars are larger than those of the

FIGURE 7
Geometric model and meshing.

TABLE 1 Main parameters applied in the numerical simulation.

Parameter Item Value Unit

A0 Pre-exponential factor 40 kJ·mol-1

E Apparent active energy 320 s-1

ρa Density of air 1.225 kg·m-3

ρc Density of coal 1300 kg·m-3

ca Specific heat capacity of air 1007 J·kg-1·K−1

cc Specific heat capacity of coal 1210 J·kg-1·K−1

λa Thermal conductivity of air 0.02 W·m-1·K−1

λc Thermal conductivity of coal 0.21 W·m-1·K−1

μ Viscosity 1.87×10−5 Pa·s

Do O2 diffusion coefficient 1.76×10−5 m2·s-1

Dm CO2 diffusion coefficient 1.6×10−5 m2·s-1

hgc Convective heat transfer coefficient 11 W·m-2·K−1

ΔH Coal oxidation heat 380,000 J·mol-1

w Influence coefficient of working face advance 0.9 -
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inner zone due to the mining process. Fresh air enters the working
face from the inlet airway with a velocity of 0.7 m s−1, and more than
90% of the ventilation flux passes through the working face and then
flows into the return airway. The airflow streamlines in the gob area,
normally from the windward zone near the inlet airway to the zone
near the return airway. The airflow velocity near the working face is
larger than that in the inner zone due to the smaller forced-
convection resistance.

With the deepening of the gob, the O2 concentration gradually
decreases. As shown in F8(e), on the side of the inlet airway, the fresh
air from the intake airway enters the gob and flows toward the
deep. However, gases with low O2 concentrations flow from the deep
to the return airway. Therefore, the O2 concentration near the side of
the return airway shows a more rapid decline than that of the intake
airway.

This distribution of the oxidation zone has been observed
in many other field measurements and simulations (Xia et al.,
2015; Chu et al., 2019; Xu et al., 2020). Coal near the working
face undergoes a strong oxidation reaction because of the
abundant O2, accompanied by the release of heat. We can find
that the high-temperature zone is located on the windward side
of the oxidation zone, as shown in Figure 8C. It is due to the
fact that O2 was consumed in the high-temperature zone,
causing fewer O2 molecules to enter the interior of the gob.
Therefore, it is difficult to transport enough O2 to the inner
zone, resulting in a low concentration of O2 within the area.
The distribution of CO2 in the gob is the opposite of the
distribution of O2 because most of the CO2 in the gob is
derived from low-temperature oxidation of residual coal, as
shown in Figure 8D. The overall CO2 values are much lower
than those of O2. The CO2 concentration near the working face is
lower than that in the inner zone due to the dilution of airflow
seepage.

Figure 8E is a three-dimensional distribution of O2

concentration in the gob area. The O2 concentration in the upper
area in the same vertical direction is slightly higher than that in the
lower area. The volume of the oxidation zone without CO2 injection
is calculated to be 121,000 m3. The average width of the oxidation
band is 45 m. Figure 8F shows the range comparison of the oxidation
zones (z=0.2 m) between the field measurement and simulation. The
two results show good alignment. It indicates that the numerical
simulation can reflect the performance of the self-ignition of the
residual coal in the gob.

5.2 Analysis of the base case with CO2
injection

The base case of U = 540 m3 h−1 and L = 20 m was calculated,
and the distributions of O2, CO2, and temperature in the gob area are
shown in Figure 9. CO2 injection has the properties of a
displacement effect on the air leakage, a dilution effect on the O2

distribution, and a cooling effect on the high-temperature zone.
Therefore, the spontaneous combustion of residual coal is delayed or
prevented. CO2 injection can dilute the O2 concentration. CO2

concentration is much higher than O2 concentration downstream
of the injection port. The oxidation zone on the inlet airway side
moved significantly toward the injection port, and the width of the
oxidation zone decreased significantly. CO2 was continually mixed
with leaked O2, and the dilution effect on the O2 distribution was
gradually attenuated. The high-temperature zone under CO2

injection was a smaller area than that without CO2 injection.
CO2 also suppresses the maximum temperature in the gob. It
indicates that CO2 can restrict the self-ignition of coal. In
addition, the area of the oxidation zone for CO2 injection on the
surface z = 0.2 m is 1300 m2, much smaller than that without CO2

TABLE 2 Boundary and initial conditions of the mathematical model.

Types Positions Values

Boundary conditions Inlet x = −5 m Velocity: 0.7 m s-1 (1050 m3 min-1)

y = 0–5 m Temperature: 20°C

z = 0–5 m O2 concentration: 9.7 mol m-3

x = L Velocity: U

y = −0.2 m Temperature: 20°C

z = 0.1 m (circle) CO2 concentration: 44.6 mol m-3

Outlet x = −5 m Free outflow

y = 115 m–120 m

z = 0–5 m

Wall Other surfaces Temperature: 20°C

Initial conditions Temperature Entire domain 20°C

(Seepage) velocity 0

CO2 concentration 0

O2 concentration 9.7 mol m−3
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injection, which is 7400 m2. However, the volumes of the oxidation
zone with and without CO2 injection are 63,000 m3 and 121,000 m3,
respectively. The injection port is located near the bottom, causing a
large amount of CO2 cluster in the lower area and, therefore, not
easily diluting O2 in the upper area. As a result, the width of the
oxidation zone in the upper area is much greater than that of the
lower area.

5.3 Effect of the CO2 injection flux

Based on the base case and the corresponding simulation
without CO2 injection, the effects of the CO2 injection flux on
the prevention of residual coal fires were analyzed. The assumed
CO2 injection fluxes are 180, 360, 540, 720, 900, and 1080 m3 h−1,
respectively. Figure 10 shows the oxidation zone in the gob for
different CO2 injection fluxes at L=20 m. An increase in the
injection flux weakens the O2 concentration in the gob and
increases the displacement effect. When U ≥ 180 m3 h−1, the
higher pressure of the intake airway and gravity suppress the

injected CO2, which flows along the lower side of the gob in the
direction of airflow seepage, as shown in Figure 11. At U= 180 and
540 m3 h−1, CO2 concentrations in the upper zone of the gob are
much lower than those in the bottom zone. Because the CO2

injection fluxes (≤1080 m3 h−1) are smaller than the air flux from
the intake airway (1050 m3 min−1). CO2 injection hardly affects the
air leakage streamlines, and thus, the high CO2 areas at different U
values are extremely similar. With the increase in CO2 injection
flux, the overall distribution of the oxidation zone moves toward
the working face. The oxidation zone in the lower gob area moves
toward the upwind side of the injection port when U ≥ 0. As wind
speeds increase, the distance between the iso-surfaces increases by
10% to 18%, reducing the volume of the oxidation zone. The
volumes of the oxidation zone at U = 180, 360, 540, 720, 900, and
1080 m3 h−1 are 89,000, 62,500, 43,000, 2,950, 24,000, and
23,000 m3 at L=20 m, respectively. Therefore, when U <
900 m3 h−1, the volume of the oxidation zone decreases with the
injection flux, and when U > 900 m3 h−1, the volume changes little
as flux increases. This phenomenon also appears in other cases
with different L values.

FIGURE 8
Numerical simulation without CO2 injection: (A) porosity and airflow seepage at z=0.2 m, (B) permeability distribution at z=0.2 m, (C) temperature
distribution at z=0.2 m, (D) CO2 distribution at z=0.2 m, (E) 3-D oxidation zone, and (F) oxidation zone at z = 0.2 m.
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5.4 Effect of the CO2 injection location

Figures 12, 13 show O2 and CO2 distributions in the gob with
different burial depths at U = 540m3 h−1. Once CO2 is injected, the
oxidation zone on the inlet side is significantly reduced. This is because
the high CO2 concentration near the injection port effectively dilutes O2.
The closer the inlet port is to the working face, the closer the oxidation
zone on the inlet side is to the working face, and the weaker the effect of
theO2 concentration in the upper area of the inlet side being displaced by

CO2. It is due to the high leakage strength near the working face and a
large amount of fresh air that suppresses CO2 diffusion by the dilution
effect. Therefore, as shown in Figure 13, the smaller L is, the lower the
CO2 concentration within the gob. At L = 10, 20, and 30m, the CO2

concentration in the upper area of the gob is low.Moreover, as the burial
depth of the injection port increases, the airflow leakage from the
working face is small, and CO2 can migrate to the upper area
without high resistance. The volumes of the oxidation zone at L= 10,
20, 30, 40, 50, and 60 are 65,000, 43,000, 27,000, 23,000, 19,200, and

FIGURE 9
Numerical simulation with CO2 injection (L = 20 m and U = 540 m3 h−1): (A) oxidation zone at z = 0.2 m, (B) CO2 distribution at z = 0.2 m, (C)
temperature distribution at z = 0.2 m, and (D) 3-D oxidation zone.

FIGURE 10
Simulated oxidation zone with different injection fluxes at L = 20 m.

Frontiers in Earth Science frontiersin.org09

Fan 10.3389/feart.2023.1191049

49

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1191049


FIGURE 11
Simulated CO2 distribution with different injection fluxes at L = 20 m.

FIGURE 12
Simulated oxidation zone with different burial depths at U = 540 m3 h−1.

FIGURE 13
Simulated CO2 distribution with different burial depths at U = 540 m3 h−1.
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18,500m3 atQ=540m3 h−1, respectively. As L increases, the width of the
oxidation zone in the upper area decreases rapidly. The volumes of the
oxidation zone are almost identical at L = 50 and 60m. In addition, the
change in the burial depth of the injection port has little effect on the
distribution of the oxidation zone on the return side.

5.5 Comprehensive analysis of coupling the
CO2 injection flux and location

Figure 14 shows the effects of coupling factors, that is, the
CO2 injection flux and location, on the predicted volume of
the oxidation zone. A decrease in the CO2 injection volume or
burial depth of the port will reduce the volume of the oxidation zone.
When U < 720 m3 h−1, an increase in the burial depth significantly
reduces the volume of the oxidation zone, especially at a lower
injection flux. When U=1080 m3 h−1, the change in the position of
the injection port does not have a significant effect on the
distribution of the oxidation zone. At L = 10 m, the volume of
the oxidation zone decreases linearly with the injection flux.
However, when L > 30 m, the volume dramatically reduces with
increasing U from 0 to 540 m3 h−1, but changes little as flux
continues increasing. In practice, longer gas injection lines are
avoided, which can make operations difficult. Smaller U values
can save costs and reduce CO2 concentrations in the upper
corner and working face when achieving similar effects of
suppressing coal spontaneous combustion for different U values.
Therefore, based on the simulation results, the parameters of U =
540–720 m3 h−1 and L = 30–40 m are recommended for the
5011 working face.

6 Conclusion

To accurately predict the effectiveness of CO2 injection
on spontaneous combustion in the coal mine gob. A

mathematical simulation by COMSOL Multiphysics was
applied in this study.

According to the conditions of the 5011 working face in the
Tanyaoping coal mine, a 3-D mathematical model considering
fluid-solid-thermal inter-relationship was established. The coal
oxidation kinetic model was derived from the adiabatic
oxidation test, where four stages were considered in the
model. The apparent activation energies of the four stages are
143.25, 57.45, 32.89, and 19.48 kJ mol−1, respectively. A good
agreement between the field measurement and numerical
simulation indicates the rationality of the mathematical
model. CO2 injection can dilute the O2 concentration and
prevent spontaneous combustion of coal. The coupling effects
of injection flux, U, and the burial depth of the injection
port, L, on the oxidation zone were investigated. The
oxidation zone volume decreased with increasing U and L.
When U or L is small, the upper width of the oxidation
zone is wider, and as U or L increases, the upper width
gradually decreases until it is no longer sensitive to parameter
changes. An optimum injection plan is to keep the volume of
the oxidation zone at a lower value in consideration of
economic viability and operational parameters. The injection
parameters of U = 540–720 m3 h−1 and L = 30–40 m are
recommended after considering the activity of the 5100 working
face. The volume of the oxidation zone was estimated to be
18,500–23000 m3.
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In southern China, the karst landform areas possess a complex geological and
topographic environment, a fragile ecosystem, poor surface stability, and frequent
occurrences of landslides and other geological disasters. To effectively monitor
and predict such events, it is crucial to process landslide monitoring data and
establish reliable prediction models. This paper presents an IPSO-ELM
displacement prediction model that integrates the improved particle swarm
optimization algorithm (IPSO) and extreme learning machine (ELM). The
proposed coupling model predicts decomposed displacement subsequences
individually, which are then reconstructed to obtain the total displacement
prediction value. In this study, displacement monitoring data from a typical
landslide in the karst landform area between 2007 and 2012 were selected.
Various prediction and verification scenarios were established to validate the
accuracy and stability of the prediction model. The MAPE of the IPSO-ELM
model is 0.18%, which outperforms the ELM and BPNN models with MAPEs of
0.56% and 0.65%, respectively, in predicting landslide displacement in karst
landform areas. This study provides a solid theoretical foundation and practical
value for landslide displacement prediction.

KEYWORDS

complex and unstable area of karst, improved particle swarm optimization algorithm,
landslide, displacement prediction, extreme learning machine (ELM)

1 Introduction

Karst of China are widely distributed in mountainous areas with complex geological and
topographical environments, fragile ecosystems and poor surface stability. The typical
landslide disaster in this paper is located in the area with the most active karst landform
in China. The karst activities on the underground surface are very frequent, resulting in the
very active micro-movement of the underground surface and frequent geological disasters.
The prediction of landslide displacement in this area is helpful to predict natural disasters
such as landslides (Li et al., 2023; Liu et al., 2023a; Liu et al., 2023b; Liu et al., 2023c; Zhang
et al., 2023a; Liu et al., 2022; Zhou et al., 2022; Li et al., 2021).

Landslides seriously damage to the natural environment, and cause social property
losses. How to use the landslide monitoring data to predict the deformation of landslide and
disaster is an important scientific subject in the research of geological disaster prevention.
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The formation of most landslides is a gradual accumulation process,
so the long-term deformation monitoring data of landslides is an
important basis for landslide deformation prediction at present.
There are many prediction methods for landslide deformation based
on the monitoring data of landslide cumulative deformation. The
mainstream method is to decompose the time series of landslide
cumulative displacement into trend, periodic, and random items,
and use different methods to carry out targeted prediction. For
example, Peng et al. and Zhang et al. decomposed the landslide
deformation based on time series and ignored the influence of
random items (Peng et al., 2013; Zhang LB. et al., 2023). Qiu
et al. used the grey model to solve the trend term, and ignored
the random term and then used the AR model to solve the periodic
term (Qiu et al., 2020). Guo et al. used the reverse order method to
calculate the trend and trigonometric functions to fit the periodic
term (Guo et al., 2018). Jiang et al. used the variational mode to
decompose the accumulated deformation of the landslide, and then
used different methods to solve it respectively (Jiang et al., 2022).
Huang et al. used the moving average method to decompose the
cumulative displacement into trend term and periodic term
displacement, and used the support vector machine model to
predict the landslide deformation (Huang et al., 2014). Li et al.
and Huang et al. established an autoregressive moving average time
series model and used support vector machines, neural networks
and other algorithms to predict landslides (Huang et al., 2018; Li
et al., 2018).

The research shows that the deformation of landslides is often
affected by many factors, and different methods and models are used to
decompose the cumulative deformation, and different decomposition
results will reduce the accuracy of data fitting. For the prediction of
cumulative deformation under the influence ofmultiple variables, Duan
et al. and others used different smoothing parameters to predict the
deformation of landslides under different monthly rainfall conditions,
but the selection of models and the weight of different factors have a
great impact on the results (Duan et al., 2016). Yang et al. used short-
term and short-term memory neural networks to predict landslides,
proving the feasibility and high accuracy of using neural networks to
predict landslides (Yang et al., 2019). Genetic algorithm is used to
optimize the structure of BP neural network, and a nonlinear synergetic
bifurcation model is established to predict the deformation of single
variable (Guo et al., 2011). Cai et al., 2019 and others used FA algorithm
to optimize the selection of neural network structure, but the same
network structure will also lead to different training effects due to the
random selection of initial value (Cai et al., 2019). The above results
have been well applied in the study of deformation prediction using
long-term monitoring data of landslides, but there are still some areas
for improvement in the accuracy of the prediction results. Zhou et al.
proposed a new extreme gradient boost (XGBoost) and Hodgrick
Prescott (HP) filtering coupling method to predict landslide
displacement (Zhou et al., 2022). Tang et al. developed a progressive
landslide displacement prediction model driven by Semantic
information, which includes the identifier of the displacement stage
and the predictor of acceleration stage (Tang et al. . 2022). Miao et al.
took the Baishui River landslide as the research object and decomposed
the landslide displacement into three parts (trend term, periodic term,
and random term) through variational mode decomposition (VMD),
introduced a data mining algorithm to select the triggering factors of
periodic displacement, and applied the fruit fly optimization algorithm

backpropagation neural network to train and predict periodic and
random displacement (Miao et al., 2022). Long et al. applied the multi-
feature fusion transfer learning method to the Baijiapu landslide scene
to obtain sufficient monitoring data and laws, improving landslide
prediction ability (Long et al., 2022). Zheng et al. proposed a
displacement prediction method based on multi-source domain
transfer learning, and used the optimal variational mode
decomposition model based on minimum sample entropy to
decompose the cumulative displacement into trend component,
periodic component and random component (Zheng et al., 2023).
The trend component is predicted by the autoregressive model, and the
cycle component is predicted by the long-term and short-termmemory.
For random components, a combination of Wasserstein-generated
adversarial networks, and multi-source domain transfer learning is
used for prediction to improve prediction accuracy.

Therefore, the difficulty of landslide displacement prediction
research lies in the scientific and reasonable analysis of the original
data and improving the accuracy of the prediction model as much as
possible. On the basis of previous research results, this paper adopts the
variational modal decomposition algorithm to decompose the landslide
displacement sequence, which can avoidmodal aliasing in the process of
decomposition and can control the number of sub-sequences. The
improved particle swarm optimization algorithm is used to optimize
the ELM parameters, and IPSO-ELM is constructed. The model is used
to predict the decomposed displacement subsequences respectively, and
the prediction results of each subsequence are reconstructed to obtain the
predicted value of landslide cumulative displacement. On the basis of the
above work, the displacement prediction values obtained by the model
used in this paper are compared with those obtained by the traditional
ISPO-ELM, extreme learning machine (ELM), and back propagation
neural network (BPNN) models. The mean square error (MSE), mean
absolute error (MAE) and mean absolute percentage error (MAPE) of
these models are calculated, respectively. Thus, the prediction accuracies
of these threemodels were quantitatively compared, and themodels with
the highest prediction accuracy were indicated.

2 Principle and algorithm of variational
mode decomposition (VMD)

The landslide displacement sequence is a nonlinear and non-
stationary time series. If the prediction is made directly on the basis
of the original cumulative displacement monitoring data, it is easy to
produce large errors. In relevant research, the method of
decomposing the original displacement sequence using a
decomposition algorithm (i.e., decomposing first and then
predicting) is widely used, and the landslide displacement
prediction based on this method has achieved good prediction
results. By decomposing the original sequence, on the one hand, the
complexity of the data is reduced, on the other hand, the information of
the original monitoring data is fully utilized, and the prediction accuracy
is improved. Typical sequence decomposition algorithms include wavelet
analysis, empirical mode decomposition (EMD), ensemble empirical
mode decomposition (EEMD), etc (Shihabudheen, 2017; Miao et al.,
2022).

Variational mode decomposition (VMD) can convert the
original signal into non-recursive VMD mode. Compared with
EMD algorithm and EEMD algorithm, VMD algorithm has an
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excellent performance in anti-noise. In addition, the VMD
algorithm controls the convergence conditions and the number
of decompositions reasonably, and the number of modes
obtained after decomposition is also less than EMD and EEMD.
Therefore, VMD has the advantages of solid mathematical
foundation and fast calculation speed, which is extremely
beneficial to reduce the workload of later prediction.

The overall idea of VMD algorithm is to construct a variational
problem first, and then decompose a real value signal S into a
discrete number of modes Sk(t), k � 1, 2,/, K by solving the
variational problem, and assume that each mode is
approximately compact around the center pulse. Wiener filter,
Hilbert transform and frequency mixing in signal analysis are the
important basis of VMD algorithm.

3 Improved particle swarm
optimization extreme learning machine
(IPSO-ELM)

3.1 Extreme learning machine (ELM)

The extreme learning machine was proposed in 2004. Because of
its simple structure, less parameters and fast learning speed, many
scholars have studied and applied the algorithm (Huang et al., 2006;
Marti et al., 2011; Xue et al., 2020; Panghal et al., 2021). The principle
of extreme machine learning is shown in Figure 1.

In a single hidden layer neural network, it is assumed that there
are N samples (xi, yi), where xi � [xi1, xi2, xi3,/, xin]T ∈ Rn,
yi � [yi1, yi2, yi3,/, yim]T ∈ Rm, when in a single hidden layer
neural network, the output samples can be expressed as:

yi � ∑
l

i�1
βig ωi gxi + bi( ) (1)

Where, βi is the output weight; g() is the activation function; ωi is
the input weight; bi is the offset of hidden layer nodes; ωi · xi is the
inner product of ωi and xi.

The purpose of using ELM model is to minimize the output
error value. Assume that when the error value is 0, the output of
the existence, and make formula βi, ωi and bi is equal to the
actual output, and the following matrix can be established:

Y � βH
Y � y1, y2,/, yi( )
β � β1, β2,/, βi( )

H �
g ω1 · x1 + b1( ) . . .g ω1 · xi + b1( )

M M
g ωi · x1 + bi( ) . . .g ωi · xi + bi( )

⎧⎪⎨
⎪⎩

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

(2)

To sum up, calculate the minimum value ‖Hβ − Y‖2, where Y is
the actual output; H is determined according to the value of ωi and
bi, from which it can be concluded that the prediction model is
established.

3.2 Improved particle swarm optimization
(IPSO)

Particle swarm optimization algorithm (PSO) is an evolutionary
computing technique derived from the study of bird swarm predation
behavior. The algorithm was originally inspired by the regularity of bird
cluster activity and then a simplified model using swarm intelligence.
Each particle represents different possible solutions. The quality of the
particle’s position is judged according to the fitness function value.
Through continuous learning from the global optimization and
individual optimization, the particle’s position and speed are updated
to achieve the optimization purpose.

Assume that in the dimensional space, it represents the position of
particles and the speed. Under this condition, Xi � (Xi1,Xi2,/,Xid)

FIGURE 1
The Schematic of extreme machine learning.
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indicates the position of particles, Vi � (Vi1, Vi2,/, Vid) indicates
speed, its position and speed are updated according to formulaunder
this condition:

Xt+1
id � Xt

id + Vt+1
id (3)

Vt+1
id � ω · Vt

id + c1r1 pt
id −Xt

id( ) + c2r2 pt
gd −Xt

id( ) (4)

Where, ω is inertia weight; pt
id is the best individual under this

condition; pt
gd is the corresponding global optimum; c1, c2 is the sub-

factor of students; r1, r2 is a random number with a value range
of [ 0 1 ].

In particle swarm optimization, inertia weight ω, as one of the
important parameters, plays a vital role in the search effect. The
value of ω determines the global search ability of PSO. The larger
the value of ω, the stronger the global search ability of PSO;
otherwise, the stronger the local search ability of PSO. In order to
achieve higher search efficiency, the random weight method is
introduced to optimize this algorithm in the optimization
process. When optimizing based on this method, the PSO
algorithm is considered to be random. The advantages of this
setting are:

(1) When the initial position is close to the global optimum, the
random value obtained is small, which is beneficial to improve
the convergence speed.

(2) Overcome the limitation that the algorithm cannot converge to
the best point caused by linear decline.

The inertia weight is modified based on the following
expression:

ω � μ + σ × N 0, 1( )
μ � μ min + μ max − μ min( ) × r and 0, 1( ){ (5)

Where,N(0, 1) represents the random number of the standard state
distribution, and rand(0, 1) represents the random number
between [ 0 1 ].

The calculation steps of random weight method are as follows.

(1) Initializes the speed of particles.
(2) Calculate and determine the fitness of each particle, save its

position and fitness information in pbest, and compare and
analyze all of pbest to get the best individual value and then
store it in gbest.

(3)The displacement and velocity are updated by the following
expression:

xi,d t + 1( ) � xi,d t( ) + vi,d t + 1( ) (6)
vi,d t + 1( ) � ω · vi,d t( ) + c1r1 pi,d − xi,d t( )[ ] + c2r2 pg,d − xi,d t( )[ ]

(7)

(4) Update the inertia weight according to the formula.
(5) Compare the current position and the best position of particles,

and replace the latter with the current position in the case of
proximity. Compare all pbest and gbest and update gbest.

(6) If the algorithm meets the stop condition, the iteration
operation is ended and the result is output. On the contrary,
return to step (3).

3.3 IPSO-ELM model

The random weight method is applied to the PSO algorithm,
which overcomes the shortcomings of the PSO algorithm that the
global search ability and local search ability are poor due to the
improper value of inertia weight. The improved particle swarm
optimization algorithm (IPSO) is used to globally optimize the
connection weight and hidden layer threshold of the extreme
learning machine (ELM), and thus IPSO-ELM model is
constructed for landslide displacement prediction.

4 Landslide displacement prediction
process

The steps of landslide displacement prediction based on VMD
and IPSO-ELM coupling model are as follows, Figure 2 shows the
flow of landslide displacement prediction.

5 Engineering case analysis

5.1 Typical landslide engineering geology
and monitoring overview

A typical landslide selected for this project case analysis is
located on the south bank of the Yangtze River in the Three
Gorges Reservoir area, 56 km away from the dam site of the
Three Gorges Dam. The landslide is an old landslide, which has
repeatedly occurred bedding sliding in history. The landslide mass is
located in the broad valley section of the Yangtze River, a monoclinic
bedding slope, high in the south and low in the north, and is
distributed in a stepped manner towards the Yangtze River. The rear
edge elevation of the landslide is 410 m, bounded by the geotechnical
boundary, and the front edge is about 70 m, which has not been
below the reservoir water level, the eastern and western sides are
bounded by the bedrock ridge, with an overall slope of about 30°.

The deformation of typical landslide mainly occurs in the early
warning area of the sliding mass, and the deformation of other parts
of the sliding assembly obvious could be clearer. There are currently
6 GPS monitoring points in the early warning area. The monitoring
data shows that in 2011, the cumulative horizontal displacement of
GPS monitoring points M1, M2, and M3 for the whole year was
182.2, 128.5, and 145.8 mm, respectively, with an average rate of
15.2, 10.7, 12.2 mm/month; The cumulative horizontal
displacement of the whole year in 2012 was 239.6, 113.0, and
113.6 mm respectively, with the average rate of 20.0, 9.4, and
9.5 mm/month respectively.

5.2 Prediction of landslide displacement

Reasonable selection of landslide displacement influencing factors is
of great significance to the rationality and prediction accuracy of
displacement prediction. Based on the previous research experience,
the monthly rainfall, reservoir water level value, bimonthly rainfall,
inter-monthly reservoir water level variation, bimonthly reservoir water
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level variation and monthly displacement increment are considered the
displacement influencing factors system.

Under the conditions of engineering practice, the prediction
model must have strong adaptability to the dynamic monitoring
data to accurately and stably output the prediction results. To verify
the validity and stability of the proposed model, the monitoring data
of this typical landslide monitoring point is divided into two datasets
to train and test the model. Select the monitoring data from 2007 to
2010 as the training set, and the monitoring data from 2011 as the
corresponding test set.

5.2.1 Selection of mode number
Before the VMD decomposition of the original displacement

sequence, the number of decomposition subsequences needs to be
set first. In order to facilitate the subsequent prediction, the
cumulative displacement sequence of the monitoring point from
2007 to 2011 is decomposed, and the modal number is set as
K=2, 3, 4.

According to the previous test, the first sub-sequence (the main
component of the cumulative displacement sequence) obtained by
decomposition is obviously inconsistent with the original series in
the trend when K=4, and it is considered that there is over-
decomposition. Therefore, K=3 is more appropriate. To
maximize the use of the information of the original data, the
original cumulative displacement sequence is decomposed into

three sub-sequences, and the three modes are obtained by
decomposition.

5.2.2 Sub-sequence displacement prediction
According to the landslide displacement prediction flow, the

three subsequences obtained from the decomposition of the original
displacement sequence aremodelled and predicted, respectively, and
three groups of corresponding displacement prediction values are
obtained.

5.2.3 Sub-sequence prediction displacement
reconstruction

The final total landslide displacement prediction value is
obtained by superposition of three groups of prediction values,
and compared with the actual monitoring value. The prediction
accuracy results of the prediction model were obtained by the

FIGURE 2
Flow chart of landslide displacement prediction.(1) VMD is used to decompose the original cumulative displacement sequence to obtain the
subsequence components.(2) IPSO is used to optimize the parameters of ELM, and IPSO-ELM coupling model is established.(3) The IPSO-ELM coupling
model is used to predict the subsequences obtained from VMD decomposition.(4) Reconstruct the prediction results of each displacement subsequence
to obtain the total displacement prediction value of the monitoring point.(5) Error analysis. In error analysis, the degree of dispersion of prediction
results and the degree of deviation between prediction value and actual value are taken as careful consideration, and MSE, MAE andMAPE are selected as
accuracy evaluation indicators.

TABLE 1 Accuracy comparison of three models.

Error index IPSO-ELM ELM BPNN

MSE 115.23 496.21 762.12

MAE 4.95 15.36 20.14

MAPE 0.18% 0.56% 0.65%
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validation of the displacement data in 2011. The comparison of
prediction accuracies is shown in Table 1.

The comparison results show that.

(1) Both ELM and BPNN have prediction effects only in a particular
range, but the prediction accuracy in a more extensive range is
very low, indicating that the robustness and generalization
ability of these two models are relatively poor.

(2) The prediction accuracy of BPNN depends on the training of
large data samples. For the prediction of small samples similar
to this paper, BP neural network’s prediction accuracy and
generalization ability the are worse than ELM.

(3) The IPSO-ELM model proposed in this paper can adapt to the
changing data environment. Displacement data from different
scenarios were used for stability testing of the IPSO-ELMmodel.
The displacement data from 2007 to 2011 as training set and the
2012 data as test set. The results show slight differences in
prediction accuracy in different scenarios, but high accuracy,
indicating the good stability.

6 Conclusion

This paper studies the landslide displacement prediction based
on VMD and IPSO-ELM coupling model. In the landslide
displacement prediction, the original displacement sequence is
decomposed into three sub-sequences, and then predicted
separately is an effective method to make full use of the limited
data information. On the basis of VMD, IPSO algorithm is used to
optimize the parameters of ELM, which can effectively solve the
problem of premature particle swarm optimization algorithm. It is
easy to fall into the problem of local optimization, and it also retains
the advantages of particle swarm optimization algorithm itself, such
as fast convergence speed.

The verification results of typical landslide examples show that
the coupling model can accurately predict the displacement value of
landslides, with good accuracy and stability, and has high

application value in landslide displacement prediction. When
using IPSO-ELM coupling model based on VMD. When
predicting landslide displacement, the K value of VMD can be
set manually. When the appropriate K value is selected, the
prediction effect of the model is perfect.
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A multi-parameter comprehensive early warning method for coal pillar-type
rockburst risk based on the deep neural network (DNN) is proposed in this
study. By utilizing preprocessed data from the surveillance of coal pillar impact
hazards in Yangcheng Coal Mine, this study incorporates training samples derived
from three distinct coal pillar-type impact hazard monitoring methodologies:
microseismic monitoring, borehole cutting analysis, and real-time stress
monitoring. The data characteristics of the monitoring data were extracted,
evaluated, classified, and verified by monitoring the data of different working
faces. This method was applied to develop the depth of multi-parameter neural
network comprehensive early warning software in engineering practice. The
results showed that the accuracy of the depth for burst monitoring data
processing is improved by 6.89%–16.87% compared to the traditional
monitoring methods. This method has a better early warning effect to avoid
the occurrence of coal pillar rockburst hazard.

KEYWORDS

deep neural network, rockburst, model training, hazardmonitoring, comprehensive early
warning

1 Introduction

Currently, most impact risk monitoring data processing methods are directly obtained
and classified according to warning values or processed by statistical machine learning
methods based on shallow models. In the feature selection process, these methods rely more
on human subjective factors, which affects the accuracy of impact risk assessment. The
rockburst hazard monitoring data are processed by deep learning feature extraction methods
to avoid the shortcomings of the traditional shallow learning models in feature selection (Ji
et al, 2003; Jiang et al, 2014; Chen et al, 2015; He et al, 2022; Wang, 2022; Li et al, 2023).

The deep learning algorithm is derived from an artificial neural network, known as a
deep neural network (DNN), which is a multilayer perceptron with multiple hidden layers.
The algorithm can learn, adjust, improve, and understand huge data contents and
independently find the optimal solution from data changes (Ren, 2016; Zheng, 2022;
Wang et al, 2023). The rockburst hazard monitoring data are enormous, and the drilling
chip method generally requires drilling multiple holes to judge the rockburst hazard of a
specific roadway or working face while driving and mining (Chen et al, 2013; Zhang, 2020; Li
et al, 2022). Microearthquake monitoring requires arranging 6-8 groups of measuring points.
Each group of measuring points acquires and records monitoring data every 10 seconds,
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stress online monitoring is utilized to arrange more than a dozen
groups of measuring points and record data every few seconds, and a
large number of impact hazard monitoring data are obtained in
actual mining scenarios. However, there are great deficiencies in the
application and processing of data, especially in the in-depth mining
processing of monitoring data feature information (Yuan et al, 2018;
Bao et al, 2019; Ai et al, 2020). Therefore, Chen et al (2020) proposed
the integrated high-precision intelligent microseismic monitoring
technology based on the high-precision time synchronization
strategy of PTP. In general, the velocity model database was used
to match the micro-source location algorithm, and these
technologies were integrated. Many chaotic initial data were
abstracted into distinguishing feature information, evaluated, and
classified through the DNN to ensure that the precursor information
of rockburst hazard monitoring can be accurately identified in the
subsequent monitoring and early warning (Pan, 2003; Bosch et al,
2007; Sun et al, 2013; Lu et al, 2021; Yin, 2022; Zhang et al, 2023).

2 Monitoring method of rockburst
hazard

2.1 Monitoring technology

Rockburst hazard monitoring mainly includes drilling chip
method monitoring, microearthquake monitoring, stress online
monitoring, and electromagnetic radiation (Jiang and Zhao, 2015;
Lan and Zhang, 2022).

Among them, the drilling chip method monitoring mainly
monitors the discharge amount of drilling cuttings, the change in
particle size of drilling cuttings, and the change in drilling noise and
strength and judges the crushing zone range, plastic zone, and elastic
zone in the coal body using a number of drilling cuttings. The rockburst
hazard of the coal pillar is judged by the dynamic effect during drilling
to identify the stress state of the coal body (Zhu et al, 2014; Jia et al,
2019). Generally, a rockburst hazard occurs when the average
pulverized coal amount per meter exceeds the critical pulverized

coal amount. When the pulverized coal increases first and then
decreases with the increase in the drilling depth, it is considered that
there is no impact hazard but stress concentration. The dynamic
properties, such as drilling suction and sticking, are based on the
dynamic characteristics of the rockburst. This is more obvious from
the increase in drill cuttings’ particle size of pulverized coal.

Microearthquake monitoring is mainly used to monitor the
whole mine according to microseismic sensors, determine the
location and energy of the seismic source, compare it with the
energy calculated according to the minimum energy principle, and
adjust the early warning energy combined with the actual
monitoring experience of the mine to determine the monitoring
indicators within the monitoring coal pillar. The driving and mining
speed affect the evolution process of strata fracture movement. The
determination of an early warning value for microearthquake
monitoring should fully reflect the influence of tunneling and
mining, with the early warning value of microearthquake
monitoring for a single event being set to 105 J (Tan et al, 2022;
Wang et al, 2014; Liu et al, 2022; Zhang et al, 2023).

FIGURE 1
Comprehensive early warning technology application diagram.

FIGURE 2
Activation function structure diagram.
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Stress online monitoring takes coal stress increment as the
rockburst hazard evaluation index. Before a rockburst hazard
occurs, there will be a gradual increase in stress, and only when

the stress reaches the coal failure’s ultimate stress, the rockburst will
be caused. At the same time, the stress state in the coal pillar can be
reflected by stress online monitoring, and the safety factor of the coal

FIGURE 3
SVM classification process.

FIGURE 4
Evaluation of the neural network structure by an impact ground.
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pillar can also be obtained by the coal pillar strength. The early
warning of coal pillar impact hazard can be obtained based on the
change in stress increment (Wang et al, 2015; Dou et al, 2020).

2.2 Multi-parameter comprehensive early
warning

The impact monitoring methods are becoming complicated,
with the increase in monitoring data. When monitoring is equipped
with multiple monitoring systems, especially when the monitoring
data are contradictory, it is a common problem to rely on one of the
monitoring methods or comprehensively evaluate multiple
monitoring methods simultaneously (Jiang et al, 2011; Luo et al,
2013; Lv et al, 2013; Wang et al, 2018; Liu and Li, 2023).

Microearthquake monitoring is a means of regional rockburst
hazard monitoring, which has a wide monitoring range and is
suitable for large-scale regional rockburst monitoring. The position
and level of energy events are reflected and confirmed through
microearthquake monitoring. Hence, microearthquake monitoring is
an effective means of regional rockburst monitoring. The earthquake,
quantity, frequency, intensity, density, scale, and properties of rockmass
fracture can be monitored by microseismic monitoring. Stress online
monitoring has the advantages of good continuity and the capability of
monitoring stress change in the coal pillar while reflecting its stress
change. Hence, it is suitable for continuous monitoring of long-term
impact hazards. The position of the stress peak in the coal body and
whether the supporting pressure of the coal body reaches its limit
strength are based on the relationship between the drilling chip’s
monitoring value obtained by the drilling chip method and the
stress state and damage degree of the working face and coal pillar.
The stress in coal mass is reflected by the amount of drilling chips,

which effectively monitors the rockburst risk at a fixed point. The
application of comprehensive multi-parameter monitoring and early
warning technology of rockburst is shown in Figure 1.

For coal pillar rockburst, due to many influencing factors,
rockburst has different stress characteristics and energy variation
laws, and it is difficult to effectively monitor the rockburst hazard by
using a monitoring method. Therefore, an appropriate monitoring
method should be selected based on the expected rockburst
performance characteristics (Jia et al, 2014; Zhang, 2021; Wang
et al, 2022; Liu et al, 2023a; Liu et al, 2023b).

FIGURE 5
Position of the working face and geological condition.

FIGURE 6
Normalization of monitoring data.
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3 Deep learning analysis of monitoring
data

3.1 DNN

The DNN model structure includes an input layer and several
hidden layers. The difference between DNN and BP neural networks
is the number of hidden layers, where DNN has many hidden layers
that might exceed 10 in some cases. The data enter the network from
the input layer and passes through L hidden layers: H(1), H(2), H(3),
and H(L), to perform data abstraction and feature extraction step by
step. H(L) is the desired representation, and this process is the
representation learning of DNN.

The basic unit in DNN is the node which comprises an input,
a state function, and an activation function, wherein the input
includes an input value and a connection weight. The input value
is the same as the output value of the upper node, and the weight
adjusts the node’s connection strength. The state function is the
linear accumulation of the input values and weights, and the node
state is controlled by an offset term. The general state function
form is provided in Eq. 1, while the state function’s matrix is
given in Eq. 2. The activation function is the number used to
select a linear, non-linear, continuous, discrete, numerical, or
probability function to control the output range (Zhang et al,
2015), as shown in Figure 2.

yi � ∑
N

k�1
xkwk + bi, (1)

yi x( ) � xT × w + bi, (2)
where xk is the kth input value of the upper layer of the network,
including energy x1, frequency x2, drilling powder x3, deep hole
stress x4, and shallow hole stress x5; Wk is the connection strength
between the node and xk; and bi is the bias term.

Support vector machine (SVM) plays a critical role in
classification and linear regression. This method uses statistical
learning theory to establish a decision surface and maximize the
isolation between different results. In this paper, the early warning

identification results of coal pillar rockburst hazards are divided
into four situations: danger (DAN), probable danger (CRI),
probable danger (AN), and safety (NOR). The support vector
machine classifier is extended from binary classification to a
multi-class classifier. The classifier is constructed with n(n − 1)/2 �
6 based on the one-to-one method. Hence, six binary SVMs must
be constructed. The specific classification process is shown in
Figure 3.

The DNN constructed in this paper adopts the greedy
initialization method, and the data representation of the neural
network is obtained by iteration of input values. The network’s
internal parameters are initialized to obtain a better initial value that
reduces the possibility of the network falling into the local limit
value. The DNN model adopts greedy initialization layer by layer to
obtain a better training effect, or the optimal value, so that the low-
level network can be fully trained. First, the deep network is built by
restricted Boltzmann machine (RBM), and the marked data and
unlabeled data are used to find the network space W.

A fully connected directional multilayer neural network is
established. The input layer h0 includes energy, frequency,
powder drilling amount, deep-hole stress value, and shallow-
hole stress value. The label layer contains four units: danger,
probable danger, probable danger, and safety. The number of
hidden layers and nodes in each hidden layer are selected
through an iterative approach. In the training process, one
hidden layer is trained first, this layer is fixed next, then two
hidden layers are trained, and multiple hidden layers are trained
according to the second method. Thereafter, the spatial
parameter w of the multilayer network is found through label
data. The gradient descent method is used to train the deep
structure based on the exponential loss function, and the
parameter space is further optimized using the labeled data.
The structure of the rockburst evaluation neural network is
shown in Figure 4.

According to the DNN characteristics, if the number of nodes in
each layer is enough, each hidden layer’s output value contains the
input data’s complete information. Thus, each hidden layer
represents the input data, but the specific form is different.

FIGURE 7
Early warning index of the critical coal quantity.
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3.2 Sample data

The monitoring data of the drilling cutting method,
microseismic monitoring data, and stress online monitoring data
are analyzed based on the monitoring methods and conditions of the
rockburst in Yangcheng Coal Mine. The monitoring data of

rockburst hazards during mining in the 3303 working face of
Yangcheng Coal Mine were collected and used as training data to
develop the neural network. The layout of the 3303 working face of
Yangcheng Coal Mine is shown in Figure 5.

Before using the DNN model to train the impact monitoring
and early warning data, it is necessary to preprocess the mine

FIGURE 8
Daily energy and cumulative energy release curves of typical microearthquakes.

FIGURE 9
Typical stress monitoring curve.
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impact monitoring data and correct and deal with some missing
and obvious errors to ensure data reliability. Preprocessing of
rockburst hazard monitoring data mainly checks the data’s
completeness and accuracy. The specific processing methods
include removing the inaccurate data, trimming the missing
data, and rearranging the out-of-order monitoring data. The
microseismic monitoring system extracts, records, and saves
microseismic events and continuously saves energy signals. The
errors in microseismic monitoring are mainly related to timing
and wave velocity. However, because data processing software
of the microseismic system itself has good data judgment and
extraction ability, the preprocessing of microseismic
monitoring data only requires checking the integrity. Online
stress monitoring data errors are mainly caused by problems
such as initial pressure, pipeline length, and inner diameter, so
it is necessary to eliminate and correct the measuring points
with abnormal initial stress and the wrong points. The problems
of drilling cutting monitoring data are mainly data
discontinuity, errors caused by construction conditions, and
data loss caused by untimely records. Therefore, the processing
of drilling cutting monitoring data needs to complete the
monitoring data and eliminate the wrong parts. The
rockburst hazard monitoring training samples are selected,

FIGURE 10
Multi-parameter integrated flowchart.

FIGURE 11
DNN multi-parameter integrated early warning system.
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and the data are normalized by the mapminmax function. The
processing results are shown in Figure 6.

3.3 Classification index

Determining the monitoring and early warning index of the
drilling cutting method is performed to calculate the amount of
pulverized coal in the area without impact danger and discard the
first 1 m of pulverized coal. Under normal circumstances, the
pulverized coal per m is G, the drilling rate index is K, the
correction coefficient α is 1.1, and the critical pulverized coal
amount is Gi � G · K · α. According to test results, the critical
pulverized coal amount of the early warning index is calculated,
the rockburst danger in the monitored area is judged, and the impact
danger monitoring data sample is selected. The coal powder early
warning index of Yangcheng Coal Mine is shown in Figure 7.

The laws of early warning of impact hazards summarized from
the microseismic monitoring site include total energy active high-
frequency sub-vibration type, vibration silence maintaining high-
frequency sub-vibration type, typical strong impact hazard early
warning, monitoring daily energy release curve, and cumulative
energy characteristic curve, as shown in Figure 8.

According to the monitoring experience of Yangcheng Coal
Mine, early warning is required when the stress increment
reaches 2 MPa, the stress of 8 m measuring point reaches
11 MPa, or the stress of 14 m measuring point reaches
12.5 MPa. High-stress concentration and sudden change are
the necessary conditions to induce a rockburst, so before a
rockburst occurs, the stress values of the surrounding rock all
change greatly. Therefore, analyzing the borehole stress gauge
reveals the change in surrounding rock stress, and when the stress
changes greatly, the rockburst is warned. The typical rockburst
stress monitoring curve is shown in Figure 9.

3.4 Model training

After data preprocessing, the data of microseismic monitoring,
online stress monitoring, and drilling cutting monitoring are selected as
experimental samples. The data are further corresponded according to
timepoints to obtain input vectors, and the sample data are divided into
training and verification data. The microseismic data include energy
and frequency, online stress monitoring data include deep hole stress
and shallow hole stress, and the drilling cuttingmonitoring data include
the number of drilling cuttings.

FIGURE 12
Schematic diagram of DNN multi-parameter comprehensive early warning.
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In the DNNmodel, the performance may be improved with the
deepening of the network layers, but there may also be over-fitting.
For the DNN, there may be a small gradient near the input layer
and a large gradient near the output layer. When the model’s
learning rate is constant, the learning rate near the input layer will
be slow, while that near the output layer will be too fast, which may
lead to local minimum. For such problems, the neural network is
generally optimized by changing the activation function or the
learning rate. Using the ReLU activation function instead of
sigmoid activation function solves the training gradient vanish

problem, and the output of the ReLU activation function is
calculated as max(0, xTw + b).

After preprocessing the data, five-dimensional parameters
corresponding to the pulverized coal amount, energy, frequency,
shallow hole stress, and deep hole stress can be obtained. The
standard sample output divides the impact hazard monitoring
results into four levels: danger, probable danger, probable danger,
and safety. This paper uses the early warning information of
rockburst hazards extracted from the monitoring data of
1310 and 3303 working faces in Yangcheng Coal Mine as

FIGURE 13
Classification results of impact ground pressure evaluation. (A) Two-dimensional view of coal pillar impact hazardmonitoring data classification. (B)
Three-dimensional view of coal pillar hazard monitoring data classification.

TABLE 1 Multi-source information early-warning number table.

System name DAN/time CRI/time False alarm/time Accuracy/time Accuracy/%

Microearthquake 12 266 42 236 75.88

Stress 17 309 68 258 82.95

Drill chips 14 293 52 255 83.06

Comprehensive early warning of microearthquake stress 6 248 36 218 85.86

Multi-parameter comprehensive early warning 10 266 20 256 92.75
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training samples. According to the data characteristics, types, and
quantities of judgment results, it is determined that in the pre-
training stage, the number of iterations for each layer is 30, the
learning rate is 0.1, and the initial impulse ν is set to 0.5. In the
training stage of supervised learning, the conjugate gradient descent
method is used, and the number of training steps is 3,325.

4 Evaluation classificationmodel and its
application

4.1 Multi-parameter comprehensive early
warning software

The procedure for establishing DNN multi-parameter
comprehensive early warning is shown in Figure 10. The early
warning process of the impact hazard using multiple parameters
includes the following: when the model has not been trained, train
the model by configuring training parameters to select sample data and
basic algorithms; when the training is completed, directly select the data
to be evaluated and import the data into the trained model to obtain the
evaluation result. This method evaluates and classifies the output based
on the rockburst hazard monitoring data characteristics and obtains the
rockburst hazard grade.

Based on the characteristics of coal pillar rockburst monitoring
data, it is determined that the functional modules of the DNN multi-
parameter comprehensive early warning model include the graphic
module, data loading module, and algorithm analysis module. The
graphic module mainly displays data and early warning results. The
data loading module is used to create new data or extract stored data
and classify the data. The algorithm module is used to select the basic
parameters of the neural networkmodel, and its DNNmulti-parameter
comprehensive early warning software interface is shown in Figure 11.

The real-time database is established through the monitoring
data obtained by the drilling chip method, microearthquake
monitoring, and stress online monitoring. In addition, the
continuous numerical curves of different impact hazard
monitoring data are drawn, and the data are preprocessed.
Intelligent identification method for coal pillar rockburst hazard
monitoring finds the characteristics of monitoring data, including
the relationship between indicators and causality or correlation
between indicators and evaluation targets. Studying the data and
mining the data characteristics are needed to establish an evaluation
model. Using the DNN multi-parameter comprehensive early
warning model, the imported information of rockburst hazard
monitoring is evaluated, and conclusive information on the safety
status of the rockburst hazard is obtained. Data processing is carried
out in the multi-parameter comprehensive early warning system to
obtain the interface information, as shown in Figure 12.

4.2 Early warning result analysis

The DNN model is used to evaluate and classify the test data. Two
groups of stress onlinemonitoring andmicroearthquakemonitoring data
are selected for training to obtain two-dimensional stress and energy
classification results. Three groups of microearthquake, stress, and drill
chip data are selected for training to obtain three-dimensional

classification stress, pulverized coal, and energy results, where yellow
indicates danger, red indicates probable danger, pink indicates probable
danger, and blue indicates safety. The evaluation and classification results
of the test data are shown in Figure 13.

Pre-training abstractly extracted feature information of impact
hazard monitoring data, learning impact hazard monitoring data
through DNN, and evaluating and classifying different data groups.
The node’s output value reflects the feature extraction result of the input
data by the neural network in this layer structure to obtain new data
representation.When the output value of a node is large, that is, closer to
1, the role and position of the node in representation are great, and
conversely, the output value is small, and its importance is negligible.
Hence, the situation of feature learning can be judged according to the
node’s output value.

In the early warningmode of multi-parameter comprehensive early
warning, comprehensive monitoring information is obtained through
different monitoring means. However, there is a lack of an effective,
comprehensive evaluation method when there is a contradiction in
monitoring data, and the daily obtained monitoring data are not used
deeply enough. Thus, the monitoring data are not mined. The DNN
model is used to extract the features of the monitoring data, then
evaluate and classify the monitoring data, and make early warnings of
rockburst hazards according to the classification results. The DNN
SVM classification method is used to judge the accuracy of the
rockburst hazard. Compared to the traditional monitoring and early
warning methods, this approach fully uses the monitoring data and has
a better early warning effect. The specific comparison results are shown
in Table 1 (Qin et al, 2022; Zhang et al, 2022).

5 Conclusion

(1) The coal pillar rockburst model is established based on the DNN
analysis using the drilling chip method, stress online, and
comprehensive microearthquake monitoring. The energy, stress,
and pulverized coal data recorded in the mining process of
Yangcheng Coal Mine are used for training, and the precursor
characteristic information of rockburst hazard monitoring data is
extracted to realize the evaluation and classification of rockburst
hazard monitoring results, and a multi-parameter comprehensive
early warning system based on DNN is designed to perform the
comprehensive monitoring and early warning of the coal pillar
rockburst hazard.

(2) The DNNmodel can learn data features independently. The DNN
model is trained by the collected rockburst hazardmonitoring data.
The features with discrimination are extracted from themonitoring
data by greedy layer-by-layer training methods. The unsupervised
learning model is optimized by the symmetric hidden layer
method. The supervised learning model is optimized by adding
a single-layer algorithm to obtain the standard output value, which
improves the data processing ability of the model.

(3) Multi-parameter comprehensive early warning based on DNN
improves the early warning accuracy of rockburst risks.
Compared with traditional microseismic monitoring, drilling
cuttings method, online stress monitoring, and comprehensive
microseismic stress early warning, the accuracy of this method is
improved by 16.87%, 9.8%, 9.69%, and 6.89%, respectively. This
study provides a new method for rockburst monitoring and early
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warning and introduces a new research idea for rockburst
monitoring and early warning.
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There are abundant deep coal resources in northern Shaanxi, but the fragile
natural environment in this area hinders the large-scale exploitation of oil-rich
coal. In-situ thermal conversion of deep coal to oil and gas will become an
environmentally friendly technology for oil-rich coal mining. Accurate prediction
of oil-rich coal tar yield in various regions is a prerequisite. Based on a particle
swarm optimization algorithm and two machine learning algorithms, BP neural
network and random forest, a prediction model of tar yield from oil-rich coal is
constructed in this paper. Combined with the particle swarm optimization
method, the problem of slow convergence speed and possibly falling into local
minimum value of BP neural network is solved and optimized. The results showed
that the PSO-BP had a convergence speed about five times faster than that of the
BP neural network. Furthermore, the predicted value of the PSO-BP was
consistent with the measured value, and the average relative error was 4.56%
lower than that of the random forest model. The advantages of fast convergence
and high accuracy of the prediction model are obviously apparent. Accurate
prediction of tar yield would facilitate the research process of in-situ fluidized
mining of deep coal seams.

KEYWORDS

particle swarm optimization (PSO), BP neural network, machine learning, oil-rich coal, tar
yield prediction

1 Introduction

Tar-rich coal is a resource that integrates coal, oil, and gas attributes, and it has
received significant attention due to its high tar yield (Ju et al., 2021; Du and Li, 2022).
When the coal is subjected to pyrolysis (500°C–700°C) and Gray-King assay, coal with a
tar yield of more than 7% and less than or equal to 12% is classified as tar-rich coal (Jiang
et al., 2020; Shi et al., 2022). This type of coal is an important way to increase oil and gas
supply (one tonne of tar-rich coal can yield approximately 10% oil and 500 m3 of
combustible gas (Marshall et al., 2015; Chen et al., 2017; Li et al., 2022; Ma et al., 2022),
thereby realizing clean and efficient utilization of coal resources. Specifically, China is
rich in tar-rich coal resources but faces the pressure of “poor oil and gas” energy, which

OPEN ACCESS

EDITED BY

Xuelong Li,
Shandong University of Science and
Technology, China

REVIEWED BY

Lei Shi,
China University of Mining and
Technology, Beijing, China
Yu Xuguang,
Tangshan Vocational and Technical
College, China

*CORRESPONDENCE

Changjian Wang,
changjian_wang66@163.com

RECEIVED 22 May 2023
ACCEPTED 26 June 2023
PUBLISHED 04 July 2023

CITATION

Qiao J, Wang C, Su G, Liang X, Dong S,
Jiang Y and Zhang Y (2023), Application
research on the prediction of tar yield of
deep coal seam mining areas based on
PSO-BPNN machine learning algorithm.
Front. Earth Sci. 11:1227154.
doi: 10.3389/feart.2023.1227154

COPYRIGHT

© 2023 Qiao, Wang, Su, Liang, Dong,
Jiang and Zhang. 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.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 04 July 2023
DOI 10.3389/feart.2023.1227154

72

https://www.frontiersin.org/articles/10.3389/feart.2023.1227154/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1227154/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1227154/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1227154/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1227154/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1227154&domain=pdf&date_stamp=2023-07-04
mailto:changjian_wang66@163.com
mailto:changjian_wang66@163.com
https://doi.org/10.3389/feart.2023.1227154
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1227154


has promoted the development of the coal-to-liquids industry
(Wang et al., 2020; Wang et al., 2021; Liu et al., 2023a; Liu et al.,
2023b; Liu and Li, 2023). The subversive idea of deep fluidization
mining is to realize the local fluidization of solid resources in
deep earth, form liquefied, gasification, electrochemical,
biological, and mixed fluidization resources, and efficiently
and intelligently transfer them to the surface in the form of
fluidization. The subversive theory and technical conception of
deep-ground fluidized mining break through the limitation of the
traditional mining depth of coal solid mineral resources, and
fundamentally subvert the mining mode of reliable resources.
Oil-rich coal’s oil and gas properties ensure in-situ conversion in
fluidized mining technology. The fluidized mining technology of
deep coal seams has also been deeply studied (Zhang et al., 2023;
Zhang et al., 2023; Li et al., 2023). Oil-rich coal has been one of
the important ways to guarantee national energy security in
China. However, more than 80% of coal is directly combusted
for power generation, result in a massive wastage of precious oil
resources (Xu et al., 2015; Ju et al., 2021). Moreover, only a few
coal samples were tested for tar production during past geological
explorations, limiting the study and large-scale development of
tar-rich coal (Fu et al., 2023; Wang et al., 2023). Thus, it is
essential to explore the mathematical relationship between tar
yield and the geological evaluation index of tar-rich coal to
predict the tar yield.

In the study of the tar-rich coal in oil-rich coal mining areas,
some scholars have summarized the mathematical relationship
between tar yield and coal seam thickness, industrial analysis,
macrolithotype and micro-composition, ash content, actual
density (Shi et al., 2022). Furthermore, a prediction model for
the tar yield of low-rank coal in Shenfu Southern mining area
was established using multiple linear regression and other
mathematical methods, and the multiple correlation coefficient
reached 0.8 (Guo et al., 2021). A general relationship exists
between tar yield and these parameters, but the Pearson
correlation coefficient is low, indicating a complex nonlinear
relationship. Thus, a machine learning method is suitable for
investigating the relationship between tar yield and other
geological evaluation indices of coal. With the progress of science
and technology, the technique of machine learning is more and
more applied to the geological coal industry such as gas outburst
prediction (Wu et al., 2020; Gao et al., 2023; Zhu et al., 2023), coal
ash softening temperature prediction (Liang et al., 2020), coal
gangue identification (Wang et al., 2022), coal dust wettable
identification (Zheng et al., 2023), coal seam impact risk
assessment (Zhang et al., 2022), etc. It has become a new
research hotspot in coal geological engineering practice to mine
the relationship between various nonlinear big data through
machine learning algorithms to realize data prediction. Based on
the geological data, coal quality testing data and geophysical logging
data of Huangling mining area in the past geological exploration
stage, the relationship between tar-rich coal tar yield and
geophysical logging data has been studied, and the calculation
model of tar-rich coal tar yield and logging compensation density
value has been established (Yan et al., 2022). Using logging data, BP
neural network technology has been applied to predict coal tar yield
(Zhao et al., 2021).

Although the above study can get a particular-pattern of tar
yield, it is only a rough estimate. The research using the BP neural
network method to predict the tar yield is still in the beginning
stage. There are some problems, such as slow convergence speed
and easy falling into the local optimum, so it can not realize the
accurate prediction of the tar yield of the coal that has been mined
before but has not been tested (Zhang et al., 2022; Li et al., 2022).
In this paper, we established the prediction model of PSO-BP,
which combines the PSO algorithm and BP neural network based
on the geological evaluation index of tar-rich coal. In this paper,
the particle swarm optimization algorithm (PSO) is used to
optimize the BP network connection weights and thresholds to
overcome the defects of BP network. Based on the measured coal
quality data in the past, the PSO-BP tar yield prediction model
was established to predict the coal tar yield. The convergence
speed and prediction accuracy are significantly improved
compared with the traditional BP network.

2 Materials and methods

2.1 Experimental data

Samples of coal were obtained from coal seam 2–2 in oil-rich
coal mining areas, which have high calorific value, rich tar, low
ash, low sulfur, and low phosphorus. The coals were analyzed
according to ISO 17247:2013 (Coal-Ultimate analysis) and ISO
17246:2010 (Coal-Proximate analysis). Proximate analysis used
an automatic analyser to determine the moisture (Mad), ash (Ad),
volatile matter (Vdaf), and fixed carbon (FCad) content of coal
samples. The ultimate analysis of coal was performed to
determine the elemental content of C,H and S. The seven
geological evaluation indices [volatile matter (Vdaf), ash (Ad),
moisture (Mad), fixed carbon (FCad), Sulfur (St,d), hydrogen
(Hdaf) and carbon (Cdaf)] and tar yield values of 52 coal
samples were used for this research. These seven coal quality
indicators are the external manifestation of the essential nature of
coal. From the analysis results of these seven coal quality
indicators, the types of coal, processing and utilization ways
and mining technologies can be related and corresponding
policies can be adopted for efficient mining.

Some studies show that with the increase of volatile matter, the
coal tar yield shows a weak, increasing trend. The moisture content
in coal decreases with the increase in coal grade, and the moisture
content also affects the tar yield. The effect of ash content on tar yield
is reflected in that clay minerals in ash composition are positively
correlated with tar. In contrast carbonate minerals are negatively
correlated with tar yield (Du and Li, 2022). Tar yield is also closely
carbon structure of the carbon in coal. Carbon content (Cdaf) and
hydrogen content (Hdaf) determine the H/C atomic ratio of coal,
which indicate the key hydrogen-rich structure or the distribution
type of hydrogen and oxygen elements in coal (Liu et al., 2016; Li
et al., 2022), which plays a more critical role in tar yield. The
migration of sulfur content (St,d) during pyrolysis also affects the tar
yield. In addition, as the most widely tested items in coal, these seven
indices have been generally recorded in the previous exploration
results. The selection of these seven indices to predict the coal tar
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yield of great significance to realize the full utilization of the previous
exploration results.

2.2 BP neural network

The BP network has a simple structure, is easy to use, and has
broad applicability (Hinton et al., 2006). The design of the BP neural
network is shown in Figure 1, which is composed of an input layer, a
hidden layer and an output layer. The layers are fully connected to
each other (Wu et al., 2020; Wang et al., 2022). The input layer is the
normalized value of each coal geological evaluation index, and the
output layer is the value of tar yield to be predicted.

2.3 Particle swarm optimization (PSO)
algorithm

Although BP neural network has excellent self-learning, high
fault tolerance, good generalization performance, and other
advantage, but could be better, there are some things that could
be improved. Given the main defect of slow convergence speed,
many researchers focus on combination with other intelligent
algorithms. The combination with different intelligent algorithms
is mainly combined with genetic algorithm (GA) and Particle Swarm
Optimization (PSO) algorithm. We introduce PSO to improve the
convergence speed and accuracy of the tar yield prediction model.

Based on previous research, the PSO algorithm can obtain the
optimal global value and assign it to the weight and threshold of the
BP neural network, which can overcome some of the defects of the
BP neural network (Li et al., 2022; Zhu et al., 2023). PSO is an
algorithm that searches for the best solution by simulating the
movement and flocking of birds. The algorithm randomly
initializes a flock of birds over the search space, where each bird

is called a “particle.” These “particles” fly with a certain velocity and
find the best global location after some iterations. The steps of the
PSO algorithm are as follows (Moazen et al., 2023; Song et al., 2023;
Yin et al., 2023).

Step 1. Initialize the particle swarm (there are n particles): assign a
random initial location and velocity to each particle.

Step 2. Calculate the fitness value according to the objective
function of the optimization problem.

Step 3. Compare the fitness value of the particle’s current location
with its historical best location (pbest). If the fitness value of the
current location is better, the place location is replaced.

Step 4. Compare the fitness value of the particle’s current location
with its global best location (gbest). If the fitness value of the current
location is better, the gbest is replaced.

Step 5. Update the velocity and location of each particle according
to Eq. 1 and Eq. 2.

vkid � wvk−1id + c1r1 pbestid − xk−1
id( ) + c2r2 gbestd − xk−1

id( ) (1)
xk
id � xk−1

id + vk−1id (2)
vkid represents the d-dimensional component of the velocity

vector of particle i in the K-th iteration; xk
id represents the

d-dimensional component of the position vector of particle i in
the K-th iteration; c1 and c2 represent the acceleration constant and
are used to adjust the maximum learning step length; r1 and r2
represent two random parameters with a value range of [0,1] to
increase the randomness of search. Inertia weight w represents the
non-negative parameter and is used to adjust the search range of the
solution space.

FIGURE 1
BP neural network structure for predicting tar yield.
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Step 6. The global optimum is output if the stopping criteria are
achieved, Otherwise, the algorithm goes back to Step 2.

2.4 Random forest regression

Random forest is a supervised machine learning method that
integrates decision trees as individual learners. It further introduces
randomness into the training process of decision trees, so that it has
excellent anti-overfitting and anti-noise ability. The random forest
algorithm performs the following steps.

1) Extract a training set from the original sample. Each round uses
Bootstrapping to extract n training examples from the original
sample set (with replacement sampling). A total of k extractions
are made.

2) One training set obtains a model at a time, resulting in k models
from k training sets.

3) For the regression problem, calculate the mean of the above
model as the final result.

3 The establishment of a tar yield
prediction model

3.1 Structure design of BP neural network

Firstly, the node number of the input and output layers of the BP
network is determined according to the actual problem. Then the
most appropriate hidden layer number and node number are
determined on the premise of ensuring the accuracy of the
algorithm. As for the number of hidden layers, the three-layer
BP network of a single hidden layer can complete the nonlinear
mapping of any dimension (Hinton et al., 2006; Liang et al., 2020;
Zhang et al., 2022). Thus, the network structure of a single hidden
layer is adopted. As for the number of nodes in the hidden layer, too
many nodes may lead to a massive amount of computation, while
too few nodes may reduce the model’s accuracy (Tang et al., 2023;
Xie et al., 2023). Thus, the number of hidden layer nodes is usually
determined according to the empirical formula, as shown in Eq. 3:

H � �����
I + O

√ + b (3)
Where H, I and O are the nodes of the network’s hidden layer,

input layer and output layer respectively. B is a natural number
from (0,10).

3.2 The structure of particles and
populations

Based on the particle population of training sample data, the
mapping relationship between the weight and threshold of the BP
network and the particle dimension of PSO is established. Suppose
the number of neurons in the input layer, hidden layer and output
layer of the BP network is I, H and O respectively, the spatial
dimension of PSO particles is d=I×H+H×O+O, which corresponds
to the number of weights and thresholds in the BP neural network.

3.3 Construction of fitness function

Themean square error calculation formula of BP neural network
output is used as the fitness function of PSO algorithm, as shown in
Eq. 4.

F � MSE � 1
n
∑
n

i�1
yi − y′

i( )
2

(4)

Where yi is the i-th actual output value of the network; y′i is the
expectation value of the i-th.

3.4 Design of PSO-BP neural network model

The steps of weight and threshold of BP neural network
optimized based on particle swarm optimization are as follows.
The algorithm flow of the PSO-BP model is shown in Figure 2.

Input: Training sample set.

Step 1. Initialize network parameters.

1) Set the learning parameters of the BP network. These include the
activation function, training function, learning rate (lr), goal
error (goal), and maximum iterations (epochs), which are
determined based on the training sample data.

2) Set the parameters of the PSO algorithm. The parameters in the
particle swarm are initialized, including the number(n) of
particles, their initial location (xi) and velocity (vi) of particles,
acceleration constants (c1, c2), inertia weight (w), optimal
personalized value (pbest) and global optimal value (gbest).

Step 2. Iteratively update particle locations, velocities, individual
optimal values, and global optimal values.

1) Calculate the fitness value F(x) of each particle based on Eq. 4,
and then calculate the pbest and gbest.

2) Update the location and velocity of particles based on Eq. 1 and
Eq. 2, and then update the pbest and gbest.

Step 3. Evaluate whether one of the following conditions is met. If
yes, go to Step 4; otherwise, Step 2.

1) The training errors of the network meet the accuracy
requirements.

2) The training frequency of the network reaches the maximum
number of iterations.

Step 4. Output the global optimum (gbest) and assign the weight
and threshold to the network. The algorithm ends.

Output: A trained BP neural network. This illustration belongs
to 3.5.

3.5 The structure of random forest

The establishment of random forest model is inseparable from the
combination of decision trees. Similar to the flowchart of the tree
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FIGURE 2
Flow of PSO-BP model algorithm.

FIGURE 3
Random forest principle for predicting tar yield.
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structure, a decision tree is a recursive process from top to bottom. It
starts from the tree’s root node, selects the optimal features in different
internal nodes, determines the corresponding branch according to the
test output, and the final result comes from the nodes of the leaf of the
decision tree (Figure 3).

4 The studying and training of the tar
yield prediction model

4.1 Learn parametric sample selection

We collected 52 coal quality analysis data of coal seam 2–2 in oil-rich
coalmining areas, and used the data set randompartition function in the
python language sci-kit-learn machine learning library to take 40 coal
quality analysis data as the training data set of the model, and the other
12 coal quality analysis data as the test data set of the model. The
industrial analysis and elemental analysis data of 40 groups of coal
samples are used as training dataset for the model. The dataset includes
seven geological evaluation indices [volatile matter (Vdaf), ash (Ad),

moisture (Mad), fixed carbon (FCad), Sulfur (St,d), Hydrogen (Hdaf), and
carbon (Cdaf)] and tar yield values of 40 coal samples used as the model
output parameters. Part of the original training sample data is shown in
Table 1. The statistical data of the actual training sample and the
correlation coefficients with the tar yield are shown in Table 2.

4.2 Preprocessing training data

If the geological evaluation indices of coal with significant
differences are directly input to the model, the prediction
accuracy will be reduced and the convergence speed will be slow.
Therefore, the z-score standardized method was adopted to map the
input sample data to the same magnitude, as shown in Eq. 5:

zij � xij − �xj

sj
i � 1, 2,/, n, j � 1, 2,/, m( ) (5)

Where Xij represents the data of the i-th sample and j-th
variable before standardization; Zij is the standardized data; �xj

and sj are the average and variance values in the data series.

TABLE 1 Original training sample data (partial data).

Serial
number

Moisture
(Mad)%

Ash
(Ad)%

Volatile matter
(Vdaf)%

Fixed carbon
(FCad)%

Sulfur
(St,d)%

Carbon
(Cdaf)%

Hydrogen
(Hdaf)%

Tar yield
(Tar.d)%

1 6.76 4.49 36.78 56.3 0.34 83.4 4.68 9.4

2 6.19 9.19 35.65 54.82 0.87 81.38 4.12 7.8

3 5.34 10.79 37.31 52.94 0.43 81.53 4.7 9.2

4 5.71 9.97 37.73 52.86 0.47 81.67 4.88 11.1

5 5.18 10.97 36.99 53.19 26.72 0.51 81.53 4.8

6 5.93 7.25 37.66 54.39 27.94 0.45 81.81 4.86

7 6.07 7.24 37.69 54.29 27.82 0.49 81.83 4.83

8 5.73 7.47 36.62 55.29 27.83 0.57 82.2 4.65

9 4.59 18.9 37.12 48.66 23.62 0.86 80.51 4.28

10 5.62 18.57 36.17 49.05 23.67 0.65 80.82 4.33

11 5.74 10.84 37.34 52.66 26.08 0.94 81.06 4.27

. . . . . . . . . . . . . . . . . . . . . . . . . . .

TABLE 2 Statistical data of various coal quality indicators.

Indicators Average Variance Kurtosis Skewness Correlation coefficient

Moisture (Mad)% 6.32 1.31 1.20 0.44 0.08

Ash (Ad)% 9.84 73.38 19.93 3.80 −0.18

Volatile Matter (Vdaf)% 38.08 10.76 0.05 0.25 −0.11

Fixed Carbon (FCad)% 52.31 34.43 8.81 −2.22 0.20

Sulfur (St,d)% 0.68 0.20 11.43 2.86 −0.45

Carbon (Cdaf)% 80.98 3.01 5.01 −1.85 0.16

Hydrogen (Hdaf)% 4.47 0.13 −0.02 −0.15 0.23

Tar Yield (Tar.d)% 8.02 1.71 0.48 −0.18 1.00
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4.3 Select and set model parameters

4.3.1 Select studying and training parameters of BP
networks

Based on the practical problem, the number of nodes in the
input and output layers of the BP neural network was determined
to be 7 and 1 respectively. These values were then substituted into
Eq. 3 to calculate that H ranged from 2 to 13. After repeated tests,
the optimal number of hidden layer nodes was determined to be
4. The target error goal was 0.25, the learning rate was set to
0.005, and the maximum number of iterations was set to epochs =
3000. The activation function for the hidden layer was selected as
the Sigmoid function, a smooth function biased towards
derivative and can map any input to the range of [0,1]. The

BP neural network’s iterative training and optimization process is
shown in Figure 4.

4.3.2 Set the PSO algorithm parameters
The number of particles generally ranges from 20 to 200. A large

number of particles leads to a robust global optimization ability of
the algorithm but also increases the amount of computation and
slows down the convergence speed. Thus, based on the complex
nonlinear relationship between the input and output of the model,
the number of particles was set to 50 to obtain the global optimum.

The inertia weight w affects the global and local search ability of
particles. The more oversized w is, the more conducive it is to global
search; the smaller w is, the more conducive it is to local search.
Therefore, the value of w was set to 0.1.

The acceleration constants c1 and c2 are the weights that adjust
the role of their experience and social experience in their motion.
The fixed c1 and c2 are only limited to the application of some
problems and cannot be generalized to all problem domains. In
general, c1 + c2 ≤ 4, and c1 = c2 = 1.49445 is commonly used.

To balance the algorithm’s running speed and the practical
problem’s needs, the maximum of iterations was set to 30 (Li et al.,
2022).

4.3.3 Set the random forest parameters
To establish a reliable tar yield prediction model, it is necessary

to adjust the parameters of the random forest regression algorithm
to obtain the optimal algorithm parameters.

The most crucial algorithm parameter is the number of decision
trees. A small number of decision trees will not make the effect of the
model entirely play, and a large number of decision trees will not
only reduce the training and prediction speed of the model, but also
cause the problem of over-fitting. In this problem, when the number
of decision trees is greater than 50, the accuracy performance of the
model almost stops improving. Therefore, the value 50 is selected as
the optimal this paper’s random forest regression algorithm in this
paper.

FIGURE 4
BP neural network iterative training optimization process.

FIGURE 5
PSO-BP neural network iterative training process.
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Parameters such as max tree depth, max min leaf nodes, and
max number of features have little impact on the random forest
regression model, and we keep the default Settings in the scikit-learn
machine learning library.

4.4 Comparison of model training speed

The original training data in Table 1 were imported into the BP
and PSO-BP models for training after standardized processing. The
training times required for both models to achieve the target

accuracy requirements were obtained. The iterative training
process of the PSO-BP neural network is shown in Figure 5. The
random forest model is not iterative, so we don’t compare its
training speed.

It can be seen from Figure 5 that the PSO-BP prediction model
needs about 400 iterations to meet the accuracy requirements, while
the BP neural network prediction model needs about
2000 iterations. Therefore, the training speed of the PSO-BP
prediction model was about five times faster than the BP
prediction model when meeting exact same accuracy
requirements. It indicates that the BP network optimized by the
PSO algorithm overcomes the problem of slow convergence speed,
and improves the training speed.

5 Practical engineering project

In engineering practice, the model’s generalization ability is
more important than the fitting performance. To test the
prediction performance and universality of the tar yield
prediction model, we used three models of BP neural network,
PSO-BP, and random forest to predict the tar yield values of the
12 test set data mentioned above and compared them with the
measured values.

The test set data are standardized and then imported into BP
model and PSO-BP model respectively. Since the random forest
model is not sensitive to the numerical magnitude, the test set
brought into the random forest model does not need to be
standardized. The comparison between the predicted and
measured values of each model is shown in Figure 6, and the
corresponding error is shown in Table 3.

Figure 6 shows deviations between the predicted values of the
three predictive models and the measured values. Notably, the

FIGURE 6
Comparison of predicted values and measured values of tar yield
in each model.

TABLE 3 Analysis of tar yield prediction deviation.

NO. Actual
value (%)

BP
prediction (%)

Relative
error (%)

PSO-BP
prediction (%)

Relative
error (%)

Rf
prediction (%)

Relative
error (%)

1 9.2 8.37 8.97 8.08 12.12 8.60 6.47

2 7.9 6.60 16.42 7.12 9.83 6.97 11.79

3 10.1 8.00 20.79 7.95 21.27 7.07 30.03

4 6.8 6.14 9.64 6.77 0.37 7.12 4.68

5 8.6 9.29 7.99 7.87 8.48 7.89 8.29

6 6.3 6.80 7.88 7.01 11.21 8.81 39.79

7 9 8.52 5.28 8.87 1.44 7.69 14.56

8 8.3 8.70 4.77 8.23 0.86 8.36 0.70

9 7.6 7.92 4.25 7.88 3.65 7.73 1.75

10 7.3 7.18 1.62 7.84 7.43 6.98 4.36

11 8.5 8.99 5.73 8.48 0.24 8.85 4.14

12 7.6 7.68 1.02 8.03 5.62 8.73 14.85

AVG 8.1 7.85 8.17 7.84 7.17 7.90 11.73
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PSO-BP network model is more accurate than the BP network
and random forest model, with a better fitting effect and the
predicted values are closer to the measured values. As shown in
Table 3, the relative errors of the PSO-BP network model are
minor. Compared with the BP network model, the PSO-BP tar
yield prediction model has a more stable nonlinear fitting ability
and more vital generalization ability. Compared with the
random forest model, the results of the PSO-BP model are
more accurate. The model is a simple and effective method
for predicting the tar yield, indicating the nonlinear relationship
between the geological evaluation index (industrial analysis and
elemental analysis) and the tar yield index of coal.

6 Conclusion

Based on the three machine learning algorithms, a tar yield
prediction model was constructed for seven geological evaluation
indices of tar-rich coal in oil-rich coal mining areas. Following
conclusions were drawn.

(1) The convergence speed of the PSO-BP model was about five
times faster than that of the traditional BP network, thus
overcoming the disadvantage of slow convergence speed of
the BP network.

(2) The coal tar yield of the 2–2 coal seam in oil-rich coal mining
areas was predicted, and verified, demonstrating the model’s
easy implementation, high prediction accuracy, and strong
generalization ability.

(3) The practical engineering project showed that the predicted
values of the PSO-BP model were close to the measured
values. The relative error of the PSO-BP model was smaller
than that of the random forest model, and the average
relative error of the 12 test samples was reduced by
4.56%. Therefore, the prediction accuracy and
universality of the PSO-BP model were significantly
improved compared to the random forest model,
providing reliable data support and a new technical
approach for coal tar yield prediction.

In conclusion, the PSO-BP prediction model provides reliable data
support and a new technical approach for predicting coal tar yield.
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Stability analysis and evaluation of
surrounding rock of ultra-deep
shaft under complicated
geological conditions

Kuikui Hou1,2*, Mingde Zhu1,2, Yingjie Hao1,2*, Yantian Yin1,2* and
Long An3*
1Deep Mining Laboratory of Shandong Gold Group Co, Ltd., Laizhou, China, 2Shandong Key Laboratory of
Deep-sea and Deep-earth Metallic Mineral Intelligent Mining, Jinan, China, 3Key Laboratory of Ministry of
Education for Safe Mining of Deep Metal Mine, Northeastern University, Shenyang, China

The construction of deep underground engineering is greatly influenced by
complex geological conditions such as high stress, faults, and fracture zones,
which significantly affects the stability of the project. Taking the construction of
1,915-m-deep shaft in Sanshandao Gold Mine as the engineering background,
which passes through many different strata and multiple fracture zones, the
stability evaluation and failure zone prediction during its excavation under the
influence of high stress, uneven strata, and fault structure are studied. Results
show that the range of the failure zone increases significantly when the shaft
passes through the fracture zone or different lithologies, and the maximum depth
is 5.28 m. When the distance between the rock mass in the borehole and the
excavation face is greater than 48 m, the disturbance superposition effect basically
disappears. This paper provides theoretical and data support for the design and
construction of the kilometer-deep shaft in Sanshandao Gold Mine.

KEYWORDS

deep shaft, uneven strata, surrounding rock stability, fault, damage proximity

1 Introduction

With the depletion of shallow resources, metal mines at domestic and abroad have
gradually entered the stage of deep mining. As the first project of deep mining, the
construction of deep shafts has become the primary problem to be solved. Overviewing
the deep mining activities at domestic and abroad, many deep shafts with a depth of over
2,000 m have been built and operated in South Africa, Canada, the United States, and Russia.
The deep shafts that have been built in China include the main and auxiliary shafts of
Sishanling IronMine of Jianlong Group, with depths of 1,505 and 1,503.9 m, respectively, the
No. 3 shaft of Huize lead–zinc mine in Yunnan Province, with a depth of 1,526 m, and the
new main shaft of Xincheng Gold Mine in the Shandong Gold Group, with the depth of
1,527 m. However, there are few engineering examples of shafts deeper than 1,500 m (Zhao,
2018; Tan et al., 2021). The deep shaft, with a depth of over 1,000 m, passes through multi-
layer non-uniform complex strata, faults, and fracture zones of different scales during the
construction process. Therefore, due to the influence of high stress and complex geological
conditions, there are obvious regional differences in the mechanical response characteristics
of the surrounding rock on the shaft wall during its construction, bringing difficulties to the
stability control of the rock mass during the construction process (Kaiser et al., 1983; Gao
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et al., 2009; He et al., 2009; Wang et al., 2009; Qian and Zhou, 2018;
Zhang and Zhou, 2020;Wang et al., 2022; Li et al., 2023; Zhang et al.,
2023).

Experts in the field of shaft construction and rock mechanics
have carried out many research studies on borehole stability when
shafts or tunnels pass through rockmass of different strata (Liu et al.,
2016; Song et al., 2018; Walton et al., 2018; Cheng et al., 2020; Li and
Wang, 2020; Huang et al., 2022). Sun et al. (2020) utilized UDEC
software combined with surface subsidence monitoring to analyze
the stress and displacement meter damage changes in rock mass of a
shaft of Jinchuan Group at different mining stages of the ore body
and pointed out that as the mining activities pass through the upper
and lower parts of the fault, it will be activated in different ways, and
suggestions were made for the stability of the shaft during the
operation. Gao et al. (2021) analyzed the stress distribution of
the surrounding rock in granite and homogeneous mixed rock
strata using FLAC3D and demonstrated clear requirements for
the strengthening of the lining concrete, aiming at the wall
cracking of the west second auxiliary shaft of Longshou Mine in
the Jinchuan mining area. Feng et al. (2012) pointed out that the
instability and failure of the tunnel mostly occurred in the contact
zone of soft and hard rocks and studied the stress distribution during
excavation using FLAC3D. It was concluded that there is obvious
stress concentration and uneven distribution in the soft and hard
rock foundation zone after tunnel excavation. The stress is
concentrated in hard rock, whereas a certain degree of stress
release occurs in the soft rock area. The plastic zone of soft rock
is significantly larger than that of hard rock. Yassaghi and Salari-Rad
(2004) illustrated that the stress concentration occurs when the
tunnel passes through the fault zone. The convergence value of the
roadway near the fault zone is approximately 3% higher than that of
the normal area. The deformation of the tunnel gradually stabilizes
after 1 month of excavation. Sun et al. (2018) used 3DEC to analyze
the deformation characteristics of rock mass and borehole when the
shaft passes through different lithologies and pointed out that shear
stress concentration occurs in the contact zone of soft and hard
rocks, where the depth of the plastic zone is the largest, forming a
pressure relief zone.

The aforementioned research studies analyze the
deformation law and instability mode of surrounding rock
and supporting system when the shaft or tunnel passes
through different strata or fault zones at different angles.
However, in view of the lack of systematic research on
crossing multi-layer non-uniform complex strata during
construction, this paper uses FLAC3D to analyze stability and
evaluate failure zone prediction of the 1,915-m auxiliary shaft of
Sanshandao Gold Mine, which is the deepest shaft in China and
the fourth deepest shaft in Asia. First, the failure proximity
index is introduced for rock mass stability analyzation.
Meanwhile, the size characteristics and variation law of the
failure zone are predicted. The study provides theoretical and
foundation data support for shaft construction and its long-term
stability.

2 Engineering background

On the purpose of the construction of a 1,915-m auxiliary shaft
in Sanshandao Gold Mine, a 2,017-m prospecting hole was drilled in
the center of the shaft; the wellhead elevation was 15 m. During the
drilling process, the core investigation, in situ stress test, and rock
mechanics experiments were carried out simultaneously, which
obtained the distribution of strata, the variation law of in situ
stress, and the mechanical parameters of rock mass in this deep
shaft, respectively. According to the results of the in situ stress test,
its three-dimensional variation law (Hou et al., 2022) is shown in Eq.
1. The investigation results showed that the auxiliary shaft of
Sanshandao Gold Mine passes through seven different lithologies
and six obvious fracture structures during its construction. Based on
the results of rock mechanics experiment and rock mass quality
classification, the whole length of the geological exploration
borehole was divided into 18 areas with the lithology boundary
and fault as the interface, as shown in Figure 1. According to the
results of engineering exploration, it can be seen that the 1,915-m
auxiliary shaft of Sanshandao GoldMine is affected by the combined
action of complex geological conditions such as uneven strata, high
stress, and fault structure, which inevitably leads to the deformation
and failure characteristics of borehole rock mass showing significant
regional differences.

σH � 0.030H + 10.142,
σh � 0.020H + 7.986,
σv � 0.027H − 0.019,

⎧⎪⎨
⎪⎩ (1)

where H is the depth of rock mass, σH is the maximum
horizontal principal stress, σh is the minimum horizontal
principal stress, and σv is the vertical principal stress.

3 Numerical simulation of the deep
shaft excavation process under uneven
stratum conditions

3.1 Numerical calculation model and
scheme

According to the results of the rock mass quality investigation
and in situ stress test of the exposed strata, a refined numerical
calculation model of the auxiliary shaft of Sanshandao Gold Mine
was established, and the corresponding rock mechanics parameters
were assigned to the 18 rock mass regions. The excavation response
characteristics of rock mass under the combined influence of stress
state, uneven strata, and faults were analyzed, and the stability of
surrounding rock was evaluated. Since the design diameter of this
shaft section was 10.5 m, the diameter of this model was set to
10.5 m, as shown in Figure 2. In order to eliminate the boundary
effect of the model, its scale was set to 3–5 times of the engineering
scale. Meanwhile, the model size was 100 m × 100 m × 2,200 m, and
the single excavation footage of this model was 5.0 m.
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3.2 Boundary conditions and assignment
parameters

In this paper, the Hoek–Brown criterion (Sun et al., 2011; Hoek
and Brown, 2019; Renani and Cai, 2021) was used to carry out
numerical simulation. The boundary conditions were the normal
displacement constraints on the left, right, front, back, and upper
boundaries of the model and the three-way fixed displacement
constraints at the bottom. The stress conditions of the model
were set according to the in situ stress results, and the
calculation expression of rock mechanical parameters is given as
follows:

c � σci 1 + 2a + 1 − a( )mbσ3n[ ]fc/ fa

��������
1 + fbfc

fa

√
⎡⎣ ⎤⎦,

φ � sin−1 fbfc/ 2fa + fbfc( )[ ],

σT � −sσci/mb,

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(2)

where φ represents the internal friction angle of rock mass, c
represents cohesion, and σT represents the tensile strength of rock
mass. fa = (1 + a) (2 + a) and fb = 6amb, fc = (s + mbσ3n)

a−1, where σ3n
= σ3max/σci, σ3max = 0.47σcm [σcm/γH]

−0.94, and σcm represents the
rock mass strength, σcm = σci[mb + 4s-a (mb-8s) (mb/(4+s))

a−1]/2fa.
Furthermore, a, s, and mb represent Hoek–Brown material
parameters related to rock damage.

s � exp GSI − 100( )/ 9 − 3D( )[ ],
a � 0.5 + 1/6 exp −GSI/15( ) − exp −20/3( )[ ]
mb � mi exp GSI − 100( )/ 28 − 14D( )[ ].

⎧⎪⎨
⎪⎩ , (3)

The value mi in the aforementioned formula is the empirical
parameter of rock dimension, which is obtained using the following
empirical formula (Zhang et al., 2019):

σci/ σt| | � 0.81mi + 7. (4)
GSI is a geological strength index, which can be estimated from

the RMR (rock mass classification index) value. The empirical

FIGURE 1
Diagram of the shaft crossing different strata.
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relationship between RMR and GSI is obtained from Zhang et al.
(2019) as follows:

RMR � 0.827GSI + 15.394. (5)
D is the coefficient of the disturbance degree of blasting or stress

release to rock mass, and its value ranges from 0 (not disturbed) to 1
(the maximum disturbance), and the disturbance parameterD is 0.2.
Parameters obtained from the aforementioned formulas are
summarized in Table 1.

3.3 Evaluation method of the surrounding
rock failure zone based on the failure
proximity index

The plastic zone obtained according to the current
failure criterion can only determine the range of the
damage zone and cannot further quantify its damage degree.
Therefore, the damage proximity index (Liu et al., 2009; Zhang
et al., 2011) is used to evaluate the failure of the rock
mass. FAI is a comprehensive quantitative evaluation
index of risk degree, and its calculation expression is given
as follows:

FAI � ω, 0≤ω< 1,
1 + FD ω � 1, FD≥ 0,

{ (6)

where FD is the degree of failure and ω is the complementary
parameter of yield approachability YAI, given as ω = 1 − YAI, where
YAI is the yield approachability function. The formula of yield

TABLE 1 Material assignment parameters.

Model assignment range RMR Compressive strength/MPa Elastic modulus/GPa Poisson ratio mb s a

0< Z <−10 m 48 34.43 24.87 0.24 1.711 0.003 0.505

−10< Z <−50 m 60 42.72 23.81 0.20 1.094 0.017 0.502

−50< Z <−200 m 69 139.0 56.80 0.15 5.680 0.052 0.501

−200< Z <-370 m 62 87.87 45.69 0.16 4.739 0.020 0.502

−370< Z <−550 m 57 96.89 69.19 0.25 4.272 0.011 0.503

−550< Z <−650 m 51 126.67 60.33 0.21 2.922 0.005 0.504

−650< Z <−780 m 55 60.79 53.02 0.21 1.732 0.009 0.503

−780< Z <−970 m 56 72.99 47.63 0.21 2.665 0.011 0.503

−970< Z <−1,020 m 44 104.87 39.62 0.28 2.182 0.002 0.507

−1,020< Z <−1,060 m 41 117.53 56.51 0.19 1.885 0.001 0.508

−1,060< Z <−1,150 m 50 152.51 72.25 0.20 6.163 0.005 0.504

−1,150< Z <−1,350 m 60 128.25 52.24 0.27 5.260 0.016 0.502

−1,350< Z <−1,680 m 62 82.76 27.21 0.18 4.672 0.020 0.502

−1,680< Z <−1,730 m 63 49.70 22.80 0.19 2.951 0.023 0.502

−1,730< Z <−1,750 m 54 98.63 47.70 0.15 2.623 0.008 0.503

−1,750< Z <−1,840 m 67 129.0 49.07 0.20 5.002 0.040 0.501

−1,840< Z <−1,970 m 59 114.0 50.86 0.19 3.480 0.015 0.502

−1,970< Z <−2,200 m 50 104.93 56.73 0.18 2.475 0.004 0.504

FIGURE 2
Section of numerical calculation model.
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approachability function based on the Hoek–Brown criterion is as
follows:
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where θσ is the stress lode angle; σπ and τπ are normal stress
and shear stress components of the plane, respectively; γ is the
rock mass density; H is the depth of embedment; �γp is the plastic
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FIGURE 3
Cloud diagram of the maximum principal stress of the surrounding rock after deep shaft excavation.

FIGURE 4
Variation law of maximum principal stress with excavation depth.
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epij � εpij − εpmδij; and �γp
r is the calculation of the plastic shear

strain of materials.
In summary, the FAI index can be used to characterize the rock

failure degree intuitively and quantitatively. Moreover, it can predict
the distribution and size of the rock failure zone after shaft
excavation. When FAI ≥ 2.0, the rock is seriously broken and
failure occurs. In this paper, the area with FAI ≥ 2.0 is defined as
the instability zone.

4 Numerical simulation results

4.1 Distribution characteristics of the
surrounding rock stress field

As shown in Figures 3, 4, with the increase in buried depth, the
maximum principal stress of the surrounding rock also increases.
However, due to the influence of uneven strata, the maximum

FIGURE 5
Cloud diagram of the minimum principal stress of the surrounding rock after deep shaft excavation.

FIGURE 6
Variation in minimum principal stress with excavation depth.
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principal stress changes non-linearly with the increase in buried
depth, and it experiences a significant increase or decrease in some
areas. It shows a critical decrease at the depth
from −680 to −780 m, −1,680 to −1,750 m,
and −1,820 to −2,050 m. The comparative analysis shows that the
mechanical properties of the rock mass corresponding to these three
areas are lower than those of the adjacent strata and the rock mass is

weak and broken, which indicates that the reduction degree of the
maximum principal stress is critically influenced by the difference in
mechanical properties between adjacent strata. The maximum
principal stress increases strongly in the two areas of buried
depths from −1,050 to −1,350 m and −1,750 to −1,850 m. The
rock mass in the aforementioned two areas is relatively complete
and hard, whereas the stress concentration effect on the surrounding

FIGURE 7
Cloud image of surrounding rock displacement after deep shaft excavation.

FIGURE 8
Variation in surrounding rock displacement with excavation depth.

Frontiers in Earth Science frontiersin.org07

Hou et al. 10.3389/feart.2023.1216667

88

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1216667


rock is significant. The maximum principal stress value at the fault
reduced obviously, and its reduction value differs with the increase
in buried depth. When the buried depth is less than 500 m, the
reduction value caused by the fault is 10 MPa. Compared with the
buried depth from 500 to 1,200 m, its value is 15 MPa. When the
buried depth is greater than 1,200 m, it could reach 20 MPa.
Therefore, with the increase in buried depth, the initial in situ

stress increases, and the unloading effect at the fault caused by shaft
excavation is significant, which indicates that the support should be
strengthened.

Figures 5, 6 show that the pressure relief zone is generated near the
borehole, and the depth of the pressure relief zone at the fault position is
obviously increased. According to the distribution of the minimum
principal stress, it is obviously reduced from −650 to −1,150 m, −1,350

FIGURE 9
Plastic zone distribution of the surrounding rock after deep shaft excavation.

FIGURE 10
Variation in plastic zone depth with the excavation depth of the shaft section.
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to −1,650 m, and −1,850 to −1,980 m, respectively, with a critical
unloading phenomenon, which demonstrates the support system on
the borehole should be strengthened, and the forced state of the
borehole is changed from compression to tension due to the
existence of fault. It further aggravated the risk of borehole caving.

4.2 Distribution characteristics of the
surrounding rock displacement field

As shown in Figures 7, 8, with the increase in buried depth, the
displacement of the borehole shows an increasing trend. Affected by
uneven strata, the displacement of surrounding rock increases
sharply in some areas. The displacement increases sharply in the
depth from −650 to −1,050 m, −1,350 to −1,750,
and −1,850 to −1,950 m. Among the non-fault areas

from −1,680 to −1,720 m, it reaches the maximum value of
75.75 mm. By analyzing the distribution law of the initial
maximum principal stress direction, the minimum principal
stress direction, and the displacement of rock mass in the area
without the interface between the fault and the lithology, it can be
seen that the displacement value in the maximum principal stress
direction is greater than that in the minimum principal stress
direction, and the displacement difference in those two directions
gradually increases with the increase in the buried depth. It reaches
10 mm when the excavation depth is between 1,400 and 1,700 m.
Moreover, the displacement in the direction of the maximum
principal stress at the fault is seven times more than that in the
direction of the minimum principal stress. For example, at a depth
of −480 m, the displacement value in fault is 13.17 mm higher than
that in rock mass near the borehole, and this difference increases to
29.23 mm at −700 m, 103.06 mm at −1,050 m, 495.90 mm
at −1,430 m, 467.28 mm at −1,620 m, and 139.78 mm
at −1,980 m. It can be seen that the influence of fault on
surrounding rock displacement is more significant than that of
excavation depth and stratum condition.

Through the analysis of displacement, it demonstrates that
displacement increases from −650 to −1,050 m, −1,350 to −1,750 m,
−1,850 m to −1,950 m, and six fault zones. It experiences a
significant increase below −1,000 m due to the comprehensive
influence of high stress and discontinuity structure. Timely and
strong support measures should be considered, such as long anchor
cables and lining concrete.

4.3 Distribution characteristics of the plastic
zone

From Figures 9, 10, it can be concluded that the failure type of the
shaft is mainly shear failure (Li and Wang, 2020). When the buried
depth is shallow, tensile failure and shear–tensile mixed failure appear
in the borehole rockmass.With the increase in buried depth, the in situ
stress increases and the depth of the plastic zone also increases.
However, due to the influence of uneven rock strata, the plastic

FIGURE 11
Displacement variation in the monitoring surface with excavation depth: (A) 6 m between excavation and monitoring face; (B) 18 m between
excavation and monitoring face; and (C) 48 m between excavation and monitoring face.

FIGURE 12
Maximum displacement and maximum principal stress
concentration coefficient of the monitoring surface varying with the
distance from the excavation surface.
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zone in the local area fluctuates. From −650 to −1,150 m, −1,680 to
−1,750 m, and −1,900 to −2,000 m, the equivalent depth of the plastic
zone increases significantly, resulting in the deterioration of rock mass
mechanical parameters. Among them, it has the most critical increase
from −680 to −780 m and −1,680 to −1,750 m, which are 5.73 and
6.38 m, respectively. In the region of buried depth
from −1,080 to −1,350 m, the equivalent depth of the plastic zone
decreases significantly due to the strengtheningmechanical parameters
of the rock mass. In addition, the plastic zone of the surrounding rock
at the fault increases obviously, and there are more shear–tensile mixed
failure in the rock mass near the fault.

Meanwhile, the equivalent depths of the plastic zones in the fault
area buried at −480 , −700, −1,050, −1,430, −1,620, and −1,980 m
are, respectively, 0.64, 1.42, 2.58, 0.78, 0.58, and 1.89 m higher than
those of the surrounding rock near the fault. It can be obtained that
the variation in the plastic zone caused by faults at different buried
depths differs due to the influence of uneven strata, and its variation

law is affected by faults, ground in situ stress, and geomechanical
characteristic.

5 Stress release rule and damage
superposition characteristics of
surrounding rock in deep shaft
excavation

The stress release and deformation of surrounding rock during
shaft excavation will be constrained by the excavation face.
Therefore, the stress during shaft excavation is released step by
step, and its damage is affected by the distance from the excavation
face. In this section, the shaft section at the buried depth of 1,900 m
is used as the monitoring surface to analyze the stress release and
damage evolution law of surrounding rock with the increase in the
shaft excavation depth.

FIGURE 13
Nephogram of maximum principal stress of the monitoring surface with excavation depth: (A) 6 m between excavation and monitoring face; (B)
18 m between excavation and monitoring face; and (C) 48 m between excavation and monitoring face.

FIGURE 14
Variation rule of the monitoring surface with the depth of the excavation failure zone: (A) 6 m between excavation and monitoring face; (B) 18 m
between excavation and monitoring face; and (C) 48 m between excavation and monitoring face.
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Figures 11, 12 show that the distance between the monitoring
surface and the excavation surface increases, and the displacement
shows an increasing trend followed by a stable tendency. When
excavating to the monitoring surface, due to the influence of the
upper excavation, a displacement of 5.66 mm has been generated.
With the first step of excavation, the displacement increases rapidly
to 14.03 mm. As the excavation depth continues to increase, the
displacement of the surrounding rock continues to increase, and its
increment decreases. When the excavation depth reaches 48 m, the
displacement increases by 19.21 mm, and it no longer increases and
tends to be stable with the further increase in excavation depth.

Figures 12, 13 show that they have a similar displacement
variation law. Due to the influence of the upper excavation, the
maximum principal stress on the monitoring surface is 90.47 MPa,

and the stress concentration factor is 1.31. With the first step of
excavation, the stress is rapidly released, and the stress
concentration occurs on both sides of the borehole. The
maximum principal stress of the monitoring surface increases
to 104.27 MPa, and the stress concentration factor increases to
1.51. With the increase in excavation depth, the degree of stress
concentration continues to increase, and the increase in stress
concentration decreases. When the excavation depth reaches 48 m,
the stress concentration degree of the monitoring surface tends to
be stable. At this time, the maximum principal stress of the
monitoring surface increases to 115.28 MPa, and the stress
concentration factor increases to 1.666.

Figures 14, 15 show that the displacement variation law is
similar to the maximum principal stress variation tendency. Due
to the influence of the upper excavation, the destruction
approaching degree FAImax of the monitoring surface is 2.89, and
the depth of the failure zone is 0.39 m. With the first step of
excavation, the surrounding rock around the monitoring surface
is rapidly destroyed, the destruction approaching degree FAImax of
the monitoring surface increases rapidly to 7.48, and the depth of the
damage zone increases to 1.92 m. As the excavation depth continues
to increase, the depth of the failure zone and the degree of damage
continue to increase, whereas the depth of the failure zone decreases.
When the excavation depth reaches 48 m, the depth of the failure
zone and the degree of damage to the monitoring surface basically
tend to be stable. At this time, the destruction approaching degree
FAImax of the monitoring surface is 8.69, and the depth of the failure
zone increases to 2.52 m.

In summary, with the increase in the distance between the
working face and the monitoring section, the constraint effect of
the working face is gradually weakened, and the stress is fully
released. The displacement, the maximum principal stress
concentration factor, the maximum value of destruction
approaching degree, and the depth of the failure zone increase,
indicating the expansion of the rock damage range and the increase

FIGURE 15
Variation in the failure zone on the monitoring surface with
distance from the excavation surface.

FIGURE 16
Variation in the failure area of shaft section distribution with excavation depth (including faults).
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in the degree of fragmentation.When themonitoring section is 48 m
away from the excavation surface, the deformation of the
surrounding rock is released by stress, and the changes in each
evaluation index tend to be stable.

6 Failure range evaluation of the 1,915-
m-deep shaft in Sanshandao Gold Mine

As shown in Figures 16, 17, with the increase in buried depth,
there is no damage zone in the shallow rock mass. The first and only
damage zone is located at the fault buried at −480 m. When passing
through the fault, with the increase in excavation depth. When the
excavation depth exceeds −660 m, the borehole begins to produce a
damage zone. With the increase in excavation depth, the damage
zone shows an increasing trend, but it is affected by the uneven
stratum. There is a significant increase in the surrounding rock in
the local area. The depth of the failure zone increases significantly in
the three regions of −650 to −1,050 m, −1,350 to −1,750 m,
and −1,850 to −2,016 m. Among them, the depth of the failure
zone increases slightly in the region of −650 to −1,050 m, whereas it
increases greatly from −1,350 m to −1,750 m. Particularly, in the
region of −1,680 m to −1720 m, the damage reaches the peak
(5.68 m). The change rule is consistent with the reduction
zone of the minimum principal stress. It shows that the
support strength of the surrounding rock should be
strengthened in the aforementioned three areas during
construction, and there are two serious damage areas in the
whole shaft construction area, which locate

at −1,400 to −1,750 m and −1,850 to −2,016 m. The depth of
the serious damage area of the surrounding rock in the
aforementioned two areas is more than 2 m. Similar to the
aforementioned analysis of displacement and plastic zone, due
to the existence of the discontinuous structure of the fault, the
depth of the failure zone is significantly increased compared with
the depth of the surrounding rock failure zone in the borehole. At
the same time, when the buried depth
reaches −480, −700, −1,050, −1,430,
−1,620, and −1,980 m, the equivalent depth of the failure zone
increases by 0.41, 1.34, 1.75, 0.72, 0.98, and 1.79 m, respectively.

Through the analysis of the failure zone, it will be generated at
the depth of −480 m fault and more than −660 m area, and the
stability of the surrounding rock should be paid attention to in
the area where the failure zone will be generated. Moreover, a
corresponding support plan should be formulated. Particularly,
in the two areas of −1,400 to −1,750 m and −1,850 to −2,016 m,
the depth of the failure zone exceeds 2 m. The traditional bolt
support will no longer be able to meet the requirements of
stability control in these two areas.

7 Results and conclusion

1) Through the analysis of stress, displacement, and plastic zone,
with the increase in excavation depth and the decrease in rock
mass quality, the maximum principal stress concentration
value, displacement, and plastic zone area increase. The stress
reduction zone, the deformation zone of rock mass, and the

FIGURE 17
Variation rule of the equivalent depth of the failure zone with excavation depth.
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increase in the area of the plastic zone are consistent:
650 to −1,050 m, −1,350 to −1,750 m, and −1,850 to −1,950 m.
Particularly, in the area of −1,680 to −1,720 m, the
displacement reaches a maximum value of 75.75 mm, with
a 6.38 m plastic zone. The maximum displacement at fault
reaches 525.06 mm, with a 6.64 m plastic zone.

2) Through the analysis of the stress release law and damage
superposition characteristics of the surrounding rock during
the shaft excavation, it is concluded that with the increase in
the distance between the working face and the monitoring
section, the constraint effect of the working face is gradually
weakened, and the stress release is sufficient. When the
distance between the monitoring section and the
excavation face reaches 48 m, the deformation of the
surrounding rock is released as stress, and the change in
each evaluation index tends to be stable.

3) Through the analysis and prediction of the failure zone, except
for the fault, there is no failure zone when the buried depth is
less than 660 m. The depth of the failure zone is more than 2 m
at the buried depth of −1,400 to −1,750 m
and −1,850 to −2,016 m, and the depth of the failure zone
reaches a maximum of 5.28 m.
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Study on the dynamic response
characteristics of roadbed and
pavement under the humidity and
season factors in the hilly area of
Southwest China
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The environment of the roadbed and pavement often has a significant impact on its
dynamic performance. The stability of the strata in the Hilly Area is poor, and long-
term complex environmental impacts will cause significant damage to the pavement.
This article tests the dynamic response characteristics of semi rigid and inverted
asphalt pavement through road load tests, and measures the humidity data of the
roadbed during on-site rainfall. In addition, the variation of pore water pressure in the
transition layer under the coupling effect of humidity and dynamic loadwas analyzed,
revealing the influence of seasonal factors on the dynamic response of the pavement
and roadbed. The test results indicate that the humidity inside the roadbed is greatly
influenced by seasonal factors, and the humidity conditions of the roadbed and
pavement vary significantly due to differences in measurement point depth, season,
and rainfall. Graded crushed stone cushion is beneficial for improving the humidity
conditions of the roadbed. The pore water pressure of the graded crushed stone
transition layer did not show significant porewater reabsorption throughout the entire
loading process. Meanwhile, the thickness of the surface layer and the magnitude of
the load have a significant impact on the measurement of pore water pressure in the
transition layer. The measured values of the dynamic response indicators of the
pavement are greatly influenced by seasonal factors. The research in this article will
provide theoretical and guiding significance for the dynamic response characteristics
of pavement under the influence of multiple factors in the southwestern hilly area.

KEYWORDS

pore water pressure, dynamic response, seasonal factor, the hilly area, graded crushed
stone

1 Introduction

The dynamic modulus, viscoelasticity and damping characteristics of asphalt mixtures
are all-sensitive to temperature. The strength and permanent deformation characteristics of
graded crushed stone and soil foundation are greatly affected by the dry and wet conditions,
and the environment has a significant impact on the material properties and the response
behavior of the pavement.

The research on the dynamic response of temperature to asphalt pavement has two main
parts. 1) The dynamic modulus has temperature-dependent characteristics. When the
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dynamic modulus of the asphalt mixture is higher at low
temperature than that is at high temperature, the influence of the
research temperature on the bottom strain of the asphalt layer and
the vertical earth pressure on the top surface of the subgrade is
studied. 2) Temperature fluctuations in the asphalt mixture cause
temperature shrinkage and expansion, and temperature strain is
formed at the bottom of the asphalt layer (Garg and Hayhoe, 2001;
Al-Qadi et al., 2004; Islam and Tarefder, 2013; Assogba et al., 2020;
Gao, et al., 2023). However, it is not reasonable to use the
temperature index to characterize the seasonal variation on the
dynamic response of asphalt pavement. Meanwhile, there has been
relatively little research on the dynamic response of asphalt
pavement to seasonal temperature changes. This article studies
the dynamic response characteristics of asphalt pavement under
different seasonal temperature changes.

The humidity conditions inside the pavement structure change
with the seasons, and there are significant differences in the internal
humidity conditions of the pavement structure in different seasons.
The inverted asphalt pavement is particularly obvious. The
difference in dynamic response of pavement under different
season conditions is the combined effect of temperature and
humidity changes in the pavement structure. It is unreasonable
to use the temperature index to characterize the seasonal variation in
the literature (Ai et al., 2017; Chen et al., 2019; Zhang et al., 2023).
The research on the dynamic response characteristics of the inverted
asphalt pavement is mainly limited to the response characteristics of
the asphalt layer and the soil foundation. There is little research on
the response characteristics of the graded crushed stone transition
layer based on the on-site vehicle loading test. In addition, the
graded crushed stone belongs to the porous composite material.
Under the load of the vehicle, the moisture in the transition layer of
the graded crushed stone generates transient pulsating water
pressure, changes the internal force condition, and forms a
coupled stress field of load and pore water pressure, which forms
the fatigue coupling load (Li, 2013; Liu et al., 2023a). The research on
the influence factors and distribution law of the pore water pressure
of the asphalt pavement is mainly based on numerical simulation
(Dong et al., 2007), and its field test has mainly focused on the inside
of the asphalt layer (Jiang et al., 2012). However, due to the
differences in rainfall in different seasons, the humidity of the
roadbed varies significantly, which has a significant impact on
the dynamic response characteristics of asphalt pavement and
roadbed.

Seasonal changes lead to significant changes in temperature and
humidity inside asphalt pavement. More and more attention has
been paid to the impact of temperature on road bearing capacity,
with less attention paid to the changes in humidity. However, the
impact of humidity on the dynamic response of the road surface is
significant, and previous research has not focused on testing under
coupling of hydrodynamic pressure and axle load. At the same time,
there are relatively few studies on changes in hydraulic stress
response indicators of the graded crushed stone transition layer
under different speed and axle weight. In view of this, based on the
design of the asphalt load response test and the monitoring system,
the internal humidity of the subgrade and pavement in the rainfall
process is tested. In this paper, the variation of pore water pressure in
the transition layer under the coupling of humidity and dynamic
load is studied, and the influence of seasonal variation on the

dynamic response of the pavement structure is discussed. The
analysis improves the adaptability of modified semi-rigid base
asphalt pavement in the hilly area of eastern Sichuan.

2 Test plan layout of test section

2.1 Test section pavement structure

There are three pavement structures in the dynamic response
test section of the asphalt pavement of the Sui-guang Expressway,
including a traditional semi-rigid asphalt pavement (S1) and two
inverted asphalt pavements (S2 and S3), which are mainly
distributed in the excavated section. The composition is shown in
Figure 1. The inverted asphalt pavements are that flexible graded
crushed stone transition layer is arranged between asphalt layer and
cement stabilized macadam base layer. The S1 is the original design
document for the pavement structure, while S2 and S3 are designed
with inverted asphalt pavement structures that are more suitable for
the characteristics of the southwest hilly area based on the
characteristics of the roadbed and rainfall. The inverted asphalt
pavement adds a graded crushed stone transition layer between the
base layer and the asphalt surface layer, which significantly reduces
the reflection cracks of the asphalt pavement and eliminates internal
moisture.

2.2 Sensor component layout

6 types of sensing elements are installed in the dynamic response
test section of the asphalt road of Sui-guang Expressway, including
horizontal asphalt strain gauges (transversal and longitudinal),
vertical large deformation strain gauges, earth pressure gauges,
temperature sensors, pore water pressure gauges and soil
moisture sensors. The specific layout scheme is shown in
Figures 2A–C (taking structure S3 as an example (Cao et al.,
2022). Among them, the horizontal asphalt strain gauges are
arranged in a 3×4 matrix form, 12 horizontal asphalt strain
gauges are embedded in each pavement structure, and the strain
amplitude is the sum of the absolute values of tensile and
compressive strains (Dong et al., 2008; Dong et al., 2013; Liu
et al., 2023b). The structural S2 and S3 transition layer two
vertical large deformation strain gauges are arranged with wheel
tracks positions, and one vertical large deformation strain gauge is
arranged at the central position of the traffic lane. Two dynamic
earth pressure gauges are arranged along the wheel track on the top
surface of each structural soil foundation. There are 4 dynamic earth
pressure gauges arranged on both sides of the bottom wheel of the
graded crushed stone transition layer of structures S2 and S3. The
soil moisture sensor is set at the 30 cm below the soil base of the
structure S1, the middle part of the structural S2 transition layer, the
middle part of the cushion layer, at the 30cm and 50 cm below the
soil foundation. At the same, the soil moisture sensor is arranged at
30 cm below the structural S3 soil foundation and in the middle of
the transition layer. Seven soil moisture sensors were buried in the
test section. Two pore water pressure gauges are arranged along the
wheel track in the middle of the structural S2 and S3 transition
layers. The temperature sensors are placed in the middle of upper
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surface layer, middle surface layer and lower surface layer. It should
be noted that the strain or stress values used in the analysis below
refer to the peak value of the corresponding axial position on the
time history curve unless otherwise specified.

2.3 Testing vehicles

Different types of vehicles are driving on the road. Different models
have different natural frequencies. Large-duty trucks have more damage
to road surface than cars. The load response characteristics of pavement
structures under different vehicle loads are different. The twomodels are
loaded and tested on different pavement structures. The vehicle
parameters are shown in Table 1; Figures 3A, B.

3 Coupling response analysis of
humidity to dynamic load of inverted
asphalt pavement

3.1 Overview of the field test process

The rebound modulus of the subgrade soil and transition
layer graded crushed stone is very sensitive to the internal
humidity of the corresponding structural layer (Li and Selig,
1994; Cao, 2007; Zhou, 2014). Therefore, while the road surface

dynamic response tested, the typical layer moisture conditions
inside the pavement structure were observed to investigate the
effect of rainfall on the change of the humidity status of the new
pavement graded crushed stone transition layer, cushion, and
subgrade soil. The stress and strain state of pavement structure
provides basis and reference.

The humidity test data of subgrade and graded crushed stone
layer are shown in Table 2. The volumetric water content of the
subgrade with the depth of 20 cm in the asphalt pavement structure
tested in May 2016 is about 30%± 5%, which is higher than when the
sensor is buried (On the 29th of December 2015), the initial
volumetric water content of the test (5–10%). The volumetric
water content of the soil foundation at 40 cm depth of the
subgrade is 1.9–2.0 times of the depth of the subgrade at 20cm,
and the volumetric water content of the graded crushed stone
cushion tested before the rain is 7.0–7.5%.

OnMay 18th of 2016, the day was cloudy, and on the 18th, there
was 20 h of rain from 20:00 to 19:00, and the peak of rainfall was
concentrated within 12 h from the early morning to noon on the
19th, with a rainfall of 10 mm. In the meantime, the humidity
variation data of the graded crushed stone transition layer was
recorded every half hour by i500-ES. It was found that the
volumetric water content in the middle of the structural
S2 graded crushed stone transition layer was stable at around
5.9%, and the water content of the structural S3 was stable at
about 4.7%. There is no obvious fluctuation, because the test

FIGURE 1
The structure of test section pavement.

TABLE 1 Test trucks parameters.

Vehicle model Description Number of rear axles/piece Front axle wheel pressure/MPa Rear axle wheel pressure/MPa

3-type Type 12 truck 1 0.7 1.1

4-type Type 15 truck 2 1.2 1.2
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section is a new highway, the asphalt surface layer is basically not
water seepage, the road surface water cannot penetrate into the inner
pavement. The cement stabilized macadam layer blocks the

groundwater ascending channel. Therefore, the transition layer is
a self-contained relatively closed system, and the water content has
relatively less affected by environmental factors.

FIGURE 2
Schematic diagram of structure S3 sensing element (unit: cm).
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As for the subgrade, before the rainy season, the rainfall has no
significant effect on the internal humidity of the subgrade. The
volumetric water content at 20 cm below the subgrade is 26.6–27%,
and the volumetric water content at 40 cm below the subgrade is
52.1%. Obviously, before the rainy season, due to no heavy rainfall or
long-term continuous rainfall, the water content of the subgrade soil
is stable for a long period, and the humidity of the subgrade soil will
not fluctuate significantly due to short-term rainfall or a small
amount. At this time, the impact of rainfall on the moisture
content of the subgrade soil is relatively small. Conversely, in the

rainy season, the fluctuation of the water content of the subgrade soil
is greatly affected by rainfall (Jiang, 2014).

In contrast, the effect of rainfall on the humidity of the graded
crushed stone cushion is more obvious. The volumetric water
content of the graded crushed stone cushion tested before rain,
during rain (close the stop of the rain) and after rain (within 24 h)
respectively at 7.1%, 16.2%, and 18.9%, the volumetric water content
of the graded crushed stone cushion during and after the rain was
about 2.3 times and 2.7 times that before the rain, respectively. The
volumetric water content of the graded crushed stone cushion is still
rising within 24 h after the rain stop, but the increase is less than that
during the rainfall process. The graded crushed stone cushion
effectively improves the internal humidity of the subgrade and
has a good drainage effect. The literature (Liu et al., 2012) draws
the same conclusions through an indoor model test.

3.2 Basic characteristics of dynamic
response of pore water pressure in transition
layer

For the structure S2, under the condition that the volumetric
water content of the graded crushed stone transition layer is 5.9%,
when the 10t single rear axle and the 23t double rear axle load pass
the test section at a speed of 20 km/h, the pore water pressure stress
in the transition layer is measured. The time history curve is shown
in Figure 4.

Analysis test data is visible: the pore water pressure field has the
same wave propagation characteristics as the displacement field
under the action of dynamic load, consistent with literature results
(Dong et al., 2009). As the wheel-loaded adjacent pore water
pressure timing, the pore water pressure stress inside the graded
crushed stone increases sharply, and it quickly reached the peak and
then quickly dissipated. Due to the test error, the pore water pressure
measured fluctuated near 0 o’clock, but overall, it was not found that
the pore water re-absorbed due to vacuum negative pressure suction,
resulting in negative pores water pressure, which proves the good
drainage performance of the inverted asphalt pavement graded
crushed stone transition layer and realizes the basic intention of
the design. In addition, the weight difference between the front and
rear axles of the single-rear axle truck is large, and the difference of
the mechanical response index is obvious, but the load assigned to

FIGURE 3
Schematic diagram of test trucks (unit: cm).

TABLE 2 Measured humidity value.

Sensor Structure NO. Position Initial value/% Volumetric water content test value in May/%

12th 13 th 18 th 19 th 20 th

Hygrometer structure S1 B1-L1-S1 Subgrade 20 cm deep 9.4 35.1 35.2 33.9 — —

structure S2 Z1-L1-S1 Subgrade 20 cm deep 5.5 30.5 30.4 27 26.6 27.9

Z1-L1-S2 Subgrade 40 cm deep 3.7 58.5 58.4 52.1 52.1 53.5

Z1-D1-S3 Middle of cushion 2.8 7.5 7.3 7.1 16.2 18.9

S1-4 Middle of transition layer 4.3 5.7 5.7 5.9 5.9 5.8

structure S3 Z2-L1-S1 Subgrade 20 cm deep 5.4 31.2 31.4 — — 31.7

S2-4 Middle of transition layer 3.7 4.7 4.7 — — 4.7
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each front axle tire by the double rear axle truck is slightly larger than
the load on each tire of the rear axle. Therefore, the amplitude
difference among the shafts before and after the pore water

pressure of the rear axle truck graded crushed stone transition
layer is small, and the rear axle amplitude may be smaller than
the front axle.

FIGURE 4
Dynamic time history curve of pore water pressure.

FIGURE 5
Relationship between pore Water pressure and Speed in transition layer (left: single rear axle truck, right: double rear axle truck).
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3.3 Analysis of driving speed and load
sensitivity of pore water pressure in
transition layer

Under the driving load, the measured pore water pressure in
the transition layer of the inverted structure S2 and S3 is shown
in Figures 5A, B. It can be concluded that the pore water pressure
decreases with the growth of the traveling speed regardless of the
structure S2 or the structure S3. Taking the test of structure
S2 with 10t and 16t single rear axle trucks as an example, when
the driving speed is increased from 5 km/h to 40 km/h, the pore
water pressure caused by the rear axle and decreased by about
21–26%. Further, when the comparison vehicle is traveling at a
speed of 40 km/h, the structure S2 is at 22.6 t (rear axis, the same
below) and the structure S3 is under the action of 21.6 t axle load,
and the structure S2 is at 9.66 t and the structure S3 is at 11.48 t
axle load. Under the difference of the pore water pressure in the
transition layer of the two pavement structures, it is found that
the difference is mainly due to the difference in the applied load.
It is noted that the structure S2 and the structure S3 adopt
different ways (surface layer reinforcement or thickening) to
compensate for the influence of the thickness of the cement
stabilized macadam layer on the bearing capacity of the
pavement structural. Therefore, it is reasonable to speculate
that the performance of the diffusion load is enhanced,
resulting that the deformation of the gradation gravel
transition layer is smaller; the more effectively reduce the
pore water pressure in the transition layer and reduce the
erosion or seepage erosion of the graded crushed stone by the
pore water.

It is worth noting that in this test, the graded crushed stone of
the transition layer is far from saturated, resulting in a very small
amount of pore water pressure, which is less than 1% of the vertical
pressure (see Figure 6). The transition layer can effectively reduce
the damage degree of water seepage to the pavement structure.

4 Analysis of seasonal influence factors
in field test

The field test eliminates the distortion of the test results caused by
the material scale effect, which reproduces the pavement structural
response to the driving load. However, in the test under the
changing conditions of the natural environment, the detection data is
bound to produce large dispersion, especially the extremely sensitive
temperature of the pavement material. The significant variability of the
acquisition index is inevitable, and the reasonable definition of the
experimental environment parameters is therefore more important
(Ovik et al., 2000; Drumm and Meier, 2003). Most studies have
adopted the temperature in the middle of the asphalt layer to
establish the relationship between temperature and strain (Priest and
Timm, 2006; Willis, 2009). The literature (Mateos and Snyder, 2002)
considers that the average temperature of the asphalt layer is more
representative. Considering the nonlinear distribution of the pavement
temperature along the depth, the equivalent temperature of asphalt layer
calculated in the pavement surface, the middle of the asphalt middle
surface layer and of the asphalt lower surface layer of this paper. A field
comparison test was conducted in two seasons, and in the deep winter
(January 2016, equivalent temperature about 11 °C) and early summer
(May 2016, the equivalent temperature is about 46 °C). The test uses a
single rear axle truck (rear axle weight 6t), and is carried out at a travel
speed of 30–35 km/h, and the test data shown in Figures 7A–E, 8A, B.
The results showed that.

1) At the same measuring point, the detection values of the
structural response indicators of the summer pavement are
higher than the winter detection values, and the difference
between them can be as high as several times. Taking the
strain amplitude at the bottom of the asphalt layer as an
example, the measured value in summer is about
1.4–3.9 times of the measured value in winter. The trend of
strain response is further analyzed. It is found that the variation

FIGURE 6
Relationship between pore water pressure and axle load in structure S2 transition layer.
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of longitudinal and transverse strain along the road is different
after the temperature rises. Among them, along the longitudinal
direction, the tensile strain and compressive strain at the bottom
of the asphalt layer increase greatly. While in the transversal
direction, the tensile strain at the bottom of the asphalt layer
increases with temperature, and the compressive strain hardly
increase in magnitude, which stay near zero.

2) Due to the difference in water content between the graded
crushed stone cushion and the subgrade in January and May,
especially the water content of the subgrade soil is quite different.
In January, the atmosphere is dry and the water content is low.

The cushion and the subgrade strength are both relatively high.
While the rainfall in May increased significantly, the water
content of the subgrade and the cushion was relatively large,
and its strength was relatively low. The mechanical response of
the pavement under load was relatively severe, so the vertical
compressive stress on the top surface of the subgrade was affected
by seasonal factors. The measured value in May is larger about
1.5–7.5 times than that is in January. The seasonal variation
performance of the cushion and subgrade will inevitably affect
the load response of the superstructure, hence, a vertical
compressive stress at the bottom of the graded crushed stone

FIGURE 7
Influence of season on pavement mechanical response.
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transition layer increased by 3.5–5.5 times inMay compared with
January, and the vertical displacement increase by 2–3 times.

3) The sensitivity of the three pavement structures to seasonal factors is
different. Overall, the sensitivity of the structure S1 to the season is
lower than that of the structure S2 and the structure S3, and the
structure S3 is most sensitive to the season. The structure S1 is a
semi-rigid asphalt pavement, and the main bearing structure layer is
a cement stabilized gravel layer. The temperature is higher, the inter-
layer strain transmission performance is worse between the asphalt
layer and the cement stabilized macadam, and the load transmitted
to the top surface of the subgrade is small. The thickness of the
asphalt layer is thinner. The influence of temperature on the
mechanical response of the pavement structure is also lower than
that of the structure S3. However, the upper 30 or 34 cm of the
inverted asphalt pavement is a flexible structural layer. The
mechanical properties of the asphalt mixture are greatly affected
by the temperature, and the mechanical properties of the graded
crushed stone are greatly affected by the water content, which leads
to the seasonal sensitivity of the inverted structure more than the
semi-rigid structure. The thickness of the structural S3 asphalt
surface layer is larger than the structure S1 and the structure S2,

and the mechanical response characteristics are relatively more
affected by the season and temperature.

4) The summer temperatures in the eastern Sichuan region are
relatively high (with the highest temperature reaching 41.6°C in
recent years), the climate is hot, and the rainfall is large (with an
average precipitation of 1,014–1,282 mm in Guang’an for many
years, and the maximum annual rainfall is 1,485 mm). The
continuous rain time is long, and the roadbed filler is mainly
shale, which will sharply reduce its strength under rainwater
immersion. In addition, some roads have high traffic volume,
which requires high performance requirements for asphalt
pavement resistance to water damage and high-temperature
deformation. In view of this, it is recommended to install a
graded crushed stone cushion under the pavement structure in
the eastern Sichuan region to regulate the humidity of the
roadbed and extend the service life of the asphalt pavement.
Meanwhile, the inverted asphalt pavement structure has good
adaptability in the hilly areas of eastern Sichuan.

4 Conclusion

1) The rainwater is blocked from entering new pavement transition
layer by the upper and lower structural layers, so the volumetric
water content in the middle part of the transition layer of the
asphalt pavement has no obvious fluctuation during the rainfall
process. At the same time, the rainfall has a great influence on the
water content of the subgrade soil (excavated section) during the
rainy season. The fluctuation range is different due to the
different depth of the subgrade layer. The water content at
the middle of cushion fluctuated significantly during the
rainfall process, and the fluctuation peak lags behind the
rainfall peak. The addition of the cushion layer helps to
improve the humidity inside the subgrade.

2) There is a wave propagation characteristic of the pore water pressure
in the transition layer, and the measured value increases with the
growth of the axle weight, and decreases with the growth of the
driving speed. However, the good drainage performance makes the
pore water pressure in the transition layer of graded crushed stone
small in magnitude. It eliminates the time-dependent effect of the
pore water pressure caused by the axle load, and the pore water-
sucking phenomenon caused by the vacuum negative pressure
suction. Especially for new pavements, the water content of the
transition layer is relatively weakly affected by rainfall with the
participation of the surface layer and the underlying cement
stabilized macadam base. Largely, the erosion or seepage erosion
of the graded crushed stone by the pressurized water is alleviated.

3) Seasonal changes have significant influence on the dynamic
response of asphalt pavement, which is affected by the difference
of temperature and water content in different seasons. The bottom
strain amplitude of asphalt layer, the vertical compressive stress of
top surface of subgrade, the vertical compressive stress at the bottom
layer of graded crushed stone transition layer and the vertical
displacement of the graded crushed stone transition layer of the
summer are 1.4–3.9 times, 1.5–7.5 times, 4.5–6.5 times and
3–4 times of the winter, respectively, and the sensitivity of the
inverted asphalt pavement to the season is greater than semi-rigid
asphalt pavement.

FIGURE 8
Effect of season on strain composition at the bottom of the
asphalt layer.
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Study on dynamic strength and
liquefaction mechanism of silt soil
in Castor earthquake prone areas
under different consolidation
ratios

Jiang Chunlin1, Wang Guangjin1,2*, Li Shujian3, Kang Fuqi1,
Cai Binting3 and Zhao Lei3

1Faculty of Land Resources Engineering, Kunming University of Science and Technology, Kunming,
China, 2Yunnan International Technology Transfer Center for Mineral Resources Development and
Solid Waste Resource Utilization, Kunming, China, 3Yunnan Phosphate Group Co., Ltd., Kunming,
China

Under the Castor earthquake, there is a risk of liquefaction instability of
saturated tailings, and the evolution of dynamic pore pressure can indirectly
reflect its instability process. Before applying dynamic loads, the static stress
state of soil is one of the main factors affecting the development of soil
dynamic strength and dynamic pore pressure, and there are significant
differences in soil dynamic strength under different consolidation ratios.
This paper conducted dynamic triaxial tests on saturated tailings silt with
different consolidation ratios, and analyzed the dynamic strength variation
and liquefactionmechanism of the samples using the discrete element method
(PFC3D). The results showed that 1) as the Kc′ gradually increased, and there
was a critical consolidation ratio Kc′ during the development of the dynamic
strength of the sample. The specific value of Kc′ was related to the properties
and stress state of saturated sand. The Kc′ in this research was about 1.9. When
Kc < 1.9, dynamic strength was increased with the increase in Kc; when Kc > 1.9,
dynamic strength was decreased with the Kc. 2) Under the impact of cyclic
load, when samples were normally consolidated (Kc =1), the pore water
pressure would tend to be equal to the confining pressure to cause soil
liquefaction. In the case of eccentric consolidation (Kc > 1), the pore water
pressure would be less than the confining pressure, thus, the soil liquefaction
would not be induced, and the pore pressure value would decrease with the
increase of consolidation ratio. This paper provides engineering guidance
value for the study of dynamic strength and liquefaction mechanism of
tailings sand and silt in Castor earthquake prone areas under different
consolidation ratios.

KEYWORDS

Castor earthquake area, saturated tailings sand soil, consolidation ratio, dynamic triaxial
test, particle flow simulation
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1 Introduction

As is well known, The pre-earthquake action of the on-site
soil unit has vertical effective force force σv and horizontal
effective stress K0σv (K0 is the coefficient of static earth
pressure), the earthquake will cause repeated cyclic action of
the dynamic shear stress ± τd, while the normal stresses remain
constant. Any indoor dynamic test instrument should simulate
such a stress state where there is a constant normal stress and a
reciprocal shear stress acting on a plane of the soil sample. In the
dynamic triaxial test, the stress state in the specimen the stress
state in the 45° plane is simulated: for horizontal ground, the
initial shear stress τ0 � 0, using isobaric consolidation Kc,
i.e., equal consolidation pressure is applied on the specimen
force σ1c � σ3c � σ0, the normal stress in the 45° plane is σ0,
the tangential stress τ0 � 0. The pre-earthquake stress state can be
simulated; for inclined ground, the initial shear stress τ0 ≠ 0, and
the bias consolidation Kc ≠ 1 (Kc is the consolidation stress
ratio). The static stress state of the soil before the dynamic
load is applied determines the consolidation condition of the
indoor.

As shown in Figure 1, The Karst landform area in southwestern
China is prone to earthquakes. The dynamic instability of the
tailings dam during the earthquake has gradually been paid
attention to (Yan-Qiang et al., 2016); besides, most of the tailings
dams are in the state of anisotropic consolidation, so it is important
to study the dynamic characteristics of sand with different
consolidation ratios (wang and Zhou, 2001).

At present, scholars have studied dynamic strength and the
evolution law of dynamic pore water pressure of soil different
consolidation ratios Kc, and some representative results have
been obtained. Through the undrained dynamic triaxial test,
Konstadinou, M. (Konstadinou and Georgiannou, 2013).
found that the cyclic strength of Ottawa sand increased with
the increase of consolidation stress ratio, and obvious stress
dependence of sand was observed under high consolidation
stress ratio. Through conducting dynamic triaxial tests on
Yunlin sand samples with different consolidation ratios
(Kc � 1.0, 1.5, 2.0, 2.5, 3.0), Chien, LK (Chien et al., 2000) found
that liquefaction strength will decrease with the increase of
consolidation stress ratio, and under low consolidation ratio
(Kc � 1.5), the liquefaction strength is very close; when the
strain amplitude is small, the influence of Kc tends to be less.
Bao Chenyang (Chen-Yang et al., 2006) studied Yunnan silt
samples under different consolidation ratios, and found that
the dynamic strength curves had the highest point, and this
point corresponded to Kc � 2.1 and Kc � 2.01 respectively
when σ3 � 200kPa and σ3 � 100kPa. By conducting dynamic
triaxial tests on Fujian standard sand under different
consolidation ratios of Kc � 1.0, 1.25, 1.5, 2.0, 2.5, 3.0, Ma
Meiying (Mei-Ying, 1988) concluded that the dynamic
strength of sand increases with the increase of Kc in a certain
range of K, but the increase of dynamic strength gradually
decrease, and the dynamic strength decreases When Kc � 3.0.
By analyzing the dynamic triaxial test results of unsaturated fly
ash, Zhang Jianhong et al. (Zhang and Chang-Rong, 1994) found
when Kc � 1.5, the dynamic strength was increased compared to
that when Kc � 1.0, the dynamic strength has shown a downward

trend when Kc � 2.0. He Changrong et al. () used the Pubugou
dam foundation sand to carry out dynamic triaxial tests under
consolidation stress ratios of Kc � 0.43 ~ 2.0, and it was indicated
that the dynamic strength had been increasing. Liao Hongjian
et al. (Hong-Jian et al., 1998; Liao et al., 2001) conducted dynamic
triaxial tests on Pozzolanic clay under consolidation stress ratios
of Kc � 1.0, 1.5, 2.0, 3.0, and it was concluded that the dynamic
strength tended to be stable with the consolidation ratio. Hu
Yuanfang (Hu, 1996) conducted dynamic triaxial tests on Beba
power plant fly ash under different consolidations of
Kc � 0.4 ~ 3.0, and the results showed that the dynamic
strength reached the maximum value when Kc � 2.167.
Through the strength test of saturated sand and gravel
materials for the earth-rock dam foundation, Zhang Ru
(Zhang et al., 2006) believed that when the anisotropic
consolidation Kc � 0.7 ~ 1.3, the final pore pressure of the test
soil can reach the confining pressure; whenKc ≥ 1.5, the final pore
pressure reachs the confining pressure when the dynamic stress
σd is greater than the principal stress difference σ1 − σ3. Yu
Lianhong et al. (Lian-Hong and Wang, 1999) conducted an
experimental study on the relationship between the dynamic
pore water pressure and the consolidation ratio Kc of saturated
silty soil, and concluded that the dynamic pore pressure may still
rise to the confining pressure when the Kc is greater than 1.0 and
less than a certain value. Nie Shouzhi et al. (Shou-Zhi, 1980)
conducted liquefaction tests on saturated sandy soils under
different consolidation conditions and proposed a series of
indexes such as pore water pressure and dynamic strength,
and also analyzed and explained the “notch” in the crest of
the dynamic pore water pressure process line. Zhang Kexu
et al. (Ke-Xu, 1984)proposed round-trip shear action functions
under different consolidation and gave a unified interpretation of

FIGURE 1
Karst landform area.
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the results of several existing liquefaction tests. Wang Yuanzhan
et al. (Wang et al., 2015)analyzed the pore pressure development
law and undrained shear strength weakening law under the effect
of different stress combinations by indoor dynamic triaxial tests
with surrounding pressure, initial static deflection stress, cyclic
dynamic stress and number of cycles as the test variables, taking
Yantai port in situ silty powder clay as the research object.

However, during studying ynamic characteristics of soil, the
dynamic pore pressure evolution of tailings under different

consolidation conditions has not been paid enough attention. In
practical projects, the dynamic failure process and dynamic pore
pressure evolution law of tailings under different consolidation
conditions also have certain differences (ZHANG et al., 2018).
Therefore, in this paper, the influence of different consolidation
ratiosKc on soil dynamic characteristics was mainly studied. On the
basis of existing research, through dynamic triaxial test and discrete
element simulation (DAI et al., 2013; KONG et al., 2013; SHEN
et al., 2015; JIANG et al., 2020), the macro mechanical behavior and
micro mechanical properties of saturated tailing silt were carefully
studied according to the macro and micro results; moreover, the test
of tailing silt was designed to discuss the influence of Kc on the
dynamic strength and dynamic pore pressure of soil samples, and
made a reasonable explanation.

2 Experiment scheme

2.1 Experiment apparatus and material

As shown in Figure 2, KTL-DYN10 dynamic triaxial equipment
was selected for this experiment, and its hardware system consists of
axial loading equipment, a controlling chamber of dynamic
confining pressure, a back pressure controller, 8-channel high-
speed control and acquisition equipment; The software system is
a DSP high-speed digital control system with a maximum operating
frequency of 10 Hz and a maximum dynamic stress amplitude
of ±10 kN.

In this research, the tailings silty sand was taken from an iron
tailings pond in Sichuan, and it is the main damming material of the
tailings dam. Figure 3 shows the grading analysis of the tailings

FIGURE 2
KTL-DYN10 dynamic triaxial equipment.

FIGURE 3
Particle size distribution of Tailing silty sand.
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samples, the sample used in this test is Void ratio e =0.69, Specific
Gravity G=2.725, The dry density of the sample after consolidation
is controlled as ρd =1.63 g/cm3.

2.2 Sample preparation

In the process of sample preparation, according to the ICode for
Geotechnical Test: GBT 50123-2019J (General Institute of Water
Resources and Hydropower Planning and Design, 2019), the drying
temperature was determined to be 110°C. In this test, a cylindrical
sample with a diameter of 50 mm and a height of 105 mm was
processed, which was compacted in four layers; at the same time, the
sample density was controlled according to the dry density, and the
dry density of samples was determined to be 1.63 g/cm3 according to
the deposition law of the tailings pond. Then, prepared samples were
installed as shown in Figure 4.

2.3 Test procedure and scheme

After the sample preparation, the first action was to use the
back-pressure controller to test its air impermeability, and then
the CO2 saturation, water head saturation, and back-pressure
saturation were subsequently performed to improve the sample
saturation. After the sample saturation reached 98% (B>0.98), it
was consolidated under the corresponding conditions; After that,

the cyclic load with fixed frequency was applied for the test under
the undrained condition.

In this test, the load frequency was set as 1 Hz, the dynamic
stress was set as 70 kPa, the consolidation confining pressure was
kept to be 100 kPa, and the cyclic load was subjected using the
method of equal stress amplitude. For the isotropic consolidation
(Kc � 1), the consolidation stress was loaded at one time; for the
anisotropic consolidation (Kc > 1), the consolidation stress was
loaded step-wise. The effect of different consolidation ratios on
the dynamic characteristics of saturated tailing silty sand was studied
by applying different axial static stresses, and the test scheme is
shown in Table 1. In order to facilitate analysis and comparison, the
failure strain was taken as the criterion for terminating the test in
this paper: the failure strain of isotropic consolidation (Kc � 1) was
defined as 5% of the dynamic strain (εd � 5%), and that of
anisotropic consolidation (Kc > 1) ws defined as 5% of the total
strain (including residual strain and dynamic strain)(ε � 5%) (Mei-
Ying, 1980), while the limit equilibrium failure criterion was adopted
in the theoretical analysis.

3 Analysis of test results

3.1 The influence of Kc on soil dynamic
strength

As shown in Figure 5, When Kc � 1.0 ~ 1.9, the higher the Kc,
the more vibration times the sample needs to meet the failure
standard; When Kc � 1.9 ~ 2.6, the changing rule was opposite
to the above; Therefore, it can be seen that the influence of the
consolidation ratio Kc on the dynamic strength of soil samples is
very obvious. When Kc � 1.0 ~ 2.6, the value of 1.9 was the turning
point; when Kc < 1.9, dynamic strength gradually increased; when
Kc > 1.9, dynamic strength first increased and then decreased. Thus,
the existence of critical consolidation ratio is proved. When Kc � 1,
the initial shear stress was zero, the reverse shear stress was the
maximum, and the soil particle skeleton was in a certain equilibrium
state. The cyclic load made the direction of the large principal stress
axial rotated 90°, and the cyclic shear stress made the pore space
uniformly distributed, which resulted in the occurrence of plastic
compaction, and the increase in pore pressure due to the sliding of
particle skeleton.When 1<Kc < 1.9, the initial shear stress increased
with Kc, and the shear effect was induced during the test, which
made the sand particles be rearranged and the deformation of the
soil particle skeleton in a more stable state due to the disturbance of
shear on the sand particle skeleton. The reverse shear stress slowly
decreased with Kc, its influence on the change of pore space and
volume of samples decreased gradually during vibration, as well as
the deformation rate and amplitude, thus the seismic stability and
liquefaction resistance became higher. As shown in Figure 6, I, II and
III represent stress circles under different consolidation ratios, ①,
②, ③ represents the distance between consolidation stress circle
and strength envelope; It can be seen that③<②<①. This indicates
that whenKc > 1.9, the greater the difference between σ1 and σ3, the
larger the initial shear stress, the larger the diameter of the molar
circle during static consolidation, and the less the distance from the
Mohr-Coulomb envelope. For largerKc, even if a periodic load with
small amplitude σd was applied, the soil sample would also be

FIGURE 4
Test sample.
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deformed or damaged quickly; even without the dynamic load, the
specimen would also occur shear failure as the static load was
continuously applied by increasing σ1.

3.2 The influence of Kc on soil dynamic pore
pressure

Figure 7 shows development curves of dynamic pore water
pressure of the sample under different consolidation ratios Kc, it
can be seen that when Kc � 1, the pore pressure would finally reach
the confining pressure and realize complete liquefaction; When
Kc > 1, the pore pressure would always be less than the confining
pressure, and the initial liquefaction would not be caused; besides,
the larger the consolidation ratio, the smaller the pore pressure.

In order to analyze the influence of different consolidation
ratios on the evolution of dynamic pore pressure of tailing silty

sand, this paper used the limit equilibrium criterion to analyze the
pore water pressure of materials under the limit equilibrium state,
namely, the critical pore water pressure ucr (Ding-Yi et al., 1981; Li
et al., 2021a; Liu et al., 2022; Zhou et al., 2022). It was assumed that
the static limit equilibrium condition was also applicable to the
dynamic test, and their Mohr-Coulomb failure envelopes were the
same, which means the dynamic effective cohesion c′d and internal
friction angle φ′

d was respectively equal to static effective cohesion
c′ and internal friction angle φ′ as shown in Figure 7. The stress
circle ① represents the stress state of the sample before vibration,
and the stress circle ② represents the maximum stress circle
during dynamic load application, that is, the dynamic stress was
equal to the instantaneous stress circle with an amplitude of σd.
During the process of dynamic loading, the pore water pressure in
the sample would develop continuously, and the stress circle ②

would move towards the strength envelope; when the pore water
pressure reached the critical value ucr, the stress circle was tangent
to the strength envelope, suggesting that the tailing silty sand
reached the failure state according to the limit equilibrium
condition.

According to the geometric conditions shown in Figure 8, the
pore water pressure at the limit equilibrium state can be deduced as
follows.

TABLE 1 Test scheme.

Test number Confining pressure/kPa Consolidation ratio Frequency/Hz Dynamic stress/kPa

1 100 1 1 70

2 1.3

3 1.5

4 1.7

5 1.8

6 1.9

7 2.0

8 2.2

9 2.4

10 2.6

FIGURE 5
Failure Criteria-Vibration Times N-Consolidation Ratio Kc

relation curve.

FIGURE 6
Consolidation Stress stress Circle.
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ucr � σ1 + σ3

2
+ c′
tanφ′ −

σ1 − σ3 + σd 1 − sinφ′( )
2 sinφ′ (1)

Where: c′ and φ′ is the static effective cohesion and static
effective internal friction angle of soil samples; σd is the dynamic
stress amplitude; σ1 and σ3 represents axial pressure and confining
pressure respectively.

Setting σ1 � Kcσ3, it can be obtained:

ucr � Kc + 1
2

+ Kc − 1
2 sinφ′( )σ3 + c′

tanφ′ +
σd sinφ′ − 1( )

2 sinφ′ (2)

making

λ � Kc + 1
2

+ Kc − 1
2 sinφ′ (3)

λ is the critical pore pressure ratio

Δσ � c′
tanφ′ +

σd sinφ′ − 1( )
2 sinφ′ (4)

then

ucr � λσ3 + Δσ (5)
For common tailings, when σd � 30kPa, Δσ ≈ 0; when

σd > 30kPa, Δσ < 0, and it decreased with the increase in σd.
When Kc � 1, by substituting, ucr � σ3 + Δσ; when Kc > 1,

aftering substituting λ � 1, the following can be gotten:

λ � Kc + 1
2

+ Kc − 1
2 sinφ′ �

1 + sinφ′
2 sinφ′ − 1 − sinφ′

2 sinφ′ Kc (6)

Because 0< sinφ′< 1, the critical pore pressure ratio λ
decreased with the increase of consolidation stress ratio Kc.
After substituting Eq. 6, When Kc > 1, the critical pore pressure
ratio λ< 1, and

ucr < σ3 + Δσ (7)
Therefore, for a given dynamic stress amplitude, the pore

water pressure will approach the confining pressure during
isobaric consolidation, and during anisotropic consolidation,
the critical pore pressure will be e less than the confining
pressure, and the larger the consolidation ratio, the smaller
the critical pore pressure.

4 Microscopic analysis

4.1 The introduction of simulation

In this paper, PFC 3D was used to simulate the standard indoor
undrained dynamic triaxial test of saturated tailing silty sand, and
the simulated effective confining pressure was controlled to be
100 kPa; the test was carried out using the loading method of
equal stress amplitude. The upper and lower walls are loaded
uniformly by the control program, and when the bias stress
reaches the set stress amplitude qcyc, the upper and lower walls
reverse and continue to move until they reach the set stress
amplitude qcyc in the opposite direction and then reverse again.

FIGURE 8
Critical pore water pressure under limit equilibrium state.

FIGURE 7
The evaluation of pore pressure under different Kc (A,B).
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During the loading process, the lateral strain ε1 is equal to the
axial strain −ε2 by adjusting the movement rate of the lateral
walls, at which time the specimen volume is kept constant, and

this constant volume condition is comparable to the undrained
condition in the conventional cyclic triaxial test.Based on the
constant volume condition, the liquefaction characteristics of
the sample were simulated (ZHOU et al., 2009). The advantage
of particle flow numerical simulation is the ability to observe the
evolution of the meso fabric parameters in the sample at
different cyclic loading times while modelling macroscopic
mechanical performance of sample liquefaction; thus, the
internal relationship between the change of meso fabric and
the macroscopic mechanical response in the process of sand
liquefaction can be analyzed, so as to further explore the meso-
mechanical mechanism of sand liquefaction (Yang et al., 2007;
Liu et al., 2020). In this simuation, situations under Kc �
1.0, Kc � 1.5, Kc � 1.9, Kc � 2.0 were taken as examples to
analyze the coordination number and energy under different
consolidation conditions. In this paper, the particle grading of
the discrete element sample was determined first, as shown in
Figure 9. After that, the stress-strain curve simulated by PFC
triaxial shear test was comapred to the results of indoor triaxial
shear test to calibrate the reasonable contact model parameters
(AHMAD et al., 2019a; Yao-Hui et al., 2021), and these
calibtared parameters were adopted for the subsequent
dynamic triaxial test simulation and microscopic property
analysis (JIANG, 2019). The comparison between numerical
simulation and the indoor triaxial shear test is shown in
Figure 10, and calibrated physical parameters of numerical
model are shown in Table 2.

4.2 Analysis of mechanical coordination
number

The mechanical coordination number refers to the average
number of contacts per particle in the sample (MAHMOOD
et al., 2020; AHMAD et al., 2021), excluding suspended particles
with contact numbers less than or equal to 1. For granular

FIGURE 9
Gradation curve of discrete element sample.

FIGURE 10
Stress-strain relationship curve.

TABLE 2 Parameters of the discrete element model.

Microscopic parameter Value

Stiffness modulus 1 × 108

Stiffness ratio 1.0

Friction coefficient 0.5

density 2650

Anti-rotation coefficient 0.5

FIGURE 11
Mechanical coordination number curves under different
consolidation conditions.

Frontiers in Earth Science frontiersin.org07

Chunlin et al. 10.3389/feart.2023.1206252

112

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1206252


materials, their mechanical properties are mainly affected by the
density, which is affected by the indirect contact density of
particles at the microscopic level (Thornton, 2000; Li et al.,
2021b), which can be expressed by the mechanical
coordination number of particles.

It can be seen from Figure 11 that with the increase of the
consolidation ratio, the initial value of the mechanical
coordination number became larger, as well as the number of
particle contacts and the compactness of the sample, at the initial
stage of cyclic loading, the mechanical coordination number of
the sample continued to decrease. Figure 12 shows the changing
curve of the instantaneous dynamic pore water pressure and
corresponding mechanical coordination number curve while
meeting the failure criteria under different consolidation ratios
Kc; it can be seen from Figure 12A, whenKc � 1, when the “initial
liquefaction” was initiated, and the mechanical coordination

number decreased to about 3, which was reflected by the
increase of pore water pressure under the undrained condition
at the macroscopic level. At this time, the pore water pressure
reached the confining pressure. According to Figures 12B–D, it
can be seen that when Kc � 1.5, Kc � 1.9, Kc � 2.0, with the
increase of the consolidation ratio, the decreasing amplitude
of the mechanical coordination number decreased gradually
during the cyclic loading of the sample. When the pore water
pressure was stable, the mechanical coordination number did not
fluctuate significantly, and the pore water pressure failed to reach
the confining pressure. As the consolidation ratio increased from
Kc � 1, Kc � 1.5 to Kc � 1.9 the time required for the sample to
occur liquefaction became longer r; And from Kc � 1.9 to
Kc � 2.0, with the increase in consolidation ratio, the time
required for the sample to reach the failure standard became
shorter.

FIGURE 12
Pore pressure simulation and mechanical coordination curves under different consolidation conditions (A–D).
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4.3 Energy analysis

The energy storage and dissipation of particles during the
loading process can represent their macroscopic mechanical
response to a certain extent, and their failure actually
experienced the evolution process of energy dissipation and
instability (AHMAD et al., 2019b; AHMAD et al., 2020). The
following will focus on the evolution law of The evolution law of
elastic energy of particles (refers to the energy stored in the contact
area of particles to deform the particles), particle friction (Bolton
et al., 2008; Li et al., 2023), rolling energy dissipation (refers to the
energy dissipated by sliding friction and anti-rolling between
particles respectively) and boundary energy (refers to the energy
generated by wall driving) (AHMAD et al., 2019c; Gao et al., 2023).

Figure 13 shows the energy evolution curves of the saturated
tailing silty sand samples. it can be seen when the wall was subjected

to cyclic loading and unloading, the wall would generate a certain
amount of energy named boundary energy. At the same time, there
was a certain amount of elastic energy stored at the contact of
particles, and it increased and decreased successively with the
loading and unloading process, but the decreasing amplitude was
greater than the increasing amplitude so that the elastic energy was
gradually released. In addition, under the effect of cyclic load,
relative sliding (friction energy consumption) occurred between
particles, which was followed by different degrees of rolling
between particles (rolling energy consumption).

At the initial state, the elastic energy of particles increased with
the increase of the consolidation ratio. As shown in Figure 13A,
when Kc � 1, as the cyclic loading was subjected, the elastic energy
of particles became 0, and the slope of particle friction dissipation
energy and particle bending dissipation energy gradually decreased
to approach 0; At this time, the sample began to occur initial

FIGURE 13
Energy curves under different consolidation conditions (A–D).
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liquefaction. As shown in Figures 13B–D, when
Kc � 1.5, Kc � 1.9, Kc � 2.0, the particle elastic energy did not
decrease to 0, while the particle friction dissipation energy and
particle bending dissipation energy continued to increase, without
showing signs of initial liquefaction. Moreover, with the increase of
the consolidation ratio, the elastic energy of the remaining particles
became larger, which was the liquefaction of the sample when Kc �
1 on the macro level and pore water pressure reached confining
pressure, and when Kc > 1, the sample did not occur liquefaction,
and the pore water pressure decreased with the increase of
consolidation ratio.

5 Conclusion

In this paper, in order to study the dynamic strength and
liquefaction mechanism of tailings sand in karst seismic prone
areas under different static stress states, a series of dynamic triaxial
tests were conducted on saturated tailings fines in an iron tailings
pond in Sichuan, and combined with discrete element simulations to
further explore the dynamic properties of the fines under different
consolidation ratios. The main conclusions are as follows.

(1) The critical consolidation ratio Kc′ was proved by dynamic
triaxial test and particle flow simulation, and its specific value is
related to the properties and stress state of saturated sand. In this
research, the critical consolidation stress ratioKc′was about 1.9.

(2) The variation of dynamic strength showed different trends before
and after reaching the Kc′ � 1.9. When Kc < 1.9, the dynamic
strength of the sample increased with the Kc; when Kc > 1.9, the
dynamic strength of the sample decreased with the Kc. (3) The
limit equilibrium theory and particle flow simulation were used to
explain the phenomenon that for the isobaric consolidation
Kc � 1, the pore water pressure tended to the confining
pressure and induced complete liquefaction. For anisotropic
consolidation (Kc > 1), the pore water pressure was less than
the confining pressure and failed to initiate liquefaction, and
decreased with the increase of consolidation ratio.

(3) The limit equilibrium theory and particle flow simulation were
used to explain the phenomenon that for the isobaric

consolidation Kc � 1, the pore water pressure tended to the
confining pressure and induced complete liquefaction. For
anisotropic consolidation (Kc > 1), the pore water pressure
was less than the confining pressure and failed to initiate
liquefaction, and decreased with the increase of consolidation
ratio.
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Tunnel excavation is prone to segment cracks, which may lead to serious safety
accidents. This work aims to investigate the type, location and occurrence time of
cracks in a large-diameter underwater shield tunnel and also ascertain the causes
of the cracks. The correlations between crack characteristics and shield tunneling
parameters were analyzed. The effect of jack deflection and poor assembly on
cracks were investigated using a refined finite element model of two consecutive
rings with consideration of the assembly clearance and the constraint effect of the
shield machine. The results confirmed that 93% of the cracks were formed
between the current ring and the last ring jacking stage. Positive cracks
induced by jack deflection occurred during the current ring jacking stage,
while the lengths of the cracks, proportional to the constraint of the boring
machine on the segments, remained constant during the subsequent
construction process. The cracks caused by poor assembly quality arose
during the current and next ring jacking stages. Furthermore, the cracks
generated in the current ring jacking stage would propagate during the
subsequent construction process. The type, length, and number of cracks
were influenced by the assembly clearance. The inverted V-shape longitudinal
joints caused more cracks than any other assembly defects. The finding of this
study results and conclusions are expected to contribute to the reduction of
cracks at the jacking stage of the large-diameter underwater shield tunnels with
eccentricity force transfer platforms.

KEYWORDS

segment cracks, shield tunneling parameters, statistical analysis, numerical modeling,
jack deflection, assembly defects

1 Introduction

Large-diameter shield tunnels have already become the most popular solution to relieve
the pressure of the crosse river transportation. For such tunnels, segment lining cracks are
one of the primary structural safety issues. These cracks may occur at various stages such as
segment transportation, segment hoisting, tunnel construction and operation, while most of
them are produced during the shield tunneling process (Chen andMo, 2009; Shayanfar et al.,
2017). Segment cracks not only affect the appearance of tunnels but also lead to hazards and
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reduce the functionality and durability of tunnels. Developed cracks
can even threaten the safety of the tunnels (Sugimoto, 2006; Xu et al.,
2019). Therefore, it is essential to study the causes of cracks, so as to
prevent the occurrence of cracks in the segment linings.

The most common segment cracks can be classified as
longitudinal, corner, U-shaped and circumferential cracks
(Gruebl, 2006; Sugimoto, 2006; Chen and Mo, 2009; Shayanfar
et al., 2017; Xu et al., 2019). The causes of longitudinal cracks
include jack eccentricity, jack deflection, uneven support, uneven
thrust, inconsistent jacking speeds, assembly angles, and uneven
regional pressures of the upper and lower jacks (Burgers et al., 2007;
Cavalaro et al., 2011; Lu et al., 2017; Lu et al., 2018.; Sharghi et al.,
2021). When the jack boot is eccentric or the jack is at a deflection
angle to the segment, a bending moment toward the outer arc of the
segment would be generated, which may loosen the longitudinal
joints and lead to joint openings. The joint openings lead to uneven
support, causing tension on the front end of the segment (Burgers
et al., 2007; Sharghi et al., 2021), which results in positive
longitudinal cracks between the two jack boots (Lu et al., 2018).
In addition, inconsistent jacking speed, uneven regional pressures in
the upper and lower jacks, and the presence of there is a longitudinal
moments at the front end of the segment, can lead to temporary or
permanent positive cracks (Koyama, 2003; Xu and Zhang, 2013; Lu
et al., 2017; Lorenzo, 2021). During the construction of shield
tunnels, the segment at the unsolidified position of the grouting
behind the wall can be considered as a simply supported beam that is
restrained by the shield machine in the front and by the completed
tunnel in the rear. When the difference in regional pressure between
the upper and lower or left and right jacks is too large, a bending
moment on the transverse axis of the tunnel would be generated at
the rear of the shield machine (Liu et al., 2023a). As a result, the
segments in the weakly constrained region are under tensile stress,
and form the circumferential cracks (Mo and Chen, 2008). Corner
cracks are generally attributed to the loose bolts or wide longitudinal
(radial) joints, which could lead to collisions or uneven contacts
between segments during the assembly process (Burgers et al., 2007;
Cavalaro, 2009). U-shaped cracks are usually located between the
end face and the handhole. These U-shaped cracks occur when
adjacent segments are not aligned with each other due to the
rotation, which may lead to compression between segments and
the compression of the bolt rod against the bolt hole (Chen and Mo,
2009). Besides small shield tail clearance, improper shield posture,
poor assembly quality and change in the longitudinal slope of the
tunnel can also lead to cracks in the segment linings, despite the fact
that it is still not clear which kind of cracks are subjected to these
causes (Mo and Chen, 2008; Cavalaro, 2009; Yang et al., 2018;
Ahmadi and Molladavoodi, 2019; Liu et al., 2020; Dai et al., 2022).
Macroscopic or microscopic experimental tests, deep learning-based
method, and numerical simulations are effective approaches to
investigate the cracks (Liu et al., 2023b; Gao et al., 2023; Liu and
Li, 2023). However, the mechanical conditions of the segments
inside the shield machine are very complicated, which poses
challenges to fully consider various factors during experimental
testing. Therefore, many experimental studies have focused on the
single factor, such as jack eccentricity and limit thrust (Hemmy,
2001; Plizzari and Tiberti, 2007; Li et al., 2015; Nogales and Fuente,
2020). Due to the simplicity of the numerical simulations, more
factors like the effect of rotation between segments, uneven support,

uneven thrust, jack eccentricity, and jack deflection, have been
selected for investigation in the scientific literatures (Mohtadinia
et al., 2020; Krahl et al., 2021; Tian et al., 2021).

It should be noted that most of previous studies on segment
cracks were performed on the premise that the tunnel was
completed, whereas the crack data obtained during the shield
tunneling were limited. Hence, there is missing information on
the detailed occurrence time of the cracks was lacking. Numerical
simulations on segment generally concentrated on a specific ring
assembling or jacking stage. These studies assumed the cracks of the
segment rings only occurred during the construction of the selected
ring and failed to consider the effect of subsequent construction as
well as the cracking behaviors of adjacent rings on the crack
generation. In addition, the influence of the joint clearance and
the restraint of the shield tail on the segments were also not taken
into account.

In present study, 927 cracks in 1225 ring segments of a large-
diameter shield tunnel with the eccentric force transfer platforms in
Bangladesh were examined in terms of the type, quantity, location
and occurrence time. Based on the selected tunneling parameters
and a refined model of two consecutive segment rings considering
the assembly clearance, the type, distribution, expansion, and
occurrence time of segment cracks in the scenarios of shield
attitude adjustment and poor assembly during the process of
jacking two consecutive rings were investigated. The findings are
expected to provide some guidelines for reduction of cracks at the
jacking stage of large-diameter underwater shield tunnels with
segment eccentric force transfer platforms.

2 Background

2.1 Project overview

The Karnapuri River tunnel is located in Chittagong, Bangladesh
and connects the east and west banks of Karnapuri River at the
estuary. The shield tunnel is 2450 m long and is assembled with
1225 ring segments. The tunnel depth ranges from approximately
7–32 m, with a maximum water pressure of about 4 bar. The
stratigraphic distribution of the tunnel site is shown in Figure 1.

2.2 Design of segment and shield tail

The outer diameter of the tunnel is 10.8 m, and the thickness of
the segment is 0.5 m, and the width of the segment is 2 m. Each ring
lining consists of 1 K segment, two adjacent segments (L1, L2), and
five standard segments (B1–B5). The longitudinal joints are
connected by Class 8.8 M30 bolts, while the circumferential
joints are connected by Class 8.8 M36 bolts. The central angle of
the adjacent segments and the standard segments is 46.9°, and the
central angle of the K segment is 31.7°. Each adjacent and standard
segment has three force transfer platforms, and the K segment has
two force transfer platforms. The thickness of the force transfer
platform is 4 mm.

The dimensions of the segments, as well as the dimensions and
positions of the force transfer platform, hand holes, and bolt holes as
shown in Figure 2. It is worth noting that there was a 32-mm
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deviation between the center lines of the force transfer platforms and
the center line of the segment (Figure 2B). As the positions of the
force transfer platforms are the same as those of the jacks, the forces
acting on the segment is always eccentric during the jacking process.

The shield machine is equipped with 23 jacks, which are divided
into four zones. Jacks No. 21–23 and No. 1–3, No. 4–8, No. 9–15,
and No. 16–20 are in the upper, right, lower and left zones,
respectively. The central angles of the upper, lower, left, and
right zones are 94°, 110°, 78°, and 78°, respectively (Figure 3A).

Guide bars are installed at the tail of the shield machine to avoid
excessive jack deflection angles. The dimensions of the guide bars are
30 mm in height, 50 mm in width, 2795 mm in length and they are
arranged in a circumferential direction, with a central angle of 8°

between adjacent guide bars. The distance between the guide bar and
the jack is 300 mm. There are four shield tail brushes at machine tail.
The distances from the end of the guide bars for the four tail brushes
are 200, 650, 1050, and 1500 mm, respectively (Figure 3B).

3 Statistical analysis of segment cracks

3.1 Segmental cracks in shield tunnel

A total of 927 cracks were identified in the left tunnel, and the
segment rings with cracks accounted for 47.7% of the total number
of segment rings. The cracks could be divided into five types:
positive, backward, handhole, corner and circumferential cracks.
The handhole cracks started from the end of the bolts and developed
obliquely (Figure 4).

The proportion of each crack type is illustrated in Figure 5.
Positive cracks accounted for the largest proportion, followed by the
backward and circumferential cracks. These three types of cracks
accounted for 95% of the total cracks. The focus of the work was
therefore on the causes of the longitudinal and circumferential
cracks.

Considering that the dominant loads acting on segments were
the thrust of the jacks before the segments were pushed out from
the shield tail, the number of longitudinal cracks at locations of
the 23 jacks was counted (Figure 6). The longitudinal cracks
occurred mainly in the down zone of the jacks, followed by the
left zone. Cracks in the lower and left zones accounted for 76%
and 16.21% of the total cracks, respectively. Of the 23 jacks, the
largest proportion of longitudinal cracks was found at jacks
13 and 14, which were mainly in the down zone closest to the
left zone of the jack.

To investigate the relationship between the cracks and segment
type, eight segments were divided into 23 zones (labelled as A–W),
with the boundary of the adjacent zones being the bisector between
the two force transfer platforms (Figure 7A).

Figure 7B lists the numbers of longitudinal cracks in each zone
of the different segments. The largest proportion of longitudinal
cracks was in zone J, followed by zone V. The segment with the most
longitudinal cracks was B5, followed by L1, and the K segment had
the least longitudinal cracks. For each segment, the zone with the
largest proportion of cracks was the force transfer platform in the
middle part, followed by the force transfer platform on the left.

The segments were assembled with staggered joints. Therefore,
the segments could be divided into two types, namely, i.e., Type A
and Type B according to the positional of the longitudinal joints of
the front and rear rings in relation to and the segment of the
objective ring, with the exception of the K segment. The proportion
of longitudinal cracks in each type of segment is shown in Figure 8.
Overall, 73.5% of the longitudinal cracks were observed in Type-A
segments.

Figure 9 displays the distribution of the occurrence time of the
longitudinal cracks. The current ring jacking indicates that the
cracks were produced in the n-th segment when the n-th
segment was jacked. The last ring jacking represents that the
cracks were generated in the n-th segment when the (n+1)-th
segment was jacked. The third ring jacking denote that the

FIGURE 1
Geological profile of the tunnel.

Frontiers in Earth Science frontiersin.org03

Yang et al. 10.3389/feart.2023.1235674

119

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1235674


FIGURE 2
(A) Unfolded drawing of the inner curved surface of the segment (B) Drawing of the force transfer lug position and dimension (C) Drawing of the
longitudinal seam joint (D) Drawing of the circumferential seam joint (unit: mm).

FIGURE 3
(A) Serial number and partition of jack (B) side view of shield tail (unit: mm).
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cracks were developed in the n-th segment when the (n+2)-th
segment was jacked.

Figure 9, demonstrates that more than half of the cracks were
formed during the current ring jacking stage. However, unlike different

from previous studies, 38% of the cracks were formed during the last
ring jacking stage. Considering that 93% of the cracks were formed in
the current and last ring jacking stages, this study only concentrated on
the cracks developed in these two jacking stages.

FIGURE 4
Typical cracks: (A) positive crack, (B) backward crack, (C) bolt crack, (D) corner crack, and (E) circumferential crack.
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3.2 Statistical analysis of segmental cracks

Since the segment cracks were primarily longitudinal, the
main causes of the segment cracks were considered to be the
same. Previous studies have linked formation of cracks to the
thrust, torque, jacking speed, and posture of the shield
machine. Therefore, the values of these tunneling
parameters were utilized to analyze the causes of cracks.
The equation for calculating the shield attitude adjustment
could be given as:

Δ �
����������������������������������������������������
yf,n − yf,n−1
∣∣∣∣

∣∣∣∣ + yt,n − yt,n−1
∣∣∣∣

∣∣∣∣( )
2 + xf,n − xf,n−1

∣∣∣∣
∣∣∣∣ + xt,n − xt,n−1

∣∣∣∣
∣∣∣∣( )

2
√

(1)

where Δ is the adjustment amount of the shield attitude between two
segment rings; yf,n and yf,n−1 are the vertical deviations of the shield
head of the nth and (n−1)-th segments, respectively; yt,n and yt,n−1
are the vertical deviations of the shield tail of the nth segment and
the (n−1)-th segments, respectively; xf,n and xf,n−1 are the
horizontal deviations of the shield head of the nth and the
(n−1)-th segments, respectively; xt,n and xt,n−1 are the horizontal

deviations of the shield tail of the nth and the (n−1)-th segments,
respectively.

The average shield thrusts and cutter torques of the segments
with and without cracks are indicated in Figure 10A. It can be seen
that the average thrusts and cutter torques of the segments with
cracks were lower than those without cracks, demonstrating that
excessive thrusts and cutter torques were not the main causes of
cracking in the segments.

The average tunneling speeds and attitude adjustment values of
the segments with and without cracks are displayed in Figure 10B. It
is indicated which shows that the average tunneling speed for the
segments with cracks were lower than those without cracks. Hence,
the large tunneling speed was not the main cause of cracking in the
segments. However, the attitude adjustment value of the segments
with cracks was 1.64 times higher than that without cracks, implying
the attitude adjustment of the shield machine may be the cause of
cracking in the segments.

For an individual segment ring, the jacking pressure in different
zones and the shield tail clearance may cause cracks in the segments.
As can be seen from Figure 10C, the largest average jacking pressure
was found in the down and left zones. Excessive jacking pressure
may have contributed to the cracking in the segments as the cracks
in the down and left zones accounted for 76% and 16% of total
cracks, respectively.

It can be seen from Figure 10D that the lower and left zones of
the jacks with larger shield tail clearance values had a greater
proportion of cracks compared to the up and right zones,
indicating that the shield tail clearance was not the cause of
cracking in the segments.

4 Numerical simulation

The above analysis suggested that the adjustment of the shield
attitude and the high jacking pressure in the down and left zones
may be the two main causes of the longitudinal cracks in the shield
segments of the Karnapuri River in Bangladesh. However, the above
analysis can only reflected the correlation between the parameters

FIGURE 5
Proportions of different types of cracks.

FIGURE 6
Cracking magnitudes in different jacking zones.
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and crack formation but failed to identify the mechanisms of the
cracking. Moreover, investigation on cracks caused by poor
assembly were not involved. Therefore, in this section, numerical
simulations were performed to further analyze the causes of
longitudinal cracks in the segments.

4.1 Finite element model

The analysis from the data in the previous sections, the
B4 segment had the largest number of cracks. The positional of
the segment ring with cracks and its front and rear rings was

Type-A. Moreover, most cracks occurred in the current and the
last ring jackings stage. Therefore, these two rings containing
B4 segments were chosen for the further study. The n-th
segment was divided into B3n, B4n, and B5n, while the (n+1)-th
segments was divided into B3n+1 and B4n+1.

Figure 11 illustrates the finite element model constructed in this
study. In order to simulate the interactions between the segments,
circumferential pedestals were built for B3n, B5n, B3n+1, and
B4n+1, and longitudinal pedestals were created for B3n, B4n, and
B5n. For the B4n segment, there were two longitudinal pedestals, S
and H, to simulate the uneven longitudinal support and assembly
angles of the segments. Guide bars were set on the outer arc surfaces

FIGURE 7
(A) Zoning of the segmental linings for statistical examination (B) Cracking magnitude in different segment zones.

FIGURE 8
Different types of segment positional relationships between the front and last ring.
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of the segments. Longitudinal bolts were adopted for the
longitudinal and circumferential joints of the segments, and the
clearance between the bolt and bolt hole was neglected. The
handholes were simplified to be of a rectangle cross section. Steel
rebars were placed in the segments of B4n, B3n+1, and B4n+1. In the
numerical model, the solid elements were employed to simulate
segments, bolts and pedestals, while the Truss elements were utilized
to simulate the steel rebars (Zhang LB. et al., 2023a; Zhang JC. et al.,
2023b).

The pedestals and guide bars were fully constrained, and
Coulomb friction was assigned between the longitudinal and
circumferential joints, as well as between the segments and the
guide bars. The coefficient of friction was 0.5 between the
longitudinal and circumferential joints (Zhang et al., 2021), and
was 0.2 between the segments and the guide bars. The steel rebars
and bolts were embedded in the model (Li et al., 2023).

Themodel was run in three phases (Figure 12). In the first phase,
the n-th segment was jacked. The (n+1)-th segment and the
corresponding bolts in the longitudinal and circumferential joints
were not activated. In the second phase, the (n+1)-th segment was
just assembled and was about to be jacked. In the third phase, the
jacking of the (n+1)-th segment was completed, and the n-th
segment was thrust out from the shield tail.

The loads applied to the segment are depicted in Figure 13. The
designed pre-tightening forces of the longitudinal, and the
circumferential bolts were 150 kN and 100 kN, respectively. The
calculated handhole stresses of the longitudinal and circumferential
bolts were 12.9 and 8.6 MPa, respectively. The jacking pressures in the
down and left zoneswere similar, and the samewas true for up and right
zones, so the average pressures in the down zone (i.e., 23 MPa) and the
up zone (i.e., 14.5 MPa) were taken as the jacking pressures. When the
shield tail clearance was 110 mm (i.e., 0.5 MPa), the pressure in the
down jacking zone was taken as the shield tail brush pressure for the
n-th segment of the second phase and the (n+1)-th segment of the third
phase (Wei, 2021). The shield tail sealing grease was set to 0.6 MPa
based on actual practical conditions. In the third phase, when the n-th
segment was thrust out from the shield tail, and the water and soil

pressure of 0.45 MPa was at its maximum for the duration of the shield
construction.

The above analysis confirmed that the shield attitude adjustment and
poor assembly were two possible causes of the segment cracks, and they
were which therefore selected for the further analysis. Attitude
adjustment may cause jack eccentricity and deflection of the jack,
while the transform platform lead to a 32-mm eccentricity of the
boot (Figure 2B). Hence, the additional eccentricity was not studied.
Six deflection angles (0°–5°) were studied in the sensitivity analysis of
attitude adjustment. The distances between the segment and the guide
bar in three cases were varied between 0mm and 8mm (Figure 14A).
The clearance in the longitudinal and circumferential joint was not
considered in the sensitivity analysis of attitude adjustment.

The assembly quality was reflected by the uneven longitudinal
supports and V-shaped openings of the longitudinal joints. The uneven
longitudinal support was at a distance of 1 mm, and the assembly angle
of the longitudinal joint was 0.1°. The assembly clearance values of
circumferential joints ranged from 0 to 4 mm. In this study, assembly
clearance values of 0 and 4 mm were investigated. As shown in
Figure 14B, the simulation scenarios included the uneven
longitudinal support, V-shaped longitudinal opening, inverted
V-shaped longitudinal opening, and continuous uneven longitudinal
support. The jack pressures for the shield attitude adjustment
conditions were set at 23 and 14.5 MPa, respectively. The jack
deflection was not considered in the sensitivity analysis of assembly
condition, while the jacking pressure was fixed at 23MPa, and the
distance between the segment and the guide bar was kept at 50 mm.

4.2 Constitutive model and parameters

Although concrete damage is not necessarily manifested in the
form of cracks, damage evolution is a precondition for the
development of the cracks (Behnam et al., 2018). Hence, the
concrete damage plasticity (CDP) model was introduced to
evaluate crack development. When the tensile damage coefficient
Dt or the compressive damage coefficient Dc were 1, the concrete

FIGURE 9
Magnitude of crack occurrence time.
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was completely damaged, and when Dt or Dc becomes 0, the
concrete was in an elastic state (Lubliner et al., 1989). The ratio
of the biaxial yield stress to the uniaxial yield stress σb0/σc0 was set to
1.16. The expansion angle ψ(θ − fi) and the change of expansion
angle ε(θ − fi) under hydrostatic pressure condition were 35° and
0.1, respectively. The ratio of the tensile to the compressive stress
was a constant with a value of 0.667, and the concrete viscosity
parameter was 0.0005 (Jiang et al., 2020).

The stress-strain relationship of concrete under compression is
determined by Eqs 2–6 (China Architecture and Building Press,
2010).

σc � 1 − dc( )Ecεc (2)

dc �
1 − ρcn

n − 1 + xn x≤ 1

1 − ρc
αc x − 1( )2 + x

x> 1

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(3)

ρc �
fcr

Ecεcr
(4)

n � Ecεcr
Ecεcr − fcr

(5)

x � ε

εcr
(6)

In the equations, σc is the concrete compressive stress, εc is the
concrete compressive strain, Ec represents the concrete elastic modulus, dc

FIGURE 10
Statistics of (A) average shield thrust and cutter torque (B) average tunneling speed and attitude adjustment value (C) jacking pressure of each zone
(D) Average value of shield tail clearance.
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is a uniaxial compressive damage evolution parameter, αc denotes the
parameter of the descending segment of the concrete’s uniaxial stress-strain
curve,fcr is the standard uniaxial compressive strength of concrete, and εcr
represents the peak compressive strain of concrete corresponding to fcr.

The stress-strain relationship of concrete under tension is
determined by Eqs 7–10 (China Architecture and Building Press, 2010).

σt � 1 − dt( )Ecεt (7)

dt �
1 − ρt 1.2 − 0.2x5( ) x≤ 1

1 − ρt
αt x − 1( )1.7 + x

x> 1

⎧⎪⎪⎨
⎪⎪⎩

(8)

ρt �
ftr

Ecεtr
(9)

x � ε

εtr
(10)

where σt is the tensile stress of concrete, εt is the tensile strain of
concrete, dt is the damage evolution parameter of concrete under

uniaxial tension, αt is the parameter value of the descending section
of the stress–strain curve of concrete under uniaxial tension, ftr is
the standard uniaxial tensile strength of concrete, and εtr is the peak
tensile strain of concrete corresponding to ftr.

Due to the linear stress-strain relationship of concrete in CDP,
which is inconsistent with the specifications, it is necessary to
manually set the yield points of concrete under compression and
tension. If the yield points of tension and compression are set to
σto � 0.8ftr and σco � 0.6fcr, respectively, the corresponding
strains are εto � σto/Ec and εco � σco/Ec, respectively (Figure 15).

Once the modified stress-strain curve of concrete is obtained, the
tensile damage factor and compression damage factor of concrete can
be calculated based on the energy loss (Krajcinovic and Lemaître, 1007)
as shown in Table 1.

Dt � 1 − ∫σtdεt
Ecε2t/2

(11)

Dc � 1 − ∫σcdεc
Ecε2c

(12)

The elastic modulus and Poisson’s ratio of the concrete were taken
as 36 GPa and 0.2, respectively. , and the concrete Poisson’s ratio was
0.2. Reinforcement and bolts adopted a double-line constitutive law.
The elastic modulus and the Poisson’s ratio of steel were 206 GPa and
0.31, respectively. The yield stress and plastic strain of the steel rebars
and bolts are displayed in Table 2. The CDP model was adopted to
describe the B4n, B4n+1, and B3n+1 segments. The elastic concrete
model was applied to B5n, B3n, and the pedestals. A steel elastic model
was assigned to the guide bars.

4.3 Results and analyses

As segmental cracks could only be observed inside the tunnel, the
analysis in this section concentrated on the cracks occurred on the
segment inner surface. Figure 16 illustrates the damage results of the
B4n segment in the first phase under various shield attitude adjustment

FIGURE 11
Numerical model and boundary conditions.

FIGURE 12
Calculation phase.
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conditions. The DAMAGET threshold for crack occurrence was
defined as 0.95. Two major tensile cracks occurred in all the studied
scenarios regardless of the deflection angle, while the crack lengths

increased with the increasing deflection angle. Figure 17 shows the
influence of the spacing between the guide bar and segment as well as
the and deflection angle on the crack length.

FIGURE 13
Loads applied to each segment.

FIGURE 14
Simulation of (A) attitude adjustment and (B) inaccurate assembly.
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When the jack deflection was 0°, the crack length remained constant
regardless of the spacing between the guide bar and the segment, which
was caused by the eccentricity of the platform. Therewas an upper limit to
the crack length for each case of deflection angle. This was due to the
outward bending moment of the segment induced by the jack deflection.
Since the outer surface of the segment was constrained by guide bars, the

segment did not deform towards the outer arc surface, thus preventing
positive cracks from occurring. However, the restraining effect of guide
bars was weakenedwhen the distance between the outer arc surface of the
segment and the guide bars became larger. The segment was constrained
by the adjacent segments and bolts. On the other hand, the formation of
cracks was inhibited when the spacing between the guide bar and the
segment was small enough to restrain the deformation.

Figure 18 presents the crack lengths in three phases, where the
positive cracks in the B4n segment caused by the jack deflection did
not develop in the second and third phases. Therefore, the positive
cracks caused by jack deflection mainly occurred during the current
ring jacking stage, and subsequent tunneling contributed little to the
development of positive cracks.

As shown in Figure 19, the crack lengths decreased significantly
when the jacking pressure was 14.5 MPa, and the positive cracks were
no longer obvious when the jack deflection angle was less than 3°.

FIGURE 15
(A) Compressive stress-strain curve for concrete (B) tensile stress-strain curve for concrete.

TABLE 1 Constitutive model parameters of concrete.

Compressive behavior Compressive damage Tensile behavior Tensile damage

Yield stress (MPa) Inelastic Strain Dc Yield stress (MPa) Inelastic Strain Dt

27.6 0 0 2.72 0 0

39.2 1.12E-04 0.027 3.40 2.44E-05 0.06

46.0 5.63E-04 0.129 2.54 1.12E-04 0.28

39.1 1.32E-03 0.256 2.37 1.28E-04 0.32

32.1 1.91E-03 0.351 1.52 2.22E-04 0.53

27.5 2.33E-03 0.4199 1.00 3.21E-04 0.68

22.8 2.84E-03 0.495 0.49 5.69E-04 0.86

18.2 3.48E-03 0.580 0.32 8.04E-04 0.92

13.6 4.42E-03 0.679 0.15 0.002 0.95

8.9 6.06E-03 0.791

4.3 0.01 0.914

TABLE 2 Constitutive model parameters of steel and bolt (Wang et al., 2021).

Steel Bolt

Yield
stress (MPa)

Plastic
strain

Yield
stress (MPa)

Plastic
strain

400 0 640 0

600 0.97 800 0.18
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FIGURE 16
Damage of B4n, jack pressure of 23 MPa, 8 mm between guide bar and segment, deflection angle: (A) 0° (B) 1° (C) 2° (D) 3° (E) 4° (F) 5°.

FIGURE 17
Crack lengths with different segment clearances and deflection angles, jack pressure of 23 MPa (A) left crack (B) right crack.

FIGURE 18
Crack lengths in the three phases with deflection angles of (A) 4 and (B) 5°.

Frontiers in Earth Science frontiersin.org13

Yang et al. 10.3389/feart.2023.1235674

129

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1235674


Figure 20 presents the simulation results of a single-ring segment
with the presence of uneven longitudinal support. When the assembly
clearance was 0 mm, the right end of the B4n segment was deformed in
the negative Z-axis direction during the jacking of the n-th segment,
causing the tension on the end face and the formation of positive tensile
cracks. Moreover, due to friction of the right-side segment and the
constraint of the bolts, there was shear at the rear end of the uneven
support, which resulted in backward shear cracks. During the jacking of
the (n+1)-th segment, the positive cracks did not propagate, the length
of the backward crack increased by 150 mm, and there were no cracks
in the B3n+1 and B4n+1 segments. All cracks were formed in the
current jacking stage, and the total number of cracks was 2. When the
assembly clearance was 4 mm, the maximum length of the positive
cracks was 600mm, which was an increase of 350 mm compared to the
case of the tense assembly model. Meanwhile, during the last ring
jacking stage, two positive tensile cracks developed on B4n+1, one
backward shear crack developed on all B4n, B3n+1, and B4n+1 and one
circumferential tensile crack developed on both B4n and B4n+1 the
total number of cracks increased to 14.

Figure 21 shows the results of a single-ring segment with a
V-shaped opening in the longitudinal joint. When the assembly
clearance was 0 mm, the front end of B4n was under tension during
the jacking of the n-th segment. Consequently, a positive tensile crack
formed in the middle segment. The left end of B4nwas subjected to the
friction from the adjacent segment and the constraint from the bolts
during deformation, which resulted in a circumferential tensile crack.
During the jacking of the (n+1)-th segment, there was a clearance
between B4n and pedestal H, and the left end of B4n continued to
deform in the negative Z-axis direction. Due to frictional constraint at
the left end, the length of the circumferential crack increased by
300 mm, and a new backward shear crack generated at the rear of
B4n. The total number of cracks was 9. When the assembly clearance
was 4 mm, the both ends of B4nwere only constrained by the bolts, and
the deformed in the negative Z-axis direction and were in contact with
pedestals S and H. The maximum length of the positive cracks was
850mm, whereas in the tense assembly model the length was only
300 mm. Meanwhile, during the last ring jacking stage one positive
tensile crack developed on B4n+1, one backward shear crack developed
on B4n+1, two backward shear crack developed on B3n+1, and one
circumferential tensile crack developed on B4n, the total number of
cracks increased to 18.

Figure 22 presents the results of a single-ring segment with an
inverted V-shaped opening in the longitudinal joint. When the
assembly clearance was 0 mm, B4n was a simply supported beam
that was restrained at both ends during the jacking of the nth segment.
The rear end was under tension, so that multiple longitudinal shear and
tensile cracks formed in the middle part of the segment. During the
jacking of the (n+1)-th segment, the backward crack did not propagate
and there were no cracks developed on the B3n+1 and B4n+1 segments
due to the friction constraints on both ends of B4n. One positive tensile
crack on B3n+1 occurred in the last ring jacking stage, and the total
number of cracks was 7. When the assembly clearance was 4 mm, the
length of the backward crack during jacking of the n-th segment was
250 mm longer than that when the assembly clearancewas 0 mmdue to
the lack of friction constraints. The maximum length of the backward
tensile crack was 1300 mm, while in the tense assembly model the
length was 700 mm. Meanwhile, one positive tensile crack on
B3n+1 and two backward shear cracks on B4n formed in the last
ring jacking stage, the total number of cracks increased to 12.

Figure 23 shows the segment cracks formed due to the continuous
uneven support. Compared with Figure 20, when the assembly
clearance was 0 mm, the front and rear rings on the right end of
B4n were not sufficiently restrained during the jacking of the (n+1)-th
segment. The pressure on the segment led to the shear on the uneven
platform and a new backward shear crack was formed. The left end of
B4n+1 was deformed in the negative Z-axis direction, and one
backward shear crack was generated due to the friction of the
B3n+1 segment and the constraint of the bolts. One backward shear
crack on B3n+1 occurred in the last ring jacking stage and the total
number of cracks was 7. When the assembly clearance was 4 mm, the
maximum length of the positive tensile crack was 500 mm, while in the
tense assembly model the length was 200 mm. Meanwhile, one positive
tensile crack developed both on B3n+1 and B4n+1, and one
circumferential tensile crack developed on B4n in the last ring
jacking stage, the total number of cracks increased to 12.

5 Discussion

The deviation angle of the hydro-cylinder can cause damage and
cracks to the pipe segments (Mohtadinia et al., 2020; Dai et al.,
2022). Dai et al. (2022) mainly focused on segment damage caused

FIGURE 19
Crack lengths with different segment spacings and deflection angles, with jack pressure of 14.5 MPa (A) left crack (B) right crack.
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FIGURE 20
Formation of cracks due to longitudinal dislocation: (A) S pedestal dislocation with a longitudinal assembly clearance of 0 mm and (B) S pedestal
dislocation with a longitudinal assembly clearance of 4 mm (C) cracks magnitude of longitudinal dislocation.
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by incorrect assembly angles during the assembly process, which
mainly occurs at the joints and is different from the simulated
working conditions in this article. Mohtadinia et al. (2020) suggest

that when the cylinder deflection angle is 5°, cracks will appear when
the cylinder thrust reaches over 5 MPa, and the cracks are mainly
distributed in the middle of a single pipe segment, which is

FIGURE 21
Formation of cracks due to V-shaped longitudinal joint: (A) S and H pedestals with inverted V-shapes and a longitudinal assembly clearance of 0 mm
and (B) S and H pedestals with inverted V-shapes and a longitudinal assembly clearance of 4 mm (C) cracks magnitude of longitudinal joint V-shaped.
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consistent with the crack distribution in the numerical simulation
results of this paper. The present work considers the constraint effect
of the guidance bar on the pipe segment, and one should note that

the front cracks generated by the hydro-cylinder deflection angle
only occurred in the pushing stage of the current ring. This is
consistent with the statistics of crack characteristics, where 53% of

FIGURE 22
Formation of cracks due to longitudinal joint with inverted V-shape: (A) S and H pedestals with inverted V-shapes and a longitudinal assembly
clearance of 0 mm and (B) S and H pedestals with inverted V-shapes and a longitudinal assembly clearance of 4 mm (C) cracksmagnitude of longitudinal
joint with inverted V-shape.
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cracks were generated in the pushing stage of the current ring. This
indicates that the hydro-cylinder deflection angle is one of the main
reasons for cracks during tunnel construction. The cracks caused by
the deviation angle are mainly affected by the radial component

force generated by the hydro-cylinder force, so they have no direct
correlation with the total thrust force. According to the statistical
results, the adjustment amplitude of the shield tunnelling posture of
the segment with cracks is greater than that of the segment without

FIGURE 23
Formation of cracks due to serial longitudinal dislocation: (A) S pedestal and B4n+1 dislocation with a longitudinal assembly clearance of 0 mm and
(B) S pedestal and B4n+1 dislocation with a longitudinal assembly clearance of 4 mm (C) cracks magnitude of serial longitudinal dislocation.
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cracks, indicating that the angle between the hydro-cylinder and the
segment during the pushing process is highly likely caused by
posture adjustment, and the angle adjusted by posture is likely to
exceed 3°. In the vast majority of cases, the clearance between the
shield tail was above 50 mm, and the value of the clearance cannot
reflect the contact between the pipe segment and the guidance bars.
Therefore, there is little correlation between the occurrence of cracks
in the pipe segment and the clearance between the shield tail.

When the quality of pipe segment assembly is poor, front cracks,
back cracks, and circumferential cracks will occur, and these cracks will
expand in the subsequent construction process. This is consistent with
Krahl et al. (2021) conclusion that splitting, peeling, back cracks, and
cracks at longitudinal joints will occurwhen the longitudinal assembly is
staggered [ (Plizzari and Tiberti, 2007; Krahl et al., 2021),43]. However,
Krahl et al. (2021) only analyzed the working conditions during the
longitudinally staggered assembly of the current ring during the pushing
stage, without analyzing the cracks caused by other poor assembly
quality modes and the impact of subsequent construction stages on
these cracks. In addition, they did not consider the assembly clearance
of longitudinal joints and bolts [43]. Some cracks caused by poor
assembly quality did not appear during the pushing stage of the current
ring but appeared during the pushing stage of the adjacent ring,
accounting for 38% of its cracks. In addition, the length, type, and
quantity of cracks caused by poor assembly quality of adjacent segments
are related to the constraints between segments.

Among all types of pipe segments, the K block has the least number of
cracks, which may be due to the smaller arc length of the K block
compared to adjacent blocks and standard blocks. The constraints of both
sides and adjacent ring bolts make it difficult for the K block to be affected
by the hydro-cylinder. In addition,most assembly points are selectedwhen
the K block is located in the upper half of the tunnel, where the hydro-
cylinder force is relatively small. The cracks generated after the segment
detaches from the shield tail only account for 7% of the total number of
cracks. This is because, under the action ofwater and soil pressure, the axial
force on the segment increases, and the clearance between the longitudinal
joints of the segment decreases. Compared to being located inside the
shield machine, detaching from the shield tail increases the stiffness of the
longitudinal joints of the segment and decreases the pushing force of the
cylinder on the segment (SHI et al., 2021).

6 Conclusion

Previous studies regarding shield tunnel cracks usually neglect the
formation time of crack, stage of crack propagation and their influence
by assembly clearance. In this study, based on the crack characteristics
collected during a boring process, cracks caused by jacking deflection
and assembly defects were investigated via sensitivity analyses of
tunneling parameters and a continuous construction 3D finite
element model. The length, number, propagation and occurrence
time of cracks were discussed considering TBM constraints on
segments and the different longitudinal assembly clearances. The
following conclusions are obtained:

1) The cracks in the shield tunnel segments were dominated by
longitudinal cracks, which were mainly distributed in the lower
and left zones of the jacks. For each segment, the highest
proportion of cracks appeared in the middle part. And 53%

of the cracks were formed during the current ring jacking stage,
while 40% of the cracks occurred during the last ring jacking
stage.

2) The constraints on both sides of the segment and the outward
jacking deflection angle led to an uneven outward deformation in
the segment. Two positive cracks were formed in the middle part
of the segment during the current ring jacking stage, and their
lengths remained constant during the subsequent construction
process. The crack formation was suppressed when the distance
between the guide bar and the segment was small enough to
restrain the deformation. The crack length was directly related to
the magnitude of the jacking force and deflection angle.

3) Assembly defects led to positive, backward and circumferential
cracks, and most cracks propagated during the subsequent
construction process. A proportional of cracks were formed in
the last ring jacking stage rather than the current ring jacking.
The inverted V-shape longitudinal joint with an was the most
severe assembly defect, which caused dense backward cracks in
the middle part of B4 segment. The V-shape or inverted V-shape
longitudinal joint should be avoided during construction.

4) Lateral constraints on segments suppressed the cracks generation
and their length developed. The 4 mm longitudinal assembly
clearance resulted in more than two times the average number
and length of crack for all assembly defects compared to
seamlessly assembled longitudinal joints. Considering that the
longitudinal joints were compressed under water and Earth
pressure, only 7% of the segment cracks occurred after the
segment detached from the shield tail.
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Static pressure and dynamic
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cycle damage
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Xiaodong Fu3 and Yongqiang Zhou3

1School of Civil Engineering, Chang’ an University, Xi’an, China, 2Key Laboratory of Hydraulic and
Waterway Engineering of the Ministry of Education, Chongqing Jiaotong University,
Chongqing, China, 3State Key Laboratory of Geomechanics and Geotechnical Engineering, Institute
of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, China
In the construction project, rock mass is often destroyed from the joint plane,

and the jointed rock mass is easy to be eroded by freeze-thaw environment.

Therefore, the damage mechanical properties of filled jointed rock mass under

freeze-thaw action are very important for construction disaster prevention,

engineering safety evaluation and reinforcement. In order to research the

effect of the freeze-thaw cycle on the mechanical deterioration properties and

damage characteristics of filled jointed rocks, prefabricated filled jointed rock

samples are tested with different numbers of freeze-thaw cycles under the

temperature range of -20°C~20°C. Then the wave velocity test, static

compression test and SHPB impact test are conducted on the rock samples

after freeze-thaw. Based on the test results, the change regularity of wave

velocity degradation, static compression mechanical properties and dynamic

compression mechanical properties of filled jointed rocks under the effect of

freeze-thaw cycles were analyzed. The results show that the wave velocity, static

compressive strength and dynamic compressive strength of the filled jointed

rocks all show a downtrend with the increase of the number of freeze-thaw

cycles, and each parameter is positively correlated with the strength of the filling

materials. Among them, the decrease in the wave velocity of the rock sample

after 30 freeze-thaw cycles is greater than 30%, and the strength loss of the static

peak compressive strength exceeds half of its initial strength. The static peak

strain rises exponentially with the increase of the number of freeze-thaw cycles

while the dynamic peak strain does not show a clear trend. The dynamic peak

strain is about 1/10 to 1/5 of the static peak strain. Under the same freeze-thaw

action, the lower the strength of filling material, the more serious the damage.

KEYWORDS

filled jointed rock, freeze-thaw cycles, compressive mechanical properties, damage
deterioration, dynamic properties
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1 Introduction

With the development needs of human construction, more and

more engineering projects need to be constructed in high-altitude

and cold regions. Among them, a large number of engineering

activities, such as water conservancy and hydropower engineering,

nuclear power engineering, deep underground engineering, rock

mass tunnel engineering, etc., will inevitably involve the rock mass

affected by freezing and thawing. There are a large number of filled

joints in natural rock mass. The low strength and large deformation

characteristics of filling joints will change the strength of the whole

rock mass and increase the instability of engineering rock mass

(Singh et al., 2002). In practical engineering, the stress wave

generated by dynamic loads such as blasting and earthquake will

cause the normal and tangential deformation along the filled joint

surface when acts on the filled jointed rock mass, resulting in

obvious changes in the mechanical properties of the jointed rock

mass (Li and Ma, 2009). The damage and deterioration of filled

jointed rock subjected to freeze-thaw cycle for a long time will pose

a great threat to the dynamic stability of rock mass engineering.

Therefore, it is of great significance to study the mechanical

properties of rock filled with joints under freeze-thaw cycles and

the propagation law of stress waves in jointed rock mass for stability

evaluation and safety protection of rock mass engineering in

cold regions.

At present, freeze-thaw cycling tests mainly focus on intact and

fractured rocks on their mechanical and degradation characteristics,

such as the influencing factors of rock freezing-thawing damage,

deterioration mode of rock damage, and microstructure of freezing-

thawing rock and mechanical properties of rock. For example, in

view of the huge differences in the properties of various rocks, some

researchers have carried out experimental study on the effects of

different rock types on freeze-thaw damage, and obtained the

conclusion that the freeze-thaw durability of igneous rock,

sedimentary rock and metamorphic rock is generally reduced in

turn (Matsuoka, 1990; Yang et al., 2021). Besides, the freeze-thaw

durability of the same rock has been confirmed to decrease with the

aggravation of weathering (Deng et al., 2014a). As for the influence

of freeze-thaw action on rock characteristics, the research results

show that with the increase of freeze-thaw cycle times, the damage

of rock will accumulate continuously, but the cumulative damage of

rock with high strength is not obvious (Nicholson and Nicholson,

2000; Tan et al., 2011; Qiao et al., 2021).

A number of researches on rock freeze-thaw failure show that

the damage and deterioration modes can be roughly divided into

falling mode, crack mode and particle loss mode (exfoliation mode)

(Xu, 2006; Tan et al., 2011; Li et al., 2017; Deng et al., 2014b).

Further analysis shows that the rocks with low strength and high

porosity, such as red sandstone and silty mudstone, mostly show the

falling mode under the influence of freeze-thaw. Rocks with high

strength and low porosity, such as shale, diabase and granite, are

mainly show the crack mode. Rocks whose surface is easily softened

by water, such as argillaceous siltstone and dolomitic limestone

under acidic conditions, show the particle loss mode. In terms of

micro view, researchers have conducted experimental exploration

on the relationship between rock freezing-thawing damage and
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porosity by means of scanning electron microscopy, CT scanning

and nuclear magnetic resonance (Li et al., 2022; Zhang et al., 2022;

Liu et al., 2023; Jiang et al., 2019; Mousavi et al., 2020; Wang et al.,

2020). The results show that the more freeze-thaw cycles, the

greater the porosity and damage degree of rock samples.

The research on the damage mechanical properties of rock

under freeze-thaw cycle is mainly based on the static mechanical

tests. For example, through uniaxial or triaxial compression

experiments on rock samples under freeze-thaw cycle, it has been

found that the compressive strength, peak strain, elastic modulus

and other mechanical parameters of rocks show an exponential

function or quadratic function attenuation trend with the number

of freeze-thaw cycles (Tan et al., 2011; Li et al., 2017; Deng et al.,

2019; Lu et al., 2019; Fan et al., 2020; Mousavi et al., 2020). Based on

these, some researchers have established a constitutive model with

the number of freezing-thawing cycles and strain as control

variables on the basis of damage mechanics theory (Zhang and

Yang, 2010; Bayram, 2012; Huang et al., 2018; Li et al., 2021a).

In terms of dynamic mechanical properties, the dynamic test of

the rock after freezing and thawing is mainly carried out by using

the split Hopkinson compression bar device which is suitable for the

study of dynamic mechanical properties of various brittle materials

at high strain rate (Li et al., 2021b; Liu et al., 2022; Zhao et al., 2022).

For example, Wang et al. (2016a) and Wang et al. (2016b) explored

the dynamic characteristics of freezing-thawing red sandstone

under different strain rates through SHPB test. The results show

that the decrease of peak strength and dynamic elastic modulus

under the impact test gradually with the increase of freeze-thaw

action, while the peak strength and shear strength are positively

correlated with the strain rate. In addition, the compressive strength

and elastic modulus decrease more obviously under dynamic

impact than under static load. For homogeneous sandstone, Zhou

et al. (2015) carried out experimental study by nuclear magnetic

resonance test and SHPB impact test to reveal that the higher the

porosity, the more serious the dynamic strength degradation will be

under freezing-thawing action, and the relationship between

porosity and dynamic peak strength is polynomial. Yi et al.

(2020) found that the dynamic mechanical indexes of sandstone

deteriorated after freezing-thawing cycles, and the cumulative

damage inside rock samples grew slowly when the number of

freezing-thawing cycles is large. In addition, some scholars have

observed the failure characteristics of rock samples during dynamic

impact with the help of high-speed cameras. For example, Zhou

et al. (2018) used high-speed cameras to study the crack

propagation and failure mode of intact sandstone samples after

dry-wet cycles during dynamic tensile process. Su et al. (2021)

found that the final failure modes of sandstone with different dip

angles were different in the dynamic compression test offilling weak

through jointed sandstone by means of high-speed camera. With

the increase of joint dip angle, the failure order of the sample

changed from the first failure of filling weak joints in the middle to

the first failure of rocks on both sides.

At present, there are many studies on the mechanical properties

of intact or fractured rocks under freeze-thaw cycle, but there are

few studies on the mechanical properties of jointed rocks under

freeze-thaw cycle. Moreover, the influence of external factors such
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as freeze-thaw cycle has not been considered in the study of

dynamic characteristics and wave propagation law of filled rock

joints. In recent years, more and more attention has been paid to the

research on dynamic characteristics of filled rock joints. The static

and dynamic characteristics, stress wave propagation law, energy

loss and other important characteristics of filled joints are gradually

revealed by wave propagation theory, numerical simulation and

rock test (Li et al., 2014; Huang et al., 2015; Liu et al., 2017; Chai

et al., 2020a; Chai et al., 2020b; Jia et al., 2021). In terms of

experimental research, Chai et al. (2020a) studied the mechanical

properties of filled jointed rock under cumulative impact, including

static and dynamic characteristics, and comprehensively considered

the effects of filling materials and joint thicknesses. Based on this,

the cumulative damage characteristics of filled joints under multiple

impacts and the energy dissipation law under dynamic loading were

studied by means of a self-made cumulative impact device (Chai

et al., 2020b). However, the damage characteristics of filled jointed

rock under environmental action such as freeze-thaw cycle have not

been studied yet.

In view of the unclear mechanical characteristics of freeze-thaw

damage of filled joints, on the basis of previous studies (Chai et al.,

2020a; Chai et al., 2020b), this paper presents static and dynamic

compression experimental study on prefabricated artificial jointed rock

samples pretreated under different freeze-thaw cycles. The variation

law of static and dynamic mechanical parameters and failure

characteristics of filled jointed rock samples under the action of

freeze-thaw cycle are studied and analyzed, and the propagation

characteristics of stress wave in filled rock samples are further analyzed.
2 Test profile

2.1 Sample preparation

Due to the complex distribution and varying thickness of filled

joint layer in natural rock mass, it is difficult to prepare the same

type of rock samples in batches, which is not conducive to the single

factor analysis. Therefore, in this test, the granite with good

lithology and the mortar with similar properties to the joint

filling layer are used to prepare the filled jointed rocks by artificial

combination. As the weak layer of rock mass, the physical and

mechanical properties of joint layer are generally lower than that of

rock blocks on both sides. In the previous research work of our

research group (Chai et al., 2020a; Chai et al., 2020b), four kinds of

filling joint rock samples with different filling materials, cement
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mortar, lime mortar, gypsum mortar and sediment mortar, were

prepared to simulate the filling joints with different characteristics

in practice. In this paper, only the filling joint rock with lime mortar

is selected as the object for research. In order to reflect the diversity

of the filling layer, three filling mortars with different mix

proportions are used in this test. The mortar proportion and the

mortar strength are shown in Table 1.

The preparation method of the filled jointed rock samples

remained the same as in the previous studies (Chai et al., 2020b).

In the preparation process, firstly, the granite is processed into

cylindrical test blocks with a diameter of 50 mm and a height of

15 mm, and one end of each test block is polished to ensure that the

roughness of the end faces of each test block is the same. At the

same time, six grooves are cut at equal spacing on this end to form

three horizontal and three vertical grooves with a depth of 1 mm

and a width of 2 mm. Then the filling mortar is prepared according

to the mortar proportion in Table 1. Finally, the two test blocks are

placed face-to-face with the grooves aligned with each other and

filled with the filling mortar with a thickness of 5 mm. After the

sample preparation, a wave velocity tester is used to screen the rock

samples and eliminate those with large differences in wave velocity.

In addition, in order to reduce the influence of external factors on

the rock samples, parallel tests are used for each part of the process,

and three samples are used as one group.

The prepared filled jointed rocks are maintained under standard

curing conditions for 28 days. The cured rock samples are dried in

an oven at 60°C for 12 h, and then immersed in a distillation tank

for 12 h until the rock samples are naturally saturated. After that,

the water-saturated rock samples are put into a rapid freeze-thaw

cycle test chamber for the freeze-thaw cycle test. The freeze-thaw

cycle test parameters are set as follows: -20°C freezing for 4 h, 20°C

thawing for 4 h. Under this condition, 0, 1, 5, 10, 15, 20 and 30

freeze-thaw cycles are carried out in groups, as shown in Figure 1.
2.2 Experimental equipment

After the freeze-thaw cycles of the rock samples, the NN-4B

nonmetallic ultrasonic testing analyzer is used to test the wave

velocity of the filled jointed rock after different freeze-thaw cycles.

The wave velocity tester is shown in Figure 1. During the

measurement, Vaseline is applied to the surface of both sides of

the rock sample. Multiple wave velocity tests are conducted to

eliminate the results with large variance, and the average of three
TABLE 1 Physical and mechanical parameters of rock and joint filling materials.

Fillings Mix proportion Strength(MPa)

I Water: Lime: Sand 1:1:3 1.62

II Water: Lime: Sand 1:1.54:1.54 1.12

III Water: Lime: Soil:Sand 1:0.7:0.3:3 2.31

Rock on both sides Granite — 67
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valid wave velocity values is taken as the effective measurement

result of wave velocity.

In order to find out the change regularity of mechanical

properties of rock samples after freeze-thaw cycles, the

WAW31000 microcomputer-controlled electro-hydraulic servo

universal testing machine and SHPB testing device are used to

conduct static compression tests and dynamic impact tests on rock

samples under the accumulated damage of different freeze-thaw

cycles, as shown in Figure 2. The static compression test is

performed by controlling the load to achieve compression

damage to the rock samples at a rate of 50 N/s. The dynamic

impact test is performed with a Split Hopkinson Pressure Bar

(SHPB), which is mainly composed of an incident bar, a

transmission bar and an absorption bar. The diameter of the bars

is 50 mm, the elastic modulus is 210 GPa, Poisson ratio is 0.25, the

longitudinal wave speed is 5172 m/s, and the density is 7800 kg/m3.

The length of the impact bar, the incident bar and the transmission

bar respectively are 0.3 m, 3.7 m and 2.5 m, respectively. In order to

reduce the superposition effect of the incident and reflected waves,

the strain gauges on the incident and transmission bars are pasted at

1 m and 0.5 m away from the surface of the sample, and the method

of symmetrical pasting is adopted to improve the test accuracy. The

dynamic impact pressure is set to 0.15 MPa, and 0.15mm thick

copper sheet is used as pulse shaper. The FASTCAMMini UX high-

speed camera is used to record the damage process of the rock

samples during the dynamic impact.
3 Analysis of test results

3.1 Damage regularity of filled jointed
rocks under the freeze-thaw action

Under the action of freeze-thaw cycles, the pores and fractures

inside the filled jointed rocks continue to develop and expand, causing

irreversible damage to the rocks. The macroscopic performance of the

cumulative damage is the deterioration of wave velocity, elastic

modulus, density, strain and other parameters of rock samples. In

this study, the wave velocity is used as a macroscopic parameter to

describe the damage and deterioration of the filled jointed rocks. The

average wave velocity values are shown in Table 2.
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It can be seen from Table 2 that with the increase of the number

of freeze-thaw cycles, the wave velocity values of the filled jointed

rocks continue to decrease. The wave velocities of the three types of

filled rock samples have decreased by 34.02%, 42.03% and 30.95%

respectively after 30 freeze-thaw cycles, indicating that the freeze-

thaw cycles have a greater impact on the damage and deterioration

of the filled jointed rocks. This is because under the freeze-thaw

action, a large number offissures and cracks are produced inside the

filled jointed rocks, which leads to a more complex ultrasonic wave

propagation path and reduces the wave propagation velocity.

Under the action of the same freeze-thaw cycles times, the wave

velocity relationship of the three types of filled jointed rocks is

vIII>vI>vII. Considering the initial strength of the filling materials, it

is found that the wave velocity value of the filled jointed rocks is

positively correlated with the strength of the filling materials. The

main reason is that the greater the strength of the filling materials is,

the better the overall stability of the rock samples, and the slower the

deterioration rate of the rock samples under the action of the same

freeze-thaw cycles, as well as the higher the wave velocity. To

further analyze the damage and deterioration regularity of freeze-

thaw cycles on the filled jointed rocks, the damage degree Dn from

the reference was cited as (Chai et al., 2020b):

Dn = 1 − v2n=v
2
0 (1)

where vn is the wave velocity value of the filled jointed rock after

n times freeze-thaw cycles, and v0 is the wave velocity value of the

rock samples without the freeze-thaw cycles. By substituting the

wave velocity values in Table 2 into Eq. (1), the accumulated

damage of three types of filled jointed rocks under different

freeze-thaw cycles times can be calculated, as shown in Figure 3.

As shown in Figure 3, the cumulative damage degree of the

three types of filled jointed rocks increases nonlinearly with the

increase of the number of freeze-thaw cycles, indicating that the

damage caused by the freeze-thaw action of the jointed rock sample

is a continuous cumulative process. This is mainly due to the fact

that water inside the pores of water-saturated rock samples freezes

into ice under low-temperature conditions, and the frost heaving

force generated by the water-ice phase change react on the pores

and fractures. When the frost heaving force exceeds the tensile

strength of the rock matrix, it will promote the further development

of pores and cracks, and the migration of free water in the new
FIGURE 1

Fabrication and freeze-thaw cycle test process of jointed rock samples of three filling materials.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1222676
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Chai et al. 10.3389/fevo.2023.1222676
cracks during the melting process will lead to the further expansion

of cracks. The jointed filling layer is formed by the weathering of

rocks, and the number of internal pores and fissures is much more

than that of the rocks on both sides. Hence, the water content in the

filling layer in the saturated state is more than that of the rocks on

both sides. During the freeze-thaw cycle, the frost heaving force

generated by the water ice phase change in the filling layer is greater

than that of the rocks on both sides. The frost heaving force in the
Frontiers in Ecology and Evolution 05141
filling layer partially promotes the development of cracks, and

partially acts on the rocks on both sides, further leading to the

reduction of the integrity of the joint layer and even damage.

In addition, the slope of the curve in the Figure 3 is greater in

the early stage than in the middle and late stage, showing a gradual

decreasing trend, indicating that the damage and deterioration rate

of the jointed rock samples in the early stage of the freeze-thaw is

greater than in the middle and late stage. It reflects the rapid
TABLE 2 Wave velocity of jointed rock under different freeze-thaw cycles.

Filling type
Wave velocity values of rock samples after different freeze-thaw cycles(m/s)

0 1 5 10 15 20 30

I 2945 2734 2454 2123 2074 1986 1943

II 2734 2494 2136 1823 1764 1713 1685

III 3438 3281 2973 2707 2455 2402 2374
fro
A

B

FIGURE 2

Static and dynamic compression mechanical characteristic test instrument: (A) WAW31000 universal testing machine; (B) diagram of SHPB test device.
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development of pores and fractures in the rock samples at the early

stage of the freeze-thaw, accelerating the damage and deterioration

of the filling layer. However, the sensitivity of the rock samples to

the damage and deterioration gradually decrease in the middle and

late stage of the freeze-thaw.

By fitting the curves, it is found that the fitting function is the

same as the damage function in the reference (Chai et al., 2020b),

and the curve fitting degree is high, indicating that the model is

applicable to the evaluation of accumulative damage of filled jointed

rocks under the freeze-thaw action, expressed as:

Dn = a − bexp( − n=g ) (2)

where a, b, g are fitting coefficients, and n is the number of

freeze-thaw cycles. According to the change rule of each value of the

curve, it is found that a, b and g in the formula are related to the

filling materials. More specifically, a and b are negatively correlated

with the filling strength, while g is positively correlated with the

filling strength. According to this formula, the damage degree of the

filled jointed rocks under the action of different number of freeze-

thaw cycles can be calculated.
3.2 Analysis of the static uniaxial
compressive strength deterioration

The static stress-strain curves of the rock samples can be

obtained by the uniaxial compression test on the filled jointed

rocks under different times of freeze-thaw cycles, as shown

in Figure 4.

From Figure 4, it can be seen that the stress-strain curves of the

three filled jointed rocks have similar trends, and the curves move

downward to the right with the increase of the number of freeze-

thaw cycles. Based on the previous research results (Chai et al.,

2020b), the static compression process of rock samples is divided

into four stages: the compaction stage, the elastic stage, the plastic
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yielding stage, and the destruction stage. For the rock samples with

same filling material, with the increase of the number of freeze-thaw

cycles, the compaction stage of the curve gradually lengthens, and

the slope in the elastic stage of the curve gradually decreases. At the

same time, there is an obvious plastic yielding stage, and the decline

rate in the destruction stage becomes slower.

To further study the static properties of the filled jointed rocks

under the freeze-thaw, the static peak compressive strength

corresponding to each condition is obtained from Figure 4, and the

results are shown in Table 3. From the Table 3, it can be seen that the

compressive strength of rock samples corresponding to the same

number of freeze-thaw cycles is: Type III > Type I > Type II. This is

because the filling layer, as the weak layer of the rock samples, has a

“barrel effect” on the compressive strength of the rock samples. From

a material perspective, the filling materials of type I and type II both

are mixed with lime, sand and water, and under the premise of

consistent lime content, the sand content of type I is greater than that

of type II. The combination of fine sand as a fine aggregate material

and a cementitious material (lime) greatly increases the friction

between material particles, so the stability of Type I filling material

is higher than that of Type II filling material. For the jointed rock

samples of type I and type III, on the condition of the same sand

content, the filling materials of type III contain part of clay, which

enhances the cohesion among the particles of each material, so the

stability of type III is higher than that of type I and type II.

The decreasing trend of static peak compressive strength of the

three types of filled jointed rocks is similar: first decreasing sharply

and then decreasing at a slower rate. For example, after 15 freeze-

thaw cycles, the strength of type II filled jointed rock decreased the

most by 51.1%; type I is the followed by 39.7%; type III has the

smallest strength loss rate of 38.4%, accounting for 3/4 of

the strength loss during the its full freeze-thaw cycle. After 30

freeze-thaw cycles, the peak compressive strengths of the three types

of filled jointed rocks are respectively 45.8%, 33.4%, and 47.9% of

those before the freeze-thaw cycles, with strength loss rates greater
FIGURE 3

Cumulative damage changes of jointed rock under different freeze-thaw cycles.
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than 50%. To better present the change regularity of compressive

strength with the number of freeze-thaw cycles, the freeze-thaw

coefficient is adopted and is expressed as:

Kf = Rf =Rs (3)

where Rs and Rf are the uniaxial saturated compressive strengths

(MPa) of the filled jointed rocks before and after the freeze-thaw

cycles, respectively. The results of freeze-thaw coefficients were

compared and analyzed as shown in Figure 5.

As shown in Figure 5, the freeze-thaw coefficient of the rock

samples decreases nonlinearly with the increase of the number of

freeze-thaw cycles, indicating that the peak compressive strength

of the filled jointed rocks is deteriorating continuously. The

decreasing trend of the curve can also show the damage and
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deterioration rate of the rock samples at each stage of the

freeze-thaw.

The static peak strain shows different trends, and all three types

of rock samples show an increase in peak strains of more than 40%

after 30 freeze-thaw cycles. The curve fitting of the peak strain

under various freeze-thaw cycles is shown in Figure 6. The peak

strains of the rock samples increase with the increase of the number

of freeze-thaw cycles, and the growth rate of peak strains is greater

in the early stage of the freeze-thaw than that in the middle and late

stage. With the increase of freeze-thaw times, the deformation of the

rock samples gradually tends to stabilize, and the rock samples show

a trend of decreasing brittleness and increasing ductility.

The curve of static peak strains with the number of freeze-thaw

cycles shown in Figure 6 can be fitted as:
TABLE 3 The static compression strength of the filled jointed rock.

Filling type
Compressive strength value of rock samples after different freeze-thaw cycles(MPa)

0 1 5 10 15 20 30

I 58.29 56.36 48.16 39.93 35.15 29.87 26.73

II 54.63 50.51 41.69 32.93 26.73 22.84 18.27

III 65.30 62.79 55.13 51.19 40.20 36.49 31.27
fr
A B

C

FIGURE 4

Static stress-strain curves of three kinds of jointed rock: (A) type I filling jointed rock; (B) type II filling jointed rock; (C) type III filling jointed rock.
ontiersin.org

https://doi.org/10.3389/fevo.2023.1222676
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Chai et al. 10.3389/fevo.2023.1222676
eb = a · nb (4)

where ϵb is the static peak strain; n is the number of freeze-thaw

cycles; a and b are the fitting coefficients. In Eq. (4), it can be seen

that the peak strains of all the three types of filled jointed rocks

increases exponentially, and the fitting parameter b is greater than 0
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and less than 1, indicating that the peak strains increases with the

increase in the number of freeze-thaw cycles. However, with the

continuous increase in the number of freeze-thaw cycles, the rising

trend of peak strains becomes slower, indicating that the fracture

development is gradually completed and stable after the rock

samples undergoes a certain number of freeze-thaw cycles, i.e., the
FIGURE 6

The relationship between the peak strain and freeze-thaw cycle times.
FIGURE 5

The relationship between freeze-thaw coefficients and freeze-thaw cycle times.
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filled jointed rocks will not be in an endless deterioration process.

By comparing the curve fitting coefficients, it is found that the

coefficient a is negatively correlated with the strength of the

filling layers.

From Section 4.1, it can be seen that the filled jointed rocks are

in the process of continuous cumulative damage under the action of

freeze-thaw cycles. The continuous deterioration of rock samples

under the freeze-thaw action is further confirmed by the change

regularity of static parameters of rock samples in this section. To

illustrate the inherent relationship between the strength eterioration

and cumulative damage, Figure 7 shows the change regularity of

static peak stress and peak strain with the change of cumulative

damage degree. The certain accumulated damage threshold in the

Figure 7 can divide the curve into two zones (Region A and Region
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B) with different trends. The data points before this damage

threshold are relatively discrete, and the results of the rock

samples with three filling materials show significant differences.

However, beyond this threshold, the results of the three types rock

samples tend to be similar. Therefore, it can be inferred that the

joint filling layers have been damaged after reaching this damage

threshold and lost their contributions to the overall strength and

deformation. Subsequently, the change regularity of peak stress and

strain with the damage degree of rock samples is mainly determined

by the rocks on both sides. The damage threshold in this test is

about D’n=0.5.

By fitting the curve of Figure 7, the relationship between the

peak stresses in Region A and Region B and the cumulative damage

degree can be obtained as:
A

B

FIGURE 7

Variation of static peak stress and strain with cumulative damage degree: (A) peak stress-cumulative damage degree; (B) peak strain-cumulative
damage degree.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1222676
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Chai et al. 10.3389/fevo.2023.1222676
sp =
a 0 − b 0 · exp (Dn=g 0), (Dn ≤ D0

n)

h0 − z 0Dn, (Dn > D0
n)

(
(5)

The fitting relations of peak strain and cumulative damage

degree in the two zones are:

ep =
a0 + b0Dn, (Dn ≤ D0

n)

c0 + d0Dn, (Dn > D0
n)

(
(6)

The fitting parameters are shown in Table 4.

Obviously, the fitting coefficients of the curve in Region A are

related to the filling material properties, and a´ and b´ in this test

are positively correlated with the strength of the filling layers, while

b´, g´ and a´ are negatively correlated with the strength of the filling

layers. The fitting coefficients in Region B are only related to the

properties of the rock on both sides.

From the perspective of failure state, after undergoing multiple

freeze-thaw cycles of damage, the rock sample exhibits a trend from

splitting failure to shear failure due to decreased strength and

increased strain. Figure 8 shows the final damage morphology of

type III rock samples with 0 and 30 freeze-thaw cycles. It is obvious

that the rock sample after 30 cycles exhibits oblique cracks in a

shear failure pattern.
3.3 Analysis of dynamic impact results

The SHPB device is used to conduct impact tests on rock

samples after freezing and thawing. Referring to the three-wave

method used by Bayram (Bayram, 2012), the electrical signals

collected from the impact tests are converted into the stress,
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strain, and strain rate of the rock samples, and the dynamic

stress-strain curves of each filled jointed rock under freezing and

thawing cycles are further calculated, as shown in Figure 9.

Compared to the static pressure curve shown in Figure 4, the

slope of the dynamic stress-strain curve in the initial stage is

relatively larger, mainly because the SHPB test belongs to high

strain rate compression, and the impact process is completed in an

instant. The deformation of the filling layers is slower than the

transfer of stress. In the elastic stage, the slope of the curve (i.e.,

dynamic compression modulus) tends to decrease with increasing

freeze-thaw action. Similarly, the slope of the curve in yielding stage

decreases with increasing freeze-thaw times, indicating that the

ductility of the rock samples is increasing under the freeze-

thaw action.

As can be seen from Figure 9 that the dynamic stress-strain

curves of the three types of filled jointed rocks have similar trends.

With the increase of the number of freeze-thaw cycles, the dynamic

peak compressive strength of the jointed rock samples gradually

decreases. The dynamic peak strain of the rock samples changes in

an unclear way, and there are fluctuations. The dynamic

compressive strength of the rock samples is in continuous

deterioration process under the action of freeze-thaw cycles, and

the strength damage continues to accumulate with the increase of

the number of freeze-thaw cycles. The regularity of dynamic

strength of the three types of rock samples under the action of

the same freeze-thaw cycles is consistent with that of static

compressive strength. According to the analysis of Section 3.1, the

macroscopic damage of rock samples under the freeze-thaw action

can be manifested as wave velocity deterioration. In order to explore

the relations between strength damage and wave velocity damage,
TABLE 4 Fitting parameter table.

Peak stress parameters Peak strain parameters

a’ b’ g’ h’ z’ a’ b’ c’ d’

I 69.65 10.81 0.472

104.52 135.62

61.64 37.59

15.93 126.73II 67.02 12.28 0.543 68.01 25.74

III 72.58 7.62 0.343 54.94 42.05
frontie
FIGURE 8

Static compression failure diagrams of type III rock samples with 0 and 30 freeze-thaw cycles.
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the dynamic peak compressive strength of each condition is fitted

with the corresponding wave velocity, as shown in Figure 10.

It can be seen from Figure 10 that the wave velocities of the

three types of rock samples have a good correlation with the

dynamic peak compressive strength. The dynamic compressive

strength of the rock sample shown in the figure decreases

nonlinearly with the attenuation of the wave velocity. From the

change regularity of the fitting curve of strength versus wave

velocity, it can be seen that if the wave velocity value vn of the

filled jointed rocks after the freeze-thaw is measured, the

corresponding dynamic compressive strength spn can be

calculated by the formula spn = a }  exp(� vn=bn ) + c } where a00、
b00、 c00 are the fitting coefficients.

Comparing the static peak strain in Figure 6, it is found that the

amplitude and range of dynamic peak strain changes are much

smaller than the static peak strain. Compared with the change trend

of static peak strain, the dynamic peak strain has a certain

discreteness with the change of freeze-thaw times. As shown in

Figure 11, the value of dynamic peak strain ranges from 0.01 to

0.013, which is approximately 1/10 to 1/5 of the static peak strain.

This is mainly due to the fact that uniaxial compression belongs to a

low strain rate test, while dynamic impact is a kind of high strain

rate test. The latter acts on the rock samples for an extremely short
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time, causing the rock samples to be damaged by compression in a

very short time, which results in smaller dynamic peak strain values

and a more complex change regularity of the rock samples.
3.4 Analysis of impact failure

Figure 12 shows the failure process of each rock sample after 10

freeze-thaw cycles recorded by a high-speed camera. Based on the

stress-strain curves, it is found that the impact process of the filled

jointed rock sample after freeze-thaw damage contains filling layer

compaction, overall elastic compression, crack growth, filling layer

splash and rock sample destruction. From Figure 12, it can be seen

that the filling layers are firstly destroyed by compaction under the

impact load, and its filling layer destruction appears as granular

clasts splash due to the lowest filling layer strength of type II, while

the filling layers of type I and III are compressed and slightly lateral

expansion occurs. As the impact continues, the filling layer emits

joint debris around under the impact load, and the rocks on both

sides bear the impact load to generate cracks. Under the impact

load, the cracks gradually develop, penetrate, and thicken,

ultimately leading to complete destruction of the rocks on

both sides.
A B

C

FIGURE 9

Dynamic stress-strain curves of three kinds of jointed rock: (A) type I filling jointed rock; (B) type II filling jointed rock; (C) type III filling jointed rock.
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3.5 Effect of freeze-thaw cycles on
wave propagation characteristics in
filled jointed rocks

This SHPB test is performed by controlling the impact pressure

(0.15 MPa) to maintain the initial velocity of the impact bar to ensure

consistent amplitude values of the incident wave. Figure 13 shows the

waveform curves of reflected and transmitted in filled jointed rocks

after 0, 5, 10, 15, 20 and 30 freeze-thaw cycles. Due to the consistent

shape of the incident wave, it is not reflected in this figure. As shown

in Figure 13, as the number of freeze-thaw cycles increases, the

amplitude of the reflected wave continuously increases, while the

amplitude of the transmitted wave decreases. This is mainly due to

the fact that the filled jointed rocks are in the process of continuous

freeze-thaw damage and deterioration, and the pores and fractures in

the jointed layers are increasing, which leads to the continuous

decrease of the overall density and the increase of the average wave

impedance of rock samples. According to the relation between

reflection coefficient R and wave impedance zp in the reference

(Chai et al., 2020b), Eq. (7) shows that the average impedance of

the rocks increases and the reflected wave amplitude keeps rising and

the transmitted wave amplitude keeps decreasing.

R = (zp1 − zp2)=(zp1 + zp2) (7)

where zp1 is the wave impedance of the bar and zp2 is the wave

impedance of the rock sample.

It can also be seen from Figure 13 that the change of the

amplitude of transmitted and reflected waves with the freeze-thaw

cycles is larger before 15 freeze-thaw cycles. As the freeze-thaw
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cycles continue, the change gradually decreases. Based the analysis

of the dynamic mechanical properties of rock samples, it is shown

that the deterioration rate of the rock samples in the early stage is

faster than in the later stage. In addition, the fluctuation regularity

of transmitted waves in each rock sample is good in the early stage

of the freeze-thaw, but it is gradually complex with the increase of

freeze-thaw times, which indicates that the transmitted wave

propagation path is gradually complex, further indicating that the

freezing and thawing caused the development of pores and fractures

in the filled jointed rock in multiple directions.

To further study the influence of freeze-thaw action and filling

materials on the transmitted and reflected effect of stress wave

propagation of the filled jointed rocks, the transmitted and reflected

wave amplitudes of each rock sample were compared and analyzed,

as shown in Figure 14.

From Figure 14, it can be seen that the freeze-thaw action and

the filling joint materials jointly affect the stress wave transmission

and reflection law of the filled jointed rocks. Under the condition of

the same filling material, the peak value of reflected wave increases

with the increase of the freeze-thaw cycle times, while the peak value

of the transmitted wave decreases. Under the condition that the

freeze-thaw action is the same, the amplitude of reflected wave is

negatively correlated with the strength of the filling materials, while

that of transmitted wave is positively correlated with the material

strength. This indicates that the filling materials and the freeze-thaw

action have different effects on the transmitted and reflected

mechanism of stress waves, which shows that the lower the

strength of filling materials is and the more freeze-thaw cycle

times are, the weaker the reflected ability of stress waves is and

the stronger the transmitted ability is.
FIGURE 10

Relation curve between dynamic compressive strength and wave velocity.
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3.6 Analysis of energy dissipation of
dynamic impact damage

The impact process of filled jointed rocks is driven by external

energy to complete the damage. According to the one-dimensional

stress wave theory, the incident energy Wi, reflected energy Wr and

transmitted energy Wt of the rock samples under each operating

condition can be calculated from the cross-sectional area of the

pressure bar A, the elastic modulus E, the stress wave velocity C0
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and the corresponding strain, expressed as:

Wmjm=i,r,t = A · E · C0

Z t

0
e2mdt (8)

where em (m=i, r, t) are respectively the incident strain, reflected

strain and transmitted strain, which can be directly calculated by the

three-wave method when obtaining the dynamic stress-strain curve.

The corresponding dissipation energy Ws can also be calculated

according to the law of energy conservation:
FIGURE 12

Failure patterns of three kinds of jointed rocks after 10 freeze-thaw cycles.
FIGURE 11

Dynamic peak strain histogram of jointed rock under freeze-thaw cycle.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1222676
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Chai et al. 10.3389/fevo.2023.1222676
Ws = Wi −Wr −Wt (9)

Accordingly, the energy dissipation rate Ws/Wi can be used to

analyze the energy dissipation regularity of the stress wave of the
Frontiers in Ecology and Evolution 14150
filled jointed rocks under the freeze-thaw action. The energy

dissipation rate of different filling materials under different

number of freeze-thaw cycles can be obtained from the

calculation results, as shown in Figure 15.
A

B

FIGURE 13

Reflection and transmission waveform curves of jointed rock under freeze-thaw cycle: (A) reflected wave; (B) transmitted wave.
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From Figure 15, it can be seen that the energy dissipation rate of

rock samples is positively correlated with the strength of the filling

materials, indicating that the stronger the filling material, the greater

the energy consumed by the rock sample to undergo failure after

undergoing the same freeze-thaw cycles. Considering the accumulated

damage of each rock sample, it can be found that under the same

freeze-thaw cycle times, the higher the strength of the filling layers is,
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the smaller the accumulated damage is and the larger the energy

dissipation rate during impact damage is. This is mainly due to that the

higher density of the filling layer with higher strength requires more

energy for destruction. In addition, the energy dissipation rate of the

same filled jointed rocks gradually decreases with the increase of freeze-

thaw cycle times, and the rate of in energy dissipation rate decreases

with the continuous effect of freeze-thaw action.
FIGURE 15

Energy dissipation rate of filled jointed rock under freeze-thaw cycle.
FIGURE 14

Transmission and reflection wave peaks of jointed rock under freeze-thaw cycle.
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4 Conclusions

In this paper, the experimental study on the static and dynamic

compression characteristics of filled jointed rock samples under

different freeze-thaw cycles are carried out, and the corresponding

failure characteristics are accordingly analyzed. The main

conclusions are as follows:
Fron
(1) With the increase of freeze-thaw cycles, the wave velocity of

the filled jointed rock deteriorates continuously. After 30

freeze-thaw cycles, the wave velocity of the jointed rock

decreases by more than 30%, and the wave velocity of the

rock mass with lower filling material strength decreases

more. This indicates that the wave velocity value of the

filled jointed rocks is positively correlated with the strength

of the filling materials. The fitting formula of freeze-thaw

cumulative damage evolution model is Dn = a − bexp( −
n=g ).

(2) The static and dynamic peak compressive strength of the

filled jointed rock decrease continuously with the increase

of freeze-thaw cycles, and the strength loss rate of the static

peak compressive strength of the rock sample is greater

than 50% after 30 freeze-thaw cycles, indicating that the

freeze-thaw action has a significant impact on the strength

deterioration of the filled jointed rocks, and the freeze-thaw

damage has a continuous accumulation process. The

dynamic and static peak compressive strengths of the

jointed rock decrease with the decrease of the filling layer

strength under the same number of freeze-thaw cycles.

(3) The static peak strain of the filled jointed rocks shows an

obvious rising trend with the increase of freeze-thaw cycle

times and is much larger than the dynamic peak strain in

numerical value. The trend of dynamic peak strain change

is not obvious, and the numerical range is 0.01 ~ 0.013. This

is mainly due to the fact that dynamic impact belongs to

high strain rate tests, the rock is compressed and destroyed

in a very short time, and the impact process undergoes

obvious splashing of broken rock debris. Therefore, the

dynamic peak strain change law is complex and the value is

small.

(4) Under freeze-thaw cycles, there is a damage accumulation

threshold for the filled jointed rock samples, and the

damage accumulation threshold for this filled jointed rock

sample is 0.5. After reaching the threshold, the joint filling

layer has been destroyed, and the damage deterioration is

basically complete. The filling layer will lose its contribution

to the subsequent freeze-thaw process of overall strength

and deformation, and the strength and peak strain will be

determined by the rocks on both sides.
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(5) Under the same freeze-thaw condition, the peak value of

reflected wave amplitude and energy dissipation rate

increases with the increase of filling material strength.

Under the same filling material condition, the peak value

of reflected wave amplitude and energy dissipation rate

decreases with the increase of freeze-thaw times.
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

All authors listed have made a substantial, direct, and

intellectual contribution to the work and approved it

for publication.
Funding

The work described in this paper was supported by the National

Natural Science Foundation of China (No. 42172302 &

No.41902277), the Natural Science Basic Research Plan in

Shaanxi Province, (No. 2023-YBGY-085), Key Laboratory of

Hydraulic and Waterway Engineering of the Ministry of

Education, Chongqing Jiaotong University (SLK2021A04), and

Fundamental Research Funds for the Central Universities, CHD

(No. 300102282201), and for which the authors are very thankful.
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.
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.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1222676
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Chai et al. 10.3389/fevo.2023.1222676
References
Bayram, F. (2012). Predicting mechanical strength loss of natural stones after freeze–
thaw in cold regions. Cold. Reg. Sci. Technol. 83-84, 98–102. doi: 10.1016/
j.coldregions.2012.07.003

Chai, S. B., Wang, H., Yu, L. Y., Shi, J. H., and Abi, E. (2020a). Experimental Study on
Static and Dynamic Compression Mechanical Properties of Filled Rock Joints. Lat. Am.
J. Solids. Stru. 17, 1–15. doi: 10.1590/1679-78255988

Chai, S. B., Wang, H., Jing, Y. L., and Jia, N. (2020b). Experimental study on dynamic
compression characteristics of rock with filled joints after cumulative damage. Chin. J.
Rock Mech. Eng. 39, 2025–2037. doi: 10.13722/j.cnki.jrme.2020.0310

Deng, H. W., Dong, C. F., Li, J. L., Zhou, K. P., Tian, W. G., and Zhang, J. (2014a).
Experimental Study on Sandstone Freezing-Thawing Damage Properties under
Condition of Water Chemistry. Appl. Mech. Mater. 3207, 556–562. doi: 10.4028/
www.scientific.net/AMM.556-562.826

Deng, J. H., Wang, X. C., and Wu, A. J. (2014b). Experiment of Freezing-Thawing
Cycles and Analysis of Damage Characteristics for Argillaceous Dolomite. Adv. Mater.
Res. 1065-1069, 1884–1893. doi: 10.4028/www.scientific.net/AMR.1065-1069.1884

Deng, H. W., Yu, S. T., Deng, J. R., Ke, B., and Bin, F. (2019). Experimental
Investigation on Energy Mechanism of Freezing-Thawing Treated Sandstone under
Uniaxial Static Compression. Ksce. J. Civ. Eng. 23, 2074–2082. doi: 10.1007/s12205-
019-1278-5

Fan, L. F., Xu, C., and Wu, Z. J. (2020). Effects of cyclic freezing and thawing on the
mechanical behavior of dried and saturated sandstone. B. Eng. Geol. Environ. 79, 755–
765. doi: 10.1007/s10064-019-01586-z

Huang, S. B., Liu, Q. S., Cheng, A. P., and Chen, Y. Z. (2018). A statistical damage
constitutivemodel under freeze-thaw and loading for rock and its engineering application.
Cold. Reg. Sci. Technol. 145, 142–150. doi: 10.1016/j.coldregions.2017.10.015

Huang, X. L., Qi, S. W., Williams, A., Zou, Y., and Zheng, Y. (2015). Numerical
simulation of stress wave propagating through filled joints by particle model. Int. J.
Solids. Struct. 69-70, 23–33. doi: 10.1016/j.ijsolstr.2015.06.012

Jia, S. L., Wang, Z. L., Wang, J. G., Lu, Z. T., and Wang, H. C. (2021). Experimental
and theoretical study on the Propagation Characteristics of stress wave in Filled Jointed
Rock Mass. PloS One 16, e0253392. doi: 10.1371/journal.pone.0253392

Jiang, H. B., Li, K. N., and Jin, J. (2019). The variation characteristics of micro-pore
structures of underground rocks in cold regions subject to freezing and thawing cycles.
Arab. J. Geosci. 13, 86–93. doi: 10.1007/s12517-019-4936-5

Li, J. L., Zhu, L. Y., Zhou, K. P., Chen, H., Gao, L., Lin, Y., et al. (2021a). Non-linear
creep damage model of sandstone under freeze-thaw cycle. J. Cent. South. Univ. 28,
954–967. doi: 10.1007/s11771-021-4656-3

Li, Y., Cheng, X. W., Ma, Z. L., Li, X. H., and Wang, M. (2021b). Dynamic response
and damage evolution of Zr-based bulk metallic glass under shock loading. J. Mater.
Sci. Technol. 93, 119–127. doi: 10.1016/j.jmst.2021.03.052

Li, J. C., Li, H. B., Jiao, Y. Y., Liu, Y. Q., Xia, X., and Yu, C. (2014). Analysis for
oblique wave propagation across filled joints based on thin-layer interface model. J.
Appl. Geophys. 102, 39–46. doi: 10.1016/j.jappgeo.2013.11.014

Li, J. C., and Ma, G. W. (2009). Experimental study of stress wave propagation across
a filled rock joint. Int. J. Rock Mech. Min. Sci. 46, 471–478. doi: 10.1016/
j.ijrmms.2008.11.006

Li, B., Zhang, G. H., Ma, W., Liu, M. H., and Li, A. Y. (2022). Damage mechanism of
sandstones subject to cyclic freeze-thaw (FT) actions based on high-resolution computed
tomography (CT). B. Eng. Geol. Environ. 81, 374. doi: 10.1007/s10064-022-02872-z

Li, J. L., Zhou, K. P., Liu, W. J., and Deng, H. W. (2017). NMR research on
deterioration characteristics of microscopic structure of sandstones in freeze–thaw
cycles. Trans. Nonferrous Metals Soc China. 26, 2997–3003. doi: 10.1016/S1003-6326
(16)64430-8

Liu, T. T., Li, X. P., Li, J. C., Li, H. B., Zheng, Y., and Luo, Y. (2017). Numerical study
on s-wave transmission across a rough, filled discontinuity. Arab. J. Geosci. 10, 249. doi:
10.1007/s12517-017-3030-0

Liu, G. J., Peng, Y. X., Zuo, Q. J., Su, Y., and Wu, L. (2022). Comparative study on
tunnel blast-induced vibration for the underground cavern group. Minerals. 12, 1246.
doi: 10.3390/min12101246

Liu, S. M., Sun, H. T., Zhang, D. M., Yang, K., Wang, D. K., Li, X. L., et al. (2023).
Nuclear magnetic resonance study on the influence of liquid nitrogen cold soaking on
the pore structure of different coals. Phys. Fluids. 35, 012009. doi: 10.1063/5.0135290
Frontiers in Ecology and Evolution 17153
Lu, Y. N., Li, X. P., and Chan, A. (2019). Damage constitutive model of single flaw
sandstone under freeze-thaw and load. Cold. Reg. Sci. Technol. 159, 20–28. doi: 10.1016/
j.coldregions.2018.11.017

Matsuoka, N. (1990). Mechanisms of rock breakdown by frost action: An
experimental approach. Cold. Reg. Sci. Technol. 17, 253–270. doi: 10.1016/S0165-
232X(05)80005-9

Mousavi, S. Z. S., Tavakoli, H., Moarefvand, P., and Rezaei, M. (2020). Micro-structural,
petro-graphical and mechanical studies of schist rocks under the freezing-thawing cycles.
Cold. Reg. Sci. Technol. 174, 103039. doi: 10.1016/j.coldregions.2020.103039

Nicholson, D. T., and Nicholson, F. H. (2000). Physical deterioration of sedimentary
rocks subjected to experimental freeze–thaw weathering. Earth Surf. Process. Landf. 25,
1295–1307. doi: 10.1002/1096-9837(200011)25:12<1295::AID-ESP138>3.0.CO;2-E

Qiao, C.,Wang, Y., Tong, Y. J., Yang, H. P., Li, C. H., andQian, C. (2021). Deterioration
Characteristics of Pre-flawed Granites Subjected to Freeze-Thaw Cycles and
Compression. Geotech. Geol. Eng. 39, 5907–5916. doi: 10.1007/s10706-021-01904-x

Singh, M., Rao, K. S., and Ramamurthy, T. (2002). Strength and Deformational
Behaviour of a Jointed Rock Mass. Rock Mech. Rock Eng. 35, 45–64. doi: 10.1007/
s006030200008

Su, Q. Q., Ma, Q. Y., Ma., D. D., and Yuan, P. (2021). Dynamic mechanical
characteristic and fracture evolution mechanism of deep roadway sandstone containing
weakly filled joints with various angles. Int. J. Rock Mechanics Min. Sci. 137, 104552.
doi: 10.1016/j.ijrmms.2020.104552

Tan, X. J., Chen, W. Z., Yang, J. P., and Gao, J. J. (2011). Laboratory investigations on
the mechanical properties degradation of granite under freeze–thaw cycles. Cold. Reg.
Sci. Technol. 68, 130–138. doi: 10.1016/j.coldregions.2011.05.007

Wang, Y., Han, J. Q., and Li, C. H. (2020). Acoustic emission and CT investigation
on fracture evolution of granite containing two flaws subjected to freeze–thaw and
cyclic uniaxial increasing-amplitude loading conditions. Constr. Build. Mater. 260,
119769. doi: 10.1016/j.conbuildmat.2020.119769

Wang, P., Xu, J. Y., Liu, S., Liu, S. H., and Wang, H. Y. (2016a). A prediction model
for the dynamic mechanical degradation of sedimentary rock after a long-term freeze-
thaw weathering: Considering the strain-rate effect. Cold. Reg. Sci. Technol. 131, 16–23.
doi: 10.1016/j.coldregions.2016.08.003

Wang, P., Xu, J. Y., Liu, S., Wang, H. Y., and Liu, S. H. (2016b). Static and dynamic
mechanical properties of sedimentary rock after freeze-thaw or thermal shock
weathering. Eng. Geol. 210, 148–157. doi: 10.1016/j.enggeo.2016.06.017

Xu, G. M. (2006). Study on mechanical charateristics of rock at low temperature,
damage due to freezing and thawing and mutiphysical coupling problems of rock in cold
regions (Wuhan, China: Chinese Academy of Science).

Yang, C., Zhou, K. P., Xiong, X., Deng, H. W., and Pan, Z. (2021). Experimental
investigation on rock mechanical properties and infrared radiation characteristics with
freeze-thaw cycle treatment. Cold. Reg. Sci. Technol. 183, 103232. doi: 10.1016/
j.coldregions.2021.103232

Yi, L. C., Qu, D. X., Gang, W., Li, X. P., and Zhang, G. (2020). Degradation model of
the dynamic mechanical properties and damage failure law of sandstone under freeze-
thaw action. Soil. Dyn. Earthq. Eng. 132, 106094. doi: 10.1016/j.soildyn.2020.106094

Zhang, J. F., Xu, R. P., Liu, Y., and Zhang, H. M. (2022). Study on micro-pore
evolution law and shear mechanical behavior of grouting fractured rock mass under
freeze-thaw cycle. Chin. J. Rock Mech. Eng. 41, 676–690. doi: 10.13722/
j.cnki.jrme.2021.0568

Zhang, H. M., and Yang, G. S. (2010). Research on damage model of rock under
coupling action of freeze-thaw and load. Chin. J. Rock Mech. Eng. 29, 471–476.
Available at: http://rockmech.whrsm.ac.cn/EN/abstract/abstract19977.shtml.

Zhao, S. P., Feng, Z. D., Li, L. X., Zhao, X. J., Lu, L., Chen, S., et al. (2022). Dynamic
mechanical properties, deformation and damage mechanisms of eutectic high-entropy
alloy AlCoCrFeNi2.1 under plate impact. J. Mater. Sci. Technol. 134, 178–188. doi:
10.1016/j.jmst.2022.05.060

Zhou, Z. L., Cai, X., Ma, D., Chen, L., Wang, S. F., and Tan, L. H. (2018). Dynamic
tensile properties of sandstone subjected to wetting and drying cycles. Construction
And Building Materials 182, 215–232. doi: 10.1016/j.conbuildmat.2018.06.056

Zhou, K. P., Li, B., Li, J. L., Deng, H. W., and Bin, F. (2015). Microscopic damage and
dynamic mechanical properties of rock under freeze–thaw environment. Trans.
Nonferrous Metals Soc China 25, 1254–1261. doi: 10.1016/S1003-6326(15)63723-2
frontiersin.org

https://doi.org/10.1016/j.coldregions.2012.07.003
https://doi.org/10.1016/j.coldregions.2012.07.003
https://doi.org/10.1590/1679-78255988
https://doi.org/10.13722/j.cnki.jrme.2020.0310
https://doi.org/10.4028/www.scientific.net/AMM.556-562.826
https://doi.org/10.4028/www.scientific.net/AMM.556-562.826
https://doi.org/10.4028/www.scientific.net/AMR.1065-1069.1884
https://doi.org/10.1007/s12205-019-1278-5
https://doi.org/10.1007/s12205-019-1278-5
https://doi.org/10.1007/s10064-019-01586-z
https://doi.org/10.1016/j.coldregions.2017.10.015
https://doi.org/10.1016/j.ijsolstr.2015.06.012
https://doi.org/10.1371/journal.pone.0253392
https://doi.org/10.1007/s12517-019-4936-5
https://doi.org/10.1007/s11771-021-4656-3
https://doi.org/10.1016/j.jmst.2021.03.052
https://doi.org/10.1016/j.jappgeo.2013.11.014
https://doi.org/10.1016/j.ijrmms.2008.11.006
https://doi.org/10.1016/j.ijrmms.2008.11.006
https://doi.org/10.1007/s10064-022-02872-z
https://doi.org/10.1016/S1003-6326(16)64430-8
https://doi.org/10.1016/S1003-6326(16)64430-8
https://doi.org/10.1007/s12517-017-3030-0
https://doi.org/10.3390/min12101246
https://doi.org/10.1063/5.0135290
https://doi.org/10.1016/j.coldregions.2018.11.017
https://doi.org/10.1016/j.coldregions.2018.11.017
https://doi.org/10.1016/S0165-232X(05)80005-9
https://doi.org/10.1016/S0165-232X(05)80005-9
https://doi.org/10.1016/j.coldregions.2020.103039
https://doi.org/10.1002/1096-9837(200011)25:12%3C1295::AID-ESP138%3E3.0.CO;2-E
https://doi.org/10.1007/s10706-021-01904-x
https://doi.org/10.1007/s006030200008
https://doi.org/10.1007/s006030200008
https://doi.org/10.1016/j.ijrmms.2020.104552
https://doi.org/10.1016/j.coldregions.2011.05.007
https://doi.org/10.1016/j.conbuildmat.2020.119769
https://doi.org/10.1016/j.coldregions.2016.08.003
https://doi.org/10.1016/j.enggeo.2016.06.017
https://doi.org/10.1016/j.coldregions.2021.103232
https://doi.org/10.1016/j.coldregions.2021.103232
https://doi.org/10.1016/j.soildyn.2020.106094
https://doi.org/10.13722/j.cnki.jrme.2021.0568
https://doi.org/10.13722/j.cnki.jrme.2021.0568
http://rockmech.whrsm.ac.cn/EN/abstract/abstract19977.shtml
https://doi.org/10.1016/j.jmst.2022.05.060
https://doi.org/10.1016/j.conbuildmat.2018.06.056
https://doi.org/10.1016/S1003-6326(15)63723-2
https://doi.org/10.3389/fevo.2023.1222676
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Uniform thickness in the process
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The nature of fine particulate matter is caused by the deterioration of the lean ore
loss index and the important influence factors of a mine disaster accident. In this
paper, fine moraine particles and coarse-grained ore from the Pulang Copper
Mine are studied. The flow of fine particles in mixed particles under the condition
of uniform ore drawing was studied by using the laboratory 3D physical model test
method. This experiment explored the flow of hybrid particles in the system and
characteristics of the particle size of fine particles passing through, and suggested
a transit index to quantify the draining effect of fine particles. The experimental
results show the following:①Hybrid particles in the flow system of fine particulate
matter under their own gravity use mixed ore particles flow in the process of
formation of the pore to implement down through sports.②The fine particles with
the particle sizes of 2.5–1.25 mm, 1.25–0.63 mm, 0.63–0.315 mm, and
0.315–0.16 mm all have the flow-through characteristics, and the smaller the
particle size, the more significant the flow-through degree.③The cumulative ore
drawing height of fine particles with different particle sizes increases, while the
permeability index of the appropriate discharge decreases. ④The relative motion
of coarse and fine particles is the internal control factor that leads to the flow of
fine particles. The more significant the relative motion of coarse and finely mixed
particles is, themore pores are randomly generated in the particle flow system and
the larger the pores are, resulting in themore obvious fine particle flow effect. This
study provides some theoretical reference value for revealing the flow-through
characteristics of the fine particulate matter in the mixed particle flow system. At
the same time, it has practical engineering significance for ore lean loss index
control and mine disaster accident prevention and control in caving mining.

KEYWORDS

uniform ore drawing, mixed particle flow, cross-flow characteristics, quantification
method, physical model test

1 Introduction

Mixed particles refer to particle aggregates composed of two-phase or multi-phase particles,
and are randomly and disorderly arranged in the particle flow system (Li et al., 2021; Rong et al.,
2021; Xing et al., 2022; Xu et al., 2022). The phenomenon of flow-through of mixed particles
widely exists in nature and industries. It not only occupies an important position in metallurgy,
ceramics, powder, and other industries (Ma et al., 2020; Ma et al., 2022; Ma et al., 2023) but also
has extremely important significance in the study of mine disaster accidents and ore loss control.
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In the caving method, mines in some special areas have the surface
covering layer composed of fine granular material. During the mine
production process, the fine particles of the surface covering layer are
continuously mixed into the caving ore layer to form a two-phase or
multi-phase mixed particle flow system (Huang et al., 2020; Niu et al.,
2020; Zhang et al., 2023). In mines that switch from open-pit to
underground mining, a particulate material covering layer is often
formed on the isolation pillar to form a buffer cushion. During the
production process, the covering layer particulate material will also be
mixed into the ore at the ore–rock interface to form a mixed particle
flow system (Zhang and Cheng, 2017; Lu et al., 2021; Zhang and Gao,
2021; Li et al., 2023). The flow characteristics of the fine particles of the
overburden layer in the caving ore directly affect the ore loss and
dilution index, and even cause the underground debris flow disaster,
which belong to the research category of mixed particles.

At present, scholars at home and abroad have paid attention to the
related research on the mixed particle flow. Scholars in different
research fields have carried out related research on this issue using
indoor physical experiments and numerical simulation methods.
Pierce et al. (1994) and Pierce et al. (2019) studied the
phenomenon of small particle permeation in the ore-drawing
process by the numerical simulation method. When the ore
drawing is disturbed, the small particles will flow through the pores
between the large particles. Hashim (2011) used Kvapil A’s physical
model to study the effects of particle shape, particle size, density of
states, and other factors on the particle flow. Ketterhagen et al. (2008)
studied the flow-through behavior of coarse and fine particles under
the action of gravity, and carried out quasi-3D model simulation-
related research from factors such as particle material parameters,
particle contact coefficients, and particle construction methods in the
model. Based on the non-Newtonian fluid theory, Christopher (2009)
studied the relationship between displacement and velocity of a fine-
grained medium flowing through the ore drawing process from the
perspective of theoretical mechanics. Li et al. (2016) used discrete
element software to discuss the seepage law of fine particles during the
overburden of waste rock during the ore-drawing process. The results
show that the seepage rate of fine particles is higher than that of coarse
particles. Hou et al. (2016) used indoor ore-drawing experiments to
explore the flow rule of fine particles and found that the flow
phenomenon of fine particles was obvious during the ore-drawing
process. Jin et al. (2020) studied the flow characteristics of particles
with uneven particle size distribution, and the results showed that
particle inhomogeneity has a significant effect on the flow-through of
fine particles. Ren et al. (2020) used high-speed camera technology to
study the flow characteristics of tailings in the collapse area under the
condition of ore drawing. By constructing the spatial distribution
model of the particle size of overburden, the influence of rock
mixing is studied by You and Zhang (2016). The downward
motion of the particle is faster than that of the larger particles. Li
(2020) simulated the “Cross-flow” phenomenon of fine particles in the
ore-drawing process by numerical simulation software. The simulation
results show that the larger the overburden block, themore obvious the
fine particle migration. The application of 60 cm–80 cm waste rock
overburden can effectively slow down the flow of fine particles in the
ore-drawing process. Wang et al. (2019) used PFC3D discrete element
software to investigate fine particlemigration in the backfill. The results
show that fine particle migration is more likely to occur in the
30 cm–70 cm block backfill during ore drawing. The fragmentation

of overburden and backfill has a significant effect on fine particle
migration, and the effect of the overburden bulk is highly significant.

Although scholars at home and abroad have achieved certain
research results on the flow-through characteristics of mixed
particles, most of them use numerical simulation methods, and most
of the physical models are limited to the two-dimensional single-bucket
ore-drawing model, which cannot fully reflect the flow-through of real
particles. In addition, although scholars at home and abroad have
studied the flow-through of fine particles, but also a consistent
conclusion, that is, fine particles in the ore-drawing process, there are
certain cross-flow phenomena. However, what is the extent of fine
particles flowing through the ore during ore drawing? What is the
amount of fine particles passing through? What indicators are used to
measure the degree of penetration of fine particles? The problems raised
by the aforementioned authors have not been studied in-depth.
Therefore, in view of the deficiency of the research methods on the
fine particle flow-through characteristics and the unstudied problems on
the fine particle flow-through characteristics at present, this paper
conducts a deep research on the fine particle flow-through
characteristics. In this paper, using the indoor three-dimensional
physical model test method, taking the fine-grained moraine and
coarse-grained ores of various particle sizes in the surface overburden
of the Pulang Copper Mine as the research object, the experimental
study on the flow-through characteristics of mixed particles under the
condition of multi-bucket uniform ore drawing was carried out. The
characteristics and laws of the flow of fine particles of each size in the
coarse and finely mixed particle flow systems were explored.

2 Indoor physical experiment model

2.1 Engineering background introduction

The Plan Copper Mine, which belongs to Yunnan Diqing Non-
ferrous Metal Co., Ltd., is a thick, large and low-grade porphyry copper
deposit. The mine uses natural caving and has an annual production
capacity of 12.5 million tons. Figure 1 shows that the height of the
bottom structure is 16 m, the spacing of the ore-drawing and vein-
crossing roadways is 30 m, the spacing of the ore-drawing route is 15 m,
and the size of the ore-drawing exit (width × height) is 4.2 m× 4.2 m. In
order to avoid the moraine particles from the Quaternary system
mixing into the caving ore bed prematurely, a uniform ore-drawing
management model is adopted in the production process. The average
thickness of the ore bed overlying the bottom structure of the mine is
about 80 m, and the average thickness of quaternary moraine is about
15 m. The indoor 3D physical model was designed and fabricated using
a 1:100 similarity ratio.

2.2 Overview of the experimental model

In order to facilitate the observation of the flow characteristics of
fine moraine particles in the mixed particle flow system during the
test, the test device uses a transparent acrylic sheet material. The
indoor 3D physical model test device mainly includes an acrylic
plate frame, a bottom structure, and camera system, as shown in
Figure 2. The size of the ore-drawing test model is 75 cm × 45 cm ×
150 cm (length x width x height). The bottom structure of the model

Frontiers in Earth Science frontiersin.org02

Niu et al. 10.3389/feart.2023.1221404

155

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1221404


is arranged with three ore-drawing ports (1#, 2#, and 3#), and the
size of the ore-drawing port is 4.2 cm × 4.2 cm.

2.3 Test granular media

The Pulang Copper Mine is mined by the natural caving
method, and the caving ore is drawn under the Quaternary
moraine particle covering layer on the surface. During the mine

production process, the fine moraine particles in the surface
covering layer are continuously mixed into the caving ore layer,
and a two-phase or multi-phase mixed particle flow system has been
formed. Therefore, the coarse- and fine-grained media (fine-grained
moraine and coarse-grained ores) used in this experiment are all
obtained from the samplingmaterial at the Pulang CopperMine site.
Photographs of field sampling are shown in Figure 3.

The particulate medium used in the test was obtained by sieving
the sampled particulate matter with a standard sieve (implementation
standard JGJ52-2006). Table 1; Figure 4 show the gradation of the
experimental coarse and finely mixed particle media. The
characteristic particle size parameters of the coarse and fine
granular media are shown in Table 2. From the analysis of
Table 2, it can be seen that the coefficient Cu=18.75 > 5 of the
coarse and fine particles is uneven, and the curvature coefficient
Cc=6.16 ∉(1,3) is discontinuous. It shows that the particles after highly
discrete particles mixing belong to coarse and fine. In addition, fine
moraine is easy to fill in the pores formed by the coarse ore. The
mixture particles selected in the experiment can realize the cross-flow
behavior.

In addition, the natural angle of repose and the Water Content
Index of the mixed particles used in the experiment have an important
effect on the cross-flow of fine particles. The natural resting angle is the
maximum angle at which the bulk can keep the natural stable state
when stacked. The average natural resting angle of the mixture particles
was 36°. The average moisture content of the mixture particles was 5%.

2.4 Experiment process

The ore-drawing process of the test is carried out in sequence
according to the 1#→2#→3# ore-drawing openings. Until the mixed

FIGURE 1
Mining method map of the Plan Copper Mine (unit: m).

FIGURE 2
Design of the indoor 3D physical model test device.
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FIGURE 3
Site sampling photographs of the Pulang Copper Mine.

TABLE 1 Statistical table of particle size and the mass ratio of experimentally mixed granular media.

Coarse particle size/mm Mass ratio of the coarse particle size Fine particle size/mm Mass ratio of the fine particle size (%)

20 ~ 16 15% 5 ~ 2.5 5

16 ~ 10 25% 2.5 ~ 1.25 5

10 ~ 5 35% 1.25 ~ 0.63 5

— — 0.63 ~ 0.315 5

— — 0.315 ~ 0.16 5

FIGURE 4
Test coarse and finely mixed particle gradation curve.

TABLE 2 Parameter table of characteristic particle size of coarse and fine granular media.

Characteristic particle size/mm Particle characteristic index

Controlling particle size d60 Average grain diameter d50 d30 Effective grain size d10 Uneven coefficient Cu Curvature coefficient Cc

7.5 6.2 4.3 0.4 18.75 6.16

Cu=d60/d10, where Cu<5 represents uniform particles; Cc=d302/(d60*d10); and 1<Cc<3 is graded continuously.
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granular medium in the model device is completely discharged, the
discharge amount of each ore-drawing port remains basically the
same so as to achieve a simulated uniform ore-drawing
environment. The specific test process is as follows:

①A standard sieve is used to screen the sampled particulate
matter. Figure 5A shows fine moraine and coarse ore with different
particle sizes after screening.

②Proportion in accordance with the mass ratio of particles with
different particle sizes is shown in Table 1. Moreover, fully and
uniformly proportioned particles are mixed. The uniformly mixed
particles are shown in Figure 5B.

③The coarse and finely mixed particles were loaded into the
physical test model by the central quadrant method (Penfound,
1963; Raj and Thakur, 2016). In the filling process of mixed particles,
in order to ensure the uniformity of mixed particles in each filling, a
multiple-loading method is adopted. In the model test, the loading
height of the mixed particles was 80 cm. The test model of the mixed
particles after loading is shown in Figure 6.

④After the aforementioned test steps are completed, the ore-
drawing stage begins. Then, 2# and 3# ore-drawing ports are closed,
and 1# ore-drawing port and drawing ore are opened. When ore
drawing at No.1 ore-drawing hole is finished, the discharged particulate
matter shall be screened immediately, the screened particulate matter
with different particle sizes shall be weighed, and the quality of each
particle size discharged at this time shall be recorded.

⑤Then, 1# and 3# ore-drawing ports are closed, and 2# ore
drawing port and draw ore are opened. When ore drawing at
No.1 ore-drawing hole is finished, the discharged particulate
matter shall be screened immediately, the screened particulate
matter with different particle sizes shall be weighed, and the
quality of each particle size discharged at this time shall be
recorded.

⑥Thereafter, 1# and 2# ore-drawing ports are closed, and 3#
ore-drawing port and draw ore are opened. When ore drawing at
No.1 ore-drawing hole is finished, the discharged particulate matter
shall be screened immediately, the screened particulate matter with
different particle sizes shall be weighed, and the quality of each
particle size discharged at this time shall be recorded.

FIGURE 5
Fine-grainedmoraine and coarse-grained ore test media. (A) Test particle media with different particle sizes after sieving. (B)Homogeneous mixing
of test particles.

FIGURE 6
Packed mixed particle test model.
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⑦Then, 1#→2#→3# ore-drawing hole is called an ore-drawing
cycle when all ore-drawing holes are finished once. Steps④ ~⑥ are
repeated until all the particles in the physical test model are released.
Four cycles of ore drawing were carried out in the whole experiment.

2.5 Physical test hypothesis

During the uniform ore-drawing test, the movement of the
moraine and ore particles is extremely complicated. In order to
avoid the influence of other factors on the test results during the
model test ore drawing, this experiment explains some possible
influencing factors and makes the following assumptions: ①In
order to ensure that the test particle medium has good fluidity,
the moraine and ore particles used in the test have been air-dried and
there is no cohesion between the particles. ②Due to the high
strength of ore particles, the effect of secondary crushing is
ignored in the process of uniform ore drawing. ③The cent
quartering method is adopted to load the test particles in
different times, and the flow of fine particles did not occur
during the filling process, ignoring the influence of artificial filling.

3 Analysis of test results

3.1 Method for quantifying the effect of
cross-flow

After each release of the coarse and finely mixed particles,
immediately a standard sieve is used to sieve the released mixed
particles, and weigh them, respectively, to obtain the mass of the
coarse and fine particles released at that time. There is a slight
difference in the amount released each time. The “Normalization
Method” of formula (1) is used to process the test data to obtain the
mass ratio of the coarse and fine particles released in the current time
(Xu and Li, 2020; Wang et al., 2023).

α � mi/∑mi
× 100%. (1)

Formula: α—mass ratio of the coarse particles or fine particles
released each time;
mi—mass of coarse particles or fine particles released each time;
∑mi—sum of themass of coarse particles and fine particles released
each time.

In order to compare the flow-through effect of fine particles with
different sizes more intuitively, a preliminary quantification method
for the flow-through characteristics of fine particles with different
sizes in the process of ore drawing is proposed. To quantify the
significant degree of permeation of fine particles of each particle size
by the permeation flow, the permeation degree is expressed as follows:

γ � α

β
. (2)

Formula: γ—permeability of fine particles of a certain size;
α—percentage of fine particles with this particle size in the current
discharge;
β—percentage of particles with this particle size in the mixed
particles before ore drawing.

The degree of flow through can quantify the significant degree of
flow through of the fine particles of each size in the mixed particles.
The larger the value of flow-through, themore obvious the flow of fine
particles. When the permeation degree γ> 1, it means that the fine
particles have permeated in the pores of themixed particles during the
ore-drawing process. The fine particles migrate downward in
preference to other particles, and as the ore-drawing time
continues, the concentration of the fine particles becomes greater.

3.2 Characteristics and laws of cross-flow

The cycle of ore-drawing ore in sequence according to the
1#→2#→3# ore-drawing opening is called an ore-drawing

FIGURE 7
Whole test process of four ore-drawing cycles.
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cycle. A total of four ore-drawing cycles were carried out in the
whole test process, as shown in Figure 7. Table 3 shows the
current release flow-through of the fine particles of each
particle size in the mixed particles. Figure 8 shows the
relationship between the current discharge flow rate of fine
particles of each particle size and the number of times of ore
drawing.

Analysis of Figure 8 shows that the current penetration of
fine particles of 5.0–2.5 mm in the first to the third ore-drawing
cycles fluctuates around the boundary line 1 of the penetration.
It is basically below the flow boundary 1, and its flow degree is
less than 1. It shows that 5.0–2.5 mm fine particles do not have
flow-through characteristics in the pores of 5–20 mm coarse-
grained medium. For fine particles of 2.5–1.25 mm,

TABLE 3 Current discharge flow-through of the fine particles of each particle size in the mixed particles.

Number of ore-
drawing times

Number of ore-
drawing holes

Ore-
drawing
height

Permeability of fine particles of each particle size

5–2.5 mm 2.5–1.25 mm 1.25–0.63 mm 0.63–0.315 mm 0.315–0.16 mm

1 1# 10 0.77 0.96 1.14 1.30 1.72

2 2# 15 0.88 1.12 1.32 1.52 1.90

3 3# 20 0.99 1.25 1.54 1.77 2.18

4 1# 25 0.87 1.14 1.40 1.72 2.14

5 2# 30 0.97 1.28 1.56 1.92 2.37

6 3# 35 1.11 1.40 1.66 1.95 2.39

7 1# 40 0.69 0.90 1.14 1.36 1.61

8 2# 45 0.86 1.02 1.30 1.55 1.84

9 3# 50 1.17 1.36 1.61 1.81 2.00

10 1# 55 1.30 1.13 0.93 0.81 0.76

11 2# 60 1.69 1.49 1.28 1.16 0.95

12 3# 65 1.46 1.27 1.11 0.94 0.81

FIGURE 8
Relationship between the current penetration of fine particles of each particle size and the number of ore drawings.
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1.25–0.63 mm, 0.63–0.315 mm, and 0.315–0.16 mm, the current
penetration values of the first ore-drawing cycle to the third ore-
drawing cycle are basically at the penetrating boundary line
1 above. It shows that it has the characteristics of flow-through,
and the smaller the particle size of fine particles, the larger the
index of flow-through and the more obvious is the degree of
flow-through.

Figure 8 also shows that 2.5–1.25 mm, 1.25–0.63 mm,
0.63–0.315 mm, and 0.315–0.16 mm are fine particles with
flow-through characteristics. During the flow process of each
particle size, fine particles from the first ore-drawing cycle to the
third ore-drawing cycle; with the increase of the times of ore-
drawing cycles, the value of cross-flow increases first and then
decreases. In the fourth ore- drawing cycle, with the continuous
release of the medium and fine particles in the coarse particles,
the fine particles are continuously reduced and there is no
continuous replenishment, resulting in a continuous increase
in the amount of released coarse particles. Therefore, there is a
phenomenon that when the medium with coarse particles is
released, the permeability value is larger than that of fine
particles.

According to the characteristics and rules of the flow of fine-
grained media with different particle sizes in Figure 8, the four
ore-drawing cycle test processes for uniform ore drawing are
divided into the following four stages: the first ore-drawing cycle
is the downward flow stage of fine particles, the second ore-
drawing cycle is the fine particle flow and convergence stage, the
third ore-drawing cycle is the continuous flow stage of fine
particles, and the fourth ore-drawing cycle is the coarse
particles’ late release stage.

3.3 Effect of ore-drawing height on fine
particle cross-flow

Figure 9 shows the relationship between the current penetration
value and the cumulative drawing height of fine particles of
2.5–1.25 mm, 1.25–0.63 mm, 0.63–0.315 mm, and 0.315–0.16 mm.
It can be seen that during the flow of fine particles from the first ore-
drawing cycle to the third-ore drawing cycle, the current discharge
flow rate of each particle size and fine particle increases first and then
decreases with the cumulative ore-drawing height changing trend.
Among them, in the second ore-drawing cycle, the value of
permeation is the largest and the phenomenon of permeation is
the most obvious.

Before ore drawing, the coarse and fine particles in the test model
are distributed uniformly in theory. With the continuous ore drawing,
the cumulative height of ore drawing increases gradually. The test
model of the mixture of coarse and fine particles was continuously
released during the process. At first, the fine particles flew down the
pores of the coarse particles, whichmakes the fine particles move before
the bottom of the coarse particles model and converge continuously,
and finally release from the ore-drawing mouth. As a result, during the
first and second ore-drawing cycles, the permeability of fine particles
increases with the ore-drawing height. When the third and fourth ore-
drawing cycles were reached, the fine particles in the upper part of the
test model were gradually reduced and no fine particles in the upper
part of the test model were continuously replenished. The permeability
of fine particles decreases with the increase in the ore-drawing height.
The process of the aforementioned analysis is the explanation of the
mechanism that the penetrability of fine particles first increases and
then decreases with the cumulative ore-drawing height.

FIGURE 9
Relationship between the current penetration value of the fine particles of each particle size and the cumulative drawing height.

Frontiers in Earth Science frontiersin.org08

Niu et al. 10.3389/feart.2023.1221404

161

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1221404


4 Cross-flow mechanism of fine
particles

Figure 10 shows the schematic diagram of the fine particle flow
mechanism in different draw cycles in the coarse and finely mixed
particles. Figure 10A shows the original arrangement state of the
coarse and finely mixed particles in the physical model before ore
drawing. Figure 10B shows the process of the downward flow of fine
particles in the first draw cycle. Figure 10C shows the process of the
fine particle flow and the convergence stage of the second ore-drawing
cycle. Figure 10D shows the process of the continuous flow of fine
particles in the third ore-drawing cycle. Figure 10E shows the process
of the later stage of coarse particles in the fourth ore-drawing cycle.

Figures 10, 10A show the uniform arrangement of coarse and
fine particles in the mixed particles before ore drawing. With the
progress of uniform ore drawing, in the process of the first ore-
drawing cycle, fine particles take precedence over coarse particles to
flow downward, showing that there are more and more fine particles
at the bottom of the model, as shown in Figure 10B. In the second
ore-drawing cycle, a large number of fine-grained media in the
upper part of the test model flowed downward and converged, and
the most fine-grained medium accumulated at the bottom of the

model. Moreover, in this ore-drawing stage, the current discharge
amount of fine particles has the largest permeability value, as shown
in Figure 10C. In the third ore-drawing cycle, most of the fine
particles in the test model have flowed to the bottom to be
continuously released, and only a small amount of fine particles
in the pores of the coarse particles continued to flow downward.
During the ore-drawing process, the upper coarse particles also
moved downward, and the coarse particles at the bottom of the test
model began to gradually increase, as shown in Figure 10D. In the
fourth ore-drawing cycle, as the medium of coarse particles and fine
particles is further discharged through the flow, and there is no
replenishment of fine particles, the material released in this later
stage is mainly coarse particles, as shown in Figure 10E.

In the process of uniform ore drawing, the flow of fine particles
in the mixed particles of coarse and fine particles is a process in
which the fine particles preferentially move downward in the flow
pores of the mixed particles under certain gravity conditions.
According to the results of “ore-drawing theory,” if the particle
size of fine particles is 1/3–1/2 of the particle pore, the piercing
behavior will occur (Penfound, 1963; Xu and Li, 2020; Wang et al.,
2023). At the same time, according to the movement track of fine
moraine in particle pores during the ore-drawing test, the law and

FIGURE 10
Schematic diagram of the flow mechanism of fine particles in mixed particles. (A) Original arrangement of coarse and finely mixed particles. (B)
Downward flowof fine particles. (C) Fine particles flow through the convergence stage. (D) Fine particles continue to the flow stage. (E)Coarse particles in
the late release stage.
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characteristics of cross-flow movement of fine moraine during
uniform ore drawing are revealed. The relative motion of coarse
and fine particles is the intrinsic controlling factor leading to the flow
of fine particles. The more significant the relative motion of coarse
and fine particles is, the greater the number of randomly generated
pores in the particle flow system and the larger the pores, and the
more obvious the flow of fine particles.

5 Conclusion

In this paper, the indoor 3D physical model test method is used
to study the fine-grained moraine and coarse-grained ores of various
particle sizes in the surface overburden of the Pulang Copper Mine.
The experimental study on the flow characteristics of mixed particles
under the condition of uniform ore drawing was carried out, the
characteristics and laws of the flow of fine particles in the mixed
particle flow systemwere obtained, the mechanism of the flow of fine
particles was briefly discussed, and the following main conclusions
were obtained:

(1) The cross-flow characteristics of fine particles in mixed particles
are studied. In this paper, the authors propose to quantify the
cross-flow effect of fine particles by using the index of the cross-
flow degree. The index can be used to measure the cross-flow
degree of fine particles quantitatively.

(2) Under the action of its own gravity, the fine particle medium in
the mixed particle flow uses the pores formed in the process of
the mixed particle ore-drawing flow to achieve the downward
flow. The fine particles of 2.5–1.25 mm, 1.25–0.63 mm,
0.63–0.315 mm, and 0.315–0.16 mm have significant
permeation characteristics, and the smaller the particle size
of the finer particles, the more significant the degree of
permeation. The relative motion of coarse and fine particles
is the intrinsic controlling factor leading to the flow of fine
particles. The more significant the relative motion of coarse and
fine particles is, the greater the number of randomly generated
pores in the particle flow system and the larger the pores, and
the more obvious the flow of fine particles.

(3) The current penetration value of fine particles of each particle
size shows a variation law of first increasing and then decreasing
with the number of ore-drawing times and the cumulative ore-
drawing height. Among them, in the second ore-drawing cycle,

the value of permeation is the largest, and the phenomenon of
permeation is the most obvious. In addition, the variation
regularity of fine particle penetration with a cumulative ore-
drawing height is explained from the mechanism.
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The rock composition of karst area is mainly limestone, which is easy to be eroded
and dissolved by water, forming a complex and fragile tectonics. Under the action
of earthquake, the instability of stratum is aggravated. The mid story isolation
structure is a new type of isolation structure developed from the basic isolation
structure, and irregular mid story isolation buildings are highly susceptible to
adverse seismic conditions. Previous studies have mostly adopted the assumption
of rigid foundations, neglecting the influence of soil on irregular structures. In
order to study the seismic response of isolated structures in irregular planes in
karst earthquake prone areas considering soil structure interaction, a finite
element model of isolated structures in irregular planes considering soil
component interaction was established, and the seismic response of the
structure under rigid foundation was calculated. Soft and hard soil foundations
were studied, and compared with structures without considering SSI effect.
Research shows that when considering the SSI effect, the seismic response of
the structure increases and the damage to the structure intensifies; When
considering SSI, the seismic response of soft soil is greater than that of hard
soil, and the softer the soil, themore obvious it becomes; After considering the SSI
effect, the torsional effect caused by the irregularity of the plane increases; The
design of building structures should fully consider the adverse effects of soil layers
on the seismic response of structures under plane interlayer seismic irregularities.
In the design of building structures, it is necessary to fully consider the adverse
effects of irregular planes on the seismic response of the structure. This
consideration is particularly important in the design of soft soil high-rise
buildings in karst earthquake areas to prevent unsafe designs and consider the
SSI effect in actual seismic resistance.

KEYWORDS

SSI effect, castor earthquake zone, planar irregularity, mid story isolation structure,
seismic wave

1 Introduction

The rock composition of karst area is mainly limestone, which is easy to be eroded and
dissolved by water, forming a complex and fragile tectonics. Under the action of earthquake,
the instability of stratum is aggravated. The mid-story isolated structure is a new type of
seismic isolated structure developed on the basis of the base isolated structure, while the mid-
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story isolated structure with an irregular plan is extremely prone to
adverse seismic conditions. Previous studies have mostly adopted
the assumption of rigid foundations and ignored the impact of soil
on the structure with an irregular plan. The research on the structure
with an irregular plan considering soil-structure interaction (SSI)
effect is mainly focused on seismic and base isolated structures, and
there is less research on the mid-story isolated structure with an
irregular plan considering SSI effect of SSI.

Losanno et al. (2021) conducted a meticulous study of the base
isolated system and demonstrated that the base isolated system can
effectively protect buildings from damage during earthquakes. Luis
et al. (2021) conducted a study of the base isolated structure
considering SSI effects and demonstrated that the base isolated
structure can effectively control the damage to the structure
caused by the SSI effect and can extend the fixation period of the
superstructure. Vasiliki (2022) revealed the validity boundary and
impact of the research on soil-structure interaction. Jean and Keri
(2020) performed a coupling analysis of mass floor vibration and
mass eccentricity for irregular buildings and proposed
modifications. Repapis and Zeris (2020) made static prediction
and dynamic analysis of the irregular in plan frame structure,
exhibiting excitation and irregularity forming dependent failure
mechanism. Kosmopoulos and Fardis (2008) performed inelastic
seismic analysis of the 3D model of the bidirectionally eccentric
multi-storey RC buildings, and presented a simple bar model,
demonstrating that static eccentricity is an important parameter
for controlling torsional effects. Sahar et al. (2022) carried out a
seismic performance analysis of a multi-storey concrete frame shear
asymmetric building considering SSI effects, and the results showed
that there is an adverse effect on the structure at the limit state when
SSI effects are considered. Zeshan et al. (2021) analyzed the damage
to a planar irregular structure, which was mainly attributed to the
coupled torsional vibration, and drew the conclusion that the design
of the irregular in plan structure needed a lot of design redundancy
and special structural details to resist rare earthquakes. Mohammed
et al. (2022) carried out a simulation of a seismically isolated
building with triple friction pendulum bearings considering SSI
effects, which would amplify the displacement and acceleration of
the structure, and calculated the response of the model to the soil.
The SSI effect amplifies structural displacements and accelerations,
and the response of the calculated model is sensitive to the damping
ratio, Poisson’s ratio of the soil and the foundation dimensions. Ferj
and Lopez (2022) conducted several limit analysis studies on
hospitals with concrete frame isolated structures and concluded
that hospitals with isolated structures are more able to perform in
the seismic limit state, increasing the threshold of structural
resistance to earthquakes. Soheil and Mansour (2017) evaluated
the social and economic aspects of the project of the isolated
structure. The results show that vibration isolation results
provide the optimal criteria from a global perspective, and is
especially important for the hospital. The ability to meet the
required structure of earthquake demand in the countries with
high growth rate using the value-based design method is lower
than that in the low growth rate areas. Ryan and Earl (2010)
explored the location of the seismic isolated layers of the mid-
story isolated structure, indicating that the mid-story isolated
structure has a good damping effect on the upper part of the
isolated layer, but a poor damping effect on the lower part of the

structure, and discussed the actual effect of the damping effect of the
mid-story isolated structure. Faming et al. (2020) made a prediction
and analysis of soil landslide based on machine learning and
statistics. Chang et al. (2020) compared unsupervised machine
learning of landslides based on remote sensing images and GIS.
Huang et al. (2020) used self-coding neural network to predict
landslide susceptibility. Huang et al. (2020) used perceptron to
predict susceptibility of soil landslide. Jiang et al. (2018) studied
the variability model of shear strength of the slope.

Jianbing et al. (2007) studied three cases of foundation seismic
isolation structures for magnitude eight multiple earthquakes, rigid
base mega-structures for magnitude seven multiple earthquakes,
and foundation seismic isolation structures for magnitude eight rare
earthquakes, combining physical stochastic ground motion models
and probability density evolutionmethods to perform. The results of
the study show that the first mode shape of the structure dominates
the response under strong earthquakes, while the response of higher
order modes can be ignored, and the stochastic seismic response
analysis and reliability assessment can provide more objective
indicators for decision making. Christos et al. (2020) upgraded
the seismic performance of the five-story frame reinforced
concrete building. With the addition of an isolated layer, the
seismic performance of the building was improved greatly. Hitesh
and Sandip (2022) proposed a detailed numerical framework for
seismic analysis of liquid storage tanks considering soil-structure
interaction (SSI), demonstrating the considerable influence of soil
on structural isolation systems. Jaya et al. (2008) studied the
influence of parameters such as the relative stiffness of the site
layer, soil layer thickness and foundation embedding on the
interaction behavior between soil and structure, indicating that
the seismic response has a strong correlation with the relative
stiffness of the site and the depth of the soil layer to the bedrock.
Yazdan et al. (2021) proposed a simple method for studying soil-
structure interaction problems, which can obtain higher mode
frequencies and responses for superstructures on flexible
foundations, which is very useful for modal analysis including
SSI effects. Sekhar et al. (2017) studied the vertical irregular
structure and obtained the research result that the reinforcement
bar strength near the vertical irregularity can improve the overall
seismic performance of the irregular structure. Muberra and
Ibrahim (2013) discussed the response of multi-storey structures
considering SSI affect under seismic excitation, and conducted
analysis on site conditions with different hardness. Considering
that the strength reduction coefficient of buildings under SSI is less
than the design strength reduction coefficient, the structure design
will be unsafe. Devis et al. (2020) used a fluid viscous damper to
dissipate part of the input seismic energy and convert the structural
weakness into an energy dissipation device. Yongbo et al. (2022)
studied the isolation effect of sliding implant magnetic bearing
(IMB), and the results showed that IMB had good isolation
effect. After the Kobe earthquake in Japan. Bujar et al. (2002)
introduced the isolation technology to Japanese houses, and the
research results showed that the isolation technology could
effectively reduce the damage to houses caused by earthquakes.
Castaldo and Tubaldi (2018) studied the Influence of groundmotion
characteristics on the optimal single concave sliding bearing
properties for base-isolated structures, The results show that the
optimization of foundation isolation is very effective under different
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earthquake effects. Giovanni et al. (2008) carried out the isolation
transformation of existing buildings, and the results showed that the
existing buildings could be ensured to have a comparable seismic
level after the transformation. Liu SM et al. (2020) studied the
microstructures of the mediocrity under cold leaching of liquid
nitrogen. Zhou XM et al. (2022) conducted an in-depth study on the
semi-coal rock of Longhu Coal Mine in Qitaihe Mining area. Li et al.
(2021b) studied the characteristics of different rock masses. Li et al.
(2021a) took Linyi Mining area as an example to study the
distribution law of ground stress in deep mines. Liu et al. (2022)
conducted an in-depth study on the failure mechanism and control
technology of roadway retention roof in close goaf. Li et al. (2023)
conducted an in-depth study on the mechanism and control
technology of coal wall shedding in super-high working face.

Attanasi and Auricchio (2011) conducted research on the basis of a
new type of isolation device made of super elastic material components
made of shape memory alloy, which can effectively dissipate earthquake
energy and ensure the safety of structures. Diana et al. (2022) applied the
spacer seismic system to irregular masonry buildings, carried out detailed
design and analysis, and put forward some design standards. Shi-Shuenn
et al. (2019) studied the structure method based on iterative wave
propagation (WP), which can more effectively study the influence of
the soil layer below the structure on the structure. Micozzi et al. (2021)
based on the Italian seismic code, the failure rate of the isolation system of
the frame structure is analyzed, and the comparative analysis of the failure
rate under the new design is obtained. Mohammed et al. (2021) in the
damage function, the results obtained from static and dynamic analysis
will be compared and discussed, and recommendations for future
research and seismic regulations will be provided. Peter et al. (2005)
carried out nonlinear dynamic analysis of planar irregular structures and
showed that the torsion of planar irregular structures increased
significantly. Taskin and Khan (2020) seismic response analysis of
multi-storey masonry filled concrete (RC) frames can effectively guide
structural designers to design structures in a reasonableway tomake them
safer. Sahar et al. (2022) studied the seismic performance of multi-storey
asymmetric structures considering SSI using a probabilistic performance-
based method, and the results showed that the irregular results under SSI
effect had adverse effects in the limit state. Johanes and Philippe (2019)
conducted centrifugal test analysis on the nonlinear soil-structure
interaction and the interaction between soil and structure. The study
showed that the existence of buildings would strongly change the
nonlinear soil response, and discussed the simplified relationship
between the overall soil-structure system response. Kyoung et al.
(2021) used nonlinear dynamics to analyze vertical irregular structures
and adopted a simplifiedmethod to study the seismic response of vertical
irregular structures, which can effectively save time for the structural
calculation. Kosmopoulos and Fardis (2008) proposed a simple model
and carried out 3D inelastic seismic analysis of bidirectional eccentric
multi-storey RC buildings. The study showed that the structural torsion
was correlated with the static eccentricity of the structure. Didier et al.
(2007) studied the residual deformation of irregular structures after an
earthquake. The torsion of structures is quite limited in the current
methods, because the current methods do not clearly define how seismic
elements are affected by inelastic torsional reactions.

Previous studies on structures with an irregular plan considering
SSI effect have mainly focused on seismic and base isolated
structures, with less attention given to mid-story isolated
structures with an irregular plan. Therefore, this paper aims to

address this research gap by establishing a model of a mid-story
isolated structure with an irregular plan, and studying its seismic
response under the consideration of SSI effect. Additionally, we
conduct a comparative analysis with the mid-story isolated structure
without considering SSI effect, providing important reference for
future research on mid-story isolated structures with an
irregular plan.

2 Materials and methods

2.1 Project overview

According to Chinese norms, the concave plane size should
be greater than 30% of the total size of the corresponding
projection direction. In this study, an 18-story frame-core
tube structure with an irregular plan was constructed using
the mid-story isolated system, with an intensity level of
8 degrees (0.20 g). The site category is Class II and the seismic
design group is Group II. The seismic isolated layer is positioned
at the top of the 8th storey. The vertical members of the first five
floors are made of C40 concrete, the next five floors use
C35 concrete, and the remaining floors use C30 concrete. The
wall thickness of the core tube is 300 mm and the column frame
has a section size of 800 mm × 800 mm. The frame beam adopts
C30 concrete, with a cross-section size of 300 mm × 700 mm. The
longitudinal reinforcement of the beam and column is HRB400,
and the hoop is HRB400 as well. The 3D diagram of the structure
can be seen in Figure 1. Vibration isolation support data in
Table 1.

FIGURE 1
3D view of the mid-story isolated structure.
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2.2 Modeling

The finite element software ETABS was used to model the
mid-story isolated structure with an irregular plan, using LRB700,
LRB800, and LRB900 lead-core rubber isolation bearings. The
bearings were model led using Isolation units; the concrete used
Takeda hysteresis type; and the reinforcement used Kinematic
hysteresis type. Fibre P-M2-M3 hinges were used for all frame
columns, and M3 hinges were used at the ends of the frame beams
and the connecting beams. The foundations of the topside
structure are buried in the soil layer, and a layered foundation
model that is more in line with the characteristics of the
foundation soil is used. The soil parameters of the foundation
are shown in Table 2.

2.3 Earthquake wave selection

According to the code of seismic design of Chinese
buildings. In this paper, the seismic intensity of this area was
selected as 8 degrees, and the average value of the shear force at
the bottom of the structure calculated according to the three
time curves selected from the code was greater than 80% of the
result of the vibration decomposition response spectrum

TABLE 1 Parameters of lead-core rubber vibration isolated bearings.

Model LRB700 LRB800 LRB900

Effective diameter of vibration isolated pad (mm) 700 800 900

Shear modulus G (Mpa) 0.392 0.392 0.392

Equivalent damping ratio ζ (%) 24 23 23

Diameter of central hole (mm) 120 130 150

First shape factor S1 ≥15 ≥15 ≥15

Second shape factor S2 ≥5 ≥5 ≥5

Vertical pressure limit (kN) 4,616 6,029 7,630

Vertical stiffness Kv (kN/mm) 2,600 2,900 3,500

Equivalent horizontal stiffness Keq (kN/mm) 1.87 2.05 2.37

Design strains 100% 100% 100%

Extreme shear strain ≥400% ≥400% ≥400%

Stiffness before yielding Ku (kN/mm) 15.19 17.35 19.67

Stiffness after yielding Kd (kN/mm) 1.17 1.33 1.51

Total thickness of rubber layer (mm) 130 149 167

Yield force Qd (kN) 90 106 141

Total height of support (mm) 266.5 302 353

TABLE 2 Subsoil parameters of the foundation.

Soil type Soft soil Hard soil

Shear wave speed/(m·s−1) 150 300

Density (kg·m−3) 1750 2000

Damping ratio 0.2 0.2

ξ/(kg·m−1·s−1) 1.48 x 106 4.20 x 106

kT/(N·m−1) 1.21 × 109 5.54 × 109

CT/(N·s·m−1) 3.40 × 107 7.90 × 107

kφ/(N·m−1) 3.11 × 1,010 1.42 × 1,011

cφ/(N·s·m-1) 1.96 × 108 4.47 × 108

FIGURE 2
Acceleration wave response spectrum.
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method, and the acceleration response spectrum was selected
from HEL, IPM, and NWC waves through the US Pacific Seismic
Centre as shown in Figure 2. The peak acceleration of the

seismic wave is adjusted to 400 cm/s2, which corresponds to
the peak acceleration at a basic seismic intensity of 8 degrees
under a rare earthquake.

FIGURE 3
Structural plastic hinge. (A) SSI not considered. (B) SSI hard soils consider. (C) SSI soft soils considered.

FIGURE 4
Structural damage not considering SSI effects. (A) face one. (B) face two. (C) face three. (D) face four.
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2.4 Results of structural damage

The dynamic elastic-plastic time-history analysis method was
carried out on the structure and The results of the plastic hinge are

shown in Figures 4–6, and the results of the structural damage of the
core tube are shown in Figure 3.

From Figures 3–6, it can be seen that under the action of earthquakes,
the structural plastic hinge state of themid-story isolated structure with an

FIGURE 5
Structural damage of the hard soil considering SSI. (A) face one. (B) face two. (C) face three. (D) face four.

FIGURE 6
Structural damage of the soft soil considering SSI. (A) face one. (B) face two. (C) face three. (D) face four.
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irregular plan considering SSI effect are all in the yielding stage (green dots
in Figure 3), and the number and stress value of the structural plastic hinge
are both greater than that without considering SSI effect.

3 Analysis of the shock absorption
effect

3.1 Modal period

As can be seen from Table 3, the period of the mid-story
isolated structure with an irregular plan increases when the SSI
effect is taken into account, and the increase of the period is
slightly greater when the foundation is a soft soil than a hard soil.
This is due to the interaction between the soil and the structure
softening the stiffness of the structure. Therefore, the structure
becomes more flexible and the period is extended.

3.2 Seismic damping performance

When different properties of soil are used in the substrate, HEL,
IPM, and NWC waves are input as excitation of the mid-story isolated

structure and the seismic response analysis is carried out to obtain the
comparison of the inter story shear force and the base shear force of the
structure as shown in Figures 7, 8.

As can be seen from Figure 7, the inter-storey shear force of the
main body of the mid-story isolated structure with an irregular plan
decreases layer by layer under the action of ground shaking.
Considering the SSI effect, the inter-storey shear force of the
mid-story isolated structure is significantly greater than that of
the structure without considering SSI. Considering the SSI effect,
the inter story shear force of the soft soil in the base is slightly larger
than that of the hard soil in the substrate. This is because the stiffness
of the structure is softened when considering the SSl effect, and the
softer the soil is, the more obvious this effect is.

As can be seen from Figure 8, the shear force of the base of the
mid-story isolated structure with an irregular plan considering the
SSI effect under earthquake action is slightly larger than that without
SSI effect. Although the change is relatively small, due attention
should be paid to the structure design.

3.3 Torsional effects

The structure with an irregular plan are very prone to
generate torsional effects under earthquake action, amplifying
earthquake damage to the building. Seismic response analysis was
carried out when the substrates with different properties are used
for this structure, and the torsional displacement ratio (the
maximum inter-storey displacement/average inter-storey
displacement) was obtained as shown in Figure 9, and the
torsional coefficients (torsional ratio column under modal
analysis) are shown in Table 4.

From Figure 9 and Table 4, it can be seen that the torsional
displacement ratio and torsional coefficient of the mid-story isolated
structure with an irregular plan considering the SSI effect are greater
than those without the SSI effect, and the soft soil substrate brings
greater torsional displacement ratio and torsional coefficient to the
structure than the hard soil substrate. This is due to the fact that the
filling of the substrate reduces the stiffness of the bottom of the
structure, which increases the torsional effect of the structure and
makes it more susceptible to torsional damage and increases the
adverse effects of earthquakes on the upper structure, therefore, the
adverse effects of the lower soil layer on the torsion of the structure
should be fully considered when designing the structure with an
irregular plan.

TABLE 3 Modal period of the first 6 orders of the structure for different properties of the substrate.

Number of steps SSI is not considered/s Consider SSI (hard soil)/s Consider SSI (soft soil)/s

1 2.749 2.998 3.148

2 2.160 2.490 2.615

3 1.647 1.701 1.786

4 0.658 0.726 0.762

5 0.579 0.710 0.746

6 0.464 0.531 0.558

FIGURE 7
Comparison of the inter story shear forces.
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4 Discussion and conclusion

4.1 Discussion

In this paper, the finite element analysis software ETABS is used
to analyse the seismic response of the mid-story isolated structure
with an irregular plan, and the seismic response analysis and damage
of the structure are studied in terms of seismic wave selection, inter-
layer shear force, structural damage, etc. It is concluded that the
mid-story isolated structure with an irregular plan has good seismic
isolation effect under ground shaking.

The research in this paper also allows for further research in the
following areas.

(1) The model in this paper is a mid-story isolated structure with an
irregular plan, which is limited by the calculation time and the
calculation operation equipment, so the number of calculations

for the typical ground shaking condition is small and not
universal. Fabio and Alfonso (2009) studied the adverse effects
of near-fault earthquakes on base-isolated frame structures using
European norms, and drew the conclusion that preventive
measures should be taken for near-fault earthquakes, especially
for base-isolated structures located on soft soil. In the next step,
we should screen the typical ground shaking in different regions
of the world and compare them with each other, calculate a few
more conditions and draw lessons from them.

(2) There is a lack of research and analysis on vertical ground vibration
of super tall conjoined structures. Trishna and Hemant (2020)
carried out a vulnerability analysis of vertically irregular
buildings, which could effectively predict the actual damage of
such buildings observed in past earthquakes. The next step is to
compare the vertical vibration comfort evaluation standards of
various countries and recommend a relatively practical comfort
evaluation standard suitable for conjoined structures.

(3) The parameters of seismic isolation bearings, BRBs and
viscous dampers in the damage control scheme for
interval seismic structures with planar irregular layers are
less studied in this paper. Raz and Gopal (2018) investigated
the effectiveness of tuned mass dampers (TMD) in dynamic
soil-structure interaction systems. In the future, more in-
depth studies can be conducted on the influence of more
dampers parameters on the damage control and seismic
performance of the structure, and a universal design
method for the selection of dampers parameters can be
established, and the reasonable between the stiffness of the
dampers and the stiffness of the connected body, and
between the stiffness of the dampers and the stiffness of
the strengthened layer The influence of the stiffness values on
the response of the structure under strong earthquakes
requires more research and discussion.

(4) In this paper, the seismic response analysis of the mid -story
isolated structure with an irregular plan is mainly based on the
horizontal earthquake, and does not consider the different
foundation size. Dao and Ryan (2022) studied the seismic
response of structures under 3D earthquakes, showing that
the response of the computational model is very sensitive to
the hysteresis damping ratio of soil, Poisson’s ratio of soil and
the foundation size. Further studies are needed to investigate the
isolation effect of the plane irregular layer spacer structure
under the actual earthquake action including vertical
earthquake action.

(5) The mid-story isolated system adopted in this paper is the
traditional lead-core rubber isolated bearing system.
Mohammad et al. (2022) studied the new multi-directional
isolation (MDSI) system, which can effectively reduce the
damage to the structure caused by earthquake compared with
the basic isolated system. Further study is needed to determine
whether the better isolation effect can be achieved by using
different isolation systems and different foundation size.

4.2 Conclusion

In conclusion, a model of a mid-story isolated structure with
an irregular plan has been developed and analyzed using non-

FIGURE 8
Comparison of shear forces at the base of the structure.

FIGURE 9
Comparison of torsional displacement ratios of structures.
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linear time analysis under seismic action with SSI effect. The
analysis of the seismic response of the mid-story isolated
structure with an irregular plan when different properties of
soil substrates are used has been compared, and the following
conclusions can be drawn.

(1) The seismic response of the mid-story isolated structure with
an irregular plan considering SSI effect increases under the
action of earthquakes. The seismic response of soft soil
considering SSI is greater than that of hard soil, and the
softer the soil, the more obvious the effect. Therefore,
attention should be paid to the design of high-rise building
structure in a soft soil layer.

(2) Compared with the rigid foundation, the hard soil increased
the first three periods of the structure period by 0.249 s,
0.330 s, and 0.054 s. The soft soil increased the first three
periods of the structure period by 0.399 s, 0.455 s, and
0.139 s. After considering the SSI effect, the base shear
increases by about 10%, and the structural plastic hinge
and stress damage also increase. Therefore, designers should
pay attention to these effects in the design.

(3) Under the action of earthquakes, the torsional
displacement ratio and torsional coefficient of the mid-
story isolated structure with an irregular plan considering
SSI effect increase, which amplifies the torsional effect of
the structure. The softer the soil, the more obvious the
amplification. Therefore, designers should fully consider
this effect when constructing the structure with an
irregular plan in a soft soil layer to avoid unsafe
designs in actual seismic resistance without considering
SSI effect.
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Study on the consolidation
behavior of horizontal drainage
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formation conditions in karst
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Introduction: The consolidation behavior of horizontal drainage foundation
under complex aquifer conditions in karst areas is a hot topic in the field of
geotechnical engineering.

Methods: This paper presents a modified piecewise-linear model for plane-strain
consolidation. In thismodel, thedistributeddrainageboundarywasused todescribe the
drainage performance of soil layer boundaries, and the UHmodel considering the time
effect was selected to reflect soil’s rheological property. Through comparison with
existing research, the validity of the calculation model in this paper was verified. Then
several examples were used to analyze the consolidation behavior of the foundation
under the combined action of rheological effect and distributed drainage boundaries.

Results and discussion: Numerical studies show that the phenomenon of the
increase of excess pore pressure exists in the foundation of the distributed drainage
boundary after considering the rheology in the early stage of consolidation. Moreover,
the larger the secondary consolidation coefficient and the initial over-consolidation
parameter, or the smaller the pave rate and the thickness-width ratio, the above
phenomenon is more obvious. In terms of the dissipation of the pore water pressure,
the larger the secondary consolidation coefficient and the initial over-consolidation
parameter, the slower theporepressure dissipation, and the smaller thepave rateor the
thickness-width ratio can achieve the above effects. In terms of the impact on
settlement, the above-mentioned parameters are consistent, that is, the larger the
corresponding parameter, the larger the corresponding settlement value.

KEYWORDS

karst regions, consolidation, plane-strain, piecewise-linear, distributed drainage boundary

1 Introduction

In recent years, engineering safety protection has become a hot topic in geotechnical
engineering. To achieve this goal, scholars have conducted corresponding research work
from different perspectives. For example, many scholars (Liu and Li, 2023a; Liu et al.,
2023b; Liu et al., 2023c) explored the mechanical properties of rock or soil through
experimental methods, in order to provide valuable basic data for engineering safety
development. In addition, some scholars (Gao et al., 2023; Zhang et al., 2023a; Li et al.,
2023; Zhang et al., 2023b) studied the working mechanism of rock or soil from a
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theoretical perspective. It is worth noting that the drainage and
consolidation of foundation in karst areas is a branch of the above
research. Among many drainage consolidation methods, laying
horizontal drainage bodies has become the focus of attention in
recent years. In this regard, many scholars (Nagahara et al., 2004;
Liu, 2008; Chen et al., 2016a) carried out related research. Some
scholars have conducted research on horizontal drainage
materials (i.e., sand cushion (Nagahara et al., 2004; Chai et al.,
2014), geotextiles (Chen et al., 2016b), and some scholars (Liu,
2008; Xu and Lei, 2016; Xu and Lei, 2017) conducted
corresponding discussions on the optimization of horizontal
drainage. Among them, the optimization of drainage channels
has attracted the attention of many scholars. Regarding the
optimization problem of the drainage channel, it can be
attributed to the drainage boundary problem in the
consolidation process in essence (Chen et al., 2020b). In this
regard, highly recognized drainage boundaries include
completely permeable boundaries (Terzaghi et al., 1996),
mixed drainage boundaries (Gray, 1944), semi-permeable
boundaries (Liu and Lei, 2013) and continuous drainage
boundaries (Mei et al., 2022). It is worth noting that the
above-mentioned research work is based on the full
deployment of drainage bodies. Relevant studies (Chen et al.,
2020a; Chen et al., 022b) have shown that most of the drainage
process of foundation is concentrated in the early stage of
consolidation, and it is not obvious in the middle and late
stages of consolidation which the engineers are concerned
about. In order to solve this problem, some scholars (Fan and
Mei, 2016) proposed a method of distributed horizontal drainage.
Since this method was proposed, scholars have started from a
theoretical perspective to discuss the consolidation problem
under the distributed drainage boundary. Some scholars have
successively discussed the consolidation of single-layer (Chen
et al., 2020b) and multi-layer foundations (Chen et al., 2020a)
under distributed drainage boundaries based on Terzaghi’s
consolidation theory, and some scholars (Yao et al., 2019)
applied Biot’s consolidation theory to explore the distributed
drainage boundary problem. However, the above researches
ignore the inherent characteristics of the soft soil, that is, the
nonlinear of deformation, especially the rheological
characteristics.

Many experiments (Zhou and Chen, 2006; Joseph, 2014; Gui
et al., 2015; Chen et al., 2016a) show that the deformation process
of cohesive soil has significant rheological characteristics. To
reflect this characteristic, scholars have proposed many
constitutive relations. Among them, one type is composed of
component models, which include Kelvin model (Wang et al.,
2017), Nishihara model (Yan et al., 2017), Voigt model (Liu et al.,
2015), Merchant model (Ding et al., 2022), and so on. The other is
based on elastic-viscoplastic theory, such as the EVP model (Zhou
et al., 2020) and the UH constitutive model considering time
effects (Yao et al., 2020). In order to observe the effect of
rheological properties on the consolidation process, scholars
successively introduced the above constitutive model into the
classic Terzaghi consolidation equation, and analyzed the
consolidation behavior of soil considering the rheological effect.
However, most of these studies are based on the classic Terzaghi
consolidation theory. When solving related problems, users need

to construct corresponding partial differential equations according
to corresponding conditions. Moreover, the complexity of partial
differential equations will be further strengthened according to the
increase of consideration factors. This undoubtedly adds a lot of
difficulty to the solution process. In order to optimize the
consolidation calculation process, Fox and Beries. (1997)
proposed a piecewise-linear consolidation method. This method
does not require the construction of complex partial differential
equations, and has a modular feature. At present, this method has
been used by many scholars to study consolidation problems. For
example, considering the multi-layered nature of the soil (Fox
et al., 2014), the viscosity of the soil (Liu et al., 2020), the soil’s
structure (Shi et al., 2021), and the permeability of soil’s boundary
(Liu et al., 2021).

In view of the existing research status, this paper presents a
modified plane-strain consolidation model, called MPSC model,
based on piecewise-linear consolidation method (Deng and Zhou,
2016a; Deng and Zhou, 2016b). In MPSC model, the distributed
drainage boundary (Fan and Mei, 2016) is used to reflect the
drainage state of the soil, and the UH constitutive model
considering the time effect (Yao et al., 2020) is used to describe
the deformation process of the soil. By comparing with existing
researches, the validity of the model in this paper is verified. Then,
some calculation examples are applied to analyze the influence of the
rheological properties of the soil under the distributed drainage
boundary on the consolidation process.

2 Model description

2.1 Distributed drainage boundary

Relevant research (Chen et al., 2020a; Chen et al., 2020b) has
showed that the drainage volume in the middle and late stages of
consolidation that engineers were concerned about was less. In
order to achieve the purpose of drainage and resource
conservation, scholars (Fan and Mei, 2016) proposed the
method of distributing drainage bodies. The corresponding
schematic diagram is shown in Figure 1. Among them,
Figure 1A is a model diagram of distributed drainage boundary,
and Figure 1B is a characteristic element obtained based on
symmetry.

In Figure 1A, the drainage material is arranged on the top
surface of the foundation at equal intervals. Among them, the width
of the paved area is 2L, and the distance between adjacent paved
areas (that is, the unpaved area) is 2D. In this way of laying the
drainage body, the pore water in the foundation first flows
horizontally from the undistributed area to the distributing area,
and then flows vertically within the distributing area, and finally
drains out of the foundation. In essence, the problem of ground
consolidation under the distributed drainage boundary (Fan and
Mei, 2016) can be attributed to the plane strain problem.

2.2 Basic assumption

When establishing the MPSC model, the following assumptions
are introduced here:
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a.The soil is always saturated, and soil particles and pore water
will not be compressed.
b.The deformation of the soil only occurs in the vertical direction,
and it can be described by the UH constitutive model considering
the time effect (Yao et al., 2020).
c.The top surface of the soil is a drainage surface, and can be
described by distributed drainage boundaries (Fan and Mei,
2016), and other boundaries are impervious.
d.The flow of pore water in the soil conforms to Darcy’s law.

2.3 MPSC model

When studying the consolidation process of distributed
drainage boundary foundations, scholars (Yao et al., 2019;
Chen et al., 2020b) usually choose the characteristic element

(i.e., Figure 1B) for modeling. Among them, the width of the
characteristic element includes two parts: a paved area with a
width of L and a unpaved area with a width of D. Similar to the
existing research, the MPSC model also uses the above method,
and the schematic diagram is shown in Figure 2. As shown in
Figure 2A, the thickness of the soil layer is H0, and it is always in
saturated state (i.e., the height of the static water surface is
always Hw). At the initial moment (see Figure 2A), the soil layer
is divided into Ri × Rj elements. Among them, the horizontal
direction is Ri elements of equal width (d); the vertical direction
is Rj elements of equal thickness (L0). In the analysis, the center
point of the element is used as the research object. In order to
facilitate the calculation of the position of the corresponding
element, z coordinate system with the positive direction upward
is established here, and the coordinates of the center point of the
element (i.e., zti,j) and the coordinates of the right vertex of the

FIGURE 1
The model for the distributed drainage boundary: (A) the diagram of distributed drainage boundary; (B) the characteristic element.

FIGURE 2
Geometry for MPSC model: (A) initial configuration; (B) during consolidation.
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element (i.e., ztc,i,j) are given. Among them, ztc,i,j is related to the
cross-sectional area of the element (i.e., At

i,j), and the
corresponding relationship is shown in Eq. 1. Moreover, zti,j
and the thickness of the consolidated element (i.e., Lti,j) are
related to ztc,i,j, and the corresponding relationship is shown in
Eqs 2, 3. At the initial moment (see Figure 2A), the soil layer has
been consolidated and stabilized under the original load q0 and
its own weight. When the new load Δq is applied, the soil layer
enters a new consolidation stage (see Figure 2B). During the
consolidation process, the deformation only occurs in the
vertical direction, and the width of element in the horizontal
direction is always the same. Regarding the drainage surface of
the foundation, it is assumed that only the top surface is
drained, and it can be described by a distributed drainage
boundary. That is to say, the paved area is drainage area, and
the corresponding hydraulic gradient is not equal to 0; the
unpaved area is undrained area, and the corresponding
hydraulic gradient is 0.

ztc,i,j � ztc,i−1,j + ztc,i,j−1 − ztc,i−1,j−1 +
At

i,j − ztc,i−1,j − ztc,i−1,j−1( )d
d/2

(1)

zti,j �
ztc,i−1,j + ztc,i−1,j−1 + ztc,i,j + ztc,i,j−1

4
(2)

Lt
i,j �

ztc,i−1,j − ztc,i−1,j−1 + ztc,i,j − ztc,i,j−1
2

(3)

2.4 Total stress of element

Regarding the plane-strain consolidation problem, (Deng
and Zhou, 2016a; Deng and Zhou, 2016b) carried out
corresponding research based on the piecewise-linear method.
With reference to the research of Deng et al. (2016a), Deng et al.
(2016b), the total stress of the corresponding element can be
expressed as:

σti,j � Hw − ztc,i−1,Rj + ztc,i,Rj
2

( )γw + q0 + Δq + At
i,jγ

t
i,j

2d
+ ∑

Rj

n�j+1

At
i,nγ

t
i,n

d

(4)
Where γw represents the specific gravity of water; γti,j[� [Gs +
eti,j)γw]/(1 + eti,j)] represents the saturated weight for element (i,
j). The parameter Gs is the specific gravity of soil particles. Based on
previous research (Fox et al., 1997) on piecewise-linear
consolidation methods, the value of Gs can be defined as follows:
when the self-weight of the soil is not considered, Gs = 1; when the
self-weight of the soil is considered, the magnitude of Gs depends on
the category of the soil.

2.5 Constitutive relationship

In MPSC model, it is assumed that the deformation of the soil
has rheological characteristics, and the UH constitutive model
considering the time effect (Yao et al., 2013; Hu and Yao, 2015) can
be used to describe the above-mentioned characteristics of the soil.
Regarding the UH constitutive model considering the time effect

(Yao et al., 2013; Hu and Yao, 2015), existing studies (Liu et al.,
2020) have introduced it into the one-dimensional consolidation
process for corresponding discussion. Among them, the
relationship between effective stress and void ratio can be
expressed by Eqs 5, 6). Regarding the seepage process, it is
considered that the seepage process is isotropic. And, the
process conforms to Darcy’s law.

σ′t+Δti,j � σ′ti,j

1 − eti,j−et+Δti,j( ) ln 10−Cα Rt
i,j( )

α

Δt

Cs+ Cc−Cs( )M4

M4
f

, σ′t+Δti,j > σ′ti,j (5)

σ′t+Δti,j � Csσ′ti,j
Cs − eti,j − et+Δti,j( ) ln 10 − Cα Rt

i,j( )
αΔt[ ]

, σ′t+Δti,j ≤ σ′ti,j (6)

Where Cc, Cs and Cα are the compression index, the swelling index
and the secondary consolidation coefficient, respectively; Δt is the
time increment;M、Mf are the stress ratio at the critical state and
the potential failure stress ratio, respectively. Rt

i,j is the over-
consolidation parameter of the corresponding element at time t.
The corresponding expressions for the above parameters are as
follows:

M � 6 sinφ/ 3 − sinφ( ) (7)
Mf � 6

������������
χ/R 1 + χ/R( )

√
− χ/R[ ] (8)

R � σ′/σ0
′ exp −ln 10εpv 1 + e0( )/ Cc − Cs( )[ ] (9)

Where χ � M2/[12(3 −M)]; φ is the effective internal friction
angle of the soil; σ0′ is the initial effective stress adapted to the
initial void ratio e0; It is worth noting that R0 is the initial value of
the over-consolidation parameter R, and it has a reciprocal
relationship with the over-consolidation ratio OCR; εpv is plastic
deformation.

FIGURE 3
Fluid flow between contiguous elements (Deng and Zhou, 2016a).
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2.6 Seepage process and settlement

After solving the total stress and effective stress, the
corresponding pore pressure can be expressed as:

ut
i,j � σt

i,j − σ′ti,j (10)

For the seepage process, Figure 3 shows a schematic diagram of
the seepage flow. It can be seen from Figure 3 that the seepage
process is divided into vertical seepage and horizontal seepage. First,
the vertical seepage process is introduced here. Among them, the
vertical equivalent permeability coefficient can be expressed as:

Kt
zs,i,j �

ktz,i,j+1k
t
z,i,j Lt

i,j+1 + Lt
i,j( )

Lt
i,j+1ktz,i,j + Lt

i,jk
t
z,i,j+1

(11)

Where ktz,i,j is the vertical permeability coefficient, and its relation to
void ratio can be described by e-lgk (Liu et al., 2020).

e � e0 − Cklg k0/k( ) (12)
Where Ck is the permeability index, which can reflect the speed of
change of the permeability coefficient with void ratio.

For the upper and lower boundaries, the equivalent permeability
coefficients are defined as ktzs,i,Rj[� ktv,i,Rj] and ktzs,i,0[� ktz,i,1].

In addition to the permeability coefficient, the vertical hydraulic
gradient is

itz,i,j �
hti,j+1 − hti,j
zti,j+1 − zti,j

(13)

Where hti,j is the head of element (i, j) at time t,which is composed of
two parts, namely the head generated [uti,j/γw] by the pore pressure
and the position head zti,j.

In the paper, the boundary of the top surface of the soil layer can
be described by distributed drainage boundary conditions, which is
composed of paved area and unpaved area. In unpaved area, the top
boundary of the soil layer is impervious, that is, the vertical
component of the hydraulic gradient is 0. In paved area, the
vertical component of the corresponding hydraulic gradient can
be expressed by Eq. 14, namely:

itz,i,Rj �
2 Hw − hti,Rj( )
Lt
i,Rj sin θ

t
i,Rj

(14)

For horizontal seepage, the corresponding hydraulic
gradient and equivalent permeability coefficient can be
expressed as:

itx,i,j �
hti+1,j − hti,j���������������

d2 + zti+1,j − zti,j( )
2

√ (15)

Kt
xs,i,j �

2ktx,i,jk
t
x,i+1,j

ktx,i+1,j + ktx,i,j
(16)

Where ktx,i,j is horizontal permeability coefficient, which is equal to
the vertical permeability coefficient ktz,i,j.

Then, the flow at the boundary of the element in the
corresponding direction can be expressed as:

qtx,i,j � −Kt
xs,i,ji

t
x,i,j ztc,i,j − ztc,i,j−1( ) sin θti,j (17)

qtz,i,j � −Kt
zs,i,ji

t
z,i,jd (18)

After solving the corresponding flow, related indicators (i.e., the
area At+Δt

i,j , void ratio et+Δti,j , top surface settlement St+Δti , Average
settlement St+Δtavg ) of the corresponding element at time t + Δt can be
expressed as:

At+Δt
i,j � At

i,j + qtx,i−1,j + qtz,i,j−1 − qtx,i,j − qtz,i,j( )Δt (19)

et+Δti,j � At+Δt
i,j 1 + e0,i,j( )

A0,i
− 1 (20)

St+Δti � H0 − zt+Δtc,i,Rj (21)

St+Δtavg �
∑
Ri

i�1
St+Δti

Ri
(22)

Where A0,j is the cell cross-sectional area at the initial moment; e0,i,j
is the void ratio of the corresponding element at the initial moment,
which is judged according to the initial stress.

In order to observe the dissipation of pore pressure in the
foundation, the calculation formula of excess pore pressure is
given here, namely:

ut
ex,i,j � ut

i,j − u0,i,j (23)

Where u0,i,j is the pore pressure of the corresponding element at the
initial moment.

Then, the average excess pore pressure in the foundation can be
expressed as:

ut
ex,avg �

∑
Ri

i�1
∑
Rj

j�1
dLt

i,ju
t
ex,i,j

L +D( )H0
(24)

3 Model verification

3.1 Comparison considering the rheological
effect of soil

In order to simulate the rheology of soil, many scholars have
proposed corresponding constitutive relations. Among them, Yao

FIGURE 4
Comparison results of the average consolidation degree UP

under rheological effect.
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et al. (2013) proposed the UH model considering the time effect.
Later, Hu and Yao, (2015) introduced its one-dimensional form into
the classic Terzaghi consolidation theory and studied the effect of
rheology on the consolidation process. In order to verify the validity
of the MPSC model in this paper, the case provided by Hu and Yao,
(2015) is used for comparison. When making comparison, the
MPSC model needs to be degenerated into a one-dimensional
form. The specific method is: the number of horizontal units is
1, and the top drainage boundary is a completely permeable
boundary. What’s more, the values of other parameters are: the
soil thickness H0=1m, Hw=1m, Gs =1.0, q0=10kPa, e0=0.53,
Δq =90 kPa. Regarding the constitutive model, the corresponding
parameter value is as follows: Cc =0.0217, Cs =0.0131, M =1.112,
R0=0.95. For the secondary consolidation coefficient, the
corresponding values are 0.5 Cα, Cα and 2 Cα. Among them,
Cα =0.0108. Regarding the seepage process, Darcy’s law is
considered to be applicable, and the permeability coefficient
k=3.63 × 10-7 m/min and remains unchanged.

Figure 4 shows the comparison results of the average
consolidation degree UP obtained by Hu and Yao, (2015) and
MPSC model in this paper. By comparing the data in Figure 4, it
is found that the maximum error between the calculated results of
the two methods is 2.6%. That is to say, the calculation results in this
paper can better match the results of Hu and Yao, (2015). This also
indicates that the calculation model in this paper is effective for the
rheological consolidation calculation process.

3.2 Comparison under distributed drainage
boundary

In order to optimize the layout of horizontal drainage bodies,
scholars (Fan and Mei, 2016) proposed the distributed drainage
boundary. Existing studies (Yao et al., 2019; Chen et al. (2020a),
Chen et al. (2020b) have shown that the boundary can achieve the
purpose of drainage and resource utilization. In previous studies,
Chen et al. (2020b) used analytical solutions to explore the
influence of the width-thickness ratio Q on the pore pressure

dissipation process under the linear elastic constitutive
relationship. Among them, time is expressed in a dimensionless
way, and the corresponding expression is

Tv � Cvt

H0
2 �

k 1 + e0( )
aγwH0

2 t (25)

Where a is the compression factor; e0 is the initial void ratio.
In order to verify the correctness of the MPSC model in this

paper, the above case is selected for comparison. When making
comparison, the flow process of water in soil pores conforms to
Darcy’s law, and the UH model considering the time effect in
MPSC model needs to replaced by the elastic constitutive
relationship (i.e., Δe � aΔp) as Chen et al. (2020b).
Additionally, the other conditions set in this paper in the
comparison are consistent with those used by Chen et al.
(2020b). The comparison results are shown in Figure 5, and the
maximum error between the calculated results of the two methods
is 3.4%. This indicates that the MPSC model is capable of
simulating soil consolidation problems under distributed
drainage boundary conditions.

4 Analysis of the consolidation
behaviour

In this section, the consolidation behavior of the foundation
under the combined action of the distributed drainage boundary and
the rheological effect is analyzed. Among them, the indicators
describing the consolidation process of the foundation include
the average excess pore pressure uex,avg and the average
settlement Savg. In the analysis, the dimensionless time is used to
reflect the consolidation process, namely:

Tv � σ0k0 1 + e0( ) ln 10
CcγwH0

2 t (26)

Where σ0 is the reference stress, and e0 and k0 are the
reference void ratio and reference permeability coefficient

FIGURE 5
Comparison of UP under distributed drainage boundary.

FIGURE 6
Influence of pave rate W on average excess pore pressure.
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corresponding to σ0. In addition, the values of the parameters
in the analysis are as follows: H0=6m, Hw=6m, Gs =2.75,
L+D=6 m (i.e., horizontal width), Cc =0.45, Cs =0.1, Ck =0.6,
Cα =0.012, R0=0.9, M =0.5665, the pave rate W=0.5, the
thickness-width ratio Q=5.0. Regarding the load, the original
load on the top of the soil is q0 =100kPa, the new load
Δq =100kPa, e0=1.0, k0=2.0×10

-7 m/min. It is worth noting
that when analyzing the influence of related parameters on
consolidation properties, the corresponding parameters can be
changed.

4.1 Influence of the pave rate on
consolidation behavior

In the study of distributed drainage boundary, the pave rate
W is a key parameter. Generally, the pave rate refers to the ratio
of the width of the paving drainage body to the total width of the
soil layer. In this case, the pave rate W is taken as 0.1, 0.5 and
0.8 in sequence. Figure 6 shows the effect of the pave rate W on
the average excess pore pressure uex,avg. It can be found from
this figure that at the initial stage of consolidation (such
Tv=0.001), the average excess pore pressure uex,avg is greater
than the applied load (i.e., new load Δq). This is a phenomenon
that has not been discovered by existing studies (Fan and Mei,
2016; Yao et al., 2019; Chen et al., 2020b) under distributed
drainage boundary. Regarding the cause of this phenomenon,
most one-dimensional studies (Hu and Yao, 2015; Liu et al.,
2020) attribute it to rheological effects. Besides, when the
boundary is a distributed drainage boundary (that is, the
pave rate W is less than 1.0), the pore pressure curve is
always above the full-distribution drainage boundary. This
shows that the pave rate can delay the dissipation of pore
pressure in the foundation. Moreover, the degree of delay
will increase as the pave rate decreases. For example, at Tv =
0.4, the average excess pore pressure uex,avg with the pave rates
of 0.1, 0.5 and 0.8 are 95.01 kPa, 68.18 kPa, and 46.28 kPa,
respectively. However, when the pave rate is 0.8, the pore

pressure curve will gradually approach the pore pressure
curve at the boundary of the completely arranged drainage
body. This also shows that reasonable laying of horizontal
drainage materials can achieve the effect of both drainage
and resource conservation.

Figure 7 shows the influence of the pave rateW on the average
settlement Savg. On the whole, the smaller the pave rate, the
smaller the settlement at the same time. For instance, at Tv = 0.2,
when the pave rate is 0.1, 0.5 and 0.8, the values of Savg are
0.072 m, 0.156 m, 0.226 m, respectively. Moreover, they are
respectively 0.28 times, 0.61 times, and 0.88 times of the
corresponding settlement under the full-distributed drainage
boundary. In other words, to reach the same value of
settlement, the greater the pave rate, the shorter the time
consumed. Taking Savg = 0.3 m as an example, the time
required for the pave rate equal to 0.8 when the settlement
value is reached is only 0.26 times the pave rate equal to 0.1.

FIGURE 7
Influence of pave rate W on average settlement.

FIGURE 8
Influence of thickness-width ratio Q on average excess pore
pressure.

FIGURE 9
Influence of thickness-width ratio Q on average settlement.
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4.2 Influence of thickness-width ratio Q on
consolidation

In addition to the pave rate, the thickness-width ratio Q is also an
important parameter in the study of distributed drainage boundaries.
In this case, the thickness-to-width ratio is 1, 2, and 6 respectively to
carry out the corresponding research. Figure 8 shows the effect ofQ on
uex,avg. Similar to the above results, after considering the effect of
thickness-to-width ratio, the average pore pressure dissipation curve is
also located above the pore pressure curve of the full-distributed
drainage boundary. This also means that the thickness-to-width ratio
can also delay the dissipation of pore pressure. Moreover, the smaller
the thickness-to-width ratio, the more obvious the above-mentioned
delay effect. For example, when Tv= 0.5, the average excess pore
pressure when the thickness-to-width ratio is 1 is still 1.42 times the
corresponding pore pressure when the value of Q is 6. It can be seen
that the influence of the thickness-to-width ratio on the dissipation of
pore water pressure cannot be ignored.

Figure 9 shows the thickness-to-width ratio on the average
settlement Savg. It can be found from this figure that the ratio
mainly affects the middle and late stages of consolidation. And, as
the thickness-to-width ratio decreases, the value of settlement at the
same time is smaller. For example, whenTv = 0.3, the settlement when
the thickness-to-width ratio is equal to 1 is only 0.73 times the
corresponding settlement when the thickness-to-width ratio is
equal to 6. Furthermore, it can be found from the figure that the
corresponding curves considering the thickness-to-width ratio are all
located above the settlement curve of the full-distribution drainage
boundary. In other words, the settlement process of the foundation
after considering the thickness-to-width ratio will be slower than the
settlement process under the full-distributed drainage boundary.

4.3 Influence of secondary consolidation
coefficient on consolidation behavior

The rheological properties of cohesive soil is an important
feature that distinguishes it from other soils. The existing

researches (Liu et al., 2020; Zhou et al., 2020) indicate that the
coefficient of secondary consolidation is an important indicator for
describing the rheological characteristics of soil. Based on this,
with the secondary consolidation coefficient Cα as the
representative, the influence of the rheology on the
consolidation process under the distributed drainage boundary
is analyzed here. In the analysis, the value of Cα is taken as 0.006,
0.012, and 0.018 in sequence.

Figure 10 shows the effect of the secondary consolidation
coefficient on the average excess pore pressure. It can be found
from this figure that the greater the secondary consolidation
coefficient, the greater the peak average of the excess pore
pressure. For example, the peak of the pore pressure when Cα =
0.018 is 1.23 times the corresponding peak of Cα =0.006. The above
phenomenon has been discovered by scholars (Hu and Yao, 2015;
Liu et al., 2020) in one-dimensional consolidation analysis.
Moreover, scholars (Hu and Yao, 2015; Liu et al., 2020) have
also provided corresponding explanations, that is, the rheological
characteristics of soil cause obstruction in the discharge of pore
water in the soil.

Figure 11 shows the effect of secondary consolidation
coefficient on the average settlement Savg. It can be seen from
this figure that the larger the secondary consolidation coefficient
(that is, the stronger the rheological effect), the larger the value of
settlement at the same time. For example, at Tv =1.0, with the
increase of the secondary consolidation coefficient, the value of
the average settlement is 0.334 m, 0.391 m, 0.443 m, respectively.
From this result, the settlement when the secondary
consolidation coefficient is equal to 0.018 is 1.33 times the
settlement when the secondary consolidation coefficient is
0.006. It can be seen that the rheological effect has a
significant influence on the settlement of the distributed
drainage boundary foundation. Besides, it can also be seen
from Figure 11 that the greater the secondary consolidation
coefficient, the greater the slope of the end of the deformation
curve, and the longer it takes for the settlement of the foundation
to reach a stable state. From the above analysis, it can be seen that
it is very necessary to accurately measure the secondary

FIGURE 10
Influence of secondary consolidation coefficient on average
excess pore pressure.

FIGURE 11
Influence of secondary consolidation coefficient on the average
settlement.
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consolidation coefficient of soil when predicting the settlement of
soil in practical engineering.

4.4 Influence of the initial over-
consolidation state on consolidation
behavior

The over-consolidation of soil is an important branch of
consolidation research. In the UH model considering the time
effect (Yao et al., 2013; Hu and Yao, 2015; Liu et al., 2020), the
initial over-consolidation parameter R0 reflect the initial over-
consolidation state of the soil. In the study, the initial over-
consolidation parameter R0 is 0.3, 0.6 and 0.9 in turn. Figure 12
shows the effect of the parameter R0 on the average excess pore
pressure. From this figure, the initial over-consolidation state has
significant effect on the dissipation process of the excess pore
pressure in the distributed drainage boundary foundation. On the

whole, the larger the value of R0 (that is, the weaker the initial over-
consolidation state), the slower the average pore pressure will
dissipate. For example, at Tv = 0.2, with the increase of R0, the
corresponding average pore pressures are 28.62 kPa, 58.60 kPa and
88.25 kPa. In other words, when it dissipates to the same pore
pressure value, the stronger the initial over-consolidation of the soil,
the shorter the time it takes. For example, when the average excess
pore pressure dissipates to 52 kPa, the dimensionless time taken
when the initial over-consolidation parameters are 0.3, 0.6, and
0.9 are 0.10, 0.26, and 0.60, respectively.

Figure 13 shows the influence of the parameter R0 on average
settlement. Figure 13 shows that the initial over-consolidation state of
the soil has a significant impact on the settlement process of the
foundation. For the same moment, the smaller the initial over-
consolidation parameter R0, the smaller the corresponding average
settlement. For example, when the dimensionless time Tv = 1, as the
initial over-consolidation parameter increases, the corresponding
settlement values are 0.129 m, 0.281 m, and 0.389 m. It can be seen
that the settlement at this moment when the initial over-consolidation
parameter is 0.9 is 3.02 times the corresponding settlement when the
initial over-consolidation parameter is 0.3. In addition, it can also be
seen from the figure that the stronger the degree of initial over-
consolidation, the shorter the time it takes for the foundation to
enter a stable state. For example, when the dimensionless time Tv is
equal to 1, the foundation has reached a stable state when the initial
over-consolidation parameter is equal to 0.3, but the deformation of the
foundation when the initial over-consolidation parameter is equal to
0.6 and 0.9 is still in progress. This also indicates that preloading is an
effective method to reduce post construction settlement.

5 Conclusion

Considering soil’s rheology and the distributed drainage
boundary, this paper presents a modified piecewise-linear model
for plane-strain consolidation. By comparing with the existing
research, the validity of the consolidation model in this paper
was verified. Finally, several calculation examples were used to
discuss the consolidation behavior of the foundation under the
combined action of distributed drainage boundaries and
rheological effects. The main conclusions are as follows:

1. After considering the rheological behavior of the soil, there is an
increase in pore pressure in the soil layer. Moreover, other factors
(i.e., the initial over-consolidation parameter, the pave rate and
the thickness-to-width ratio) can have a further impact on above
phenomenon.

2. Distributed drainage boundaries can delay the consolidation
process of soil. Moreover, reasonable selection of the pave rate
and the thickness-to-width ratio can achieve the purpose of
consolidation drainage and resource saving.

3. With the increase of rheological effect, the dissipation of pore
pressure of distributed drainage boundary foundation slows
down at the same time, but the process of foundation
settlement speeds up.

4. The larger initial over-consolidation parameter, the slower the
pore pressure dissipation in the distributed drainage boundary
foundation, but the faster the foundation settlement.

FIGURE 12
Influence of initial over-consolidation parameter R0 on average
excess pore pressure.

FIGURE 13
Influence of initial over-consolidation parameter R0 on average
settlement.
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of a three-dimensional
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Constructing a microstructure of red clay is an important part of studying the
physical and mechanical properties of red clay. The study of red clay
microstructure is generalized. The red clay matrix and pores are regarded as
two types of randomly moving particles, and the microstructure model of three-
dimensional red clay random porous media is established from the Langevin
equation of the phase separation process in stochastic dynamics, using the
separation and aggregation of the two particles. The model controls the
evolution process of the porous medium by artificially controlling the particle
placement. Here, the trends of porosity, average pore length, Euler’s number, and
the fractal dimension of the porous medium during the evolution process under
different parameter conditions (smooth length Δ and rise and fall term η) are
calculated, and a feasible method for surviving the microstructure of red clay is
summarized. Due to the consideration of the interaction forces between the solid-
and void-phase particles, the porous media generated by this model are more
similar to the real porous media in nature, with connected and unconnected pore
structures and tortuous pore channels. Finally, the red clay of Bijie, Guizhou, is
modeled as an example to prove the feasibility of the method.

KEYWORDS

red clay, porosity, stochastic dynamics, numerical simulation, microstructure

1 Introduction

Red clay is reddish-brown, highly plastic clay formed by the weathering of carbonate
rocks in a hot and humid climate. Red clay is widely distributed in Bijie, Guizhou, an area
rich in karst landscapes. Red clay has strong sensitivity to water; its strength weakens when it
is exposed to water and shrinks and cracks when it is dry, so water has a strong influence on
red clay in terms of seasonal alternation. Rainfall and dryness can lead to the loss and
destruction of the red clay surface layer, causing large economic losses and affecting the
survival and safety of local residents (Tan et al., 2015).

Because of the strong sensitivity of red clay to water, the loss of water will form a large
number of microscopic pores in red clay (Tang et al., 2007). At present, scholars’ research on
the microscopic pore structure of red clay is mainly focused on the following two aspects:
microstructure evolution law and microstructure model construction.

First, in terms of the microstructure evolution law of red clay, many scholars have
studied the change law of its microstructure under different influencing factors. Pan
et al. (2021) studied the effect of acidity and alkalinity on the microstructure of red clay,
and acidic and alkaline solutions erode the structure of the clay matrix and destroy its
internal pore structure distribution, which in turn reduces the shear strength, cohesion,

OPEN ACCESS

EDITED BY

Chao Liu,
Nanjing University of Information Science
and Technology, China

REVIEWED BY

Shiwen Teng,
Ocean University of China, China
Markus Olin,
VTT Technical Research Centre of
Finland Ltd., Finland

*CORRESPONDENCE

Jiabing Zhang,
zjb22@mails.jlu.edu.cn

RECEIVED 23 May 2023
ACCEPTED 17 August 2023
PUBLISHED 01 September 2023

CITATION

Zhang X, Zhang J, Li X and Ren X (2023),
Stochastic dynamics construction of a
three-dimensional microstructure of
red clay.
Front. Earth Sci. 11:1222959.
doi: 10.3389/feart.2023.1222959

COPYRIGHT

© 2023 Zhang, Zhang, Li and Ren. 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.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 01 September 2023
DOI 10.3389/feart.2023.1222959

186

https://www.frontiersin.org/articles/10.3389/feart.2023.1222959/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1222959/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1222959/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1222959&domain=pdf&date_stamp=2023-09-01
mailto:zjb22@mails.jlu.edu.cn
mailto:zjb22@mails.jlu.edu.cn
https://doi.org/10.3389/feart.2023.1222959
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1222959


and internal friction angle. Li (2021) used microorganisms to
improve red clay and found that the mineral composition of red
clay changed significantly under the action of microorganisms,
and there was a significant amount of precipitation of calcium
carbonate on the surface of the particles, which was cemented by
calcium carbonate. The soil particles filled the pore spaces of soil,
enhanced the connection between soil particles, and obviously
improved the shear strength of red clay. Mou et al. (2021) studied
the microstructural evolution pattern of red clay under alkali
contamination conditions and found that ammonia
contamination could change the surface of soil particles from
smooth to rough, accompanied by the pattern of pore
enlargement and diffusion, and explored the reasons for the
occurrence of the pattern. Cai et al. (2021) studied the
evolution law of red clay microstructure under dry and wet
cycles and found that its pore size distribution curve showed
the characteristics of bimodal and single peak distributions.
Wang (2020) studied the microstructural characteristics of
artificially cemented red clay and found that the size law of
lateritization followed the order colloidal content >dry and wet
cycles >maintenance time, and the maximum growth rate of the
pore volume of these three factors in the process of red clay
lateritization was 31%, 5.6%, and 0.35%, respectively. Jiaming
et al. (2020) studied the microstructure of zinc-contaminated red
clay and found that red clay particles under the condition of
doping with zinc ions were mainly observed in the structural
skeleton of stacked flakes and blocks, and the doping of zinc ions
reduced the strength of red clay, increased the matrix porosity
and fractal dimension, and formed an unstable structure. Ke et al.
(2019) studied the effect of freezing on the microstructure of red
clay and found that after freezing occurred, the ice crystal action
had an extrusion effect on soil particles, leading to the
destruction of the surrounding soil particles and causing an
increase in large pores and reduction of small pores. Overall,
the soil porosity decreases after freezing. He et al. (2018) studied
the effect of an external admixture on the microstructure of red
clay, prepared a comparative analysis of the microstructure via
electron microscopy scanning, and established a model to
quantify the brittleness index of red clay. Jun et al. (2018)
found that with the increase in shear force, the particles in the
soil were elongated and the pore directionality was better, while
in the case of soaked alkali solution, the particles in the soil
maintained their roundness, and their pore directionality was
poor. Jinghe et al. (2018) found that mixing sand and fly ash in
red clay can fundamentally change the soil structure and improve
its stability and strength. Qi et al. (2017) found that the changes
in the specific physical properties of red clay under high alkali
contamination conditions were caused by a combination of
microscopic pore area, particle number, new salt filling inside
the microscopic pores, and the adsorption of substances in the
solution by clay minerals.

Second, in terms of microstructure models, Taixu et al. (2019)
used image analysis software to extract and process the SEM
image of red clay soils and quantitatively analyzed the
morphological characteristics of the pore structure in red clay
soils using the fractal dimension. Cai et al. (2018) analyzed the
relationship between evolution parameters and the pore ratio on
the macroscopic and microscopic scales of red clay soils and

proposed a microstructure model of unsaturated soils with a
double pore structure and verified its feasibility. Tao et al. (2011)
analyzed the mineral composition and microstructural
characteristics of red clay, proposed a soil microstructure
model, analyzed the influence of the microstructure on the
physical properties of this type of red clay, and obtained a
pore ratio consistent with the experimental results. Jie et al.
(2021) extended the DDA algorithm to study large pores and
cementation effects of clay, constructed a microstructure model
with a pore ratio close to that of the as-built soil, and performed
numerical calculations. Zhi-Tian Qiao established a two-
dimensional microstructure model for clayey soils using the
Monte Carlo random placement, which provided a prototype
for studying the micromechanical behavior of clay (Ping et al.,
2020). Zuo et al. (2019) used a fractal model of porous media in
geotechnical bodies to reasonably predict the macroscopic
physical characteristics, such as porosity, and concluded that
red clay particles and their pore distributions exhibit fractal
characteristics. Guo et al. (2017) established a microstructural
model for the discontinuous deformation analysis of soil samples
based on numerical graphical analysis and particle morphology
extraction, which was verified by compression tests. Zhou et al.
(2012) established a microscopic “grain collection” model of red
clay, used the model to analyze and interpret the theoretical
analysis results under engineering conditions, and conducted a 3-
week compression simulation to prove that the model can better
reflect the macroscopic mechanical effects of red clay. Liu et al.
(2011) introduced structural elements describing the properties
of chalky particles into the clay mineral structure model,
proposed a microstructure combination element model for
soft rocks, established a reformation model for soft rock
softening using the reformation group method, and analyzed
the critical criterion for the microstructure evolution of the soft
rock softening process. Tan and Kong (2001) proposed a
structural model for soil gel cementation, which reasonably
explained the high water content of red clay. The
contradictory phenomena of high water content, high porosity
ratio, and high plasticity with high bearing capacity and low
compressibility of red clay soils were explained reasonably.

The aforementioned studies on red clay microstructural models
are based on the structural evolution process under the action of
exogenous factors or the establishment of macroscopic physical
models. Meanwhile, the theoretical construction of the physical
model of red clay microstructure is universal, and however, the
structural model established cannot be applied to all types of red
clay. The formation of a red clay microstructure results from the
joint action of microcluster particle polymerization and granulation
process. To elucidate the formation characteristics of red clay
microstructure, this paper aims to establish a numerical model of
the microstructure of red clay porous media, describe the
polymerization and separation process of red clay microclusters
by using the phase separation equation, and estimate the
approximation of the microstructure model of red clay by using
the multi-parameter coupling method. The article also investigates
the change process of the parameters such as porosity, Euler’s
number, fractal dimension, and feature length during the iterative
approximation process, which proves the usability of the method in
constructing the red clay microstructure model.
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2 Model establishment

2.1 Hypotheses on the evolution of the
microporous structure of red clay

Red clay refers to a type of red clay soil containing more clay
particles and rich in iron and aluminum oxide cementation formed
under hot and humid climatic conditions after a certain type of red
clay soil formation. In the formation process of red clay, the
carbonate rock undergoes weathering, micro-granulation, and
later modification of microgranules, and when the parent rock
undergoes this complete process of soil formation, red clay is
formed.

In the weathering process, iron sulfide, oxide, carbonate, etc., in
the rock will form free iron and acidic aqueous solution after
oxidation, carbonation, and hydrolysis. In the acidic aqueous
medium, free iron, aluminum colloids, kaolinite, etc., under the
action of the electrostatic force, were linked to a porous, water-
containing, rough surface and irregularly shaped structural units.
Moreover, in the acidic aqueous solution, free iron, aluminum, and
silica gel are adsorbed together to form a double electric layer, which
is linked to a colloid in combination with water, and this colloid
binds the structural units into larger aggregates.

In the process of micro-granulation, when red clay, which is in
the overall cemented state mentioned previously, encounters high
temperature and dry climate conditions, cracks appear in its internal
contraction due to water loss. When it rains, water penetrates along
the cracks and wedges through the transfer of water from the film,
weakening the cementation bond. Certainly, it is not excluded that
free iron, aluminum, silica gel, etc., that leached out due to
prolonged rainwater soaking will coalesce to form a new adhesive
linkage. The continuous drying and wetting cycle promoted the
breakdown of the cementation of the whole red clay block into fine
particles and structural units composed of bulk red clay.

In the middle-to-late Pleistocene, the bulk red clay formed
through micro-cluster granulation; since there was no hot and
humid climatic conditions, the leaching effect was weak, the
structural unit body showed a certain degree of solidification and
compaction, and a small amount of free iron, aluminum, and silica
re-gelatinized, followed by the formation of the modern sense of the
honeycomb red clay, with a small natural density, high water
content, large pore ratio, high liquid and plastic limit, medium-
to-low compression, and a medium-to-high strength of the
characteristics.

The formation process of red clay involves the
aforementioned three steps; weathering carries out rock
decomposition and the formation of particles; the hydrolysis
of these particles and metal ions is carried out under the action of
the electrostatic force of the combination of aggregates. Micro-
granulation further breaks down these aggregates. The soil-
forming action of the free elements and the granulation and
formation of particles results in the solidification and compaction
under the action of re-cementation. The effect of the
aforementioned three processes on the microscopic pore
structure of red clay can be attributed to the polymerization
and separation of the cementing compounds. The collodion can
either be externally or internally added to the structure. With a
fixed computational region, the porosity of the system decreases

with the continuous addition of the externally added binders
whereas increases if the binders are continuously reduced.

The Langevin equation can better simulate the polymerization
and separation process of the two-phase or multi-phase system, and
it can also better simulate the polymerization and separation process
of the binder in the microstructure of red clay, so as to realize the
simulation of the microporosity structure of red clay. In fact, the
pore structure characteristics of various types of red clay can be
simulated by modifying the control equation.

2.2 Langevin process

The original Langevin equation describes Brownian motion,
which describes the irregular motion of particles in a liquid due to
collisions of liquid molecules. The Langevin equation has many
forms but is usually expressed as follows: the rate of a slow-moving
physical quantity is the sum of the minimum coarse free energy F of
the system and a random noise term (Zhang et al., 2019), which is
mathematically expressed as follows:

dϕ

dt
� −M −∇2( )a

δF

δϕ
+H, (1)

where ϕ represents the computational region, M represents the
kinetic energy, t represents the time, and H represents the random
noise term, i.e., the rise and fall term, which satisfies the following
equation:

〈H r1, t1( )〉〈H r2, t1( )〉 � 2kBTM∇2aδ t1 − t2( ), (2)
〈H r, t( )〉 � 0, (3)

where r, r1, and r2 denote the position vectors; t, t1, and t2 denote
time; δ denotes the Dirac δ-function; kB denotes the Boltzmann
constant; and T denotes the Kelvin temperature.

If ϕ represents a non-conservative field, then Eq. 1 and Eq. 2
have a = 0; if ϕ represents a conservative field, then we have a = 1.
The rise and fall term η is a quantity that is independent of the time
space but increases with the temperature. As mentioned previously,
the kinetics of Langevin depends on the form of the free energy in
the form of F. Usually, the minimum free energy F consists of two
components, the surface energy and the volume energy, given as
follows:

F ϕ( ) � ∫ dr f ϕ( ) + h ∇ϕ,∇2ϕ, ...( )[ ], (4)

where f and h denote the volume free energy and the surface free
energy, respectively; the simplest form of the volume free energy and
the surface free energy of a two-phase system is given as follows:

f � 1
2
μϕ2 + 1

4
wϕ4,

h � 1
2
κ ∇ϕ2
∣∣∣∣

∣∣∣∣.
(5)

Here, μ, w, and κ denote the constants, and for a two-phase
system, μ >0 and w >0.

Figure 1 shows that the function f has two energy minima
corresponding to the energy equilibrium states of the two phases,
and if the volume energies of the two phases are equal, the depths of
the two minima are also equal. This property can be used to model
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the kinetic process of the transition between the disorder and order,
while φ can represent the lattice density of the phase:

dϕ

dt
� −M μϕ + wϕ3 − κ∇2ϕ( ) +H. (6)

The aforementioned kinetic process includes the growth
evolution of each phase in the region, and the values of the two
phases correspond to ϕ = ±sqrt(|κ|w), respectively, while the values
near the interface between the two phases vary continuously from
ϕ = -sqrt(|κ|w) to ϕ = +sqrt(|κ|w), and the value of ϕ = 0 can be
considered as the boundary between the two phases.

If we assume that the initial region of pore structure generation
is randomly filled with pore particles and solid particles, there is
only a repulsive force and no attractive force between these two
particles; the volume free energy between them follows the simple
form of F mentioned previously. Then, the dynamic phase
separation process between pore particles and solid particles
can be understood as the evolutionary process of solid skeleton
and pore structure formation, in which homogeneous particles
accumulate together because of the gravitational force and the
heterogeneous particles separate because of the repulsive force.
Therefore, to some extent, the physical characteristics of this two-
phase separation process can be used to model the microstructure
of the generated porous media, that is, the solid phase when
ϕ >0 and the pore phase when ϕ <0.

For the aforementioned Langevin dynamics process, the
statistical mean value of its noise term <H(r,t)≥0, i.e., the
number of solid-phase particles and pore-phase particles applied
to the computational region is equal at each iteration of the system,
so that the percentage of pores will eventually converge to 50%. To
obtain a smaller porosity in the dynamic evolution in order to reach
the porosity range of an ordinary porous medium, the mean value of
the noise is taken to be greater than zero in this paper, which means
that more solid-phase noise is randomly applied to the
computational region in each iteration. <H(r,t)≥0 ensures that
the porosity of the system decreases continuously during the
iterative process, as shown in Figure 3.

In this paper, the Box–Muller algorithm is used to generate
random numbers, y1 and y2, with the mean value of 1, where the two
random numbers (n1 and n2) are any numbers between 0 and 1 and
are expressed as follows:

y1

y2
} � 							−2 ln n1

√
cos 2πn2. (7)

Thus, we have

〈H r, t( )〉 � y1y2

										
2kBTM/Δt

√
/Δ + η. (8)

In Eq. 8, Δ denotes the smooth length of the differential
computation process, which is a size-dependent quantity.
Substituting Eq. 8 into Eq. 6, we have

dϕ

dt
� −M μϕ + wϕ3 − κ∇2ϕ( ) + y1y2

										
2kBTM/Δt

√
/Δ + η. (9)

The computational area is selected to be a 100 × 100 × 100 lattice
(the two-dimensional calculation area is 100 × 100), and the
following simpler parameters are selected: μ= 1, kBT = 0.01, κ =
1, w = 1, and M = 1, considering Δ and η as control variables.

2.3 Indicators for the characterization of the
microscopic pore structure

a. The phase function determines the distribution characteristics of
the solid and pore phases in the back of the pore medium,
i.e., ϕ >0 for the solid phase and ϕ <0 for the pore phase.

b. Euler’s number of the porous media: Euler’s number is a scalar
quantity, numerically equal to the difference between the number
of solid connected domains and the number of holes. It is a
description of the spatial integrity of porous media, i.e., E = C-H,
where E, C, and H denote Euler’s number, the number of
connections, and the number of holes, respectively. In the
geometric theory, the macroscopic form of a closed region can
be measured by its topological properties. The connectivity of an
image is a topological property, which is invariant after
translation, rotation, stretching, compression, and torsion, so
the number of holes in the regionH and the number of connected
regions C are the topological properties that can be measured by
Euler’s number. Euler’s number is a topological measure of an
image and is equal to the total number of all objects minus the
number of holes in those objects. In this paper, we use the 4-
neighborhood structure for calculation.

c. Pore fractal dimension: As a practical and potential tool, the
fractal dimensional characteristics of porous media materials
have been studied by many researchers. For a fractal structure,
F(L) is the scale-dependent quantity; then, according to the scalar
law, we obtain the following:

F L( ) ~ LD. (10)
Here, F(L) denotes the surface area of the pores and D denotes

the pore fractional dimensional value of this porous medium. For a
three-dimensional object, when measured according to the length
parameter δ0, it can be partitioned into N squares with self-

FIGURE 1
Volume free energy characterization of two-phase systems.
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similarity. Therefore, the pore fractional dimensional valueD can be
calculated according to the following equation:

D � lim
x ���→ 0

ln Nδ0 F( )( )
−ln δ0( ) . (11)

The larger the pore fractional dimension value is, the more
complex the boundary of the pore structure is.

3 Simulated evolutionary results of the
characterization parameters

In this numerical experiment, the evolution of the two-phase
structure is calculated separately for nine parameter cases with a
target porosity equal to 5% at the end of the set iteration. The
topology of the two-phase structure (such as the basic size of the
pores, pore fractal dimension, porosity, and Euler’s number) is
analyzed using the variation law of the control parameters Δ and
η of the system.

Figure 2 shows the variation in the Euler’s number of the two-
phase structure with the number of iterations, and it can be seen that
Euler’s number first decreases, then increases, and finally tends to 0
(Euler’s number equal to 0 means all solid phases), and the
minimum Euler’s number reaches −87929 at the beginning of the
iteration, which indicates that the number of pores is much larger
than the number of solid objects at the beginning of the iteration.
Because the solid and pore phases are randomly distributed at the
beginning of the iteration, a higher Euler’s number indicates that the
connectivity of the structure is poor.

During the iterative calculation, the two phases repel each
other, while the same phases attract each other internally. Along
with the applied noise (constant input of two-phase particles and
more solid-phase particles when η >0), the phases separate from
each other, smaller clusters are merged with larger clusters, and
the number of solid objects slowly exceeds the number of pores.
Because the mean value of the applied noise η is greater than 0,
the pore phase shrinks continuously because of the increase in the
solid-phase particles, and, finally, Euler’s number approaches 0,
which means that the solid particles in the material are merged
into one.

From Figure 2, it can be seen that the larger the η value is, the
faster the rise in Euler’s number for Δ=1.2. This is because the larger
the η value is, the more the solid-phase particles are added to the
system and the faster the system evolves. When Δ = 1.6, Euler’s
number of the system tends to fall and then rise rapidly at the
beginning of the evolution because the larger the Δ value is, the
larger the smoothing length is and the easier it is to swallow up the
tiny pores or particles. It can be seen that this change is more obvious
when Δ = 2. After reaching a very small value, the larger the Δ value
is, the slower the rise in Euler’s number with a constant η value. In
general, the smaller the smoothing length Δ, the larger the η value
and the faster the approximation speed, while the larger the
smoothing length Δ, the smaller the η value and the slower the
approximation speed.

The variation curves of two-phase porosity with the number of
iterations are given in Figure 3. The figure shows that the porosity
decreases with the increase in the number of iterations, and the smaller

the η value is, the slower the iteration converges, while the larger the Δ
value is, the slower the porosity decreases for the same η value. Overall,
it can be seen that the effect of η on porosity is greater than that of Δ.

Figure 4 shows the trend of the average pore length in the
X-direction with the number of iterations in the 3D model. It can be
seen that when η = 0.005, the average pore length in the X-direction
increases with the number of iterations; when η = 0.01, the average
pore length in the X-direction first decreases slowly with the number
of iterations and then increases slowly after it reaches the minimum
value; and when η = 0.015, the average pore length in the X-direction
decreases rapidly with the number of iterations. When the target
porosity is reached, the average pore length in the X-direction,

FIGURE 3
Porosity evaluation of the porous system.

FIGURE 2
Euler’s number evaluation of the porous system.
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corresponding to Δ = 1.2 and η = 0.005, is the largest, with a value of
3.71 μm, and the average pore length in the X-direction,
corresponding to Δ = 2 and η = 0.015, is the smallest, with a
value of 1.46 μm.

The variation curves of the 3D pore fractal dimension with the
number of iterations are shown in Figure 5. It can be seen that at the
beginning of the iteration, both the solid and pore phases are in the
state of haphazard distribution due to the high structural Euler’s
number. Therefore, the pore geometry is extremely complex, and the
fractal dimension of the pore structure tends to be close to 3. When
the target porosity is reached, the fractal dimension is 2.615 for a Δ
value of 1.2, 2.683 for a Δ value of 1.6, and 2.766 for a Δ value of 2;
when the target porosity is reached, the fractal dimension is 2.615 for
a η value of 0.005.

The relationship curves between Euler’s number and porosity
are given in Figure 6. It can be seen from the figure that Euler’s
number tends to decrease and then increase as the porosity
decreases, and Euler’s number finally has positive values. The
model with the η value of 0.005 and the Δ value of 1.2 has the
slowest increase in Euler’s number, and themodel with the η value of
0.015 and the Δ value of 2 has the highest increase in Euler’s number.
The higher the Δ value, the slower the increase in Euler’s number
with porosity when η is kept constant. The larger the η value, the
slower the increase in Euler’s number with porosity when Δ is kept
constant.

The curves of the variation in the average length of pores with
the porosity in the X-, Y-, and Z-directions in the three-
dimensional structure are given in Figure 7, Figure 8, and

FIGURE 5
Fractal dimension evaluation of the porous system.

FIGURE 7
Characteristic length evaluation in the X-direction vs. porosity.

FIGURE 4
Averaged pore length in the X-direction evaluation of the porous
system. FIGURE 6

Euler’s number evaluation vs. porosity.
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Figure 9, respectively. As can be seen from the figures, the trends
of the average pore length in the three directions are basically the
same, and the example of the X-direction is as follows: when η is
0.005, the average pore length in the X-direction decreases with
the increase in the Δ value; the value is 3.72 μm when Δ is 1.2 and
3.13 μm when Δ is 2. When η is 0.015, the average pore length in
the X-direction decreases with the increase in the Δ value; the
value is 1.52 μm when Δ is 1.2 and 1.46 μm when Δ is 2. The
average length of the pore in the X-direction decreases with the
increase in the Δ value; the value is 1.46 μm when Δ is 2. In the
same case, the average length of pores in the X-direction
decreases essentially with increasing values of Δ, and the
average length in the X-direction decreases essentially with
increasing values of η.

Therefore, the generation of 2D/3D pore structures is
intervened and controlled by controlling the values of η and Δ

in order to obtain the complex geometrical structure of predicted
red clay through mathematical iterations and image processing
techniques.

4 Example of red clay 2D model
construction

Due to the lack of experimental conditions, 3D red clay
microstructure data acquisition could not be carried out. In
order to facilitate the aim of this study, the experiment was
carried out based on the existing digital images of a certain red
clay samples collected from Qixingguan, Bijie (e.g., Figure 10A),
which has a more complex structural distribution. Its binarized
pore structure image was obtained via the image processing
technique; as shown in Figure 10B, the black part is the pore,
and the white part is the clay matrix; its porosity is 9.48%, fractal
dimension is 1.36, and Euler’s number is −92. Figure 10C shows
that statistical histograms of pore diameters were carried out on
the binarized pore image, and the pore is as long as the
distribution of the pore, which is less than 4 μm. Figure 10D
shows the microscopic pore structure image (Δ = 2 and η = 0.005)
of red clay obtained by the simulation of the proposed method,
with a simulated porosity of 9.53%, pore fractal dimension of
1.34, and Euler’s number of −85, and the histogram of its
simulated microscopic pore distribution is shown in
Figure 10E. Through comparisons, it is found that the method
can better realize the simulation of the microscopic pore
structure of red clay, and the simulated results can be well
consistent with the real results obtained via electron
microscope scanning and better describe its connectivity,
porosity, and fractal dimension.

5 Example of red clay 3D model
construction

Although the microstructure of red clay is very complex and
it is very difficult to obtain its real microstructural parameters,
numerical modeling is a useful method. Previous modeling
methods approximate the real porous medium by porosity and
correlation function and do not consider other pore parameters.
The proposed method can generate a micro-geometric model of
the porous medium by controlling two parameters, Δ and η. Since
the connectivity parameters of red clay samples are not available,
this example is approximated according to a single parameter,
porosity, in order to obtain an equivalent red clay microstructure
model.

The numerical simulation results of the red clay
microstructure are given in Figures 11–14 for four porosities
(4.98%, 24.5%, 37.1, and 41.5% porosities, respectively). It can be
seen that the three-dimensional red clay microstructure obtained
from the simulation can be seen in green color for the red clay
matrix, and the pores inside it are clearly visible. The red clay
models with different microscopic pore structure characteristics

FIGURE 9
Characteristic length evaluation in the Z-direction vs. porosity.

FIGURE 8
Characteristic length evaluation in the Y-direction vs. porosity.
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FIGURE 10
Pore structure of the red clay sample and the simulation result. (A) Digital photographs of red clay. (B) Microscopic pore structure of red clay
(porosity = 9.48%). (C)Histogram of microscopic pore distribution. (D)Microstructure of red clay obtained by simulation (porosity = 9.53%, Δ = 2, and η =
0.005). (E) Histogram of simulated microscopic pore distribution (porosity = 9.53%, Δ = 2, and η = 0.005).

FIGURE 11
Three-dimensional simulation of the microporous structure of
red clay (example 1).

FIGURE 12
Three-dimensional simulation of the microporous structure of
red clay (example 2).
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can be obtained under different initial conditions as well as for
different Δ and η values. The generated models better reproduce
the high porosity ratio characteristics of red clay, and various
mechanical calculations can be performed based on these
characteristics.

It can be seen that the proposed method can better simulate
the randomness of the red clay porous media structure; this
method is not only limited to the simulation of a three-
dimensional red clay pore structure; in fact, the smaller the η

and Δ values are, the larger the size of the pore will be; in contrast,
the larger the Δ and η values are, the smaller the size of the pore
will be; with the increase in the number of iterations, the pore
structure will gradually be replaced by the solid phase and, at the
same time, because the η value itself shows a random rise and fall,
it can reflect the random fractal characteristics of the pore
structure. Therefore, it is possible to generate porous media
models with different pore structures by controlling the
magnitude of these two parameters.

6 Conclusion

The presence of the red clay terrain in Guizhou Province,
China, and the inherent characteristics of red clay and the
complexity of its structure have forced the development and
refinement of new models to describe it. In this paper, a new
stochastic dynamics method for simulating the generation of
microstructures of such porous media is proposed. The
conclusions are as follows:

(1) Starting from the formation process of red clay, it is found that
its microstructure is the result of the joint action of aggregation
and granulation of its internal microcluster particles, and its
microporous structure can be described by the Langevin
process, and a relevant model is established. By changing
two control parameters (Δ and η), the changes in the pore
structure-related parameters such as porosity, pore
characteristic length, Euler’s number, and pore fractal
dimension, during this stochastic kinetic process, were
investigated, and their interrelationships were compared
and analyzed.

(2) It is found that the reduction in porosity of the porous media
can be accelerated by controlling the average value of the
random rise and fall phase, and the size of the pore structure
can be increased by reducing the value of Δ.

(3) Through the approximation of porosity, the microscopic pore
structure of red clay in Bijie, Guizhou, was simulated
numerically, and the proposed method can better simulate
the microscopic structure of real samples.
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Early warning technique research
of surface subsidence for safe
mining in underground goaf in
Karst Plateau zone
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Underground mining in Karst Plateau landform area may cause the loss of support
for the upper rock stratum, resulting in rock collapse and large-scale subsidence
of the ground surface. Also, the formation of a large-scale goafs may further lead
to geo-hazards such as collapse, water gushing, slope instability and so on in the
area. To reduce the impact of goaf settlement on local strata stability, this paper
established a standardized safe mining detection model for goafs based on the
geological safety characteristics of mining goafs. With reference to the statistical
analysis of the geological conditions in the mining area, a numerical model with
358 goafs and the proposed mining area was established using FLAC3D numerical
software. The surface subsidence and variations of plastic zone in the mining area
were comprehensively analyzed. The results indicated that there was a correlation
between the stability of themining area and the geological occurrence conditions
of the goafs. By quantitatively taking the values from standardized safety mining
detection models, the standardized safety mining detection and warning
technique was finally established. The findings can provide technical guidance
for safety detection and early warning in the whole process of underground goaf
mining in Karst Plateau karst development zone.

KEYWORDS

Karst Plateau zone, surface subsidence, security detection, numerical model, early
warning technique

1 Introduction

Due to the historical reasons such as poor mine supervision and unstandardized mining,
many metal and non-metal mines in China have abandoned a large number of unprocessed
goafs of various sizes and shapes. Especially since the 1980s, indiscriminate mining under
chaotic mining order has created numerous unidentified goafs, which have emerged as one of
the most significant risk sources affecting the safe mining and the safety of the lives and
property of the inhabitants around the goafs (liao et al., 2008; He et al., 2020; Liu and Li,
2023). Elimination of threats to resource extraction requires surveying and mapping of the
goafs to identify their distribution, scale and risk levels.

Extensive studies on the goafs have been conducted by scholars worldwide from the
remote sensing and survey perspective to validate the reliability of the resistivity tomography
(ERT)method. (Martínez-Pagán et al., 2013) conducted experiments in the semiarid climatic
region of La Sierra Minera. Since the space of the cave was occupied by air, one might expect
a high electrical resistivity contrast between the cave itself and the host rock. (Yu et al., 2018)
utilized the large-loop transient electromagnetic approach to detect the water-rich goaf. The
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inversion results confirmed that the resistivity of water-rich goaf
often exhibited a very low resistivity, and the resistivity contour line
behaved as a sharp closed circle. (Chen et al., 2021) examined the
developmental characteristics of the goafs in the working zone
through the layout of the Transient Electromagnetic
Method(TEM) survey line. Subsequently, based on this working
zone, the magnetotelluric sounding method was adopted to verify
the delineated goafs by TEM, and the anomalous apparent resistivity
surface obtained by these two methods was basically constant. In
view of the problems of existing methods for solving the parameters
of goaf spatial features, (Wei et al., 2022) proposed a method of
identifying the spatial location of underground coal goafs by using
the minimum unit probability integration merging method and
optimized quantum annealing.

Regarding the studies on the goaf stability issues, (Ma, 2021)
investigated the creep failure law of coal pillars in the room pillar
goaf under overburden loading, where the critical instability state in
the dynamic instability process of coal pillars was determined, and
the pillar goaf stability evaluation system with multiple indices was
established based on the fuzzy exhaustive evaluation method. (Ning
et al., 2019). used Mathews stability diagram method to calculate the
allowable hydrological radius of rocks in the goaf of Huanggang iron
ore mining, and then determined the stability grade of the goaf.
Based on 110 goaf samples, (Huang and Chu, 2019) combined
random forest algorithmwith recursive feature elimination theory to
screen out the indexes that contribute more information to the
hazard grading of the goafs, and they realized the streamlined
dimensionality reduction of the evaluation index system of the
goaf. In addition, a large number of researchers also performed
computational analysis on goaf stability with the finite difference
method or the finite element method (Zhang et al., 2010; Sariandi
et al., 2018; Wang et al., 2018; Jia and Xue, 2021).

In terms of quarry area management, (Wang et al., 2023) dealt
with goaf-related hazards in advance at specific working faces by
enhancing continuous monitoring of water levels and volumes. The
most widely available approach for ground pressure management is
to use the waste rock, tailings sand, concrete and other materials to
fill the goafs (Deng et al., 2009; Feng and Huang, 2020; Liu et al.,
2022; Yu et al., 2022; Zu et al., 2023).

In summary, previous studies on goaf detection methods and
stability evaluation have mostly focused on goaf detection timing
management. Currently, there are no scholars studying goaf
detection timing management. The geological conditions of
underground goaf in karst development zone are complex, the
changing morphology of the ore body, the historical legacy of
mining, the disorder and chaos of the early mining, the
intemperate mapping, the lack of detailed information and goaf
management and the collapse or closure of roadways and goafs in
some cases have made it difficult to verify the distributional status of
some goafs, resulting in the original hidden goafs becoming even
more mysterious (Chun et al., 2020; Li et al., 2021; Li et al., 2021).
Therefore, it is difficult to carry out surface subsidence stability
warning technology for safe mining in goaf. This article is the first to
apply the Eisenhower Rule, Priority Formula and Monte Carlo
method of operations research to the construction of a
standardized model for goaf safety detection. The simulation
results of the whole mining process using the FLAC3D were
applied to the standardized model, which realized the goaf

classification and efficient detection at different periods. The
findings can make the use of human and financial resources to
deal with goaf detection and safety hazards more reasonable,
scientific and proactive. The research results can provide useful
references for the subsequent monitoring and warning of goaf
disasters in mines, and provide guarantees for the safety
production of mines.

2 Standardized safety detection model

In the process of mine production and construction, the
safety problems brought by the potential hazards of the goafs
to the production and the surrounding environment should be
correctly addressed, while the safety management policy of
prevention oriented and comprehensive treatment should be
adhered to. In this paper, by adopting the Eisenhower Rule,
the Priority Formula and Monte Carlo method and combining
the safety characteristics of the goafs themselves, four safety
quadrants for goaf detection grading were classified, and
finally a standardized safety detection model for goaf was
developed, as shown in Figure 1.

The specific construction method of the standardized safety
detection model for goafs in Figure 1, as well as the adopted
Eisenhower Rule, Priority Formula and Monte Carlo method are
described in detail in Sections 3 and 4.

3 Eisenhower Rule time series
management

3.1 Eisenhower Rule

Eisenhower Rule, also known as ‘the Four Quadrant Rule’, was
introduced by Dwight David Eisenhower. The division of things to
be done into four quadrants based on the urgent, non-urgent,
important and unimportant arrangement helps us to gain a deep
understanding of time and efficient management (Henjewele et al.,
2013; Dai, 2019; Li et al., 2020; Luo et al., 2021).

Quadrant 1: this quadrant contains urgent and important
matters that should be addressed on a priority basis. The goaf in
this quadrant belongs to the high risk and susceptible category. On
the one hand, the goaf in this quadrant leads to the deterioration of
mining conditions, and directly threaten the production safety of
underground operations. On the other hand, it severely affects the
life and property safety of surrounding residents, while the degree of
detection directly determines the safety of the mine production and
the production cycle. Therefore, the level of exploration requires a
high level of over 90%.

Quadrant 2: this quadrant contains urgent but unimportant
events, so events in this quadrant are very deceptive and tend to take
up a lot of valuable time of many people. The goaf in this quadrant
falls into the category of low-risk and high-sensitivity. If the goaf is
close to the production zone but relatively spatially independent, it
will be in relative stable state. Detection work in this quadrant is
needed, but the degree of detection can be appropriately reduced,
above 50% is sufficient; while appropriate methods could be chosen
to categorize the goaf types.
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Quadrant 3: this quadrant contains events that are mostly trivial
tasks, with no time urgency and no importance. It is manifested by
the fact that the goaf in the quadrant is in the low-risk and low-
sensitivity category, where the goaf is far away from the production
zone, and has good stability and anti-interference. Even if the goaf is

destroyed, the safety of production will not be affected. The
detection of the goaf in this region is the icing on the cake, only
need to reach over 10%, and may favor the detection tasks.

Quadrant 4: this quadrant differs from Quadrant 1 in that the
events in this quadrant are not time-critical; however, they have

FIGURE 1
Standardized safety detection model for goaf.

FIGURE 2
Eisenhower diagram of managing the timing of goaf investigations and the degree of exploration.
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significant impacts. It is manifested by the fact that the goaf in this
region falls into the category of high-risk and low-sensitivity, while
the goaf is normally in a stable state. There are spatial overlap, denser
void areas, thin pinched walls of the endowment and high mining
disturbance, which can easily cause large-scale catastrophic
accidents. The extent and capacity of the next mine design can
be more strongly influenced by the area of the mine goaf. The goaf in
this region requires detection with a high degree, must reach over
70%, and they belong to the conservative object.

Based on the above elaboration of the four quadrants, the time
management of the goaf survey and the degree of detection of the
Eisenhower schematic diagram is drawn in Figure 2, and the goaf
detection sequence in the quadrant is shown in Figure 3.

3.2 Method of quantifying the temporal
sequence of goaf detection and
investigation

3.2.1 The degree of emergency
Based on the relationship between the goaf and the mine

engineering layout, and with respect to the urgency of the goaf
detection survey, the time of surface deformation and stabilization,
the accuracy of detection and the accumulation of water in the
former hole were evaluated, and the specific values were.

(1) The area close to the proposed project was characterized by a
concentration of personnel, equipment and frequent activities.
Therefore, the closer the midsection to the proposed goaf of
production resumption at this time, the greater the impact of
leftover goaf on production, therefore the investigation and
detection should be performed first with respect to temporal
urgency (Guo et al., 2014; Liu et al., 2023a; Liu et al., 2023b). We
denoted this urgency by J, which took the range of values [1 -
Number of middle sections from the proposed goaf] = [1 - n].

(2) In general, the impact of goaf on surface deformation can be
divided into three stages. The initial period was the occurrence
of subsidence of 10 mm in the main section of the surface

displacement basin. The surface subsidence rate was greater
than 50 mm/month (the dip angle of the ore body ɑ ≤ 45°) or the
surface subsidence rate was greater than 30 mm/month (the dip
angle of the ore body ɑ > 45°), which can be regarded as the
active period. In six consecutive months, the subsidence value
did not exceed 30 mmwas considered as the end of the period of
surface movement and as the recession period, i.e., the
stabilization period. This tightness is denoted by T, which
takes the values of [0 - the time needed for the surface
movement deformation to stabilize] = [0-n]. The
approximate continuation time of the surface deformation in
the project area can be deduced from Equation 1, if the surface
deformation of the mine is not monitored (Wang and Zhen,
2021):

Td � 1000 exp 1 − 400
H0

( ) (1)

where Td is the time taken to stabilize a region inside the moving
basin, d; H0 is the mining depth, m. By subtracting the time of the
formation of the goaf, the time needed to stabilize the surface
movement deformation can be gained. Subtracting Td from the
time of goaf formation can determine the remaining stable time for
surface movement and deformation.

(3) The detection depth has a great impact on the efficiency and
accuracy of goaf detection, a number of commonly used and
matured means of physical prospecting can be divided into
several levels: very shallow goaf (<40 m), shallow goaf
(50–150 m), medium-deep goaf (150–400 m), deep goaf
(>400 m). Tightness was denoted by S and took values in the
range of [very shallow, shallow, medium-deep, deep] = (liao et al.,
2008; He et al., 2020; Liu and Li, 2023; Martínez-Pagán et al., 2013).

(4) The water damage caused by the old holes in the goaf was
characterised by the strong suddenness, large volume of water in
initial stage and great difficulty in prevention and control. The
occurrence of water damage in the old holes of the same layer
usually causes great damages and enormous economic losses.
Therefore, there is a urgent need to utilize advanced sensing
means to identify the distribution and size of the goafs and to
obtain their water storage capacities (Gui et al., 2016; Qiu et al.,
2018). We denoted this tightness by W, which took the
following range of values:

3.2.2 Significance
To determine the significance of the goaf detection survey based on

the degree of deterioration in mining conditions caused by the goaf, the
impact of several aspects on mine production and safety was assessed.
These aspects involve the large-scale bubble fall and rock offset, surface
collapse, hazards endangering agricultural land and buildings, as well as
casualties and equipment damage in underground connectedworkplace
caused by high-speed air waves and shock waves of goaf sudden
collapse, etc. (Zhang et al., 2023; Zhang et al., 2023; Gao et al., 2023;
Li et al., 2023) Specific values were taken as follows:

1) The valuation of the risk level in case of an accident in the
extraction zone was indicated by P (Jiang et al., 2021; Pei et al., 2021).
The larger, more numerous and denser the midsection goafs were,
the more serious the consequences of destabilization damage would

FIGURE 3
The order of detection of each quadrant goaf.
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be. With reference to the internationally accepted risk evaluation
standard ‘System Safety Standard Practice’ (U.S. military standard
MIL-STD-882D), a four-level control relationship was established
based on the characteristics of the goafs, as shown in Table 1, which
was then utilized to estimate the occurrence level of accidents for
each midsection goaf assignment.

2) The possibility fraction of the accidents or hazardous events
occurring in the goafs was expressed by G. The value was selected
according to the displacement and deformation of the surrounding
rock in the goaf and the distribution of the plastic zone. If the
displacement in the middle section is small and there is no plastic
zone, it indicates that the goaf is relatively stable. Otherwise, it means
that the goafs were very prone to deformation damage. The range of
probability values is shown in Table 2.

3) The grade of the part where the mining goafs were located that
was affected by the mining movement of the proposed mining area
was expressed by I. Its value was selected based on the deformation
results of the rock masses in each midsection of the ore body quarry
from the numerical simulation calculation described above. The value
range [critical impact area, less impact area] = [1, 0]. If the midsection
of the rock movement did not change with the increase of the mining
depth, the midsection was considered to be less disturbed by the lower
ore body mining. The value of 0 was taken where it was in the less
affected part, and the value of 1 was taken in the opposite case.

Considering the importance of the parameters, it is expressed as
Equation 2, which is called the ‘Priority Formula’.

X � 0.6
P

+ 0.3
G

+ 0.1I

Y � 0.4
J

+ 0.2Td + 0.15
S

+ 0.25
W

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(2)

The Eisenhower Rule is a direct expression of Operations
Research and is effective in improving efficiency. However, its
shortcomings are also more obvious, whereas it is not possible to
plan quantitatively and finely for many complicated matters. In this
paper, the Eisenhower Rule and Priority Formula were adopted, and
the end point was taken as the origin of the "十" quadrant. The upper
right quadrant was for important and urgent events, the upper left
quadrant was for unimportant but urgent events, the lower right
quadrant was for important but not urgent events, and the lower left
quadrant was for unimportant and not urgent events. The orders of
priority were: upper right, upper left, lower right, lower left. If there
were fewer hidden problems in the same quadrant, it can be simplified
to prioritize the problems from largest to smallest using the

�������
X2 + Y2

√
.

However, if the Eisenhower Rule was skipped and the priority of

TABLE 1 Estimation of hazard level for accidents in goafs.

Harmful consequences 1 2 3 4

The level and value of
accidents in goaf

Extraordinary
accident

Major
accidents

Larger
accidents

General
accidents

Serious injury
accidents

Minor injury
accidents

Maximum potential
casualties

Deaths
(people)

Over 30 10–29 9–3 2–1 0 0

Injured
(people)

Over 100 99–50 10–49 9–2 1 0

Maximum potential
economic loss

(Million
yuan)

10,000 or more 10,000–5,000 5,000–1,000 1,000–100 100–1 Below 1

MIL-STD-882D System Safety
Program Requirements

I II III IV

Disaster Danger Vigilance Ignore

TABLE 2 The probability value of accidents or dangerous events occurring in the goaf.

Value Displacement of surrounding rock in goaf and distribution of plastic zone

1 Large deformation occurs, with plastic zones appearing and penetrating

2 Large displacement, partially connected plastic zone

3 The displacement is small, with a small amount of plastic zone appearing and not penetrating

4 Small displacement, no plastic zone

FIGURE 4
Distribution of empty areas in Baiyang mine section.
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hidden problems was measured only by
�������
X2 + Y2

√
, there may be a

single influence of X or Y, which may lead to unreasonable planning.
Therefore, according to the Eisenhower Rule and the ‘Priority

Formula’ derived from quantitative values of urgency and
importance, a new perspective on the detection management of
the goaf was proposed. Not all goafs must be detected, and those that
were left over from history and were not verified in a short period of
time can be classified as the category of ‘black box’. For those goafs
that had no impact on production safety and the surrounding
environment, there was no need to make great efforts to perform
the detection and investigation, whereas the risk control could be
conducted based on the past information.

4 Monte Carlo method duration
estimation

The calculation of project duration using the traditional critical
path (CPM) and plan review technique (PERT) in the planning stage
will be affected by various uncertainties, so the calculated duration is

bound to have some errors. In this paper, the Monte Carlo method
and computer programming were utilized to realize the multiple
cycles of the duration of the goaf exploration and investigation.

Monte Carlo method is also known as computerized stochastic
simulation method (Niu et al., 2020). Using a random number
generator to generate the cumulative probability value of a variable,
the corresponding variable value can be calculated through the
cumulative probability, which is equivalent to a randomly
generated variable value. The random benefit index is then
calculated by the randomly generated variable. Repeating this
process N times yields N sets of benefit indexes. When the
number of repetitions N is large enough, the probability
distribution of the benefit index can be obtained.

Following the operational idea, the procedures of the Monte
Carlo simulation method in project time management in this paper
are as follows.

(1) Determine the type of probability distribution of the random
variable, which can be assumed to be a modified triangular
distribution.

FIGURE 5
Distribution map of the goafs in the Duimenshan section.

FIGURE 6
Displacement distribution nephogram of Baiyang mine Section induced by the current mining (Unit: m).
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(2) Generation of random numbers. The Rand function was
adopted to generate random numbers between 0 and 1.

(3) Obtain statistical data. Considering that the plan review
technique used the three-time estimation to calculate the
process time, the triangular distribution formula was
introduced and coded into the program, After running the
program, the value of the duration Xi for each process
would be randomly generated as the duration of this process,
so that the total duration of the project can be calculated. The
triangular distribution formula is as follows:

Bi � ci − ai
bi − ai

Xi � ai +
���������������
Ri ci − ai( ) bi − ai( )√

Ri <Bi

Xi � bi −
��������������������
1 − Ri( ) bi − ci( ) bi − ai( )√

Ri ≥Bi

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where Bi is the random critical value; Ri is a uniformly distributed
random number between 0 and 1, generated by the Rand function;
Xi is the duration of each process; and ai, bi, ci are the three time
parameters in the three-time estimation table, which are the most
optimistic duration, the most pessimistic duration and the most
likely duration, respectively.

FIGURE 7
Nephogram of surface subsidence due to current mining in
Baiyang mine section (unit: cm).

FIGURE 9
The change trend of surface subsidence.

FIGURE 8
The change tend of the rock mass in goaf.

FIGURE 10
The distribution of the plastic zone in the current goafs in the
Baiyang mine section.
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(4) Determine the type of probability distribution. Once enough
statistical data were obtained, a probability statistical chart can
be plotted using Excel to make a qualitative assumption about
the probability distribution of the activity.

(5) Determine the distribution parameters for the project duration.

5 Engineering applications

After decades of mining in Baiyang and Duimenshan mine
sections of Bainiuchang mining area in Mengzi City, Yunnan
Province, there are many hidden dangers in safety production.
The priority task of mine recovery is to analyse the stability of the

current goafs and to investigate the relationship between the
mining of the lower ore body and the original goafs, so as to
ensure the safe exploitation of the mine resources. However, the
disorderly mining activities within the mining area under the
influence of historical reasons did not yet form a more
complete graph data for the scope of exploration/mining, and
also there was a lack of systematic planning for exploration/mining
activities. There is a lack of comprehensive research on exploration
projects. The ‘shape’ (the morphological characteristics of the ore
body), ‘quality’ (the distribution characteristics and the change law
of the mine grade) and the ‘symbiosis’ (ore type, the law of mineral
symbiosis) was not clear. The large proportion of low-grade
mineral reserves, the serious imbalance of tertiary ore quantity
as well as the serious blindness of project construction had resulted
in a large number of goafs left in the mining (exploration)
midsection at various elevations, with different sizes and shapes.
Some of the roadways and goafs collapsed and were inaccessible to
personnel, bringing greater difficulties to the survey and detection
of the goafs.

5.1 Detection survey timing management

On the basis of the preliminary results of the mine engineering
geology and goaf investigation, the FLAC3D was utilized to develop
a three-dimensional numerical model to compute and analyze the
mining process. For the scientific and reasonable survey of goafs and
the detection level classification, the stress-strain laws of the rock
masses in both the Baiyang and Duimenshan mine sections were
investigated, which realized the purpose of highlighting the key
goafs, graded detection and comprehensive processing, and guided
the resumption of mining work and production. The model size of
the two ore sections is the same. The X direction is perpendicular to
the ore body and the length is 3500 m. Direction Y is the ore body
trend, 4000 m long; The Z direction is vertical, the bottom elevation

FIGURE 11
Volume variations of the plastic zone in quarry rock masses in
two mining sections.

FIGURE 13
The impact range on two sections in vertical direction.

FIGURE 12
The impact range on two sections in horizontal direction.
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of the model is 900 m, and the top elevation simulates the actual
terrain of the mine.

5.1.1 Numerical modeling of the goaf
The twomining sections are far away from each other, and are in

no interactive influence. Therefore, the two mining sections were
modeled separately, where the distributions of goafs are presented in
Figures 4, 5.

5.1.2 Analysis of the current situation
The site survey shows that the mining time of the goafs

between the 1,480 m and 1730 m midsections in the Baiyang
mine section were from year 2003–2012, and those between the
1,500 m and 1830 m midsections in the Duimenshan mine
section were from year 2006–2012. Under the comprehensive

consideration of the accuracy of the computational results and
computational workload, the actual back-mining steps were
simplified to facilitate numerical analysis of the entire
excavated goafs during the simulation computation. The
mining site in the same mining time was excavated and
finished at one time, while each goaf at midsection was
sequentially excavated from top to bottom. Due to the large
number of nephograms of the calculation results, some of the
calculation results of the Baiyang mine section are selected for
presentation, and the rest of the calculation results are displayed
in graphs.

(1) Rock mass displacement

The Baiyang mine section after 10 years of mining formed the
current situation of the goafs. Numerical simulation results of the
displacement nephogram of the current mining are shown in
Figure 6, where the maximum displacement was 21.5 cm. The
subsidence of the goaf roof was basically proportional to the
exposed area of the goaf, whereas a larger exposed area of the
goaf led to a greater roof subsidence. Some of the goafs were in a
continuous state with an overall poor stability. Due to the large
exposed area, the roof falling, pillar destabilization and other
hazards may occur in some individual goafs.

Figure 7 illustrates the nephogram of surface subsidence caused
by the current mining. The range and value of the subsidence were
both small, with a maximum value of 12.2 mm, which indicated that
the current surface was in a stable state.

With the increase of the mining age, the trends of surface
subsidence and rock mass displacement of the quarry in the
Baiyang and Duimenshan mine sections are shown in Figures 8,
9. When the midsections at 1,640 m and 1,620 m of Baiyang mine
section were mined in 2007, the slope of the displacement curve was
steeper, indicating a greater impact on rock mass displacement and
surface subsidence of the quarry.

When the midsections at 1,660 m and 1,680 m of Duimenshan
mine section were mined in 2008, the surface subsidence curve
became steeper, which indicated that the mining had a greater
impact on surface subsidence. When the ore body below 1,600 m
was mined in 2010, the displacement curve became steeper,
indicating that mining of the lower ore body had a more
significant impact on the movement and deformation of the rock
masses.

(2) Plastic zone

Figure 10 shows the distribution of the plastic zone in the rock
mass of the goafs that obtained by the numerical simulation after
10 years of mining in the Baiyang mine section. In the region where
the exposed area was large and the goafs were densely packed, a large
area of plastic zone occurred, and the rock mass may be deformed
and damaged.

Figure 11 shows the variations of the plastic zone volume in the
quarry rock mass in the Baiyang and Duimenshan mine sections
with the increasing mining age. When the midsections at 1,640 m
and 1,620 m of the Baiyang mine section as well as the ore body
below 1,600 m of the Duimenshan mine section were mined in 2007,
the volume curve of the plastic zone steepened, which indicated that

FIGURE 14
Schematic diagram of pillar bearing mechanism.

FIGURE 15
Maximum plastic radius of overlying surrounding rock at each
mining level stope.
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the stability of the goafs formed by the mining in these midsections
was relatively poor.

5.1.3 Analysis of the impact of mining on the
proposed goaf

The proposed mining areas in the Baiyang and Duimenshan
mine sections were between 1,560 m and 1,580 m midsections, as
well as 1,660 m and 1760 m midsections, respectively. The regions

with the mining deformation values greater than 1 cm, greater than
0.1 cm and smaller than 1 cm and less than 0.1 cm were defined as
the regions of greater impact, less impact and no impact,
respectively. The degree and range of impacts on these two
sections of the mine are circled as presented in Figures 12, 13 in
both the horizontal and vertical directions.

As indicated in the circled range of the impact, after the
proposed goaf of the Baiyang mine section was mined, the range

TABLE 3 Quantification of urgency and importance.

Mine section Midsection elevation/m Tightness Importance X Y
�������
X2 + Y2

√

J T S W P G I

Baiyang mine section 1730 9 0 3 3 4 4 0 0.23 0.18 0.29

1710 8 0 3 3 4 4 0 0.23 0.18 0.29

1700 7 0 3 3 4 4 0 0.23 0.19 0.29

1,680 6 0 3 3 4 3 0 0.25 0.20 0.32

1,660 5 0 3 3 3 2 0 0.35 0.21 0.41

1,640 4 0 3 2 4 1 0 0.45 0.28 0.53

1,620 3 0 3 2 3 1 0 0.50 0.31 0.59

1,600 2 0 4 2 2 1 1 0.70 0.36 0.79

1,580 1 0 4 2 1 1 1 1.00 0.56 1.15

1,560 1 0 4 1 1 1 1 1.00 0.69 1.21

1,540 2 0 4 1 2 2 1 0.55 0.49 0.73

1,520 3 0 4 1 2 2 0 0.45 0.42 0.62

1,500 4 0 4 2 3 2 0 0.35 0.26 0.44

1,480 5 0 4 1 4 2 0 0.30 0.37 0.47

Duimenshan mine section 1830 4 0 3 3 4 4 0 0.23 0.23 0.32

1800 3 0 3 3 4 4 0 0.23 0.27 0.35

1780 2 0 3 2 4 4 1 0.33 0.38 0.50

1760 1 0 3 2 3 4 1 0.38 0.58 0.69

1740 1 0 3 2 2 3 1 0.50 0.58 0.76

1720 1 0 3 2 2 2 1 0.55 0.58 0.80

1700 1 0 3 2 1 2 1 0.85 0.58 1.03

1,680 1 0 3 1 1 1 1 1.00 0.70 1.22

1,675 1 0 3 1 1 1 1 1.00 0.70 1.22

1,660 1 0 3 2 2 1 1 0.70 0.58 0.91

1,640 2 0 3 2 3 1 1 0.60 0.38 0.71

1,620 3 0 3 1 3 1 1 0.60 0.43 0.74

1,600 4 0 4 1 3 2 1 0.45 0.39 0.59

1,580 5 0 4 2 4 2 0 0.30 0.24 0.39

1,560 6 0 4 1 4 1 0 0.45 0.35 0.57

1,550 7 0 4 2 4 1 0 0.45 0.22 0.50

1,500 8 0 4 1 4 1 0 0.45 0.34 0.56
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of the greatest impact was 6–8 m in horizontal direction while that
was about 20 m in vertical direction, i.e., from the midsection of
1,540 m to the midsection of 1,600 m. After the proposed goaf of
Duimenshan mine section was mined, the range of the greatest
impact was 100 m in horizontal direction while that was
approximately 180 m in vertical direction, i.e., the 1,600 m
midsection to the 1780 m midsection.

5.1.4 Theoretical calculation of plastic zone radius
Modern ground pressure theory believes that the load

borne by the support is the total gravity of the rock in the
upper plastic zone, independent of the overlying rock layer.
Therefore, as long as the pillar can withstand the gravity of the
rock in the plastic zone of the roof surrounding rock after

mining, the long-term stability of the roof and pillar system can
be ensured. The bearing mechanism of the pillar is shown in
Figure 14.

After mining the ore block, ignoring the influence of the pillar on
the range of plastic zone in the roof surrounding rock, solving the
Kastner formula can obtain the radius of the plastic zone in the roof
surrounding rock, which is:

Rp � R0
P0 + c cotφ( ) 1 − sinφ( )

c cotφ
[ ]

1−sinφ( )
2 sin φ (4)

Where Rp is radius of the plastic zone at the excavation site,
m; R0 is excavation radius, m; P0 is the vertical self weight stress
of the overlying rock layer at the excavation site, MPa; c is
cohesive force of rock mass, MPa; φ is internal friction angle
of rock mass, °.

Practice has shown that the radius of the plastic zone is less
affected by the shape of the excavation section, and can be
approximated as the equivalent excavation radius, which is
replaced by the outer circle radius of different shapes in
calculation. For ore blocks, the equivalent excavation radius
R0 is:

R0 �

������������

L′
2

( )
2

+ h

2
( )

2

√√

(5)

Where L′ is the mining space span, m; h is the height of the
mining space, m.

The vertical self weight stress at the excavation site is:

P0 � γH (6)
Where γ is the unit weight of the overlying rock layer, N/m3; H

is the thickness of the overlying rock layer, m.
The bulk density γ � 27.6KN/m3, cohesion c � 0.79MPa,

internal friction angle φ � 36.69°. Based on the detailed

FIGURE 16
Survey time sequence management chart.

TABLE 4 The urgency of water damage detection in the goaf is taken.

Value Water status in goaf

4 Dried without water or with a small amount of water entrained by water vapour

3 Drenching, seepage and drainage are smooth, and there is no obvious water

2 Long term drenching, drainage blockage, local flooding

1 With high water storage and good mobile water recharge

FIGURE 17
Time series network diagram of goaf detection survey.

Frontiers in Earth Science frontiersin.org11

Zhe et al. 10.3389/feart.2023.1266649

206

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1266649


survey of the size of the goaf and the results of drone scanning
detection, the maximum plastic zone radius of the overlying
surrounding rock of each mining level can be obtained by
calculating equations (4) to 6). The calculation results are
shown in Figure 15.

From Figure 15, it can be seen that during the mining of 1640 m
in the Baiyang ore section, the radius of the plastic zone is the largest,
at 26.9 m. However, during the mining of 1600 m in Damenshan,
the radius of the plastic zone is the largest, at 28.2 m, which is in
good agreement with the numerical simulation results.

FIGURE 18
Block diagram of the calculation program.

TABLE 5 Estimation of the operation 3.

Process Argument

a b c

A (1, 3) 4 12 5

B (2, 4) 3 11 7

C (3, 5) 2 8 4

D (4, 6) 4 13 8

E (5, 7) 7 15 10

F (6, 8) 2 9 5

G (8, 10) 6 14 10

H (7, 9) 5 14 9

I (10, 12) 4 9 6

J (9, 11) 2 10 6

K (12, 14) 2 7 5

L (11, 13) 3 12 5
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5.1.5 Timing management
The indicators of importance and urgency proposed in the

previous section were quantified based on the results of the
investigation and numerical simulation of the goafs in the
Baiyang and Duimenshan mine sections of the Mengzi mine. The
impact of the current goafs on the surface subsidence was
determined by Equation 2, and the maximum duration of surface
displacement was 3.5 years. Considering that it has been more than
10 years since the mine ceased production in 2012, the urgency value
T was therefore set to be 0, and the values of the rest parameters are
shown in Table 3.

The results are plotted in a four-quadrant Eisenhower Rule
diagram, where the midpoint of the four quadrant division is the
average of the calculated results of urgency X and importance Y in
Table 3, as illustrated in Figure 16.

It can be seen from the figure above that, prior to the resumption
of production activities in the mine, the most primary and core
detection areas for the goafs were as follows: midsections of the
1,540 m, 1,560 m and 1,580 m of the Baiyang mine section,
midsections of the 1,620 m, 1,660 m, 1,675 m, 1,680 m, 1710 m
and 1720 m of the Duimenshan mine section. The results of this
study are presented in Table 4, it can be seen that there was a higher
requirement for the degree of investigation and detection of the
goafs. The secondary ones were the midsections of the 1,520 m,
1740 m, and 1760 m of the Duimenshanmine section. The final ones
were 1,600 m midsection of Baiyang mine section and 1,640 m
midsection of Duimenshan mine section. Except for the above-
mentioned goaf, all other goaf areas belong to the “black box”
category, with a total of 18 midsections. These goaf areas will be
supplemented with exploration in the remaining time after the
above investigation is completed.

5.2 Duration estimation

Section 5.1 specifies the scope and priority of the detection
survey that must be carried out before the resumption of work and

production in the mine, in addition to the goafs within the scope of
the ‘black box’. Two groups of personnel were arranged to carry out
the detection survey at the same time, the detection work is mainly
carried out using TEM, the network diagram is shown in Figure 17.

5.2.1 Monte Carlo simulation process
The 14 investigation processes in the network diagram were

distributed over 2 paths Lm and Ln, each of which had
7 investigation processes. The serial numbers on path Lm were 1, 3,
5, 7, 9, 11 and 13, while these on the path Ln were 2, 4, 6, 8, 10, 12 and 14.
The calculation procedure is represented by the programblock diagram,
which was cycled n times to get the process duration and then to
calculate the duration of each path. The duration of the path with the
longest was the total duration. The more cycles, the closer the total
duration was to the actual value. One of the cycles is shown in Figure 18.

The time parameters of each investigated process with specific
three-time estimation data are shown in Table 5.

5.2.2 Simulation results
Statistical analysis of the 1,000 sets of calculation results after

1,000 cycles of the Monte Carlo calculation program was performed
to obtain a probability distribution graph about the survey duration
for goaf detection, as indicated in Figure 19. By connecting the
histogram into a smooth curve, it can be qualitatively determined
that the construction duration of the project fully conformed to the
Normal distribution. There was a 90% probability that the
construction duration was between 43 and 56 d, and it can be
determined that the most probable construction duration of the
project was 48 d.

6 Discussion

There are many factors that affect the stability of goaf and the
safety of production areas. The construction of a standardized safety
mining detection model for goaf in this article considers a total of
7 factors in terms of urgency and importance, which may not be
comprehensive enough. In terms of detection, different detection
methods have different advantages, disadvantages, and applicable
conditions, which requires a lot of space to discuss. The construction
of the model is only based on the analysis of conventional detection
methods, without fully considering the impact of various methods.

The construction of the model in this article is applicable to mines
that use open pit mining. During the analysis process, it is necessary to
quantify the various parameters of urgency and importance. Therefore,
it is necessary to have some basic data on the remaining goaf of the
mine. In the early stage, it is necessary to conduct a review of production
design data and the actual situation on site.

7 Conclusion

(1) This article is the first to apply the three important theories of
operational research, Eisenhower Rule, Priority Formula and
Monte Carlo method, to the construction of a standardized
model for goaf safety detection, which can provide technical
guidance for the entire process of safety detection and early
warning in underground goaf mining.

FIGURE 19
Probability distribution chart.
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(2) Quantifying the urgency and importance of goaf detection and
investigation, achieving hierarchical, phased, and time series
management, can highlight key goaf areas and drive
comprehensive goaf detection work in mines.

(3) Applying the FLAC3D numerical simulation results of the mine
to the model saves a lot of manpower and material resources in
the exploration work, and accelerates the pace of resuming work
and production.
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Longwall entrance is especially vulnerable to the combined mining of nearby

coal seams because of the substantial deformation disaster loaded by the

abutment stress caused by the mining disturbance. Changes to the fracture

characteristics, movement behavior, and structural morphology of the bearing

structure above the coal pillar are recommended using the separated layer rock

failure technology (SLRFT) to safeguard the entry beneath the coal pillar from

high abutment stress. To simulate the impacts of the SLRFT on the decrease of

the abutment stress surrounding the entry under the coal pillar under the plane–

stress circumstances, two experimental models were created. Abutment stress

revolution, roof movement laws, and fracture features were all tracked using

three identical monitoring systems in each experimental model. The

experimental results indicate that SLRFT generates the shorter caving step

length, more layered collapse, and higher caving height of the immediate roof,

which improves the dilatancy of caving rock mass, the filling rate, and the

compaction degree of the worked-out area. In the ceiling above the worked-

out area, the fracture progresses from a non-penetrating horizontal and oblique

gaping fracture to stepped closed fractures and piercing fractures. The main

roof’s subsidence shifts from a linear, slow tendency to a stepped, fast one. The

bearing structure changes from two-side cantilever structure with a T type into

one-side cantilever structure with a basin type. Because the compacted worked-

out region has a bigger support area, more of the overburden load is transferred

there, weakening the abutment stress around the longwall entry from 12.5 kPa to

3.7 kPa. The stress reduction degree increases with the reduction of the

cantilever length of the bearing structure and the increasing of the support

coefficient of the compacted worked-out area. These findings illustrate the

effectiveness of SLRFT in lowering entrance stress. With the established

experimental model, it is possible to evaluate the viability, efficiency, and

design of SLRFT under various engineering and geological circumstances.

KEYWORDS

separated layer rock failure technology, abutment stress reduction, longwall entry
under coal pillar, combined mining of close distance coal seams, bearing structure
above the coal pillar
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1 Introduction

The stability of the longwall entry is affected by the stress, the

materials, and the support surrounding it (Kang et al., 2019; Xia

et al., 2022; Li et al., 2023; Zhang et al., 2023a). The longwall entry

will serve as the subterranean space’s access point for ventilation,

transit, pedestrian, and other production systems. It will encounter

multiple disturbances of the mining abutment stress when it is

located under the coal pillar in the combined mining of close

distance coal seams (Ning et al., 2020). According to Liu et al.

(2021), these multiple disturbances will result in supporting body

failure, significant deformation, roof collapsing, or even rock burst,

endangering the stability control of the longwall entry under a

specific geological and technical condition. These specific geological

and technical conditions always concentrate on temperature, air

pressure, hydraulic pressure, and the ground pressure (Liu and Li,

2023; Liu et al., 2023b; Ye et al., 2023; Zhang et al., 2023b).

According to Zhang et al. (2022b), locating the abutment stress’s

origin is helpful for stress reduction.

According to Wang et al. (2015), the abutment stress in the

upper close-distance coal pillar is the main source of the abutment

stress near the longwall entry. When the neighboring working face

retreats, this coal pillar will experience loading and unloading

action, which alters how the abutment stress is distributed in the

coal pillar (Shen et al., 2016). This change is induced from the

partial overburden weight above the worked-out area loading on the

unworked-out area by the bearing structure, which results in the

stress redistribution around the longwall entry under the coal pillar

and makes the rock around the longwall entry suffer from loading

and unloading action either (Shen et al., 2021; Zhang et al., 2023c).

Under this type of action, the plastic, crushing, and rupture failure

zones will spread into the deeper rock surrounding the longwall

entry, which is the cause of the longwall entry’s significant

deformation (Bai et al., 2015; Liu et al., 2023a; Zhang et al., 2020;

Liu et al., 2022). To lessen the failure zone indicated above and keep

this longwall entrance stable, it is effective to weaken the

abutment stress.

To reduce abutment stress, one can either eliminate the source

of the stress, avoid situations with high abutment stress, or move the

stress to a location remote from the longwall entry (Shen et al.,

2020). Solid backfilling technology is used to eliminate the
Frontiers in Ecology and Evolution 02212
generation of the abutment stress by preventing the movement of

the roofs, which needs to consume a lot of filling materials and is

hard to reach 100% of filling rate (Zhang et al., 2016; Zhang et al.,

2022c; Meng et al., 2023). When the location of the longwall entry is

permissible for adjustment (Wilson and Ashwin, 1972; Hou and

Ma, 1989; Li et al., 2015; Yuan et al., 2023), entry layout technology

can protect the longwall entry from high abutment stress. Cutting

roof technology can transfer the abutment stress from the longwall

entry to the far away area by changing the bearing structure above

the coal pillar, which always ignores the effects of the nearby thick

rock strata’s movement, the upper hard roof structure movement,

the structure plane along the rock plane, and the preset crack

mechanical behavior (Huang et al., 2018; Wang et al., 2021; Wang

et al., 2020; Sun et al., 2022; Zhang et al., 2022a). It is necessary to

conduct more research to determine whether the hard roof would

crack, slip, cave along the predicted crack plane, and produce a

suitable bearing structure above the coal pillar.

In this work, separated layer rock failure technology (SLRFT) is

proposed to weaken the multiple disturbances of the abutment

stress and improve the stability of the longwall entry. The initial step

in determining its stress reduction method is to analyze the fracture

characteristics, movement behavior, and structural morphology of

the bearing structure above the coal pillar. For the purpose of

revealing the process for stress reduction and subsequently proving

the viability of SLRFT, two physical simulation models with plane–

stress circumstances are created. SLRFT’s effectiveness and

influencing elements are ultimately explored and determined.
2 Method of SLRFT

A technique for altering rock structure while mining disturbs it

is shown in Figure 1. It is known as SLRFT. The artificial structure

plane parallel to the lower thick rock stratum plane (ASPP), the

artificial structure plane intersecting in the upper thick hard roof

(ASPI), and the mining extra loading and unloading impact on

ASPP and ASPI (MALU) make up its three interaction aspects. In

the SLRFT, ASPP is an artificial discontinuous structural plane that

needs to be parallel to the thick rock stratum plane and can be

generated with hydrofracturing or high-pressure water jet

technology in the field application. Its main function is
FIGURE 1

Method of SLRFT.
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accelerating the movement of lower thick rock strata by separating

the lower thick rock strata into multiple straticulate rock structures

along ASPP under MALU. By dividing the upper thick hard roof

into two portions along ASPI under MALU, ASPI plays a crucial

function in identifying the site of the fracture of the upper thick

hard roof. MALU is experiencing temporal and spatial variation

during the ASPP and ASPI processes. In addition, the time-varying

MALU will respond to the ASPP and ASPI processes. Finally,

SLRFT will achieve the reduction of abutment stress around the

longwall entry by changing the bearing structure of the fracture

thick roof strata with ASPP, ASPI, and MALU.

Before MALU and ASPP may have an impact, ASPI must be

created in the upper thick hard roof. Under the first in-place load,

the hard roof maintains its stability and completeness. The hard

roof’s internal load will transform into a new equilibrium state after

ASPI is created, whereas the hard roof’s external load will remain in

its initial state. The exterior load of the hard roof will change into a

different state during the MALU process due to the mining impact;

thus, it maintains stability because the internal change cannot affect

the external condition. When the worked-out area is covered by the

hard roof, this external load will decrease. However, it will rise if the

neighboring undeveloped area is covered by a hard roof. In

addition, as the mining working face advances, it will go through

a rising and decreasing procedure. Finally, with the influence of

MALU, the hard roof will fracture along the preset structure plane

and changes into a reasonable bearing structure by a different way

of movement behavior and fracture characteristics.

Prior to the impact of MALU, ASPP must be created in the

lower, thicker rock strata. The thick rock strata maintain their

stability under the initial in situ stress before the influence of

MALU. After ASPP is established, it is separated into multiple

straticulate rock structures. The straticulate rock structures are

susceptible to bending, fracturing, caving, and expanding under

the impact of MALU. The thick rock strata’s movement behavior,

fracture characteristics, and structural morphology will alter as a

result of ASPP. Finally, the caving-expansion rock mass is beneficial

to the filling of the underground mined area, which will affect the

behavior of the upper thick hard roof
3 Experimental models for SLRFT

3.1 Geological and mining conditions

In the Chinese province of Shanxi, Jinzhong is home to the

Lingshihuayuan coal mine. In this coal mine, the nearby coal seams

are mined using a combined mining technique to provide coal

resources. The coal seams at numbers 8, 9, 10, and 11 are the closest

to the surface as shown in Figure 2A. Among the coal seams, the

thickness of the numbers 8 and 11 cannot meet the mining

requirement under the current mining technology. Nearly 390 m

below the surface of the earth, there is a coal seam known as number

9. Its average thickness is 1.12 m, and its average dip angle is 2°.

Limestone, sandstone, and fine sandstone make up the underlying

strata above coal seam number 9. Moreover, the roof strata of the

number 10 coal seam are composed of sandy mudstone, which is
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located beneath the number 9 coal seam. This roof strata’s average

thickness is 5.32 m, which corresponds to the distance between coal

seam numbers 9 and 10. The number 10 coal seam has an average

thickness of 4.23 m and a 2° dip angle. Sandstone, the number 11

coal seam, mudstone, and sandstone are among the geological types

found in its nether regions.

Each coal seam uses a two-entry method, as indicated in

Figure 2B, for every longwall full-seam operation. The length of

the longwall panel is 164 m in the coal seam number 9 and 199 m in

coal seam number 10. To recycle more than 378,872 tons of coal

resources, the entry of the longwall panel in coal seam number 10

must be positioned below the coal pillar of the longwall panel in coal

seam number 9. The entry must be made to withstand the abutment

stress brought on by the upper coal pillar and mining working face

in coal seam numbers 9 and 10.
3.2 Physical models

As illustrated in Figure 3, two physical models were developed

to assess the SLRFT’s reliability at the State Key Laboratory of Coal

Resources in China. Each model has a length, a width, and a height

of 2.50 m, 0.20 m, and 0.73 m, respectively. The shape, density, and

strength should be consistent with the connection as Equation (1),

according to the similarity theory (Fumagalli, 1973). In this

experiment, CL, Cr, Cs, and Ct’s similarity ratios were calculated

to be 100, 1.5, 150, and 10, respectively. With the help of this model

design, it is possible to simulate the mechanical behavior of the

higher coal pillar and lower entry and lower mining operating

activities in the lower coal seam. To replicate the SLRFT effects in

the two models, various ASPP and ASPI numbers were set up. In

model 1’s sandy mudstone, one ASPP was placed in the center, and,

in model 2’s sandy mudstone, two ASPPs were placed, as shown in

Figure 3. In addition, two ASPIs were placed in the limestone in

model 2, whereas zero ASPIs were placed in model 1, as seen in

Figure 3.

Cs=Cr=CL = 1

CL = Lr=Lm

Cs = sp=sm

Cr = rp=rm
Ct = =CL=

ffiffiffiffiffiffi
CL

p

8>>>>>>>><
>>>>>>>>:

(1)

where CL, Cs, and Ct are the similarity ratios of geometry,

strength, and time, respectively. Cr is the density similarity ratio

between the prototype and the model. Lp, sp, and rp represent the
dimension, strength, and density of the rock strata in the field,

respectively; Lm, sm, and rm represent the dimension, strength, and

density of the rock strata in the model, respectively.
3.3 Physical materials

Table 1 lists the 21 materials that were utilized to mimic the

mechanical behavior of rock strata, coal seams, ASPP, ASPI, and

structure plane for each model. Sand, gypsum, calcium carbonate,
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water, mica powder, and other materials are mixed together.

According to the strength similarity ratio and the uniaxial

compression strength of each rock stratum, the ratio of each type

of simulation material contents is established by the current

material ratio (Tu, 2010). For each model, a total of 809.64 kg of

sand, 61.09 kg of calcium carbonate, 115.75 kg of gypsum, 98.6 L of

water, and 20 kg of mica powder are utilized.
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3.4 Monitoring instruments and scheme

Evaluating the indices of the SLRFT effect during the combined

mining activity of upper and lower working faces, the vertical

displacement, structure morphology, and abutment stress are

identified. To track the development of the abutment stress in the

rock at the longwall entry, a ZC40YL data acquisition system with a
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BW flat earth pressure box was used. The progression of the vertical

displacement was documented using a three-dimensional digital

photogrammetry system called CoordMeasis that included white

gauge points, encoding points, and scale plates. The structure

morphology was also captured using the high-definition camera.

In the physical model, 189 gauge points and six flat earth pressure

boxes are placed. According to Figure 4, the specific monitoring

settings are set up.

The sandy mudstone above the lower coal seam and the

limestone above the upper coal seam are chosen as the focus of

the analysis to highlight the impacts of SLRFT on the vertical

displacement. Six monitoring locations have been chosen in total to

track the limestone and sandstone’s vertical displacement over time.

Points 1 and 2 are situated at the sandy mudstone and limestone,

respectively, and are separated from the lower coal seam’s lateral
Frontiers in Ecology and Evolution 05215
end of the gob by a horizontal distance of 11.5 cm. At a horizontal

distance of 57.5 cm from the lateral termination of the gob in the

lower coal seam, points 3 and 4 are situated at the sandy mudstone

and limestone, respectively. With a horizontal distance of 102.9 cm

from the lateral endpoint of the gob in the lower coal seam,

points 5 and 6 are situated at the sandy mudstone and

limestone, respectively.

The sandstone above the lower coal seam and the sandstone

below the lower coal seam are chosen to study the bearing

properties of rock strata beneath the upper coal pillar to reveal

the impacts of SLRFT on the abutment stress. Three monitoring

locations have been chosen in total to track the development of the

rock below the top coal pillar’s abutment stress. Underneath the

lower coal pillar, at point A, is the sandy mudstone. The location of

point B is at the sandy mudstone beneath the center of the lower
TABLE 1 Materials used in each physical model.

Lithology
Thickness

(cm)

Uniaxial compressive
strength of prototype

(MPa)

Uniaxial compressive
strength of model

(kPa)

Sand
(kg)

Calcium
carbonate

(kg)

Gypsum
(kg)

Water
(L)

Sandy
mudstone

6.00 26.00 173.33 65.57 3.28 7.65 7.70

Mudstone 6.15 23.00 153.33 63.75 3.83 8.93 7.70

Limestone 4.15 50.00 333.33 38.25 3.83 8.93 5.10

Mudstone 2.50 23.00 153.33 31.88 3.19 3.19 3.80

Sandy
mudstone

1.50 26.00 173.33 21.86 1.09 2.55 2.60

Sandstone 2.80 30.00 200.00 28.68 2.87 6.69 3.80

Sandy
mudstone

1.00 26.00 173.33 10.93 0.55 1.27 1.30

Limestone 3.15 50.00 333.33 47.81 4.78 11.16 6.40

Coal seam 8 0.50 12.52 83.47 11.15 3.18 3.18 1.30

Sandy
mudstone

2.00 26.00 173.33 21.86 1.09 2.55 2.60

Fine
sandstone

1.23 35.00 233.33 20.4 1.53 3.57 2.60

Sandy
mudstone

2.31 26.00 173.33 32.78 1.64 3.83 3.80

Limestone 6.80 50.00 333.33 66.94 6.69 15.62 8.90

Coal seam 9 1.12 12.52 83.47 11.15 0.80 0.80 1.30

Sandy
mudstone

5.32 18.45 123.00 54.64 2.73 6.37 6.40

Coal seam 10 4.23 14.09 93.93 44.63 3.19 3.19 5.10

Sandy
mudstone

2.23 22.25 148.33 21.86 1.10 2.55 2.60

Coal seam 11 0.63 14.09 93.93 11.15 0.80 0.80 1.30

Sandy
mudstone

11.00 26.00 173.33 120.21 6.00 14.00 14.00

Sandstone 2.14 34.67 231.13 20.40 2.55 2.55 2.60

Mudstone 5.94 23.00 153.33 63.75 6.38 6.38 7.70
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working face. Above the lower coal pillar, point C is situated at the

sandy mudstone.
3.5 Experimental procedures

Seven steps make up the entire experimental process. The first

phase involves setting up the experimental equipment and supplies.

The two tall, stiff loading frames, the electricity-powered mixing

barrel, the electronic scale, the monitoring systems, the simulation

materials, and other necessary equipment are among them. For

each model, 21 actual rock strata can be built individually in the

second stage. A variety of mica powders were employed to replicate

ASPP in the sandy mudstone, ASPI in the limestone, and the

structural plane between two neighboring rock strata. In the third

step, 20 loading rams in the top frame were subjected to a vertical

load of 0.06 MPa to approximate the overburden loads after 1 week.

The normal displacement in the floor and side boundaries was fixed

with the frame. In the fourth step, excavation was conducted to

generate the entries, coal pillars, gobs, and working faces in the

upper and lower coal seams under the condition of the design in

Figure 2. The order of excavation in the upper coal seam is as

follows: 9106 tail entry, 9106 gob, 9108 head entry, 9108 gob, 9107

head entry, and 9107 tail entry. The lower coal seam has the

following order: 10107 head entry, 10107 tail entry, 10108 head

entry, 10108 gob, 10106 tail entry, 10106 gob, and 10108 head entry.

The working face was retreated in the fifth step, moving from the

upper coal seam’s 9107 head entry to 9107 tail entry stage by stage

every 30 min. A miniature shovel was used in each stage to dig out

coal that was 10 mm long. After the working face had been

excavated by 50 cm in the higher coal seam, the working face was

retreated from 10107 head entrance to 10107 tail entry stage by

stage every 30 min in the lower coal seam. The distance between the

bottom and upper working faces, measured horizontally, is 50 cm.

A small shovel was also used at each stage to dig out coal that was

10 mm long. The excavation continues through the final working

face in the lower coal seam in the final stage. The monitoring

systems should be functioning normally during excavation so that

they can record data until the completion of excavation.

In the experimental procedures, the mining activities are

divided into three stages: stage I, stage II, and stage III. The upper

working face is retreating in stage I, whereas the lower working face

remains stationary. Once the upper working face has retreated
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50 cm, the lower working face also starts to regress, and the mining

operation shifts to stage II, which is a simultaneous retreat of the

upper and lower working faces. After the top working face retreats

to the finishing line position, 150 cm from the start, the mining

activity transitions into stage III, which involves the retreating of the

bottom working face.
4 Results

4.1 Effects of SLRFT on the movement
behavior of rock strata

SLRFT primarily accelerates the roof subsidence close to the

lateral gob termination in the lower coal seam, as seen in Figure 5A.

In stage I, roof sinking at point 1 remains at zero, whereas it steadily

increases at point 2 as the top working face retreats. In this stage,

there is little and a gradual increase in the subsidence difference

between the SLRFT effect and the ASPP effect. As the upper and

lower working faces combine to retreat, roof sinking at point 1

grows gradually in stage II, then accelerates quickly later, and

eventually stabilizes gradually. The end value that SLRFT has an

impact on is almost the same as the final value that ASPP has an

impact on, and the velocity that SLRFT has an impact on is greater

than that of ASPP. More definitely, the combined retreating of the

upper and lower working faces is indicated by the roof sinking of

point 2 increasing slowly with a linear trend under the impact of

ASPP and increasing slowly under the influence of SLRFT. Its final

value and velocity influenced by SLRFT are significantly larger than

them influenced by ASPP. Because the lower working face is

receding in stage III, roof subsidence at points 1 and 2 remains

steady and barely changes. This suggests that stage II is when

SLRFT and ASPP have the most impact on roof subsidence.

As depicted in Figure 5B, SLRFT mostly contributes to the

acceleration of roof sinking toward the location 57.5 cm from the

lateral end of the gob in the lower coal seam. The roof subsidence of

point 3 is remaining zero in stage I. The top working face’s retreat

causes point 4’s roof subsidence to increase quickly after remaining

zero at first. SLRFT has a smaller early influence on subsidence

velocity than ASPP but a bigger late one. In stage II, roof subsidence

of point 3 keeps zero initially, increases slowly later, increases

rapidly, and then finally stabilizes, as the retreating of the

combined retreating of the upper and lower working face. The
FIGURE 4

Monitoring points layout in the physical models.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1265883
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Liu et al. 10.3389/fevo.2023.1265883
end value that SLRFT has an impact on is almost the same as the

final value that ASPP has an impact on, and the velocity that SLRFT

has an impact on is greater than that of ASPP. Notably, the

combined retreating of the upper and lower working faces causes

roof subsidence at point 4 to develop slowly at first, quickly later,

and then suddenly stabilize. This is also true for ASPP, which causes

roof subsidence to increase slowly at first, quickly later. Its velocity

that SLRFT has an impact on is much more than that of ASPP. The
Frontiers in Ecology and Evolution 07217
fact that the lower working face is receding throughout stage III,

whereas the roof subsidence at points 3 and 4 remains stable or

barely increases, suggests that stage II is when the impacts of SLRFT

and ASPP on roof subsidence are most noticeable.

As demonstrated in Figure 5C, SLRFT mostly contributes to the

acceleration of roof sinking near the location 102.9 cm from the

lateral end of the gob in the lower coal seam. In stage I, the top

working face is retreating by zero, whereas the roof subsidence of
B

C

A

FIGURE 5

Movement behavior of roofs influenced by SLRFT and ASPP. (A) Roofs above the position 11.5 cm away from the lateral end of gob in the lower coal
seam. (B) Roofs above the position 57.5 cm away from the lateral end of gob in the lower coal seam. (C) Roofs above the position 102.9 cm away
from the lateral end of gob in the lower coal seam.
frontiersin.org

https://doi.org/10.3389/fevo.2023.1265883
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Liu et al. 10.3389/fevo.2023.1265883
points 5 and 6 continues. In stage II, the ceiling subsidence of point

5 remains 0 at first, climbs gradually later, increases quickly, and

then stabilizes as the combined retreat of the top and lower working

faces. SLRFT has a greater impact on the object’s final value and

velocity than ASPP does. Notably, the combined retreating of the

upper and lower working faces causes the roof subsidence of point 6

to increase with three distinct linear steps when influenced by

SLRFT and with practically a single linear trend when impacted by

ASPP. Its velocity that SLRFT has an impact on is much more than

that of ASPP. In stage III, point 5’s roof sinking, which is influenced

by SLRFT and ASPP, remains steady and barely grows because of

the lower working face receding. The final value is about the same.

In addition, as the lower working face retreats, the roof sinking at

point 6 experiences a progressive stabilization phase before

increasing swiftly at first, increasing slowly afterward, and finally

stabilizing. The final value is practically the same as well. It needs to

be clarified that the fractural rock mass in limestone experiences

slight up-and-down rotation under SLRFT in stage III, and this

slight rotation behavior results in the slight reduction of the roof

subsidence at monitoring point 6 within the 130 cm to 170 cm.
4.2 Effects of SLRFT on the bearing
structure above the longwall entry

As shown in Figure 6, where the working face is retreating into

nearby coal seams, the bearing structure caused by SLRFT above the

longwall entry differs significantly from that impacted by ASPP in

terms of fracture distribution, structural morphology, caving height,

and gob filling behavior.

Roofs above the gob that are affected by ASPP in stage I produce

non-penetrating oblique and horizontal gaping fractures, whereas

those that are affected by SLRFT produce stepped closed fractures

and piercing fractures. When there are fracture differences, two-

sided cantilever structures rise above the longwall entry and are

influenced by ASPP, whereas one-sided cantilever structures rise

above the longwall entry and are influenced by SLRFT. These

structures include suspended structures and caving rock mass

structures. When the roofs are dealt with SLRFT, the caving zone

can completely cover the lower and upper gobs for the roofs above

the lower gob and extends to the limestone above the upper coal

seam. However, when the roofs are dealt with ASPP, caving zone

only reaches the lower coal seam and cannot fill the bottom gob.

Stage II is characterized by the coupled retreating process in which

sandy mudstone gradually caves to the lower gob floor. One ASPP has

a greater effect on the duration of a caving step than twoASPPs do. The

caving zone divides into two layers under the impact of one ASPP and

into three layers under the influence of two ASPPs. The caving rock

mass structure is simple to fracture and fill the gob due to the influence

of SLRFT. However, the SLRFT has no effect on the masonry

construction, which remains stable and suspended. The two-sided

cantilever structure transforms into a single-sided cantilever structure

with an oblique closed fracture and an uncompacted bottom gob. In

contrast, the bottom gob of the one-side cantilever construction is still

present and in the condition of compacting. The hanging structure sags

and forces the caving rockmass structure to becomemore compressed.
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In stage III, the gob was gradually compacted in certain areas, and

the bearing structure remained steady above the longwall entry. Small

caving height and partial filling cause the oblique fracture to form

above the gob’s terminating side and spread to the higher roofs under

the impact of ASPP. In contrast, the roofs above the terminating side of

the gob gradually produce bending subsidence, and the prior cracks

were compacted under the influence of significant caving height and

the majority of filling brought on by SLRFT. The cantilever structure

and the masonry structure, meanwhile, maintain stability and support

the weight on the coal pillar and longwall entry under ASPP.

Nevertheless, even in the presence of SLRFT, the cantilever structure

maintains its stability and supports stresses on the longwall entry, the

coal pillar, and the compacted gobs.
4.3 Effects of SLRFT on the abutment
stress around the longwall entry

As can be seen in Figure 7A, SLRFT primarily works to reduce

the rock’s abutment stress in the sandy mudstone beneath the lower

coal pillar. In stage I, the top working face begins to retreat, and the

abutment stress at point A gradually increases at first and then

grows rapidly step by step later. SLRFT has a greater impact on it

than ASPP does on its maximum value and growing velocity. The

largest difference, roughly, is 2.57 kPa. In stage II, the abutment

stress at point A, which is driven by ASPP, eventually stabilizes after

a steady increase in fluctuation. Nevertheless, it drops quickly at

first under the influence of SLRFT, then experiences enormous

fluctuations, increases very slowly, decreases quickly afterward, and

ultimately increases slowly and gradually. Approximately 10.88 kPa

separates the final value. With a fluctuation between 12.5 kPa and

14.6 kPa in stage III, point A’s abutment stress under the impact of

ASPP virtually stabilizes. However, it is affected by SLRFT, which

causes it to climb gradually at first, decline quickly subsequently,

and then stabilize gradually. SLRFT has a much smaller impact on

the final value, 3.7 kPa, than ASPP, which has a much larger impact.

SLRFT is most effective, as demonstrated in Figure 7B, at

reducing the rock’s abutment stress in the sandy mudstone

beneath the middle portion of the lower working face. The

abutment stress of point B grows gradually in stage I, then

increases quickly, and eventually stabilizes. Its highest value under

the impact of ASPP is 3.0 kPa, which is higher than 1.7 kPa under

the influence of SLRFT. In stage II, the abutment stress at point B

that is affected by the ASPP varies initially with a slight fluctuation,

then reduces linearly step by step after that, then grows slowly step

by step after that, and eventually increases extremely rapidly to the

peak. It maintains stability at first under the impact of SLRFT,

declines quickly after that, declines slowly after that, and eventually

climbs quickly until it reaches its peak. The peak value affected by

ASPP is 18.2 kPa, which is significantly higher than 2.6 kPa that was

affected by SLRFT. In stage III, the abutment stress at point B

rapidly drops to zero and then remains constant. The velocity that

ASPP has caused is more than the velocity that SLRFT has altered.

The abutment stress of the rock in the sandy mudstone above the

lower coal pillar is significantly influenced by SLRFT, as illustrated in

Figure 7C. Abutment stress at point C under the influence of ASPP
frontiersin.org

https://doi.org/10.3389/fevo.2023.1265883
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Liu et al. 10.3389/fevo.2023.1265883
remains zero during stage I before increasing quickly and then

decreasing quickly at the end. Whereas, the SLRFT-influenced

variable maintains zero at first, increases gradually later, increases

quickly after that, increases gradually after that, and stabilizes at last.

Its greatest value affected by SLRFT is 9.7 kPa, a much higher amount

than 3.6 kPa that was affected byASPP. In stage II, theASPP-influenced

abutment stress at point C grows gently at first with variability, then

quickly in themiddle, and slowly toward the end. The SLRFT, however,

causes it to decline quickly at first, remain stable afterward, and then

grow gradually over time. Its maximum value that is affected by SLRFT

is 10.1 kPa, a far lower amount than 14.2 kPa that is affected byASPP. In
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stage III, the ASPP-influenced abutment stress of point C initially rises

and then falls over time. In contrast, it is impacted by SLRFT and

initially remains stable before decelerating quickly, increasing slowly,

and eventually stabilizing. Its highest value that SLRFT can alter is

11.8 kPa, which is less than 18.0 kPa that ASPP may impact.
5 Discussion

SLRFT is an effective way to weaken the abutment stress around

the longwall entry under the close distance coal pillar during the
A B

D

E F

C

FIGURE 6

Structural morphology of bearing structure influenced by SLRFT and ASPP. (A) ASPP effect in stage I. (B) SLRFT effect in stage I. (C) ASPP effect in
stage II. (D) SLRFT effect in stage II. (E) ASPP effect in stage III. (F) SLRFT effect in stage III.
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combined retreating process of the upper and lower working face,

although the partial overburden weight above the worked-out area

still loads on the unworked-out area by the bearing structure

(Jirankova et al., 2012). Compared with the traditional natural

caving method (Wen et al., 2019), SLRFT weakens the abutment

stress mainly through changing the stress transfer mechanism in a

way of varying the structural morphology, fracture characteristics,

and the movement behavior of the bearing structure above the

worked-out area.

During the course of its use in the conventional natural caving

method, the mining-induced abutment stress primarily passes

through the upper coal pillar into the longwall entry. It primarily

maintains stability and results from the stable abutment stress in the

upper coal pillar before the upper working face retreats (Kang et al.,
Frontiers in Ecology and Evolution 10220
2017). The variational abutment stress in the higher coal pillar

causes it to rise quickly as the upper working face retreats (Colwell

et al., 1999). In the top coal pillar during the combined retreating of

the upper and lower working faces, the variational abutment stress

causes it to increase quickly once more (Liu et al., 2021).

According to Shen et al. (2019), SLRFT initially reduces the

variational abutment stress in the coal pillar by altering the

structural morphology of the bearing structure above the coal

pillar. This is because the variational abutment stress in the coal

pillar is primarily caused by the activation of the bearing structure

above the coal pillar. In stage I, the bearing structure transitions

from a two-sided T-shaped cantilever structure to a one-sided

basin-shaped cantilever structure above the upper coal pillar, as

well as from a masonry structure to a suspended structure and a
B

C

A

FIGURE 7

Abutment stress of rock influenced by SLRFT and ASPP. (A) Point A in the sandy mudstone below the lower coal pillar. (B) Point B in the sandy
mudstone below the middle location of the lower working face. (C) Point C in the sandy mudstone above the lower coal pillar.
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caving rock mass next to the cantilever structure. With or without

the help of SLRFT, it will produce rotational subsidence, new

masonry structures, and one-side cantilever structures, but, in

stages II and III, it only produces rotary subsidence.

SLRFT, which can lead to the various bearing structures

discussed above, weakens the abutment stress surrounding the

longwall entry under close distance coal pillar by altering the

fracture characteristics of the bearing structure above the upper

coal pillar. Stage I of the fracture involves non-penetrating

horizontal and oblique gaping fractures that transition into

stepped closed fractures and penetrating fractures in the roof

above the worked-out area. In stage II, they will display behavior

such as closure, extension, opening, and piercing. After then,

without the help of SLRFT in stage III, a new oblique opening

fracture develops and extends to the higher roofs. The effect of

SLRFT in stage III compacted the earlier cracks into closure.

SLRFT alters the movement behavior of the bearing structure

above the upper coal pillar, which can lead to the various fractures

described above, weakening the abutment stress surrounding the

longwall entry under close distance coal pillar. The main roof’s

sinking changes from a moderate, linear trend to a rapid, stepped

trend in stage II due to the immediate roof’s higher subsidence

velocity under the effect of SLRFT than it would be without it. The

primary cause is an improvement in stage II and stage III filling

rates, compaction levels, and dilatancy of the caving rock mass due

to shorter caving step lengths, more layered collapse, and greater

caving heights of the immediate ceiling. As part of the overburden

load is transferred into the worked-out area from the compacted

worked-out area, the upper coal pillar’s loading may be

compromised because of the worked-out area’s increased support

area for the bearing structure.

Under the condition of the discussion, the bearing structure

above the upper coal pillar is shown in Figure 8. AgH is the weight

of the rock above the bearing structure. A is the abutment stress

coefficient in the bearing structure. g is the average volume weight.

H is the buried depth of the rock strata. q is the support stress of the

coal pillar. k is the support coefficient of the compacted worked-out

area. kq is the support stress of the compacted worked-out area. x1 is

the cantilever length of the bearing structure. x2 is the compacted

length of the bearing structure. M is the bending moment of rock

around the bearing structure. According to static equilibrium, the
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support stress of the coal pillar can be calculated using Equation (2).

Its bearing capacity coefficient z can be calculated by Equation (3)

for the determined geological and engineering conditions.

q =
x1 + x2
kx1 + x2

AgH (2)

z =
x1 + x2
kx1 + x2

(3)

To evaluate the loading impact of the bearing structure on the

coal pillar, the bearing capacity coefficient can be used. As shown in

Figure 9, it will vary depending on the cantilever length of the

bearing structure and the support coefficient of the compacted

worked-out region. Shorter cantilever length and higher support

coefficient may be able to reduce the abutment stress in the coal

pillar. This is because the bearing capacity coefficient will rise as the

cantilever length of the bearing structure increases and will fall as

the support coefficient of the compacted worked-out area increases.

This may help to explain how SLRFT is able to reduce the abutment

stress surrounding the longwall entry when the coal pillar is situated

close by.

When there are deep rock strata beneath the coal pillar, hard

roofs above the coal pillar, and wide caving rock mass in the

worked-out area in nearby coal seams, SLRFT can be employed

to lessen the abutment stress surrounding the longwall entry. The

implications of the vertical separation in the stress propagation path

between the close-proximity coal seams and the discontinuous

interface on the SLRFT, however, need to be further investigated

in the future.
6 Conclusion

When the longwall entry encounters the evolution of the

abutment stress brought on by numerous mining activities, it is

challenging to prevent the close-proximity coal pillar from

experiencing significant deformation. SLRFT was proposed to

lessen the abutment stress surrounding longwall entry and lessen

the significant distortion of this type of entry.

SLRFT, a technique for remodeling roof-bearing structures

under mining disturbance, consists of three interactive
FIGURE 8

Mechanical condition of the bearing structure above the upper coal pillar.
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components: the ASPP, the ASPI, and the MALU. By dividing the

lower thick rock stratum into numerous straticulate rock structures

along ASPP under MALU, ASPP significantly contributes to the

acceleration of the lower thick rock strata’s movement. By dividing

the upper thick hard roof into two portions along ASPI under

MALU, ASPI plays a crucial function in identifying the site of the

fracture of the upper thick hard roof.

The mechanism for the lowering of abutment stress was shown

using two physical simulation models with plane–stress

circumstances. SLRFT lengthens the stress transmission path by

altering the bearing structure’s movement patterns, fracture

characteristics, and structural morphology above the coal pillar.

First, the fracture in the ceiling above the worked-out area shifts

from a non-penetrating horizontal and oblique gaping fracture to

stepped closed fractures and piercing fractures. Second, the main

roof’s subsidence changed from having a steady, linear pattern to

one that was swift and stepped. The bearing structure finally

switches from a two-sided cantilever structure with a T type to a

single-sided cantilever structure with a basin type.

SLRFT results in a shorter step length, a more stratified collapse,

and a higher caving height of the immediate roof, which enhances

the dilatancy of the caving rock mass, the filling rate, and the degree

of compaction of the worked-out region. Because the compacted

worked-out region has a bigger support area, more of the

overburden load is transferred there, weakening the abutment

stress around the longwall entry from 12.5 kPa to 3.7 kPa. The

degree of stress reduction increases when the cantilever length of

the bearing structure is decreased and the support coefficient of the

compacted worked-out area is increased.

When there are deep rock strata beneath the coal pillar, hard

roofs above the coal pillar, or wide caving rock masses in the

worked-out area in close-by coal seams, SLRFT is an effective

approach to reduce the abutment stress around the longwall

entry. The implications of the vertical separation in the stress

propagation path between the close-proximity coal seams and the

discontinuous interface on the SLRFT, however, need to be further

investigated in the future. A feasibility, efficacy, and design analysis
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of SLRFT in various engineering geological settings can be done

using the established experimental model.
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disaster in mountainous area of
northern Yunnan province based
on FLO-2D under the influence of
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1School of Civil Engineering, Hunan City University, Yiyang, Hunan, China, 2Yunnan Institute of Geo-
Environment Monitoring, Kunming, Yunnan, China, 3Key Laboratory of Geohazard Forecast and
Geoecological Restoration in Plateau Mountainous Area, Kunming, Yunnan, China

The stratum in Yunlong mountain area is unstable, and it is more likely to have
extreme damage to the mountain in extreme rainfall weather, and even cause the
occurrence of mountain disasters such as debris flow. This paper conducted field
geological surveys and used the FLO-2D professional simulation system to
scientifically evaluate the risk probability of three debris flow in Yunlong
County. The risk prediction before and after engineering control was
compared for the county’s urban areas.This paper uses construction drawings
and remote sensing images to assist in positioning methods for debris flow
simulation. After dividing the debris flow simulation grid, the control project is
added to the simulation project in the form of a plug-in, and specific engineering
parameters are imported into the simulation project file by modifying its
properties. The setting of the control project in numerical simulation is
completed, solving the problem of setting engineering measures. By this
method, the probability analysis of debris flow under three different rainfall
frequencies of 1%, 2% and 5%, namely once in 20 years, once in 50 years and
once in 100 years, is simulated, and the flow and sedimentation characteristics of
debris flow before and after engineering control are compared. The results show
that under 5% rainfall frequency, the simulated results before engineering control
were compared with the actual deposition range, and the evaluation accuracy is
within a reasonable error range. After debris flow engineering control, the
proportion of high risk areas of debris flow in urban areas decreased
significantly, especially when the frequency of rainfall was once in 100 years,
and the area of non-danger areas increased by 5.92% compared with that before
control. In the end, this paper combines the depth ofmud, the velocity of mud and
the outbreak frequency to get the debris flow risk assessment map before and
after engineering treatment, and puts forward suggestions for further prevention
and control measures of debris flow disaster. The research results of this paper will
provide good guidance for the occurrence and control of debris flow hazards
under the influence of extreme rainfall in the mountainous area of northern
Yunnan.
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1 Introduction

The northern Yunnan region of China is located near the
extinction boundary of the Eurasian Plate and the Indian Ocean
Plate, where faults are developed and the crusts are broken. In
addition, this region is one of the most seriously damaged areas in
China where debris flow is densely distributed, as well as one of the
most typical areas of debris flow activity in the world because of its
numerous mountain and canyon landforms, large slope and
abundant precipitation (Tang, 1995; Xu, 2018a). According to the
field survey, a total of 12 counties and cities in northern Yunnan
suffered debris flow disasters with different degrees (Shang, 1993;
Yang et al., 2017), bringing a huge threat to the safety of people’s
lives and property. The risk evaluation of debris flow disaster not
only has reference value for engineering design and construction in
debris flow activity area but also has guiding significance for the
implementation of debris flow prevention and control measures;
besides, it is also an important means to improve the efficiency of
debris flow prevention and control.

Debris-2D, FLO-2D and Geoflow are mature numerical
simulation software in the world, which can carry out large-scale
engineering problem analysis (Peng et al., 2017). Among them, the
FLO-2D software establishes the mass conservation and momentum
conservation equations in differential form, and uses the explicit
central difference method to solve them, which can calculate the
change of flow depth, velocity and influence range with time. As a
two-dimensional software, FLO-2D can analyze the movement
characteristics of debris flow in detail and has been widely used
in debris flow disaster research (Brien, 2009a; Liang et al., 2016; Cao
et al., 2021). Bertolo et al. (Bertolo and Wicezorek, 2005) used FLO-
2D to simulate the sedimentation process of debris flow movement
in small watershed. Huang et al. (Xun and Chuang, 2016) used FLO-
2D to simulate the influence range of debris flow in the experimental
area and found that the simulation results were consistent with the
actual range. Jia et al. (Jia et al., 2015) simulated the debris flow
accumulation process using FLO-2D, and built a danger zone zoning
model based on the momentum of the debris flow to quantify the
debris flow accumulation fan. Ling et al. (Wang and Ling, 2011)
simulated the debris flow in the Songhe area based on FLO-2D
software and conducted risk evaluation in this area based on the flow
depth, flow velocity, and sediment accumulation characteristics.
Zhang et al. (Zhang et al., 2019) used FLO-2D to simulate the
outbreak process of the debris flow in Ruoru village under rainfall
frequencies of 5%, 2%, and 1%, and obtain a risk assessment chart
based on the mud depth, flow velocity, and outbreak frequency. It
can be seen that many scholars have tried to apply FLO-2D to the
risk assessment of debris flow, and the assessment results are highly
consistent with the on-site investigation.

The prevention and control of debris flow in the mountainous
area of northern Yunnan province were first proposed in the mid-
1960s; So far, to some extent, various engineering measures for
controlling the debris flow gullies that may threaten people’s lives
and properties have been implemented, including various
interception measures, slope stabilization measures, drainage
measures, water control measures, and siltation detention
measures (Yan, 2016; Gao et al., 2023). Although these
engineering prevention measures have achieved varying degrees
of effectiveness, most of the risk assessment of debris flow

disasters mainly focused on evaluating their pre-treatment risk,
and trarely consider risk assessment of debris flow disasters
under the influence of engineering measures (Jakob et al., 2012;
Liu and Li, 2023). In this paper, based on detailed field investigation
data (Dong and Hu, 2021) and FLO-2D numerical simulation
software, this paper assisted positioning by construction drawings
and remote sensing images of the treatment project. After the mesh
division of debris flow simulation was completed, the treatment
project was added to the simulation project in the form of plug-in,
and specific engineering parameters were imported into the
simulation project file by modifying its attributes. The setting of
the management project in the numerical simulation is completed,
and the difficult problem of the setting of engineering measures is
solved. The risk assessment after the prevention and control of three
debris flow gulches in Yunlong County has been studied. The risk
assessment of debris flow refers to the evaluation of the possibility of
all people or objects suffering debris flow damage within the scope of
debris flow basin (Ortiz-Giraldo et al., 2023; Yang et al., 2023). This
assessment mainly evaluates the spatial distribution, development
environment, development degree, disaster type and other factors of
debris flow, so as to determine the probability of its occurrence, and
provide a reference for the subsequent prevention and control of
debris flow.

2 Research background

Yunlong County, Yunnan Province, is located in the northern part
of Yunnan; Its landscape features highly eroded mountains and
canyons, with an unusually developed “V"-shaped valley (Figure 1;
Figure 2) that exhibits strong cutting and fractured rock layers (Calista
et al., 2020). The formation of debris flows in the area is related to
special climatic conditions, terrain, and lithology, as well as human
engineering activities also play an important role in the occurrence of
debris flows. The structural system within Yunlong County is complex,
there are various structural systems intersecting and accommodating
each other, thus a composite property with multi-stage and long-term
activity is possessed. In its composite parts (Huang et al., 2019; Gan and
Luo, 2020), fractures crisscross, rocks are broken, rock is severely

FIGURE 1
Steep terrain on both sides of the Bijiang River.
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weathered, and geological disasters such as landslides, collapses, and
potentially unstable slopes are easily formed. The gully erosion is
extremely developed in the slope zone of the assessment area. The
upper andmiddle reaches of the valley often form high and steep banks
due to headward erosion, downstream erosion, and lateral erosion. In
addition, human activities such as road excavation have led to a high
incidence of landslides and collapse, providing a large amount of
material for debris flows.

In this area, the steep slope topography and the continuous
action of strong downcutting erosion of gully water lead to the
gradual unloading, tipping, collapse and surface landslide of gully
bank slope, which provide material sources for the formation of
debris flow (Hou et al., 2021). The rock mass exposed in Yunlong
County has different resistance to weathering because of different
lithology and different degree of joint fissure development. The
stratigraphic lithology is shown in Table 1. The feldspar quartz
sandstone of Hutousi Formation and the sandstone of the lower
part of Jingxin Formation, which have strong wind resistance in
the area, are mainly formed by collapsing blocks, gravel, or
masonry destroyed along joints and cracks, which provide
solid material with coarse particles for debris flow (Liu et al.,
2023a; Liu et al., 2023b).

Through detailed field investigation (Dong and Hu, 2021), the
basic situation of the three debris flow gullies in the area and the
relevant control engineering measures in the gullies are obtained,
as shown in Table 2. The basic characteristics of the three debris
flow trenches are as follows:Shiwei River, the lithology of the
stratigraphic rocks is third-order mudstone and siltstone, and
the slope erosion is severe, resulting in serious soil erosion. In
the Shili River basin, landslides, collapses,slope, collapses,
potentially unstable slopes, and artificial abandoned soil provide
material sources for debris flows. The reserve of loose solid
materials is about 2912.93 × 104 m3, and the reserve of loose
solid materials for debris flow activity is 291.293 × 104 m3. The
accumulation area at the mouth of the gully is fan-shaped, with a

FIGURE 2
Bijiang valley.

TABLE 1 Regional comprehensive stratigraphic list of Yunlong county.

Erathem System Series Formation Code Thickness
(m)

Lithology description

mesozoic
erathem

cretaceous
system

Upper
Series

Hutousi K2h 138 Light gray, brown, gray white giant thick layer, massive feldspathic
quartz sandstone, local copper

nanxin K1n 861–1496 Purplish red medium and coarse-grained sandstone are mainly mixed
with mudstone, silty mudstone and siltstone

Lower
Series

upper
section

K1j
2 182–385 Purplish red mudstone, silty mudstone, argillaceous siltstone with fine

sandstone

jingxing Lower
section

K1j
1 468 Gray-green, gray-white fine-grained quartz sandstone and purplish red

mudstone, silty mudstone, local copper

TABLE 2 Characteristics of the three debris flow gullies in Yunlong county.

Name Drainage
area (km2)

Length of
main

ditch (km)

Average
longitudinal
gradient (‰)

Scale Development
phase

Engineering measures

Shiwei River 42.03 13.08 101.4 Large Exuberant There are 16 check dams, 2check landmarks and
1 sand barrier built in Gouni. In order to control
floods and landslides,a complex of V-shaped
flumes and anti-slip piles and retaining walls are
used in the landslide area of the flood prevention
dam ditch at the source

Suolichangqing 16.5 8.02 147.5 Large Development The severely affected area by debris flows,
Shimen Community, hasbuilt a 400 m channel
for diversion and discharge

Nuodeng River 10.4 7.5 162.7 Large Development There are two valley -dammed reservoirs located
in Gounei
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length of about 1240 m and a width of about 1000 m.
Suolichangqing, the lithology consists of Neogene mudstone
and siltstone, and the slope erosion is strong, causing serious
soil erosion. The weathered layer thickness in the Zhukelijing
debris flow basin is relatively large, and the loose solid material
mainly comes from landslides, erosion and abrasion-type material

sources, and debris flow channel deposits. The amount of loose
solid material source is about 2136.76 × 104 m3, and the movable
loose material source is about 106.838 × 104 m3. Nuodeng River,
the lithology of the strata is mainly comprised of Neogene
mudstone and siltstone, with strong slope erosion and severe
soil and water loss. The loose solid material source is mainly

FIGURE 3
Numerical model construction process.

TABLE 3 Values of various parameters for debris flow channels.

Name Shiwei river Suolichangqing Nuodeng river

Debris flow density r (g/cm3) 1.56 1.62 1.58

Sediment density rs (g/cm
3) 2.60 2.65 2.66

volume concentration Cv 0.35 0.38 0.35

Simulated burst time t (h) 2 1.5 1.5

Manning coefficient 0.1

Laminar flow retarding coefficient K 2280

Rheological parameter α1 0.811

Rheological parameter β1 13.72

Rheological parameter α2 0.0046

Rheological parameter β2 11.24
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from landslides and channel deposits, with the volume of the large
landslide body in the loose slope area being about 1160.0 × 104 m3.
The source of loose solid materials is about 2027.7 × 104 m3, and
the movable loose material source is about 101.38 × 104 m3. The
accumulation area at the mouth of the gully is fan-shaped, with a
length of about 230 m and a width of about 240 m.

3 Construction and parameter values of
FLO-2D numerical model

The FLO-2D software model was proposed by Brien in 1988,
in which the digital elevation model (DEM) is divided into the
same size and regular topographic grid to solve the control
equation of debris flow movement by using non-Newtonian
fluid and central finite difference method, while the flow
process, accumulation range and dangerous area of debris
flows can be simulated by numerical quantitative method.
Related literature (Brien, 2009b; Castelli et al., 2017; Cong
et al., 2019) had discussed in detail the theoretical model of
the numerical simulation software and the assumptions to
be met.

In this article, combined with various parameters such as rainfall,
flow data, and digital terrain data, FLO-2D numerical simulation
software was used to simulate the movement process and status of
debris flows, including flow velocity, deposition depth, and deposition
range, to restore the movement process of debris flows. After obtaining
the numerical simulation parameters of debris flows occurring every
20 years, 50 years, and 100 years, the potential impact and deposition
situation of debris flows under rainfall conditions with a recurrence
interval of 20, 50, and 100 years in Yunlong County were predicted. By
combining the motion parameters with the danger of debris flows, an
appropriate debris flow hazard zoning model is selected to classify the
debris flows into different levels of danger.

3.1 Numerical model construction

This article collects 1:10000 contour lines and high-precision
remote sensing image maps of Yunlong County (Dong and Hu,
2021). The construction process of the numerical model is shown in
Figure 3.

When conducting a numerical simulation of debris flow
engineering after treatment, it is necessary to add the
treatment engineering to the simulation project in the form of
a plugin after the grid division of debris flow simulation is
completed, and the position of the treatment engineering in
the watershed is very important, which can be assisted using
the construction drawings of the treatment engineering and
remote sensing images. By creating a series of corresponding
grids for the treatment projects and importing the specific project
parameters into the simulation project file by modifying their
properties, the setting of the treatment engineering in the
numerical simulation can be completed.

3.2 Parameter choice

The main parameters selected for FL0-2D numerical simulation
(FLO-2D Software Inc, 2004) include debris flow density, volume
concentration, laminar retarding coefficient and rheological
parameters.

3.2.1 Input parameters
Based on on-site surveys and collected design reports of debris

flow, and combined with the FL0-2D User Manual and relevant
literature, various calculation parameters except rainfall intensity
were obtained and analyzed, as shown in Table 3.

The calculation of debris flow volume concentration can refer to
the calculation formula in reference (Zhang et al., 2022).

TABLE 4 Calculation parameters of peak flow of debris flow.

Name Shiwei river main
channel

Shiwei river tributary channel
(Qingshiyanqing)

Suolichangqing Nuodeng river

Sediment correction
factor

0.538 0.538 0.60 0.537

Gross blockage factor 1.3 1.3 1.4 1.3

TABLE 5 Peak flow meter of outlet point cross section.

Name Rainstorm peak flow under different
frequencies (m3/s)

Peak flow of debris flow under different
frequencies (m3/s)

p = 1% p = 2% p = 5% p = 1% p = 2% p = 5%

Shiwei River main channel 417.46 361.10 289.27 834.92 722.20 578.54

Shiwei River tributary channel (Qingshiyanqing) 101.38 87.78 70.58 202.76 175.56 141.16

Suolichangqing 216.80 187.31 149.36 486.22 420.08 334.97

Nuodeng River 138.63 119.68 95.29 277.00 239.14 190.40
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FIGURE 4
Flow process lines of debris flow for each debris flow channel in Yunlong County.
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CV � r − rw
rs − rw

(1)

r is the density of debris flow (g/cm3),rs is the density of fluid
sediment (g/cm3) and rw is the density of water (g/cm3).

The rheological parameters α1 and β1 are related to the viscosity
coefficient η, and the rheological parameters α2 and β2 are related to
the yield stress τy, as detailed in the formula in the FL0-2D User
Manual.

η � α1e
β1CV (2)

τy � α2e
β2CV (3)

3.2.2 Debris flow process line design
Numerical simulation of debris flow using FLO-2D software

requires the calculation of the flow process line of the debris flow
(XU, 2018b; Li et al., 2022; Zhang LB. et al., 2023). After obtaining
the peak flow of the rainstorm with the rainfall-hydrological
method, the runoff flow at the outlet can be calculated according
to relevant specifications (Hu, 1993; China University of
Geosciences, 2018; Li et al., 2023) under different rainfall
frequencies, and the peak flow of the debris flow at the outlet
can be obtained. The calculation parameters for the peak flow of
debris flow are shown in Table 4, and the peak flow of the outlet
section is shown in Table 5.

Qc � 1 + φ( )Qd (4)
φ � γ − γW( )/ γS − γ( ) (5)

Qc is the peak flow of the debris flow section (m3/s), Q is the
peak flow of the flood section (m3/s), ψ is the sediment correction
coefficient, and d is the blockage coefficient.

The flow process line of debris flow can be obtained by using the
generalized pentagon method (Gong et al., 2017; Wang et al., 2020;
Zhang JC. et al., 2023), as shown in Figures 4A–D.

3.2.3 Selection of catchment points
The effectiveness of the simulation is determined by the reasonable

selection of catchment points. Through field investigations and
comparisons of collected data, loose material accumulation sites
where a large amount of debris flow in each debris flow channel
forming area existed were selected as the catchment points to serve as
the starting points for numerical simulation. The catchment point for
the main channel of Shiwei River was located at the convergence of the
tributaries in the upstream forming area, while the catchment point for
the tributary channel of Shiwei River was located at the foot of the front
edge slope of the Guanzhuangdian landslide. The catchment point for
Suolichangqing was located at the confluence point of the upstream
tributaries, and the catchment point for Nuodeng River was located at
the foot of the slope of the large landslide of Songpodigu in the
forming area.

TABLE 6 Simulation data of Shiwei River blocking engineering.

Dam construction Dam
height (m)

Dam
length (m)

Width of the dam cross-section at
the top (m)

Width of the dam cross-section at
the bottom (m)

Shiwei River rock dam LS1 7 47.54 2.68 10.56

Shiwei River valley
township GF5

5 42.85 2.00 6.70

Qingshiyanqing valley
township GF6

5 78.29 2.00 6.70

Qingshiyanqing valley
township GF7

5 43.77 2.00 6.70

Qingshiyanqing valley
township GF8

5 28.09 2.00 6.70

Qingshiyanqing valley
township GF9

5 50.89 2.00 6.70

Shiwei River Fixed Bed
Dam GC1

2.5 24.30 1.00 4.60

Shiwei River Fixed Bed
Dam GC2

3 39.53 1.00 4.60

Shiwei River Fixed Bed
Dam GC3

3 17.85 1.00 4.60

Shiwei River valley township
GF12

5 43.60 2.00 6.70

Shiwei River valley township
GF13

5 45.15 2.00 6.70

Shiwei River valley township
GF14

5 46.98 2.00 6.70

Shiwei River valley township
GF16

5 56.83 2.00 6.70
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4 Risk assessment before and after
performing debris flow control

4.1 Field investigation results of debris flow
control engineering

The reasonable selection of catchment points determines the
effectiveness of the simulation. Based on field investigations and
comparisons of collected data, loose material accumulation sites
where a large amount of debris flow in each debris flow channel
forming area existed were selected as the catchment points to be seen
as the starting points for numerical simulation. The catchment point
for the main channel of Shiwei River was located at the confluence of
the tributaries in the forming area upstream, while the catchment
point for the tributary channel of Shiwei River was located at the
slope foot of the front edge of the Guanzhuangdian landslide. The
catchment point for Suolichangqing was located at the confluence
point of the upstream tributaries, and the catchment point for
Nuodeng River was located at the foot of the slope of the large
landslide of Songpodigu in the forming area.

The early debris flow control engineering for the Suolichangqing
andNuodeng River debris flows in the study area nearly failed, resulting
in the post-control movement processes being consistent with natural
conditions. This simulation mainly focuses on simulating the blocking
engineering of the main channel and tributary channel of Shiwei River
at the Qingshiyanqiong blocking site. The statistical data of the blocking
engineering can be found in Table 6.

4.2 Numerical simulation results before and
after debris flow control

Numerical simulations after the implementation of control
measures were conducted, the movement and accumulation of
debris flows in three gullies in Yunlong County under three
recurrence intervals (p = 5%, p = 2%, p = 1%) were obtained. The
simulation results are shown in Figures 5–7.

In this study, the simulated data of debris flow fan areas occurring
once every 20 years in the study area was compared with the actual
measured fan area data. According to the simulation results, the

FIGURE 5
Simulation results of 20 years before and after treatment.
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accuracy of the 20-year recurrence interval fan area for Lion Rock River
in Yunlong County was 79.8%, for Suolichangqing in Yunlong County
was 77.7%, and for Nuodeng River in Yunlong County was 79.4%. The
numerical simulation results before and after debris flow control in
Yunlong County are shown in Table 7.

Based on the FLO-2D numerical simulation results, it is known
that due to the failure of the early debris flow control engineering in
Suolichangqing and Nuodeng River, the movement process of debris
flow is consistent with the natural situation. However, the trapping
function of the control engineering in Shiwei River significantly
reduced the area of the accumulation fan, the average accumulation
depth, the maximum accumulation depth and the outburst volume.
Under the conditions of a 20-year or 50-year rainfall, there is no
debris flow reaching the current accumulation fan position, and after
being controlled, the area, average depth, maximum depth, and
outburst volume of the accumulation fan all tend to be zero, with

loose materials accumulating in the channel. Under the conditions
of a 100-year rainfall, some debris flows reach the current
accumulation fan position, the area of the accumulation fan is
21.3% of the pre-construction value, and the outburst volume is
19.6% of the pre-construction value.

4.3 Verification of numerical simulation
results

In this paper, the simulation data of debris flow gully accumulative
fan range in the study area once every 20 years are compared with the
actual data of debris flow gully accumulative fan range in the study area.
The specific formula is as follows.

A � S1
S2

{ ×
S1
S3
} × 100% (6)

FIGURE 6
Simulation results of 50 years before and after treatment.
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The degree of accuracy in formula A; S1 is the overlap area between
the measured and simulated accumulations. S2 is the accumulation area
of debris flow measured in field survey. S3 is the accumulation area of
numerical simulation debris flow. The result value for precision A is
0–1, and the closer it is to 1, themore accurate the final simulation result
will be. The accuracy of each ditch calculated by formula 6 is shown in
Table 8, which is consistent with the above simulation results, thus
verifying the accuracy of this numerical simulation.

4.4 The risk assessment before and after
debris flow control

Risk evaluation of the Yulong County urban area with high human
activity was conducted based on the depth and velocity of mud and
debris flow obtained through numerical simulations. The classification
standard for the risk ofmud and debris flow refers to the standards used
for the Wenchuan debris flow, as shown in Table 9.

TABLE 7 Numerical simulation results before and after regulation engineering.

Name Recurrence period
(Year)

Accumulative fan
area (m2)

Average accumulation
depth (m)

Maximum deposit
depth (m)

Discharge
volume (m3)

Shiwei River Before treatment p = 5% 53200 2.33 4.76 123956

Before treatment p = 2% 99600 2.35 5.08 234060

Before treatment p = 1% 178000 2.42 5.47 430760

After treatment p = 5% 0 0 0 0

After treatment p = 2% 0 0 0 0

After treatment p = 1% 38000 2.22 4.89 84360

Suoli
changqing

Before treatment p = 5% 42400 1.04 2.44 44096

Before treatment p = 2% 64400 1.11 2.64 71484

Before treatment p = 1% 99200 1.23 2.87 122016

After treatment p = 5% 42400 1.04 2.44 44096

After treatment p = 2% 64400 1.11 2.64 71484

After treatment p = 3% 99200 1.23 2.87 122016

Nuodeng
River

Before treatment p = 5% 12400 1.18 2.15 14632

Before treatment p = 2% 19600 1.2 2.48 23560

Before treatment p = 1% 28800 1.31 3.31 37728

After treatment p = 5% 12400 1.18 2.15 14632

After treatment p = 2% 19600 1.2 2.48 23560

After treatment p = 1% 28800 1.31 3.31 37728

TABLE 8 Accuracy assessment of numerical simulation.

p = 5% Debris flow accumulation area

Name Measured value (104m2) Simulation value (104m2) Overlap (104m2) Accuracy

Shiwei River 5.38 5.32 4.78 79.8

Suolichangqing 4.29 4.24 3.76 77.7

Nuodeng River 1.32 1.24 1.14 79.4

TABLE 9 Standard for classifying the danger of debris flow.

Intensity of debris flow Depth of mud(m) Relationship formula Product of depth of mud and flow velocity

High H ≥ 2.5 OR VH ≥ 2.5

Medium 0.5 ≤ H < 2.5 AND 0.5≤VH < 2.5

Low 0 ≤ H < 0.5 AND VH < 0.5
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According to the current urban area range of Yunlong County
and the overall development plan (2013–2030), the urban area of
Yunlong County is approximately 2.5075 square kilometres. Based
on the qualitative evaluation and FLO-2D numerical simulation
results, a risk assessment was conducted for geological hazards in the
urban area of Yunlong County before and after geological disaster
management. The evaluation results are divided into high-risk areas,
medium-risk areas, low-risk areas, and zero-risk areas, as shown in
Figure 8.

“Safe zones” indicate that the area is not at risk of being affected
by debris flows; “Low-risk zones” indicate that debris flows may
cause slight damage to buildings in the area; “Medium risk zones”
indicate that some buildings in the area may be destroyed, and
personnel may be injured or killed; “High-risk zones” indicate that
debris flows will destroy buildings and cause significant loss of life.
As shown in Figure 8, the high-risk zones in the county’s urban area
are mainly divided into two regions; The first high-risk zone is
located in the whole Shiwei River flowing through the urban area of

Yunlong County, which although has been rehabilitated with
drainage facilities to timely evacuate small-scale debris flows,
there may be risks of slow drainage or blockages in case of
rainfalls with a frequency of once every 100 years, and there are
risks inside and around the drainage facilities. The second high-risk
zone is located at the Suolichang Canyon in the urban area of
Yunlong County, which has risks of debris flows with a frequency of
once every 20 years.

The results of the geological hazard risk assessment for different
rainfall frequencies, including p = 5%, p = 2%, and p = 1%, were used to
analyze the statistics of the area of each risk zone before and after
engineering treatment, as shown in Table 10.

According to the above analysis, it can be known that after the
implementation of engineering measures for debris flow disasters, the
proportion of high-risk areas in the urban area of Yunlong County was
significantly decreased, especially under the condition of 20-year
rainfall. The area of high-risk areas decreased the most. Under
rainfall conditions of 50 years and 100 years, the area of medium-

FIGURE 7
Simulation results of 100 years before and after treatment.
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risk areas decreased significantly, but under the condition of 20-year
rainfall, the area of medium-risk areas increased slightly, this is mainly
because some high-risk areas are transformed into medium-risk areas.
Under different rainfall frequencies, the proportion of low-risk areas

decreased. Overall, after implementing engineering measures for debris
flow disasters, the area of no-risk areas increased, especially the area of
no-risk areas increased by 5.92% when the rainfall frequency was
100 years, which greatly ensures the safety of densely populated areas.

FIGURE 8
The danger zonation map of the urban area of Yunlong County.
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The setting up of the Shiwei River debris flow interception project
plays a great role in reducing the harm caused by debris flows. In the
later period, a comprehensive prevention and control project can be
considered, which includes a “composite V-shaped drainage chute +
fish mouth project + sand-collecting dam + valley-distributed dam +
rigid dam + flood control dike” to further improve the prevention and
control effect. Suolichangqing and Nuodeng River have lower
prevention and control levels and longer construction times. At
present, they are in a saturated state and require the addition of
appropriate treatment measures to ensure safety.

5 Conclusion

Based on various parameters of rainfall, flow data, and digital
terrain data, this article used the FLO-2D numerical simulation
software to simulate the movement process of the three debris flow
gullies in Yunlong County before and after treatment. Based on the
debris flow movement state, the danger and zoning of the county
town area were evaluated, and the following conclusions were
drawn:

1) This paper assisted positioning by construction drawings and remote
sensing images of the treatment project. After the mesh division of
debris flow simulation was completed, the treatment project was
added to the simulation project in the form of plug-in, and specific
engineering parameters were imported into the simulation project file
by modifying its attributes. The setting of the management project in
the numerical simulation is completed, and the difficult problem of
the setting of engineering measures is solved.

2) Under the rainfall conditions of a return period of 20 years and
50 years, the Shiwei River did not reach the current debris flow
deposit fan position, and loose materials were piled up in the
gorge. Under the rainfall conditions of a return period of
100 years, some of the debris flow reached the current deposit
fan position, and the area of the deposit fan was 21.3% of that

before treatment, and the volume of the scouring was 19.6% of
that before treatment.

3) After the implementation of engineering treatment for debris
flow disasters, the proportion of high-risk areas in the urban area
of Yunlong County was substantially decreased, especially under
the condition of once-in-twenty-year rainfall, the area of high-
risk regions was reduced the most. Especially when the rainfall
frequency is once in a hundred years, the area of non-dangerous
zones has increased by 5.92% compared to before the treatment.
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TABLE 10 Statistical of the hazardous zoning area in the urban area of Yunlong County before and after governance.

Zone High danger zone Medium danger zone Low danger zone No danger zone Aggregate

Before treatment p = 5% area (km2) 0.1528 0.0788 0.0688 2.2071 2.5075

p = 5% percentage (%) 6.09 3.14 2.74 88.03 100

p = 2% area (km2) 0.1776 0.1364 0.0656 2.1279 2.5075

p = 2% percentage (%) 7.08 5.44 2.62 84.86 100

p = 1% area (km2) 0.2108 0.1728 0.122 2.0019 2.5075

p = 1% percentage (%) 8.41 6.89 4.87 79.83 100

After treatment p = 5% area (km2) 0.162 0.12 0.0752 2.1503 2.5075

p = 5% percentage (%) 3.41 3.22 1.33 92.04 100

p = 2% area (km2) 0.1128 0.094 0.0532 2.2475 2.5075

p = 2% percentage (%) 4.5 3.75 2.12 89.63 100

p = 1% area (km2) 0.162 0.12 0.0752 2.1503 2.5075

p = 1% percentage (%) 6.46 4.79 3 85.75 100

Frontiers in Environmental Science frontiersin.org13

Ding et al. 10.3389/fenvs.2023.1252206

236

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1252206


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

Bertolo, P., and Wicezorek, G. F. (2005). Calibration of numerical models for small
debris flows in Yosemite Valley,California,USA. Nat. Hazards Earth Syst. Sci. 5 (6),
993–1001. doi:10.5194/nhess-5-993-2005

Brien, J. S. (2009a). FLO-2D reference manual. Arizona, United States: FLO-2D
Software Inc, 10–11.

Brien, J. S. (2009b). FLO-2D reference manual. Arizona, United States: FLO-2D
Software Inc, 10–11.

Calista, M., Menna, V., Mancinelli, V., Nicola, S., and Enrico, M. (2020). Rockfall and
debris flow hazard assessment in the SW escarpment of montagna del morrone ridge
(Abruzzo, Central Italy). Water 12 (4), 1206–1215. doi:10.3390/w12041206

Cao, P., Hou, S. S., and Chen, L. (2021). Risk assessment of mass debris flow based
on numerical simulation: An example from the Malu River basin in Min County.
Chin. J. Geol. Hazard Control 32 (2), 100–109. doi:10.16031/j.cnki.issn.1003-8035.
2021.02.14

Castelli, F., Freni, G., Lentini, V., and Fichera, A. (2017). Modelling of a debris flow
event in the Enna area for hazard assessment. Procedia Eng. 175, 287–292. doi:10.1016/j.
proeng.2017.01.026

China University of Geosciences (2018). Code for debris flow disaster prevention and
control engineering survey. Beijing: China University of Geosciences.

Cong, K., Li, R. D., and Bi, Y. H. (2019). Benefit evaluation of debris flow control
project based on FLO-2D model. Northwest Geol. 52 (3), 209–216.

Dong, Y., and Hu, W. J. (2021). Investigation and risk assessment report of geological
disaster prevention and control effect in Yunlong County and planning area of Yunnan
Province. Yunnan: Yunnan geological Survey.

FLO-2D Software Inc (2004). FLO-2D,2Dimensional flood routine model manual:
Version 10. Arizona: Nutrioso, AZ85932.

Gan, J. L., and Luo, C. T. (2020). Runout and process simulation of gully debris flow in
middle and low mountains. J. Nat. Disasters 29 (2), 97–110.

Gao, Y., Yu, Z., Chen, W., Yin, Q., Wu, J., and Wang, W. (2023). Recognition of rock
materialsafter high-temperature deterioration based on SEM images via deep learning.
J. MaterialsResearch Technol. 25, 273–284. doi:10.1016/j.jmrt.2023.05.271

Gong, K., Yang, T., Xia, C. H., and Yang, Y. (2017). Assessment of landslide hazard
based on FLO-2D-a case study in mianxun town, mianxian county, wenchuan province.
J. Water Resour. Water Eng. 28 (6), 134–138. doi:10.11705/j.issn.1672-643X.2017.06.23

Hou, S. S., Cao, P., Chen, L., Feng, Z., Wang, C., and Li, A. (2021). Risk assessment of
debris flow disaster in eryang River Basin Based on numerical simulation.
Hydrogeology& Eng. Geol. 48 (2), 143–151. doi:10.16030/j.cnki.issn.1000-3665.
20200305

Hu, G. B. (1993). The analytical calculation of flood regulation based on the
pentagonal flood process line. Jiangxi Hydraulic Sci. Technol. 19 (3), 198–201.

Huang, X., Tang, C., Li, Y. L., He, J. Y., Zhang, K. S., Liu, T., et al. (2019). Morphology-
tunable WMoO nanowire catalysts for the extremely efficient elimination of
tetracycline: Kinetics, mechanisms and intermediates. Adv. Earth Sci. 31 (10),
1047–1057. doi:10.1039/c8nr08162j

Jakob, M., Stein, D., and Ulmi, M. (2012). Vulnerability of buildings todebris flow
impact. Nat. Hazards 60 (2), 241–261. doi:10.1007/s11069-011-0007-2

Jia, T., Tang, C., and Wang, N. N. (2015). Method and application of debris flow
hazard zoning Based on FLO-2D and impulse model. Water Resourse Power 33 (2),
152–155. doi:10.16030/j.cnki.issn.1000-3665.202003057

Li, B. X., Cai, Q., Song, J., Cheng, L., and Liu, J. K. (2022). Risk assessment of debris
flow hazard based on FLO-2D:A case study of debris flow in Maiduo Gully. J. Natuerl
Disastres 31 (4), 256–265. doi:10.16031/j.cnki.issn.1003-8035.2021.02.14

Li, X. L., Zhang, X. Y., Shen, W. L., Zeng, Q., Chen, P., Qin, Q., et al. (2023). Research
on the mechanism and control technology of coal wall sloughing in the ultra-large
mining height working face. Int. J. Environ. Res. Public Health 20 (2), 868. doi:10.3390/
ijerph20010868

Liang, H. X., Shang, M., and Xu, X. (2016). Research on the influence factors of flow
and deposition of debris flow based on the FLO-2D simulation. J. Eng. Geol. 24 (2),
228–234. doi:10.1007/s12665-014-3865-6

Liu, S. M., and Li, X. L. (2023). Experimental study on the effect of cold soaking with
liquid nitrogen on the coal chemical and microstructural characteristics. Environ. Sci.
Pollut. Res. 30 (3), 36080–36097. doi:10.1007/s11356-022-24821-9

Liu, S. M., Sun, H. T., Zhang, D. M., Yang, K., Wang, D., Li, X., et al. (2023a).
Nuclear magnetic resonance study on the influence of liquid nitrogen cold soaking
on the pore structure of different coals. Phys. Fluids 35 (1), 012009. doi:10.1063/5.
0135290

Liu, S. M., Sun, H. T., ZhangYang, D. M. K., Li, X., Wang, D., et al. (2023b).
Experimental study of effect of liquid nitrogen cold soaking on coal pore structure
and fractal characteristics. Energy 275 (7), 127470. doi:10.1016/j.energy.2023.
127470

Ortiz-Giraldo, L., Botero, B. A., and Vega, J. (2023). An integral assessment of
landslide dams generated by the occurrence of rainfall-induced landslide and debris
flow hazard chain. Front. Earth Sci. 11, 1157881. doi:10.3389/feart.2023.1157881

Peng, S. Y., Li, G. J., and Qin, S. W. (2017). Review of research on dynamic processes
and erosion of debris flow. Yangtze River 48 (3), 53–56. 101. doi:10.16232/j.cnki.1001-
4179.2017.03.011

Shang, W. A. (1993). Landslide and debris flow disasters in Yunnan’s towns and
their prevention and control. First Natl. Conf. Landslide Debris Flow Prev. Control,
323–328.

Tang, X. C. (1995). Debris flow control and its future in mountain of south west
China. Mar. Quat. 15 (3), 105–112.

Wang, J. J., and Ling, H. I. (2011). Developing a risk assessment model for typhoon-
triggered debris flows[J]. J. Mt. Sci. 8 (1), 14. doi:10.1007/s11629-011-2065-z

Wang, G. F., Yang, Q., Chen, Z. L., Jia, L., and Mao, J. R. (2020). Risk assessment of
debris flow in the ganjia gully of the bailongjiang basin. J. Sediment Res. 45 (4), 66–73.
doi:10.16239/j.cnki.0468-155x.2020.04.011

Xu, H. L. (2018a). The run-out scal prediction of the rapid-steep channel debris-flow
base on FLO-2D. Chengdu: Chengdu University of Technology.

Xu, Huiliang (2018b). The run-out scal prediction of the rapid-steep channel
debris-flow base on FLO-2D. Chengdu: Chengdu University of Technology.

Xun, H., and Chuang, T. (2016). Quantitative risk assessment of catastrophic debris
flows through numerical simulation. Adv. Earth Sci. 31 (10), 1047–1055.

Yan, H. M. (2016). Risk assessment of debris flow in main gully based on FLO-2D.
Chengdu: Southwest Jiaotong University.

Yang, H. L., Fan, X. Y., and Jiang, Y. J. (2017). Analysis of engineering treatment effect
of debris flow based on FLO-2D:Case of Yindongzi gully in Dujiangyan City. Yangtze
River 48 (17), 66–71. 95. doi:10.1016/j.csite.2023.103325

Yang, W., Wan, F., Ma, S., Qu, J., Zhang, C., and Tang, H. (2023). Hazard assessment
and formation mechanism of debris flow outbursts in a small watershed of the Linxia
Basin. Front. Earth Sci. 10, 994593. doi:10.3389/feart.2022.994593

Zhang, F. X., Zhang, L. Q., Zhou, J., and Yang, Z. Y. (2019). Risk assessment of debris
flow in Ruoru village,Tibet based on FLO-2D. J. Water Resour. Water Eng. 30 (5),
95–102. doi:10.1007/s11629-020-6448-x

Zhang, H. W., Liu, F. Z., and Wang, J. C. H. (2022). Hazard assessment of
debris flows in Kongpo Gyamda,Tibet based on FLO-2D numericalsimulation.
J. Geomechanics 28 (2), 306–318. doi:10.3969/j.issn.1006-6616.2008.03.009

Zhang, J. C., Li, X. L., Qin, Q. Z., and Zuo, Z. (2023b). Study on overlying strata
movement patterns and mechanisms in super-large mining height stopes. Bull. Eng.
Geol. Environ. 82 (3), 142. doi:10.1007/s10064-023-03185-5

Zhang, L. B., Shen,W. L., Li, X. L.,Wang, Y., Qin, Q., Lu, X., et al. (2023a). Abutment pressure
distribution law and support analysis of super largemining height face. Int. J. Environ. Res. Public
Health 20 (1), 227. doi:10.3390/ijerph20010227

Frontiers in Environmental Science frontiersin.org14

Ding et al. 10.3389/fenvs.2023.1252206

237

https://doi.org/10.5194/nhess-5-993-2005
https://doi.org/10.3390/w12041206
https://doi.org/10.16031/j.cnki.issn.1003-8035.2021.02.14
https://doi.org/10.16031/j.cnki.issn.1003-8035.2021.02.14
https://doi.org/10.1016/j.proeng.2017.01.026
https://doi.org/10.1016/j.proeng.2017.01.026
https://doi.org/10.1016/j.jmrt.2023.05.271
https://doi.org/10.11705/j.issn.1672-643X.2017.06.23
https://doi.org/10.16030/j.cnki.issn.1000-3665.20200305
https://doi.org/10.16030/j.cnki.issn.1000-3665.20200305
https://doi.org/10.1039/c8nr08162j
https://doi.org/10.1007/s11069-011-0007-2
https://doi.org/10.16030/j.cnki.issn.1000-3665.202003057
https://doi.org/10.16031/j.cnki.issn.1003-8035.2021.02.14
https://doi.org/10.3390/ijerph20010868
https://doi.org/10.3390/ijerph20010868
https://doi.org/10.1007/s12665-014-3865-6
https://doi.org/10.1007/s11356-022-24821-9
https://doi.org/10.1063/5.0135290
https://doi.org/10.1063/5.0135290
https://doi.org/10.1016/j.energy.2023.127470
https://doi.org/10.1016/j.energy.2023.127470
https://doi.org/10.3389/feart.2023.1157881
https://doi.org/10.16232/j.cnki.1001-4179.2017.03.011
https://doi.org/10.16232/j.cnki.1001-4179.2017.03.011
https://doi.org/10.1007/s11629-011-2065-z
https://doi.org/10.16239/j.cnki.0468-155x.2020.04.011
https://doi.org/10.1016/j.csite.2023.103325
https://doi.org/10.3389/feart.2022.994593
https://doi.org/10.1007/s11629-020-6448-x
https://doi.org/10.3969/j.issn.1006-6616.2008.03.009
https://doi.org/10.1007/s10064-023-03185-5
https://doi.org/10.3390/ijerph20010227
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2023.1252206


Key technologies research on of
soil-structure interaction base
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in 3D seismic zone
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Thailand

The development of karst in Karst area leads to poor stability of stratum. If
earthquake occurs, the area will produce destructive disaster. In order to
improve the stability capacity of the grassroots in the region, this study
investigates the seismic response of inter-story isolation structures considering
soil-structure interaction (SSI) in three-dimensional earthquakes. A model of the
inter-story isolation structure incorporating SSI was developed, and one-
dimensional, two-dimensional, and three-dimensional ground motions were
applied to compare the seismic response under different input conditions. A
three-dimensional isolation systemwas introduced and comparedwith traditional
horizontal isolation structures to address excessive tensile and compressive
stresses on the isolation structure during three-dimensional ground motion.
The results demonstrate that the seismic response to three-dimensional
earthquakes surpasses one-dimensional and two-dimensional inputs.
Furthermore, adding a three-dimensional isolation structure effectively isolates
vertical ground motion and reduces structural seismic response. Moreover, it
minimizes soil stresses on the foundation compared to traditional horizontal
isolation structure, enhancing foundation stability. This study will provide
theoretical value and practical guidance for the research on key technology of
SSI base story isolation structure response in Karst Plateau 3D Seismic zone.

KEYWORDS

karst, three-dimensional seismic zone, soil structure interaction, vibration isolation
structure, key technology

1 Introduction

Inter-story seismic isolation is a novel technology developed based on base isolation
principles, which has shown progress (Peng and Dong, 2023; Ehsan and Toopchi-Nezhad,
2023; Wan et al., 2023; Fan et al., 2023; Liang et al., 2023; Davide and Kalfas Konstantinos,
2023; Zhang et al., 2021; Zhang et al., 2021; Basili and Angelis, 2022; Hur and Park, 2022; Li
et al., 2022). The Tokyo Shiodome Sumitomo Mansion (Toshiyuki et al., 2008), utilizing an
inter-story isolated structure, effectively mitigates seismic response by incorporating an
isolation story within the middle of the building. Bernardi et al. (2023) introduced a
multi-objective optimization method to consider the overall structural response. They
investigated the application of Inter-Story Isolation (IIS) as a Tuned Mass Damper (TMD)
for structural tuning and derived new design equations accordingly. Three structural cases
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underwent time history analysis to evaluate the optimization effects of
this approach. The findings demonstrated that IIS improved the lower
structural performance to some extent while also restraining isolation
displacement and upper structural acceleration during seismic events.
Zhou et al. (2016) developed a simple two-degree-of-freedom model
using a streamlined reduction method based onmodal synthesis. This
model effectively captures the response characteristics of the entire
system and facilitates the development of an analysis method for
optimizing the parameters of the inter-story isolation system.
Numerical examples were employed to explore the impact of
different floor placements of the best inter-story isolation system
within the same building, confirming the capability of isolation
devices to reduce the structure’s seismic response.

Zhang et al. (2017) proposed using Real-TimeHybrid Simulation
(RTHS) to study the performance of buildings equipped with inter-
story isolation. The shaking table serves as a means to establish
essential boundary conditions. This study conducted experimental
tests and numerical simulations on the substructures above and below
the isolation story. Specifically, a 14-story building with inter-story
isolation was subjected to a shaking table experiment controlled using
an acceleration tracking method. The results demonstrated the
accuracy and reliability of RTHS in investigating buildings with
inter-story isolation. Tasaka et al. (2008) presented examples of
base and inter-story isolation systems designed and refurbished by
NIKKEN, a Japanese architectural and engineering company. The
renovation project focused on retrofitting the base-isolation system
while retaining the original structure, thereby enhancing its seismic
performance. Furthermore, inter-story isolation systems can be
applied to mid to high-rise buildings. Faiella et al. (2022)
examined a three-story brick and stone building with an irregular
structural configuration. The study addressed identifying dynamic
parameters associated with the upper structure on the isolation story
and required a comprehensive analysis of the lumped mass model to
minimize the earthquake response. To establish standardized
guidelines for the overall seismic response of buildings equipped
with inter-story isolation structures, a detailed analysis of the Inter-
Story Isolation (IIS) structure was conducted using a three-
dimensional finite element model. The research findings were the
basis for drawing conclusive opinions and proposing general design
guidelines. Jin et al. (2012), Song et al. (2023) conducted experimental
investigations into the seismic response and effectiveness of the mid-
story isolation system in a four-story steel frame model. Various
placements of the isolation story were considered, including the
bottom of the first floor, the top of the first floor, the top of the
second floor, and the top of the third floor.

The research outcomes revealed that the mid-story isolation
system generally reduces seismic response, although it may amplify
the acceleration of the lower structure of the isolation story.
Additionally, applying mid-story isolated structures in reinforcing
existing structures (Toshiyuki et al., 2008; Basili and Angelis, 2022;
Zhang et al., 2022; Davide and Kalfas Konstantinos, 2023; Ehsan and
Toopchi-Nezhad, 2023; Liu et al., 2023a; Liu et al., 2023a; Liu et al.,
2023b; Li et al., 2023) effectively lowers the seismic response.
Furthermore, machine learning methods have been employed to
predict disaster occurrences in different environments (Huang et al.,
2020a; Gao et al., 2023; Zhang et al., 2023). The structure
development process (Liao et al., 2001; Li et al., 2014; Huang
et al., 2020b; Zhang et al., 2021; Huang et al., 2022; Li et al.,

2022; Liu et al., 2022) has undergone significant advancements.
Ryan and Earl, (2010) conducted a systematic study on the
relationship between the effectiveness of inter-story isolation
systems and their locations. They extensively explored the
selection of isolation system parameters to achieve optimal
performance. The research revealed that the single-story isolation
system responds distinctively to the overall structure, effectively
mitigating forces from above the isolation system but showing lesser
effectiveness in reducing the strength of the structure below. To
address practical challenges and ensure commercial feasibility, the
study aimed to alleviate the forces acting on the structure below the
isolation system by designing an inter-story isolation system suitable
for light loads. Bolvardi et al. (2018) investigated the utilization of
inter-story isolation systems in platform-type figure-rise Cross-
Laminated Timber (CLT) buildings. Modifications were made to
the displacement-based Generalized Direct Design (DDD) program
to identify key design parameters of the inter-story isolation system
required to achieve pre-selected displacement targets for the
building. The proposed design program was applied to a 12-story
CLT building design example using seismic hazard parameters
specific to Los Angeles, California. The building’s performance was
numerically validated through nonlinear time history simulation.

Basili and Angelis, (2022), Liu and Li, (2023) conducted shaking
table experiments on frame structures using a multi-degree-of-
freedom setup. Three different structural configurations were
tested, including a four-story, three-story intermediate, and three-
story structure equipped with an unconventional Tuned Mass
Damper (TMD). The experiments subjected the structures to
input motion conditions such as white noise, sine sweep, and
natural earthquake excitations. The study observed different
dynamic behaviors for each test configuration, and the employed
isolators demonstrated significant dissipation capacity across a wide
range of excitation amplitudes. Moreover, the study highlighted the
controlling effect of unconventional TMD in enhancing structural
vibration reduction. The studies above have primarily focused on the
structural response to horizontal groundmotion. However, there is a
research gap regarding the investigation of the seismic response of
inter-story seismic isolation systems considering the Soil-Structure
Interaction (SSI) effect under three-dimensional ground motion,
which still needs to be explored by scholars. To address this gap, we
establish a model for inter-story seismic isolation that accounts for
the SSI effect. One-dimensional, two-dimensional, and three-
dimensional ground motions are separately applied as input
parameters. By comparing the seismic responses of inter-story
seismic isolation under different dimensional seismic wave
inputs, we aim to address the research questions and provide
solutions to the identified challenges.

2 Methods and materials

2.1 Methods

2.1.1 Centrally concentrated viscoelastic artificial
boundary with fixed base

In the study considering Soil-Structure Interaction (SSI) effects,
a continuous distribution of viscoelastic artificial boundaries is
employed. When discretizing the problem using finite element
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analysis, the computational domain is also discretized along with the
boundaries. To simplify the implementation of the viscoelastic
artificial boundary, a centrally concentrated approach is utilized.
As illustrated in Figure 1, coordinates X and Y represent the
tangential directions, while Z represents the normal direction for
the boundary.

The formulas for spring stiffness and damping coefficient are
given by the following expressions:

K1 � K2 � 2G
R

∑
4

I�1
Ai, C1 � C2ρcs∑

n

I�1
Ai (2–1)

K3 � 4G
R

∑
4

I�1
Ai, C3 � ρcP∑

n

I�1
Ai (2–2)

Where,

ρ——Mass density;

cs——Shear wave velocity;

cP——Compressional wave velocity;

G——Shearmodulus;

R——Distance from thewave source to the artif icial boundary

The shear wave velocity and compressional wave velocity of the
soil layers can be determined using the following formulas:

cs �
��
G

ρ

√

(2–3)

cP �
������
λ + 2G

ρ

√

(2–4)

λ � Eμ

1 + μ( ) 1 − 2μ( )
(2–5)

Where,
μ——Poisson’s ratio;
E——Elastic modulus;
λ——Lamé constant, which remains consistent with the

previous descriptions.

2.2 Project overview

An 8-story reinforced concrete frame structure is established
with a seismic fortification intensity of 8° and a structural damping

FIGURE 1
The sketch map of a three-dimensional viscoelastic artificial boundary.

TABLE 1 Section and reinforcement of frame beam and column.

Member Story Sectional dimension (mm×mm) Arrangement of bars (C)

Frame column 1–3 700 × 700 1,625

4–8 700 × 700 1,225

Frame beam 1–4 300 × 700 525

422

5–8 300 × 700 425

322

Secondary beam 1–8 300 × 600 422

322
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ratio of 0.05. The isolation story is positioned at the top of the three
stories. The building structure has a plane size of 24 m × 15 m, and
each story has a height of 3.3 m. The slab thickness measures
150 mm, while the beam and slab have a concrete strength grade
of C30. The column’s concrete strength grade is C40, and the
reinforcement is of strength grade HRB400 for the main bars

and HPB300 for the stirrups. The concrete cover has a thickness
of 30 mm. Nonlinear material properties are assigned to the concrete
with a strength grade of C40 using the Takeda hysteresis type. At the
same time, HRB400 steel reinforcement is defined with the
Kinematic hysteresis type. The frame columns are designated
PMM plastic hinges, whereas the frame beams and beam

FIGURE 2
Schematic diagram of the isolated structure considering the SSI effect. (A) Three-dimensional schematic of the structure considering SSI. (B) Section
of the structure considering SSI.
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connections are labeled M3 plastic hinges. Table 1 provides detailed
information on each story’s section dimensions and reinforcement
of the beams and columns.

2.3 Modeling

The finite element model of the inter-story isolation structure
considering the SSI effect is established using SAP2000 software.
Figure 2 illustrates the model, where the upper structure is simulated
using frame elements, thick shell elements represent the raft
foundation, and the foundation soil is modeled using solid

elements. The foundation size is ten times the structure size, with
a plane size of 240 m × 150 m. The upper structure’s raft foundation
is embedded in the soil layer, and a layered model with a thickness of
30 m is employed to capture the foundation soil’s characteristics
better. Table 2 presents the parameters of the foundation soil, and an
artificial viscoelastic boundary is set around the foundation soil
boundary.

The SAP2000 software extracts the column bottom reaction f
under the standard gravity load to determine the number and type of
isolation support. The total horizontal yield force is estimated as 2%
of the column bottom reaction under the standard gravity load,
which helps determine the required isolation supports. The inter-

TABLE 2 (A) Parameters of foundation soil story.

Soil story
name

Thickness
(m)

Density
(kg/m3)

Poisson
ratio

Shear modulus
(108N/m2)

Bulk modulus
(108N/m2)

Angle of internal
friction (°)

Soft soil 3 2000 0.2 3.89 9.80 26

Medium soft soil 3 2,100 0.2 4.69 11.81 30

Hard soil 24 2,200 0.2 5.57 14.08 34

TABLE 3 Parameters of isolation bearing.

Model Effective
diameter

The total thickness of
rubber (mm)

Initial shear
stiffness (kN/m)

Equivalent stiffness
(kN/m)

Vertical stiffness
(kN/mm)

Yield
force (kN)

LRB600 600 110 13,110 1,580 2,800 63.0

FIGURE 3
Number and layout of isolation bearing.
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story isolation structure employs LRB600 isolation bearings; their
parameters are listed in Table 3. The arrangement of the isolation
bearings can be seen in Figure 3. The rubber isolator and gap
elements are used in the isolation bearings to capture the vertical
tension and compression nonlinear stiffness. To accurately
represent the restoring force characteristics of the isolation story
in the subsequent time history analysis, the Bouc-Wen model is
employed.

2.4 Selection of seismic waves

This paper investigates the response of the inter-story isolation
structure to three selected seismic waves. Table 4 provides the

ground motion information, while Figure 4 illustrates the
acceleration response spectrum of these seismic waves. The
maximum acceleration input of the three-dimensional seismic
wave is adjusted based on the ratio of X direction, Y direction,
and Z direction, set explicitly at 1:0.85:0.65. To align with the base-
isolation seismic intensity of 8° during rare earthquakes, the peak
acceleration of the seismic wave is adjusted to 400 cm/s2.

The research on dynamic characteristics of isolated structures
primarily focuses on inter-story displacement and inter-story shear.
Assessing a building’s seismic capability involves examining the
shear force variation between floors, which accurately reflects the
seismic performance of each floor in the seismic isolation structure.
To analyze the effects of soil-structure interaction (SSI), elastic-
plastic time-history analysis is conducted on both staggered

TABLE 4 Base-isolation seismic information Table.

Seismic wave name Earthquake name Time Location Focal depth/km Magnitude PGA/cm·s−2

Kobe Port Island 1995-01-16 Japan 17.9 6.9
289.8

347.9

566.8

El centro Imperial valley 1940-05-19 California 8.8 6.9
210.1

341.7

206.4

Hollister Hollister city hall annex 1974-11-28 California 6.1 5.2
174.6

361.9

193.2

FIGURE 4
Seismic wave response spectrum.

Frontiers in Earth Science frontiersin.org06

Xu et al. 10.3389/feart.2023.1254042

243

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1254042


structures with and without SSI. Figure 6 compares inter-story
displacement values between these two isolated structures.

Figure 5 reveals that the inter-story displacements of both
types of inter-story isolated structures, subjected to three-
dimensional seismic wave input, are greater than those under
one-dimensional and two-dimensional seismic input.
Additionally, considering the SSI effect, the inter-story seismic
structure’s inter-story displacement values show more significant

variations across different seismic wave input dimensions
compared to the results of the inter-story seismic structure
without considering SSI.

Figure 6 compares inter-story shear values between the two
isolated structures. It can be observed that the inter-story shear
values of structures with varying story intervals under the
influence of three-dimensional seismic wave input are
consistently more extensive than those under one-dimensional
and two-dimensional seismic inputs. Furthermore, the inter-

FIGURE 5
The mid-story displacement and mid-story shear forces of
different seismic waves subjected to different input dimensional
working conditions. (A) CPC wave. (B) EL Centro wave. (C) Artificial
waves.

FIGURE 6
The mid-story shear forces of different seismic waves subjected
to different input dimensional working conditions. (A) CPC wave. (B)
EL Centro wave. (C) Artificial waves.
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story shear value of the inter-story seismic structure considering
the SSI effect is greater than that of the inter-story seismic
structure without considering SSI across different seismic
wave input conditions. Please refer to Figure 7 for a visual
representation.

3 Seismic response analysis of inter-
story isolation structure

3.1 Structural response analysis

An elastic-plastic time history analysis is conducted on the
inter-story isolation structure, considering the SSI effect. The
outcomes of story displacement and story shear are illustrated in
Figures 7A, B, respectively. It is evident from both figures that
when considering the SSI effect, the seismic response of the lower
isolation structure under three-dimensional ground motion
exhibits greater significance compared to that under one-
dimensional and two-dimensional seismic inputs.

3.2 Response of the isolated bearing

Figure 8A illustrates the hysteresis curve of the recovery force-
displacement for the isolation bearing subjected to undergroundmotion
input. The figure demonstrates that the hysteresis curve exhibits chaotic
behavior when subjected to ground motion input. Along with the
distinct hysteretic characteristics, it also displays specific viscous
properties, indicating a correlation between the anisotropic responses
following ground motion input. Consequently, the hysteresis curve of
the support assumes an irregular shape. The restoring force model
employed for the isolation bearing is depicted as a bilinear relationship,
as illustrated in Figure 8B.

3.3 Isolation bearing analysis

In accordance with the seismic design code for buildings (Code for
Seismic Design of Buildings, 2010), the maximum horizontal
displacement of isolation bearings during rare earthquakes should
not exceed the smaller value between 0.55 times the bearing diameter
and three times the total thickness of rubber layers. For this study,
LRB600 bearings are utilized, resulting in a horizontal displacement limit
of 330mm (600 × 0.55). Based on the time history analysis results, the
maximum horizontal displacement of the inter-story isolation structure
bearing, considering the SSI effect under different input conditions, is
measured at 249.98 mm, which falls within the prescribed limit.

To ensure the effective performance of the inter-story isolation
structure’s bearings under an 8-degree rare earthquake, it is essential
to evaluate both the tensile and compressive stress experienced by
the approaches. As per the specifications, the tensile stress of the
isolation bearing should not exceed 1 MPa, while the compressive
stress should not exceed 30 MPa.

Figure 9A illustrates the compressive stress curve of the inter-story
isolation structure’s bearings. It is evident from the figure that the
compressive stress generated by the Kobe and Hollister waves remains
below 30MPa. However, some bearings experienced compressive stress
exceeding 30MPa during the El Centro wave earthquake, and notably,
bearing 18 exhibited the highest compressive stress, measuring
39.7 MPa, surpassing the specified limit.

The tensile stress curve of the bearings in the story isolation
structure is presented in Figure 9B. Analysis of Figure 9B reveals that
several bearings surpass the standard limit for tensile stress under
each seismic wave. Notably, bearing 18 experienced maximum
tensile stress of 2.2 MPa during the Kobe wave earthquake,
exceeding the standard limit by more than twice. Similarly, under
the El Centro wave earthquake, bearing 15 reaches a maximum
tensile stress of 1.4 MPa, while under the Hollister wave earthquake,
support 15 exhibits an ultimate tensile stress of 1.5 MPa.

Based on the analysis of the bearing stress curve, it can be
concluded that when considering the SSI effect under three-
dimensional ground motion, the conventional horizontal
isolation bearing used in the story isolation structure fails to
isolate vertical ground motion effectively. Furthermore, specific
bearings encounter issues of tensile and compressive stress
exceeding the limits. To address this problem, the
implementation of a vertical isolation device is proposed.

FIGURE 7
(A) Displacements between lower stories under different seismic
wave input dimensions. (B) Inter-story shear forces under different
seismic wave input dimensions.
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4 Seismic response analysis of inter-
story isolation structure with three-
dimensional isolation bearing

4.1 Three-dimensional isolation bearing
modeling

A three-dimensional isolation structure model incorporating a
vertical isolation bearing is constructed in this study. For the vertical
isolation story, a steel spring with a stiffness of 8 × 103 kN/m is
chosen as the vertical isolation bearing. It is complemented by

parallel viscous dampers, represented by the Damper element.
The seismic response of traditional horizontal and three-
dimensional isolation structures is compared and analyzed under
three-dimensional ground motion excitations.

4.2 Modal analysis

Modal analysis is performed on both the three-dimensional and
traditional horizontal isolation structures, and the results for the first
six natural vibration periods are presented in Table 5. It is evident

FIGURE 8
(A) Force-displacement hysteresis curve. (B) Recovery force model of isolation bearing.
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from Table 5 that the three-dimensional isolation structure
exhibits longer natural vibration periods compared to the
traditional horizontal isolation structure. This can be
attributed to the presence of an additional vertical isolation
device in the three-dimensional structure, which enhances the
system’s flexibility and further extends the natural vibration
period of the structure.

Moreover, the three-dimensional isolation structure’s fourth,
fifth, and sixth modes experience a more pronounced increase in
their natural vibration periods when compared to the traditional
horizontal isolation structure. This significant extension of the
natural vibration periods for these modes contributes to an
enhanced damping effect within the isolation structure,
particularly for the respective methods mentioned.

FIGURE 9
(A) Compression stress curve of isolation bearing. (B) Tensile stress curve of isolation bearing.
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4.3 Isolation effect analysis

4.3.1 Displacement comparison
The maximum inter-story displacement of the three-

dimensional isolation structure is compared to that of the
traditional horizontal isolation structure, and the results are
presented in Table 6. The findings in Table 6 reveal that the
additional three-dimensional isolation bearing leads to a more
significant displacement in the isolation story, particularly
noticeable when subjected to three-dimensional ground
motion.

The maximum horizontal displacement of the three-
dimensional seismic isolation structure under various input
conditions is measured at 306.49 mm. While this value exceeds
the displacement observed in the traditional horizontal isolation
structure, it remains within the acceptable limit specified by the
regulations.

4.3.2 Base shear comparison
The comparison of base shear between the three-dimensional

isolation structure and the traditional horizontal isolation structure
under three-dimensional seismic input is depicted in Figure 10A. As
observed in Figure 10A, the base shear force of the three-
dimensional isolation structure is smaller than that of the
traditional horizontal isolation structure when subjected to
seismic waves. This observation indicates that the presence of the

vertical isolation device helps further attenuate the energy
transmitted to the superstructure.

4.3.3 Vertex vertical acceleration comparison
The comparison of vertical acceleration between the three-

dimensional seismic isolation structure and the traditional horizontal
seismic isolation structure under three-dimensional seismic input is
presented in Figure 10B. Figure 10B shows that the three-dimensional
seismic isolation structure exhibits superior control over the vertical
acceleration of the vertex compared to the traditional horizontal seismic
isolation structure. The three-dimensional seismic isolation approach
effectively mitigates the vertical acceleration at the top of the structure,
thereby minimizing the transmission of vertical seismic forces to the
upper structure and demonstrating an excellent vertical isolation effect.

4.4 Stress comparison of isolation bearing

The bearing pressure stress curve of the three-dimensional
isolation structure is illustrated in Figure 11A. It is evident from
Figure 11A that the maximum compressive stress experienced by
the three-dimensional isolated structure under different seismic
waves is 28.9 MPa, which is below the allowable limit specified in
the code.

Figure 11B depicts the tensile stress of the isolation bearing.
Figure 11B shows that the maximum tensile stress of the

TABLE 5 Natural vibration periods of different isolated structures (s).

Mode order Traditional horizontal isolation structure Three-dimensional seismic isolation structure

1 3.064 3.161

2 3.025 3.143

3 2.878 2.898

4 0.475 0.685

5 0.425 0.651

6 0.421 0.634

TABLE 6 Comparison of maximum displacement between different isolation structures under different seismic input conditions (mm).

Seismic wave Input direction Traditional horizontal isolation structure Three-dimensional seismic isolation structure

Kobe wave

X 19.59 21.45

XY 21.47 22.28

XYZ 21.44 23.35

El centro wave

X 18.28 19.29

XY 23.35 25.16

XYZ 23.57 25.40

Hollister wave

X 25.20 26.02

XY 26.54 26.41

XYZ 27.46 28.58
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three-dimensional isolation structure under various seismic waves is
0.9 MPa, lower than the ultimate tensile stress the specifications
allow. Furthermore, the maximum tensile stress of the bearing after
incorporating the vertical isolation device is reduced by 59%
compared to the maximum tensile stress of the isolation bearing
in the traditional horizontal isolation structure. This optimization of
stress in isolation bearing effectively addresses the issue of tensile
stress exceeding limits in the conventional horizontal isolation

structure under three-dimensional ground motion, thereby
achieving the desired damping effect.

4.5 Stress comparison of foundation soil

A three-dimensional isolation structure’s effectiveness lies in
its superior damping effect and in considering the stress imposed

FIGURE 10
(A) Base shear force under XYZ seismic waves. (B) Vertical acceleration of top floor under XYZ seismic waves.
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on the foundation soil as a crucial criterion for evaluating its
overall isolation performance. Figure 12 illustrates the
comparison of the maximum soil stress between the two
isolation structures under three-dimensional ground motion
input. As depicted in Figure 12, incorporating the three-
dimensional isolation bearing results in lower soil stress on
the foundation than the traditional horizontal isolation
bearing. Reducing soil stress is advantageous for the
foundation and facilitates better design.

5 Analysis and comparison of the
response of inter-story seismic
structures considering SSI effect in
different soil stories to 3D earthquakes

5.1 Setting of different soil stories

Based on the soil characteristics of the stories, two distinct
sites are established in the inter-story seismic model that

FIGURE 11
(A) Compression stress curve of isolation bearing for three-dimensional isolated structure. (B) Tensile stress curve of three-dimensional isolation
structure isolation bearing.
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FIGURE 12
Comparison of soil stress of two isolation structures. (A) Soil stress diagram of traditional horizontal isolation structure. (B) Soil stress diagram of the
three-dimensional isolated structure.

TABLE 7 Different soil parameters.

Site
number

Soil story
properties

Soil story
number

Soil story
thickness (m)

Shear
modulus
(Mpa)

Modulus of
elasticity (Mpa)

Poisson’s
ratio

Shear wave
velocity (m/s)

Site 1 Hard soil

1 3 125 325 0.3 250

2 3 259.2 622.1 0.2 360

3 24 445.5 1,069.2 0.2 450

Site 2 Soft soil

1 3 14.6 40.8 0.4 90

2 3 58.3 151.6 0.3 180

3 24 352.8 846.7 0.2 420
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accounts for the soil-structure interaction (SSI) effect. Site
1 represents hard soil, while Site 2 represents soft soil. The
selected parameters for the soils at these two sites are
presented in Table 7. The subsequent analysis focuses on

examining the disparity in response and isolation effectiveness
between traditional horizontal isolation structures and three-
dimensional isolation structures when considering the SSI effect
at each site.

FIGURE 13
Interlaminar shear value of traditional horizontal isolation
structure subjected to different seismic waves in two soil stories. (A)
Traditional horizontal isolation structure under Kobe wave. (B)
Horizontal isolation structure under EL Centro wave. (C)
Horizontal isolation structure under the Hollister wave.

FIGURE 14
Inter-story shear force values of horizontal isolated structures in
two soil stories subjected to different seismic waves. (A) Three-
dimensional seismic isolation structure under Kobe waves. (B) three-
dimensional isolation structure under EL Centro wave. (C) Three-
dimensional isolation structure under the Hollister wave.
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5.2 Comparative analysis of the structural
response

5.2.1 Comparative analysis of shear forces between
stories

Based on the results obtained from the time history analysis,
the inter-story shear forces of both traditional horizontal

isolation structures and three-dimensional isolation structures
were investigated under different soil stories. The inter-story
shear forces of the horizontal isolation structures, accounting for
the soil-structure interaction (SSI) effect, are depicted in
Figure 13. As observed in Figure 13, the inter-story shear

FIGURE 15
Inter-story displacement of horizontal isolation structure
subjected to different seismic waves. (A) Traditional horizontal
isolation structure under Kobe wave. (B) Traditional horizontal
isolation structure under EL Centro wave. (C) Traditional
horizontal isolation structure under the Hollister wave.

FIGURE 16
The inter-story displacement values of three-dimensional
isolated structures subjected to different seismic waves in two soil
stories. (A) Three-dimensional seismic isolation structure under Kobe
waves. (B) three-dimensional isolation structure under EL Centro
wave. (C) Horizontal isolation structure under the Hollister wave.
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value of the traditional horizontal isolation structure,
considering the SSI effect at site 2, surpasses that at site
1 under the same multi-dimensional seismic input conditions.
Similarly, Figure 14 illustrates the inter-story shear of the three-
dimensional seismic isolation structure, incorporating the SSI
effect, for different soil stories. It is evident from Figure 14 that,
like the traditional horizontal isolation structure, the inter-story
shear value of the three-dimensional isolation structure,
considering the SSI effect at site 2, exceeds that at site 1 under
the same multi-dimensional seismic input conditions. The
findings from Figures 13, 14 demonstrate that both the
horizontal isolation structure and three-dimensional isolation
structure, considering the SSI effect, result in larger shear forces
in the soft soil story compared to the hard soil story.

5.2.2 Comparative analysis of inter-story
displacement

Based on the results obtained from the time history analysis,
the inter-story displacements of two types of isolation structures
were extracted under different soil stories. Figure 15 illustrates a
comparison of the inter-story displacements of traditional
horizontal isolation structures under different soil stories,
considering the soil-structure interaction (SSI) effect. As
depicted in Figure 15, the horizontal isolation structure at site
2, regarding the SSI effect, exhibits significantly larger inter-story
displacement values than at site 1 under the same multi-
dimensional seismic input conditions. Similarly, Figure 16
displays the inter-story displacements of three-dimensional
seismic isolation structures considering the SSI effect for
different soil stories. It can be observed from Figure 16 that,
akin to the horizontal isolation structure, the three-dimensional
isolation structure considering the SSI effect at site 2, still
demonstrates greater inter-story displacement than at site
1 under the same multi-dimensional seismic input conditions.
Combining the findings from Figures 15, 16, it becomes evident
that both the horizontal isolation structure and three-
dimensional isolation structure, considering the SSI effect,
generate larger inter-story displacements in soft soil compared
to hard soil. Furthermore, when considering different isolation

structures with the SSI effect, it is noted that the softer the soil
story, the greater the structural displacement response.

5.3 Comparative analysis of isolation effect

5.3.1 Comparative analysis of vertex acceleration
Table 8 present the vertex acceleration values for the traditional

horizontal and three-dimensional isolation structures. The data
indicate that both structures exhibit significantly higher vertex
accelerations on the soft soil story at site 2 compared to the
isolation structure on the complex soil story. Notably, the three-
dimensional isolation structure shows a greater increase in vertex
acceleration on the soft soil story than the horizontal isolation
structure. These findings suggest that the isolation effect of the
three-dimensional structure is less pronounced on the soft soil story
in comparison to the hard soil story.

5.3.2 Comparative analysis of support stress
The bearing stress envelope values of three seismic wave time

histories were analyzed to investigate the influence of soil story
properties on the isolation effect of both the traditional horizontal
isolation structure and the three-dimensional isolation structure.
These structures’ tensile and compressive stress values were
compared and examined on different soil stories. The results of
the tensile stress comparison are presented in Figure 17A, while
Figure 17B illustrates the compressive stress comparison. As
depicted in Figure 17A, the tensile stress experienced by the
supports of the same isolation structure on the soft soil story at
site 2 is significantly higher than that at site 1. The traditional
horizontal isolation structure exhibits tensile stress exceeding the
limit on both soil stories at site 1 and site 2. Meanwhile, the three-
dimensional isolation structure shows no tensile stress exceeding the
limit at site 1 but does encounter this issue on the soft soil story.
Turning to Figure 17B, it is evident that the compressive stress
experienced by both the traditional horizontal isolation structure
and the three-dimensional isolation structure is greater on the soft
soil story at site 2 compared to site 1. However, the compressive
stress values for both structures remain within acceptable limits.

TABLE 8 Maximum vertex acceleration of traditional horizontal isolation structure subjected to different seismic wave inputs in different soil stories (m·s−2).

Seismic wave input condition Site 1 Field 2 Field 2/Field 1

Kobe wave X condition 4.06 7.17 1.77

Kobe wave XY condition 3.71 6.96 1.88

Kobe waves XYZ condition 3.34 6.94 2.08

Hollister wave X condition 7.46 10.33 1.38

Hollister wave XY condition 6.99 10.10 1.44

Hollister wave XYZ condition 6.83 10.02 1.47

EL centro wave X condition 6.27 9.54 1.52

EL centro wave XY condition 5.72 9.38 1.64

EL centro wave XYZ condition 5.66 9.39 1.66
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6 Conclusion and discussion

6.1 Conclusion

This paper establishes an inter-story isolation structure model
considering the soil-structure interaction (SSI) effect. Various

ground motion scenarios, including one-dimensional, two-
dimensional, and three-dimensional inputs, are applied to
compare the seismic responses of inter-story isolation structures.
A three-dimensional isolation device is introduced to address the
issue of tensile and compressive stress exceeding the limits in
isolation bearings under three-dimensional seismic input. The

FIGURE 17
(A) Tensile stress of isolation structure bearing in different soil stories. (B) Bearing Pressure Stress of Isolated Structures in Different Soil Stories.
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seismic response results of traditional horizontal isolation structures
are analyzed and compared. The following conclusions are drawn
from the study.

(1) considering the SSI effect, the inter-story isolation structure
exhibits larger inter-story displacement and inter-story shear
values than the two-dimensional and one-dimensional seismic
inputs under three-dimensional seismic conditions.

(2) The inclusion of three-dimensional isolation bearings in the
three-dimensional isolation structure effectively reduces the
transmission of vertical seismic waves to the upper structure,
thereby achieving excellent vertical isolation.

(3) The use of three-dimensional isolation significantly mitigates
the tension and compression stress in the isolation structure
bearings, effectively addressing the issue of excessive stress
observed in traditional horizontal isolation structures under
three-dimensional seismic actions. This optimization of bearing
forces results in the expected damping effect.

(4) The introduction of three-dimensional isolation bearings leads
to lower soil stress in the foundation compared to the traditional
horizontal isolation bearings, which has positive implications
for foundation design considerations.

6.2 Discussion

Inter-story isolation, as an emerging seismic isolation
technology, has been implemented in numerous inter-story
isolation engineering examples both domestically and
internationally. However, the theoretical framework for this
system is still not sufficiently developed, and the relevant
literature is relatively scarce. Furthermore, there has been no
research on inter-story isolation considering the Soil-Structure
Interaction (SSI) effects under three-dimensional seismic
conditions. This paper focuses on the response of inter-story
isolated structures considering SSI effects during three-
dimensional seismic events. Numerical simulation analysis is
conducted to investigate the seismic response under four
influencing factors: SSI effects, the dimension of seismic input,
the type of seismic input, and the type of isolation bearings.
Modal analysis and time-history analysis are employed for
seismic response comparison. The impact of both stiff and soft
soil layers on the response of inter-story isolated structures
considering SSI effects under three-dimensional seismic input
conditions is explored, offering valuable insights for further in-
depth research on inter-story isolation structures.

In comparison to base isolation, inter-story isolation may lead to
severe consequences and significant losses if the isolation layers are
damaged, potentially resulting in the overall collapse of the

superstructure. Thus, further exploration and protection
measures regarding the performance requirements of isolation
layers are necessary. The scope of this study is limited to the
response of regular framed inter-story isolation structures
considering SSI effects. If the structural configuration is altered,
the response of irregular structures with inter-story isolation under
three-dimensional seismic conditions and their effectiveness in
reducing seismic effects warrant further investigation.
Additionally, the seismic input for inter-story isolation structures
consists of two horizontal components and one vertical component.
However, real seismic effects also include torsional components, and
it remains a subject of further research to examine the changes in
response patterns when considering torsional effects in inter-story
isolated structures.
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6G-enabled open-pit mine
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The mining of open pit can easily cause geological disasters such as landslide and
debris flow. It is widely acknowledged that communication technology could solve
the existing problems in engineering practice from the aspects of disastermonitoring,
deformation monitoring, landslide warning and emergency communication. This
research paper introduces a fully integrated monitoring and early warning solution
tailored for mining regions. By synergizing 6G and Global Navigation Satellite System
(GNSS) technologies, the system effectively addresses signal transmission challenges
in complex environments. The utilization of 6G’s high-speed, low-latency, and
extensive connectivity capabilities enables efficient communication in these
settings. The study focuses on a specific open-pit mine located in a cold region
of China, utilizing it as a case study to demonstrate the system’s effectiveness in
enhancing slope safety through comprehensive monitoring and early warning
mechanisms. Apart from considering traditional dump characteristics and external
factors, the system also introduces an innovative early warning index for detecting
slope changes. Applying the Analytic Hierarchy Process (AHP) and Fuzzy
comprehensive evaluation method ensures reliable evaluation results, facilitating
slope assessment, monitoring, and early warning procedures in water-rich open-
pit mines situated in cold areas.

KEYWORDS

AHP-fuzzy comprehensive evaluation, 6G, GNSS, minemonitoring andwarning, open-pit
mine

1 Introduction

6G communication technology has garnered significant attention in the engineering
industry due to its remarkable advantages in key technologies and performance, setting it
apart from other communication technologies. Addressing existing challenges in
engineering practice, such as disaster monitoring, deformation monitoring, landslide
warning, and emergency communication, can be effectively achieved through the
adoption of this new generation communication technology. The “14th Five-Year Plan
for Mine Safety Production” in China emphasizes the prioritization of deepening “Internet +
supervision and regulation” to enhance mine safety production. This supervisory approach
encompasses slope stability evaluation, slope monitoring, early warning, and related aspects.

One prominent application scenario of 6G communication technology lies in slope
disaster monitoring, early warning, and safety assessment. Globally, geological disasters,
including landslides, have become a significant concern (Lavigne et al., 2014; Anua´rio
Brasileiro de Desastres Naturais, 2012; Guadagno et al., 2001; Jafari et al., 2013; Merry et al.,
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2005). The demand for coal resources often leads to long-term and
intensive mining practices in coal mining areas, involving large-scale
operations across multiple working surfaces. Consequently, the
geological environment in these mining regions suffers varying
degrees of damage, resulting in occasional geological disasters
(Liu et al., 2023; Zhang et al., 2023). Open-pit coal mining, in
particular, can lead to large-scale mines affected by interactions
between surface water and groundwater. Combined with geological
structure changes and the nature of slope rock mass, these factors
increase the likelihood of collapse, landslides, debris flow, and other
geological disasters (Wang et al., 2021; Jiang et al., 2023). Such
occurrences not only severely impact the normal production and
livelihood of residents in the vicinity of mining areas but also cause
economic losses while posing threats to the surrounding geological
and ecological environment.

So as to better reflect the stability and safety of slopes, more
and more attention has been paid to the monitoring and warning
systems of slopes. Especially with the development and progress
of science and technology, the main monitoring of geological
disasters such as landslides has been inferred from manual
observation of surface change characteristics and surrounding
landform changes (Xia and Zhu, 1999; Chen, 2022; Liu and Li,
2023a; Liu et al., 2023) to some measuring tools such as total
station GPS mobile phone monitoring and InSAR technology,
and now it is being combined with 6G communication
technology (Wang, 2020; Liu et al., 2021; Yuan and Guo,
2021; Zhang et al., 2021; Zhou, 2022). Compared with other
communication technologies, 6G communication technology has
great advantages in key technologies and performance, especially
in the application of intelligent industrial systems. For example,
6G communication technology has significant advantages in

natural disaster warning, 6G wireless communication system
architecture, construction high-precision positioning, and
application services based on 6G communication systems,
remote control of equipment, and construction safety
monitoring information collection (Ma, 2020). The effective
dynamic monitoring of a mining area and timely acquisition
and analysis of the mining area surface settlement law can
provide a strong basis for reasonable development and
planning management of the mining area in the later period
(Xia et al., 2001). Based on the characteristics of mining areas,
through the application of 6G communication technology, we
can easily solve the existing problems in engineering practices
from the aspects of disaster monitoring, deformation monitoring,
landslide warning, emergency communication, and so on.

At present, landslide monitoring mainly uses displacement and
deformation as early warning indicators, and the effect is not ideal
for sudden and strong rock landslide early warning. Infrasound in
fixed frequency bands are generated by the damage and structural
changes of rock and soil in a landslide before the instability failure,
which makes landslide monitoring and warning technology based
on infrasound possible (in Figure 1) (Hu and Shulin, 2002; Yin et al.,
2021; Wang et al., 2022; Xiong et al., 2023).

The emergency communication technology and systems for
mine disaster rescue scenarios generally adopt Wi-Fi as the relay
and coverage scheme. Due to the legal restrictions of continuous
channel occupancy time and the legal requirements of pre-access
monitoring in unauthorized frequency bands, it is difficult to achieve
a communication index with extremely low delay. Simultaneous
relay networking of multiple emergency communication devices in
the same frequency band has the same frequency interference, which
will affect the communication quality. For public safety and vehicle

FIGURE 1
Technical diagram of a landslide infrasonic monitoring and warning system.

Frontiers in Earth Science frontiersin.org02

Sun et al. 10.3389/feart.2023.1278308

259

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1278308


networking application scenarios, 6G technology defines Sidelink
direct link communication technology, which can achieve low time
delay and high reliability direct communication between terminal
devices (Wu and Tu, 2002). Aiming at the technical requirements of
mine emergency communication systems for low delay and high
reliable communication, a mine emergency communication system
architecture based on 6G direct communication is proposed, and a
mapping method of equipment identification and time-frequency
resource location of the direct communication link is designed
(Figure 2). The device transmits resource locations through pre-
configured forward and back links, and can communicate with
adjacent front-end and back-end devices without establishing
routing connections. The device uses time-domain resource cyclic
multiplexing to realize resource space division multiplexing and
same-frequency interference avoidance between neighboring relay
devices. The proposed method can realize the relay network
mechanism without scheduling permission and minimal routing
to avoid the same-frequency interference under the space division
multiplexing of transmission resources, effectively improve the
utilization efficiency of transmission resources, and the average
air interface delay under conventional baseband parameters and
network configuration can reach 25 ms, significantly reducing the
transmission delay.

In this study, 6G transmission technology is applied to the field
of open mine safety, and high-speed and low-delay data
transmission and communication are realized. Through 6G
technology, real-time monitoring and data transmission of
various locations in mining areas can be realized, improving the
efficiency and accuracy of mine safety monitoring. The research
team has developed a set of intelligent assessment and monitoring
systems to conduct the intelligent assessment and monitoring of
mine safety through comprehensive analysis of real-time data and
monitoring results of the mine. The system can detect abnormal
situations quickly and give early warning in time, which improves
the level of mine safety management.

The eastern part of the Inner Mongolia Autonomous Region,
located in an extremely cold region, has the largest number of open-
pit coal mines and the largest output in China. The slope stability of
open-pit mines in this region is greatly affected by water because the
precipitation is very concentrated in summer and winter, and the slopes
are also hit by meltwater in spring, which can easily cause flooding.
Therefore, wise evaluation, monitoring, and early warning are urgently
needed regarding the slope stability of open-pit mines. Taking the
Dongming open-pit mine as an example in the first section, this paper
constructs the stability evaluation–monitoring–early-warning system of
the inner dump. The second part introduces the geometeorological and
hydrogeological conditions of the Dongming open-pit mine. The third
part uses AHP-fuzzy comprehensive evaluation to evaluate the stability
of the inner dump from19 indexes in three aspects: characteristics of the
inner dump, external influences, and early warning of slope change. The
fourth part introduces the landslide monitoring and warning system
based on 6G Internet of things technology in detail. The fifth part
summarizes the thesis briefly.

2 Research background

In order to achieve high quality mine emergency
communication with low delay and no co-frequency interference,
the repeater adopts intelligent transport systems (ITS) dedicated
frequency band 5,855–5,925 MHz (band 47) and 6G direct
communication technology to establish and transmit wireless
links. The diagram of the 6G direct connection communication is
shown in Figure 3, where N is the number of interval devices that can
reuse the same transmission resources.

In addition to the early warning of mining landslides and rescue,
etc., as well as the early warning of some electrical fires, 6G technology
(Wan et al., 2021) designed an electrical fire monitoring system based
on wireless transmission technology. The system uses the heat
(temperature) and threshold (current) generated by the monitoring

FIGURE 2
Structure diagram of the mine emergency communication system based on 6G direct communication.
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line, adopts wireless communication technology to transmit the alarm
information to the monitoring host, and the monitoring host issues
instructions, and the information is transmitted to the personnel on
duty, so as to prevent the occurrence of electrical fires. Through the test,
the system has good stability, a strong ability to penetrate walls, and far-
reaching transmission. In addition, the new generation of
communication technology has further improved the application of
unmanned driving in various environments (Wu and Tu, 2001) and
emergency communication in rescue and disaster relief (Zhou et al.,
2004).

At present, there are roughly four analysis methods for slope
stability, which are the limit equilibrium method, engineering
geological analysis method, numerical analysis method, and modern
mathematical analysis method (Perski et al., 2009). The research object
of slope engineering in inner dump is rock and soil mass in complex
geological environment. Because the working face is advancing all the
time, themechanical properties of rock and soil mass are jointly affected
by various complex factors such as the cause of stacking part, structure,
and the environment in which it is located. The rock and soil mass in
the inner dump shows characteristics such as non-uniformity,
discontinuity, and time variation. The evaluation of slope stability of
the inner dump is inevitably fuzzy. The fuzzy comprehensive evaluation
method based on fuzzy set theory can better evaluate the hierarchical
and fuzzy problems of influencing factors such as slope stability (Zhang,
2008a), such as rock slope stability evaluation (Wang and Tong, 2007a),
two-level comprehensive evaluation model of slope stability (Li, 1992a),
and multi-level fuzzy comprehensive evaluation model of rock slope
stability (Li, 1997a). At present, the evaluation indexes of stability tend
to focus more on the mechanical characteristics and external influences
of the inner dump (Li, 1992b; Zhou et al., 1995; Li, 1997b; Zhang and
Shi, 2000a; Zhang and Shi, 2000b; Wang and Tong, 2007b; Zhang,
2008b; Liu and Li, 2023b) and lack slope change warning.

3 Case situation

The Dongming open-pit mine is located in the eastern part of
the Inner Mongolia Autonomous Region in China (Figure 4;
Figure 5), located on the Hulunbuir High Plain, with Hailar City
to the southeast and Chenbahu Banner to the west. The
administrative division is subordinate to Chenbahu Banner. It is

20 km from Hyrule. The geographical coordinates of the mining
area are 119°38′27″-119° 40′32″east longitude, 49°24′22″-
49°25′37″north latitude, and the area of the mining area is 4 km2.

The Dongming open-pit coal mine is located on the north bank
of the Hailar River on the western slope of the Great Khingan
Mountains. It is a slightly undulating high plain, connected with low
mountains and hills in the north and northeast, with an elevation of
+605m ~ + 630m. The terrain is gentle and there are no rivers or
lakes. There are three aquifers in the coalfield area. One is a fissure
aquifer, which is distributed in the northeast and east of the coalfield.
The lithology is the clastic zone of the Longshan Formation. The
second is a fissure and pore aquifer, which is distributed in the wavy
plateau area in the middle of coalfield. The lithology is mainly
sandstone, conglomerate, and coal seam. A pore aquifer is
distributed in the gully or lowland between Hailar, Molleger
River Valley, and the undulating high plain. The lithology is
Quaternary alluvial sand, gravel layer, and pebble. Due to the
small surface mine area, there are only two aquifers in the
hydrogeological unit, namely, the Quaternary pore water-bearing
rock group and the fissure water-bearing rock group. It belongs to
water-rich coal mine.

This region is a subcold continental climate, winter cold and
long snowy; Summer is hot and short, seasonal rainy, spring and
autumn monsoon drought; The average annual temperature is
−2.6℃, the highest temperature is 37.7℃, and the lowest
temperature is −48℃. Snowmelt in spring and seasonal
precipitation in summer can easily cause floods and damage the
slope stability of the dump.

According to the geological engineering characteristics of the
Dongming open-pit mine, the slope instability mode, the type of
landslide, as well as the overall analysis of mining engineering
conditions, it is necessary to have inner dump slope safety
evaluation and monitoring to ensure safe production, considering
that rain water is prone to producing gullies in spring and summer.

4 Stability evaluation of inner dump

The occurrence of landslide accidents in dump sites is a gradual
process. The change is usually slow at the beginning, but with the
passage of time, the deformation of slopes accelerate gradually, and

FIGURE 3
Schematic diagram of 6G direct connection communication.
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the development speed is faster when closed to landslide accident.
According to the landslide mechanism of dumps, the stability
evaluation of the inner dump is divided into three aspects,
namely, the characteristics of the inner dump, the external
influences, and the early warning of slope changes.

4.1 Establishment of evaluation model

Based on the previous monitoring data, research reports, and
characteristics of the Dongming open-pit slope stability in water-
rich mining areas in cold areas, comprehensive research and analysis
of various conditions, the stability evaluation of the inner dump is
formed, and the system is divided into three levels. On the basis of
the preliminary evaluation system framework, 30 geoscience and
geotechnical engineering experts were invited to refine and
determine the evaluation system structure and index selection.
Finally, the system was divided into three levels with 19 indicators.

The first layer is the objective layer (A), which is the stability
evaluation of the inner dump and the top level and ultimate goal of the
system.

The second layer is the criterion layer (B), which mainly focuses
on the comprehensive evaluation of the stability of the internal
dump from three aspects: characteristics of the internal dump (B1),
external influences (B2), and slope changes (B3).

The third layer is the index layer (C), which is the concrete
expansion of the criterion layer.

To sum up, the stability evaluation system of the inner dump
consists of one target layer, three criterion layers, and 19 indicator
layers, as shown in Figure 6.

In terms of the characteristics of the inner dump, various factors
that may affect the characteristics of the dump in the open pit are
comprehensively considered in the inner dump characteristics’ part,
including the foundation bed, basement bedrock, internal friction angle,
slope, height, step height, platform width as inner dump features, and
cohesive forcemoisture content, permeability coefficient and porosity as

FIGURE 4
The Dongming open-pit mine site map.
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stacking material. For the external part, rain is the main factor that
causes landslide disasters in open pitmines in cold areas. Therefore, two
indexes of rainfall intensity and rainfall duration, as well as the
maximum seismic intensity related to earthquakes and the
weathering alterations related to soil discharge were selected. In the
newly added change of side slope section, indicators that can be
measured in real time were mainly added: surface displacement,
internal displacement, pore water pressure, and the internal stress of
rock and soil.

Index quantification and grade are determined by Expert ratings
based on Dongming Open-pit geoscience and geotechnical engineering
feature, Engineering rock mass classification standard and Codes such
as Code for waste dump design of metal mine (GB 51119-2015).

P � K f2
0 − f2

i( ) (1)
where P is the void water pressure and K is the calibration
coefficient of the measured pore water pressure gauge. fi is
the average frequency of the pore water pressure gauge at the
time of measurement and f0 measures the average initial
frequency of the pore water pressure gauge before installation.

The internal stress of rock and soil takes the formula for
calculating the original rock stress given by Kinnick in 1925 in
the hypothesis of homogeneous isotropic linear elastomers: the
vertical principal stress is equal to the weight of the rock and soil
body on the unit base area, that is,

σz � αz (2)
where α is the average volume weight of the overlying rock and Z is
the depth.

There are also two horizontal principal stress σx and σy, which is
equal to side stress coefficient λ multiply vertical principal stress,
that is,

σx � σy � λσz (3)
while side stress coefficient is related to Poisson ration, that is

λ � μ/ 1 − μ( ) (4)
General speaking μ≈0.2–0.3 as μ is Poisson ratio if object is rock

mass, and then λ≈0.25 here.

4.2 AHP weight calculation and consistency
test

4.2.1 Single hierarchical sorting
Single hierarchical ranking refers to the ranking of the

importance of each factor at this level relative to the factor at the
previous level.

The method of determining the maximum eigenroot of a matrix
and corresponding eigenvectors is.

1) The matrix is normalized by column

bij
∑n

i�1bij
; (5)

2) Sum the normalized matrix by row to get

�w � w1, w2,/, wn( )T; (6)

FIGURE 6
Evaluation system of inner dump stability.

FIGURE 5
Inner dump in the Dongming open-pit mine.
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3) Normalize the vector

wi � �wi

∑n
i�1 �wi

; (7)

4) Calculate the maximum feature root

λ max � ∑
n

i�1
BW( )i
nWi

; (8)

5) Get the weight vector

AW � λW; (9)

6) Questionnaires were sent to experts in civil engineering, who
judged the relative importance of factors under the same index
layer by pairwise comparison between factors, and scored the
importance of factors in the questionnaire using the form of 1-9
and its reciprocal. Therefore, it is easy to get the importance
rankings of criterion layer: B1 internal characteristics >B2
External influences>>B3 Slope variations. Among criterion
layers, the importance rankings of index layer of B1 layer
show that C3 Internal friction angle>C8 Cohesive force>C1
Foundation bed>C9 Moisture content>C4 Slope>C5
Height>C6 Step height>C7 Platform width>C11
Porosity>C10 Permeability coefficient>C2 Basement bedrock.
Moreover, the importance rankings of B2 layer are C13 Rainfall
intensity>C14 Duration of rainfall>C12 Maximum seismic
intensity>C15 Weathering alterations; and C17 Internal
displacement>C18 Pore water pressure>C16 Surface
displacement>C19 Internal stress of rock and soil in B3 layer.

4.2.2 Determine the index membership degree
To determine the membership degree relationships related to

evaluation, questionnaire surveys were sent to experts in related
fields, and the data results of the questionnaire were analyzed after
evaluation and scoring. Membership was represented by R, and the
absolute value reduction method was used to calculate:

Rij � 1 i � j( )
1 − ∑k�1 xik − xjk

∣∣∣∣
∣∣∣∣, i ≠ j( ){ (10)

According to the value rij obtained by absolute subtraction
method, the membership degree matrix was established on the basis
of the obtained value. The matrix is as follows:

R � rij[ ] �
r11 / r1j
..
.

1 ..
.

ri1 / rij

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (11)

The i th index of the evaluation factor U corresponds to the
evaluation value generated by the j item in the index set V, which is
represented by rij.

For example, the proportion of C1 with high stability, average
stability, and low stability is 0.2, 0.7, and 0.1, respectively. Therefore,
the C1 membership degree is 0 0.2 0.7 0{ }.

4.2.3 Consistency check

CI � λmax−n
n − 1

(12)

λ max � ∑
n

i�1
CW[ ]i
nWi

(13)

where CI is the consistency index and λmax is the largest
characteristic root. [CW]i is the Ith component of the matrix
[CW]. Define conformance metrics

CR � CI
RI

(14)

RI is the value of the random consistency index, as shown in
Figure 7.

CR is the consistency ratio; RI is a random consistency
index.

Criterion layer and index layers all passed the conformance
test, with the judgment matrix shown in Tables 1–5.

4.3 Fuzzy comprehensive evaluation

Fuzzy comprehensive evaluation is similar to analytic hierarchy
process (AHP), but it does not evaluate which specific plan is better,
but which of the ratings of very bad, bad, good, and very good is
more consistent with the overall situation of medium our overall
index A. In this project, it is of great significance to know the grade of
slope safety in inner dump, and evaluating grades of each indicator is
shown in Table 6.

4.3.1 Membership degree of the qualitative
index

The standard of the qualitative index membership degree can be
determined by statistical method. The calculation formula is
adopted:

rsi,k � fi,k/∑
s

k�1fi,k (15)

where i is the index and k is the evaluation level (k � 1, 2 . . . , s)

FIGURE 7
Matrix consistency.
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4.3.2 Membership degree of quantitative
indicators

The membership degree of quantitative indicators can be
determined thanks to the grade standard, that is to say, if the
obtained survey results are in a certain standard value or within
a certain interval, the membership degree is 1, and the others are 0.
Get the index layer weight. Among them.

B1-B11; B12-B15;

w1 � 0.1531 0.0115 0.2763 0.0791 0.0563 0.0401 0.0287(
0.2086 0.1106 0.0152 0.0207)

w2 � 0.1603 0.4668 0.2776 0.0953{ }
B16-B19.

4.3.3 Membership matrix

The membership matrices of the characteristics of B1 inner
dump, B2 external influences, and B3 slope changes are presented in
Figures 8-10, respectively.

Firstly, the weight of the index layer is calculated, and then the first-
order fuzzy evaluation can be obtained by multiplying the right weight
vector with the membership matrix, and the following formula is used:

ki � wi × Bi (16)
For example,:

k2 � w2 × B2 � 0.16030.4680.27760.0953{ } ×
0.2 0.6 0.2 0.0 0.0
1.0 0.0 0.0 0.0 0.0
0.0 0.2 0.6 0.2 0.0

⎛⎜⎝ ⎞⎟⎠

� 0.6654 0.1985 0.1170{ } (17)

By the same token, you get k1, k2, k3, and you get K as follows, as
shown in Figure 11.

The weight of the criterion layer is written as follows:

w � 0.6301 0.2184 0.1515{ }
Then the weight of criterion layer is used to multiply the

membership matrix:

k � w × K (18)
The second-order fuzzy evaluation can be obtained as follows:

0.8411 0.1163 0.0333 0.0067 0.0013{ }
The five indexes respectively correspond to high suitability,

high suitability, average suitability, low suitability, and low
suitability. The highest value of fuzzy evaluation was 0.8411,

TABLE 1 Criterion layer judgment matrix.

B B1 B2 B3

B1 1 4 3

B2 1/4 1 2

B3 1/3 1/2 1

Then, the consistency test was carried out, and the result was CI, 0.0539, CR, 0.093. The CR, was less than 0.1, which passes the consistency test.

TABLE 2 Characteristic judgment matrix of internal waste dump.

B1 C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11

C1 1 9 1/3 3 4 5 6 1/2 2 8 7

C2 1/9 1 1/11 1/7 1/6 1/5 1/4 1/10 1/8 1/2 1/3

C3 3 11 1 5 6 7 8 2 4 10 9

C4 1/3 7 1/5 1 2 3 4 1/4 1/2 6 5

C5 1/4 6 1/6 1/2 1 2 3 1/5 1/3 5 4

C6 1/5 5 1/7 1/3 1/2 1 2 1/6 1/4 4 3

C7 1/6 4 1/8 1/4 1/3 1/2 1 1/7 1/5 3 2

C8 2 10 1/2 4 5 6 7 1 3 9 8

C9 1/2 8 1/4 2 3 4 5 1/3 1 7 6

C10 1/8 2 1/10 1/6 1/5 1/4 1/3 1/9 1/7 1 1/2

C11 1/7 3 1/9 1/5 1/4 1/3 1/2 1/8 1/6 2 1

λmax=11.688, CI, 0.0688, CR, 0.0456. The CR, was less than 0.1, which passes the consistency test.
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TABLE 3 External influence judgment matrix B12-B15.

B2 C12 C13 C14 C15

C12 1 1/3 1/2 2

C13 3 1 2 4

C14 2 1/2 1 3

C15 1/2 1/4 1/3 1

λmax=3.0309, CI, 0.0103, CR, 0.0115. The CR, was less than 0.1, which passes the consistency test.

TABLE 4 External influence judgment matrix B16-B19.

B3 C16 C17 C18 C19

C16 1 1/3 1/2 2

C17 3 1 2 4

C18 2 1/2 1 3

C19 1/2 1/4 1/3 1

λmax=3.0309, CI, 0.0103, CR, 0.0115. The CR, was less than 0.1, which passes the consistency test.

TABLE 5 Weight of criterion layer and scheme layer.

B1 B2 B3 Weight Sequence

0.6301 0.2184 0.1515 — —

A B1 Internal characteristics C1 Foundation bed 0.1531 — — 0.0965 4

C2 Basement bedrock 0.0115 — — 0.0072 19

C3 Internal friction angle (°) 0.2763 — — 0.1741 1

C4 Slope (°) 0.0791 — — 0.0498 8

C5 Height (m) 0.0563 — — 0.0355 10

C6 Step height 0.0401 — — 0.0253 12

C7 Platform width 0.0287 — — 0.0181 15

C8 Cohesive force/Mpa 0.2086 — — 0.1314 2

C9 Moisture content/% 0.1106 — — 0.0697 6

C10 Permeability coefficient 0.0152 — — 0.0096 18

C11 Porosity 0.0207 — — 0.0130 17

B2 External influences C12 Maximum seismic intensity — 0.1603 — 0.0350 11

C13 Rainfall intensity — 0.4668 — 0.1019 3

C14 Duration of rainfall — 0.2776 — 0.0606 7

C15 Weathering alterations — 0.0953 — 0.0208 14

B3 Slope variations C16 Surface displacement(mm) — — 0.1603 0.0243 13

C17 Internal displacement — — 0.4668 0.0707 5

C18 Pore water pressure(kpa) — — 0.2776 0.0421 9

C19 Internal stress of rock and soil — — 0.0953 0.0144 16
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indicating that it is in the high suitability rating on the whole. In
order to obtain the final score, the evaluation set is assigned 1 to 5
points, by the formula:

GA � kA × V (19)

The total score was 4.7853, which belongs to the high security
level. This is mainly attributed to internal characteristics,
including the current stacking material and stacking methods,
but the impact of rain intensity and duration as well as ground
water welling cause tremendous impact as the main disaster-

TABLE 6 Inner dump slope stability evaluation system.

Criterion layer Index layer Index quantization Grade standards

Ⅰ Ⅱ Ⅲ Ⅳ Ⅴ

B1 Internal
characteristics

C1 Foundation bed Soil layer thickness <2 m 2–5 m 5–8 m 8–10 m >10 m

C2 Basement bedrock Basement bedrock thickness >30 m 30-15 m 15–10 m 10-5 m <5 m

C3 Internal friction angle (°) Engineering rock mass classification
standard

>19 19–15 15–10 10–5 <5

C4 Slope (°) <15 15–20 20–25 25–30 >30

C5 Height (m) <100 100–120 120–180 180–240 >240

C6 Step height 10–15 m 15–20 m 20–25 m 25–30 m 30–35 m

C7 Platform width 40–50 m 30–40 m 20–30 m 10–20 m 0–10 m

C8 Cohesive force/Mpa — 5.1–7 5.1–2.1 2.1–1.5 01.5–0.7 0–0.7

C9 Moisture content/% — 0–16 16–21 21–26 26–31 31–100

C10 Permeability coefficient — 35–40 m/
d

40–50 m/
d

50–60 m/d 60–70 m/d 70–80 m/
d

C11 Porosity — 0%-10% 10%-20% 20%-25% 25%-30% 30%-35%

B2 External influences C12Maximum seismic intensity — 0–3 3–5 5–7 7–9 —

C13 Rainfall intensity — 0–25 mm 25–50 mm 50–100 mm 100–200 mm >200 mm

C14 Duration of rainfall Engineering rock mass classification
standard

<6 h 6–12 h 12–18 h 18–24 h >24 h

C15 Weathering alterations >80 80–60 60–40 40–20 <20

B3 Slope variations C16 Surface displacement(mm) 15< 15–25 25–35 35–55 >55

C17 Internal displacement 10< 10–20 20–30 30–40 >40

C18 Pore water pressure(kpa) <50 50–100 100–200 200–300 >40

C19 Internal stress of rock and
soil

<960 960–1,920 1,920–2,300 2,300–3,260 >3,260

Change of slope slide was added in this paper as an early warning index, and data of surface displacement and internal displacement depend on field monitoring. The pore water pressure is equal

to the hydrostatic pressure without the action of water flow, and the formula is.

FIGURE 8
Membership matrix of inner dump characteristics.

FIGURE 9
Membership matrix of external influences.
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inducing factors. With the advance of the working surface, the
inner dump characteristics change, which affect stability.
Therefore, it is necessary to monitor rainfall and surface
deformation for early warning. Based on the 6G Internet of

things, real-time monitoring and transmission of rainfall and
displacement in various locations on the slope can be realized,
improving the efficiency and accuracy of mine safety monitoring.

5 Application of monitoring and
warning system based on the 6G
internet of things

Combined with the latest 6G Internet of things technology, a
remote landslide monitoring and early warning system can be
established for long-term monitoring and early warning, and
real-time tracking of the deformation and failure trend of
landslides, timely discovery and prediction of dangerous
situations, and corresponding measures are taken to prevent the
loss of life and property caused by sudden disasters.

The main difference between monitoring and early warning is to
judge monitoring data due to early warning criteria, and to issue
timely early warning and risk response, as shown in Figure 12. This
requires the landslide monitoring and early warning system to have
an automatic identification and judgment function thanks to the
early warning criteria, and send out early warning information. The
monitoring and early warning system organically combines 6G, the
Internet of things, and landslide early warning technology. Taking
rainfall and surface deformation as the key monitoring objects, data
of rainfall, surface cracks, and GNSS surface displacement through
monitoring stations are transmitted through 6G technology and
analyzed and processed on the server, and finally advanced warning
is conducted thanks to the effective early warning criteria.

Using the latest 6G Internet of things technology, a remote
landslide monitoring and early warning system can be
established for long-term monitoring and early warning of
landslides. The system can track the deformation and failure
trends of landslides in real time, judge the monitoring data
according to the early warning criteria, and issue early
warning and hedge responses in time to prevent the loss of
life and property caused by sudden disasters. The system uses
6G technology to transmit monitoring data. Since the main cause

FIGURE 10
Membership matrix of slope changes.

FIGURE 11
First-level fuzzy evaluation.

FIGURE 12
Landslide monitoring and early warning process.
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of disasters in the inner dump is precipitation, data are collected
by sensing and sensing monitoring stations such as rainfall,
surface cracks, and GNSS surface displacement, and the data
are analyzed and processed on a server to realize automatic
identification and judgment functions, and advance warning is
carried out depending on effective warning criteria. Therefore,
the monitoring and early warning system plays an important role
in landslide early warning technology, which can improve the
efficiency of monitoring and management and contribute to the
sustainable development of society.

5.1 Data collection

Data acquisition is one of the core steps of the monitoring and
early warning system. Since water is the main disaster factor of
water-rich open-pit mines in cold regions, landslide disaster field
monitoring stations are arranged, equipped with a combination of
machine vision monitoring systems, GNSS monitoring systems,
rainfall gauges, groundwater level monitoring equipment, second-
order work monitoring equipment, and other related monitoring
equipment to perceive the slope and environmental state data
depending on the specific slope monitoring needs. These devices
collect monitoring data periodically, communicate directly with the
server on the device side, and transmit the collected data to the
server on the device side over the network.

5.1.1 GNSS
GNSS mobile stations and self-calibration cooperative targets

are installed on the rods of monitoring equipment. GNSS data
acquired by receivers’ collecting data, and temporary storage and
fixed time interval transmission are realized by transmission control
boxes. The displacement observation platforms can simultaneously
obtain the surface displacement data calculated by real-time
difference decomposition of the difference processing program of
GNSS mobile station data and the three-dimensional displacement
data obtained by the machine vision surface displacement
monitoring system. By comparing the two sets of displacement
data, the accuracy analysis function of the field monitoring test
system of slope surface displacement monitoring based on binocular
vision can be realized.

A rainfall monitoring point should be set up every 20 km2

catchment area in the monitoring area, and the measuring point
should be arranged in an open position away from people. The
rainfall monitor can be installed next to the GNSS reference station
to facilitate site construction and maintenance.

The point layout density of the integrated surface displacement
observation station should refer to the layout requirements of the
GNSS displacement monitoring system in the Survey Code for
Landslide Prevention and Control Engineering. According to the
geological conditions of the monitoring points, a monitoring section
should be arranged along the vertical and horizontal axis of the the
potential landslide area, and each section should have no less than
three measuring points.

5.1.2 Rainfall monitoring subsystem
Rainfall is an important inducing factor of landslide disasters in

this study area. The selection of rainfall monitoring points should be

based on the “watershed control principle, elevation control
principle, communication smooth principle, terrain open
principle, and area control principle” in order to study the
rainfall characteristics of landslides induced.

The initial threshold is divided according to the corresponding
rainfall level of the National Meteorological Administration (after
the monitoring system runs steadily, the early warning parameters
can be optimized and adjusted due to the local hydrological rainfall
data and actual monitoring data), in which: the first-level warning
value consists of a rainfall rate of 1.0 mm/min, an hourly rainfall of
15 mm, and a daily rainfall of 50 mm; the second-level warning
value is a rainfall rate of 2.0 mm/min, an hourly rainfall of 30 mm,
and a daily rainfall of 100 mm; and the third-level warning value is a
rainfall rate of 4.0 mm/min, an hourly rainfall of 60 mm, and a daily
rainfall of 200 mm.

5.2 Data storage

To facilitate data exchange with the application server, the server
on the device uses a cache database and periodically pushes data to
the application server due to the data request specifications of the
application server. After receiving the data pushed by the device
server, the application server preprocesses the data before storing it,
and then stores the data in the database of the storage center. It can
realize the real-timemonitoring and early warning of landslides. The
collected data can be directly transmitted to the server for analysis
and processing, and advance warning can be carried out thanks to
effective warning criteria. Thus, the accuracy and timeliness of early
warnings are greatly improved, and the reliability and precision of
landslide early warning are guaranteed. At the same time, the cache
database and data push technology can realize the rapid
transmission and processing of data and improve the efficiency
and stability of the system.

5.3 Data storage layer

The built-in data parsing function is used to analyze and store
the data on the database according to the professional data protocol
of the data acquisition layer. The original database and backup
database are used to store the monitoring perceived data values.

5.4 Data transmission

In the Internet of things, 6G communication, as a high-quality
and real-time monitoring data transmission system, has many
advantages, such as high speed, large capacity, and low delay. In
the Dongming inner dump detection project, the corresponding
Internet of things terminal is used to monitor rainfall, ground
cracks, and surface deformation in real time, and then the 6G
communication channel is selected for data transmission.

Based on the data output interface and communication protocol
of high-precision mechanical sensors, an automatic data acquisition
device was developed. The equipment includes a data acquisition
module, data storage module, and data transmission module, and is
equipped with solar power supply equipment. The data acquisition
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device is connected with the sensor and the solar power supply
system through shielded cables to form a complete data acquisition
system. The system adopts the Beidou satellite and GPRS dual
communication mode (BD/GPRS mode) after data acquisition to
transfer the data from the site to the indoor monitoring center,
which can realize the rapid transmission and processing of data. At
the same time, the system collects the data of the monitoring points
in two modes: network networking and line networking, and can
select the appropriate data transmission mode according to different
monitoring areas and transmission distances, which improves the
flexibility and adaptability of the system.

5.5 Data monitoring and early warning

The monitoring and early warning platform can provide
comprehensive analysis of monitoring data. Users can specify the
time range of data generation and visually display the data of all
monitoring points monitoring landslides. This can help users better
understand the change trends and stability of the slope, and take
appropriate measures in time. The method of Li et al. (2021) was
adopted to improve the tangent Angle warning criterion for
landslide warning. By analyzing real-time monitoring data and
warnings, landslide velocity and deformation trends could be
judged more accurately, and corresponding measures could be
taken in time to ensure slope safety (Figure 13).

6 Conclusion

This research paper introduces an advanced integrated monitoring
and early warning system designed for mining areas, utilizing cutting-

edge 6G communication technology. The system employs a novel AHP-
fuzzy comprehensive evaluation method with a three-layer model and
19 indicators to assess and monitor the stability of water-rich inner
dump slopes in open-pit mines. The evaluation results indicate a high
safety level score of 4.7853. To ensure the long-term safety of slopes, a
geological disastermonitoring and early warning system is implemented,
leveraging the capabilities of the 6G communication network. This
system takes advantage of low-power consumption, long-distance
communication, and multi-channel data return facilitated by
differential chirp modulation technology. With its broad coverage,
the system effectively guarantees slope stability throughout the entire
process of evaluation, monitoring, and warning. The research outcomes
offer valuable insights for slope assessment and monitoring in cold
regions housing water-rich open-pit mines.
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FIGURE 13
Landslide monitoring and warning in the Dongming inner dump.
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The instability and destruction of various types of coal pillars left in deep
underground mining are frequently attributed to cumulative creep deformation
exceeding the permissible limit, with high in situ stress playing a critical role in this
phenomenon. To understand the complicated creep behavior of coal, triaxial
compression creep tests were conducted. It has been proven that the coal
specimens subjected to high confining pressure exhibit typical three-stage
creep characteristics. Furthermore, with the increase in confining pressure, the
creep threshold value increases while the creep threshold coefficient decreases.
By fitting the creep strain-time results, an improved Burgers creepmodel based on
fractional-order was proposed. This model can describe the primary, secondary,
and tertiary stages and reflect the nonlinear behavior, contributing to the
understanding of the long-term stability evaluation of deep coal pillars.

KEYWORDS

coal, triaxial creep, constitutive model, fractional-order, rheology

1 Introduction

In underground coal mining, various coal pillars are often left under surface buildings
and around main entries. These pillars remain in place for an extended period, and their
long-term stability is critical for the movement of the overburden and the protection of
surface structures (Zhang et al., 2023a). In most cases, the failure of coal mass is not primarily
due to insufficient strength but rather instability caused by long-term accumulation of creep
deformation beyond the limit before reaching ultimate failure.

With the increasing mining depth, the in situ stress is greatly increased. In this case, coal
undergoes a transition from brittle to ductile behavior, posing challenges for stability control in
underground engineering(Zhang et al., 2022; Zhang et al., 2023b). One of the main challenges is
the influence of rheological properties of the rock mass and the prominent creep deformation
characteristics of coal pillars. These challenges are particularly pronounced in deep mines where
the effects of creep are more significant. For entries with a long service life in deepmines, such as
rise or dip entries, their long-term stability is directly related to mine safety and production.
When determining the width of protected coal pillars, the time effect should be taken into
consideration. Therefore, studying the creep behaviors of coal under high in situ stress, especially
the triaxial creep behaviors, holds certain importance in the stability control of deep coal pillars.

In recent years, there have been many research achievements on the creep behaviors and
constitutive models of rocks. For example, by adjusting the combination of units, improved creep
models and corresponding constitutive equations are proposed. Some scholars have also
improved some units or unit parameters in existing creep models so that the model can
describe the tertiary stage. Recent studies have developed various creep models for rocks and
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minerals. Li and Yin (2021) modified the Nishihara model by
incorporating an accelerating element to characterize sandstone
creep. Similarly, Yan et al. (2023) established a creep model for hard
flint limestone.However, Liu et al. (2017) and Shao et al. (2023) adopted
an improved damage Nishihara model to simulate creep in their
materials. Multi-stage creep tests on sandstone by Hou et al. (2019)
led to a model with elastic, viscous and damage components. For high
soft rocks, Ping et al. (2016) combined improved Burgers, Hookean and
Saint Venant elements. Fractal derivative theory was applied by Yin
et al. (2023) to develop a viscoelastic-plastic creep model with damage.
Wu et al. (2020) and Lyu et al. (2021) used fractional Maxwell
approaches, Abel dashpots and damage factors for salt rock and
other materials. Li et al. (2017) compared Burgers, Nishihara and
extended Nishihara models for coal under varying gas conditions.
Other recent work includes modified Burgers (Ran et al., 2021) and
pore pressure-based (Zhang et al., 2023c) models. Short-term nonlinear
creep with damage was analyzed by Yang et al. (2015) using the Burgers
equation. Zhang et al. (2019) introduced a negative elastic modulus and

a non-Newtonian component into the classical Nishihara model based
on the theoretical analysis of the experimental results. Cheng et al.
(2020) established a creep hardening damage model considering the
viscosity damage factor of coal. In summary, a range of improved
constitutive relationships have been proposed through integrating
additional elements and mechanisms.

Through existing literature, it is known that the research scope
of rock rheology is wide. Researchers, based on traditional sciences
such as material mechanics, fracture damage mechanics,
elastoplastic theory, and rheological principles, analyze existing
rheological models, or develop improved mechanical models
based on test data. However, most of the literature studying the
creep constitutive relationship of rocks has focused on rock and soil
materials such as sandstone, shale, mudstone, soil, and filling
materials. There are relatively few studies involving the creep
constitutive relationships of coal, and many issues remain
unclear, particularly regarding coal’s triaxial creep constitutive
relationships.

FIGURE 1
Multi-function rock triaxial testing system.

TABLE 1 Design of uniaxial and triaxial creep compression tests of coal specimens.

No. Confining pressure (MPa) Applied stress level (MPa)

UCC1 0 4.0 5.0 6.0 7.0 8.0

TCC1 5 6.0 8.0 10.0 12.0 14.0

TCC2 10 10.0 12.0 14.0 16.0 18.0

TCC3 15 16.0 18.0 20.0 22.0 24.0

Note: In the coal specimen numbering, “UCC” represents uniaxial creep compression tests, and “TCC” represents triaxial creep compression tests.
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This paper conducted triaxial compression creep tests on coal,
by fitting the test results, the adaptability of Burgers equation was
verified. Then an improved Burgers creep model based on
fractional-order was proposed, which can describe the primary,
secondary and tertiary stages of triaxial creep of coal specimens
and reflect nonlinear behaviors.

2 Triaxial compression creep test of
coal

2.1 Specimen preparation

The coal specimens tested in this work were extracted from the
No. 3 seam at Yangcheng Coal Mine, Jining City, Shandong
Province, China. This coal seam ranges between 5.54 and 7.78 m
thick with a bulk density of 1.35 kN/m3. Intact coal blocks lacking
substantial joints were chosen for specimen preparation (Liu et al.,
2023; Liu and Li, 2023). Vertical coring techniques were utilized to
obtain cylindrical specimens, which were processed to standard
dimensions (diameter × height = 50 × 100 mm) based on
International Society of Rock Mechanics (ISRM) recommended
practice(ISRM, 1978; Bieniawski and Bernede, 1979; ISRM, 1983).

This ensured consistent sample geometry and conditions across the
testing program.

2.2 Apparatus

The traditional triaxial compression (σ2 = σ3) creep test of the
coal specimens was conducted using the TOP INDUSTRIE STAC
600-600 multifunctional rock triaxial testing system (Figure 1). This
testing system can perform uniaxial compression, traditional triaxial
compression tests, as well as uniaxial and triaxial compression creep
tests on rocks. It enables the investigation of the short-term and
long-term deformation and strength properties of rocks, as well as
the evolution of permeability properties during the deformation
process of rocks.

2.3 Triaxial compression creep test plan

2.3.1 Loading mode
The loading methods for creep tests on coal specimens

generally include single-step loading, stepwise loading, and
cyclic loading/unloading. For different applied stress levels,

FIGURE 2
Strain-time curves of coal specimen (No.UCC1) under uniaxial compression creep. (A) diametric strain over time; (B) axial strain over time; (C)
volumetric strain over time; (D) axial strain over time at different applied stress level.
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single-step loading requires conducting separate tests for each
specimen, which clearly consumes more time, demands a larger
number of coal specimens, and imposes higher requirements on
the testing equipment. Due to the significant variability among
coal specimens, the use of single-step loading is not advisable. On
the other hand, stepwise loading involves testing the same coal
specimen, with the next applied stress level loaded after the
specimen reaches stable creep deformation at the previous
stress level. Compared to single-step loading, stepwise loading
effectively mitigates the impact of specimen variability on test
results (Tan and Kang, 1980).

2.3.2 Applied stress level
The magnitude of the applied stress is typically set between

12.5% and 80% (Griggs, 1939) of the compressive strength. The
triaxial compressive strength of the coal specimens at different
confining pressures (0 MPa, 5 MPa, 10 MPa, and 15 MPa) is as
follows: 10.2 MPa, 12.3 MPa, 14.5 MPa, and 17.8 MPa, respectively.
Based on the results of compression tests on the specimens, the
applied stress was divided into five levels at 40%, 50%, 60%, 70%, and
80% of their respective compressive strengths.

2.3.3 Test duration
To avoid excessive equipment consumption, it is not possible to

load for too long test duration. At the same time, the triaxial
compression strength of the coal specimens is relatively low, so
the creep time for each applied stress level was determined to be 6 h.
This duration allows for the manifestation of creep characteristics
within a short period of time.

2.3.4 Test design
As shown in Table 1, a uniaxial compression creep test and three

triaxial compression creep tests were designed for coal specimens
under different confining pressures (5 MPa, 10 MPa, and 15 MPa).

2.4 Test results

2.4.1 Macroscopic deformation characteristics
Figures 2–5 show the creep deformation results of each coal

specimen under different confining pressures (0 MPa, 5 MPa,
10 MPa, and 15 MPa), ε1, ε3, and εv represent axial strain,
circumferential strain, and volumetric strain, respectively.

FIGURE 3
Strain-time curves of coal specimen (No.TCC1) under triaxial compression creep (σ3=5 MPa). (A) diametric strain over time; (B) axial strain over time;
(C) volumetric strain over time; (D) axial strain over time at different applied stress level.
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From Figures 2–5, it can be observed that the diametric strain-
time curve, axial strain-time curve, and volumetric strain-time curve
all exhibit a stepped pattern. The circumferential strain, axial strain,
and volumetric strain increase continuously with the prolongation
of loading time, indicating a clear creep behavior of the coal
specimens.

Uniaxial creep tests displayed stable time-dependent
deformation without tertiary creep (Figure 2D). Under triaxial
conditions, moderate stress levels induced stable creep with
distinguishable primary and secondary regimes (Figures 3D, 4D,
5D). However, the highest stress state resulted in unstable tertiary
creep characterized by acceleration after secondary creep. Coal
specimen No.TCC3 exemplified the stress-controlled transition at
20 MPa–below this axial level, the creep rate gradually declined and
stabilized over time. Beyond 20 MPa, significant creep rate increase
emerged following the secondary stage, indicative of tertiary creep
onset.

2.4.2 Creep strength characteristics
It can be seen from Section 2.4.1 that there are obvious stress

thresholds during the deformation process of coal specimens,
such as the minimum stress level for creep deformation, and the
stress level where tertiary creep occurs. Table 2 shows the

calculated results of the creep strength characteristics
parameters.

(1) Coal specimens exhibit a creep threshold under varying
confining pressures. Below this threshold axial stress, no
creep occurs. At the threshold stress, significant creep
phenomena emerge, with distinct primary and secondary
creep stages observed. Furthermore, increasing confining
pressure elevates the creep threshold continuously for two
reasons: first, higher confinement corresponds to greater
uniaxial strength, necessitating larger applied creep stresses;
second, stronger circumferential constraints impose a larger
threshold for creep initiation.

(2) In terms of the creep threshold coefficient, the values are 0.50,
0.47, 0.63 and 0.64 under 0 MPa, 5 MPa, 10 MPa and 15 MPa
confining pressures, respectively, which are lower than the
general creep threshold coefficient for rocks.

(3) Regarding the creep strength, the creep strength of coal
specimens under different confining pressures is less than
their uniaxial compressive strength, exhibiting significant
creep characteristics. Under 0 MPa, 5 MPa, 10 MPa, and
15 MPa confining pressures, the creep strengths are 0.78,
0.74, 0.65, and 0.56 times the corresponding uniaxial

FIGURE 4
Strain-time curves of coal specimen (No.TCC2) under triaxial compression creep (σ3=10 MPa). (A) diametric strain over time; (B) axial strain over
time; (C) volumetric strain over time; (D) axial strain over time at different applied stress level.
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compressive strengths, decreasing with increasing confining
pressure.

(4) At the final stress level, tertiary creep occurred under 5 MPa,
10 MPa, and 15 MPa confining pressures, resulting in
considerable deformation that severely weakened the
mechanical properties of the coal specimens, leading to
unstable failure.

3 Improved Burgers creep model based
on fractional-order

The previous section conducted triaxial compression creep tests
on coal. From the creep curves, it can be observed that coal exhibits
mechanical behaviors such as elasticity and plasticity. Therefore, it is
feasible to approximate the creep characteristics of coal using

FIGURE 5
Strain-time curves of coal specimen (No.TCC3) under triaxial compression creep (σ3=15 MPa). (A) diametric strain over time; (B) axial strain over
time; (C) volumetric strain over time; (D) axial strain over time at different applied stress level.

TABLE 2 Calculation results of creep strength characteristics parameters for coal specimens.

No. σ3 (MPa) Creep threshold (MPa) Creep threshold coefficient Creep strength (MPa) Creep coefficient

UCC1 0 4.0 0.50 8.0 0.78

TCC1 5 6.0 0.47 12.83 0.74

TCC2 10 10.0 0.63 15.90 0.65

TCC3 15 12.0 0.64 18.47 0.56

Note: The creep threshold refers to the minimum stress level at which creep deformation begins to occur in the coal specimen. Creep strength corresponds to the maximum stress at which creep

failure occurs in the coal specimen during a creep test. The creep threshold coefficient is defined as the ratio of the creep threshold value to the creep strength. The creep coefficient is defined as

the ratio of creep strength to the peak stress attained during a triaxial compression test.
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abstract mechanical models and establish its constitutive
relationship.

3.1 Fitting of the Burgers model

Based on Li’s research Li et al. (2017), it was determined that
the Burgers model provides a superior representation of the
three stages of the creep process in coal compared to other
models. Consequently, the Burgers model was chosen for fitting.
The Burgers model consists of Maxwell and Voigt-Kelvin
elements connected in series, as depicted in Figure 6. The
constitutive relationship for creep of this model is presented
in Equation 1.

ε � σ

k2
+ σ

η2
+ σ

k1
1 − e−

k1
η1

t( ) (1)

where k1, k2 are the stiffness of the springs in theMaxwell and Voigt-
Kelvin model, respectively; η1, η2 are the viscosity coefficients of the
dashpots in the Maxwell and Voigt-Kelvin model, respectively.

The fitting curve of the Burgers model is shown in Figure 7. It
can be observed that the Burgers model exhibits instantaneous
deformation and a primary creep stage. It includes a linear term,
allowing it to reflect steady creep characteristics. However, a
limitation of the model is that it has only one inflection point
and cannot capture accelerated creep behavior.

3.2 Fractional-order improved Burgers
model

As mentioned in Section 3.1, the main limitation of the Burgers
model is its inability to capture tertiary creep behavior in coal
specimens. The Newtonian unit in the model has purely linear
and extremely viscous characteristics, making it difficult to reflect
the nonlinear creep features of coal specimens. Therefore, improving
the Burgers model is necessary.

3.2.1 Introduction to fractional calculus
In classical calculus, the German mathematician Leibniz used

dny(x)/dxn (where n is a positive integer) to represent derivatives of

different orders. Fractional-order calculus (non-integer calculus)
directly extends integer-order calculus (Hassouna et al., 2022),
where n is expanded from positive integers to fractions, complex
numbers, and other levels.

Hence, when n ∈(0,1), it indicates the medium’s properties lie
between those of an ideal solid and fluid. As shown in Figure 8, in
fractional-order models, the Abel dashpot in fractional-order
models represents this behavior (Koeller, 1984), with the
constitutive relationship:

σ t( ) � η
dnε
dtn

(2)

where n is the order, n∈(0,1); η is the viscosity coefficient of the Abel
dashpot.

3.2.2 Fractional-order Burgers model
The one-dimensional fractional-order Burgers model comprises

fractional-order Maxwell and Voigt-Kelvin elements connected in
series (Figure 9). The governing creep equation is:

ε � σ

k2
+ σ

η2
· tβ

Γ 1 + β( )
+ σ

k1
1 − Eα − k1

η1
t( )

α

( )[ ] (3)

where α, β are the orders of the Abel dashpot in the fractional-order
Maxwell and Voigt-Kelvin model, respectively. Eα represents the
single-parameter Mittag-Leffler function in fractional-order
calculus, and Γ(1+β) denotes the Gamma Function.

As observed in Figure 10, the fractional-order Burgers model can
accurately capture the nonlinear characteristics of coal specimens
during the primary and secondary creep stages. The fitting results
are more precise, as exemplified under 6 MPa axial stress
(Figure 10B). The experimental data largely falls within the 95%
confidence interval.

Underground coal formations are mostly subjected to a triaxial
stress state. Therefore, it is necessary to extend the fractional-order
Burgers model from one-dimensional to three-dimensional to
reflect the creep characteristics of coal more accurately. The
creep equation for the three-dimensional fractional-order Burgers
model is given by:

ε1 �
σ1 + 2σ3

9K
+ σ1 − σ3

3G2
+ σ1 − σ3

3η2
· tβ

Γ 1 + β( )

+σ1 − σ3
3G1

1 − Eα − k1
η1

t( )
α

( )[ ]
(4)

where K is the volumetric modulus of the coal specimen, G1, G2 are
the shear modulus of the Abel dashpot in the fractional-order
Maxwell and Voigt-Kelvin model, respectively.

The triaxial creep response was modeled using a 3D
fractional-order Burgers formulation. As shown in Figure 11,
good agreement was obtained between the primary and
secondary creep stages experimentally observed for coal
specimens and the theoretical fit. The nonlinear creep behavior
was effectively captured within a 95% confidence interval under
representative conditions of 15 MPa confinement and 18 MPa
axial stress. However, limitations were evident under sustained
loading approaching failure, where the model deviated from

FIGURE 6
Burgers model.
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measured tertiary creep characterized by accelerating strain
accumulation.

3.2.3 Improved fractional-order Burgers model
3.2.3.1 Property of Abel dashpot

From the constitutive equation of the Abel dashpot (Eq. 2), the
creep equation can be derived as follows:

ε � σ

η
· tn

Γ 1 + n( ) (5)

In this study, with a reference condition of σ = 15 MPa and
ξ = 3 GPa s, the characteristics of strain with respect to the order
n in the Abel dashpot are discussed. As shown in Figure 12,
changing the order of the Abel dashpot results in different
curves. When the order n is less than 1.0, the curve exhibits a
concave shape. When the order n is greater than 1.0, the creep
curve shows a convex shape, resembling a tertiary creep curve.
Therefore, an Abel dashpot with an order greater than 1.0 can be
used to reflect the tertiary creep characteristics of the coal
specimen.

3.2.3.2 Improved fractional-order ideal viscoplastic model
From the results of the triaxial compression creep tests, it can be

observed that prior to the final stage of stress loading, the coal
specimen undergoes primary creep and then enters the stage of
secondary creep. Only after a certain period following the final
loading stage does the coal specimen exhibit tertiary creep. This
indicates two conditions must be met for tertiary creep to occur:
first, the applied stress level magnitude must exceed the threshold
for tertiary creep; second, the loading time must reach the initiation
time for tertiary creep. In the presence of Coulomb elements, the
fractional viscoplastic model exhibits distinct behavior. When the
applied stress level is below the critical stress value (σs), the model
initially experiences rapid deformation, which then gradually
stabilizes over time. Conversely, when the applied stress level
exceeds the critical stress value (σs), the fractional viscoplastic
model enters an unstable creep phase, clearly fulfilling the first
condition for tertiary creep. However, it’s important to note that
this model lacks time-related components, and therefore, it does
not satisfy the second condition for tertiary creep as per the
requirements of fractional viscoplastic models.

FIGURE 7
Burgers model fitting. (A) axial creep curve fitting; (B) triaxial creep curve fitting (σ3=5 MPa); (C) triaxial creep curve fitting (σ3=10 MPa); (D) triaxial
creep curve fitting (σ3=15 MPa).
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3.2.3.3 Improved fractional-order Burgers model
In order to capture the tertiary creep characteristics of the

coal specimen, as shown in Figure 13, an additional “switch” unit
is introduced into the fractional-order ideal viscoplastic model.
The tertiary creep only occurs when the loading time reaches the
initiation time for tertiary creep (ta) and the applied stress level
exceeds the critical stress level. When t > ta, the constitutive

equation for fractional-order ideal viscoplastic model can be
derived as follows:

ε � σ − σs

η
· t − ta( )γ
Γ 1 + γ( )

(6)

where, γ is the order of the Abel dashpot in the fractional-order
ideal viscoplastic model, γ >1.0; ta is the initiation time for
tertiary creep; σs is the initiation applied stress level for
tertiary creep.

An enhanced fractional-order Burgers model was developed by
incorporating an improved fractional-order viscoelastic component,
as illustrated in Figure 14.

In a uniaxial stress state, when t < ta, the creep equation is
given by:

ε � σ

k2
+ σ

η2
· tβ

Γ 1 + β( )
+ σ

k1
1 − Eα − k1

η1
t( )

α

( )[ ] (7)

In a uniaxial stress state, when t ≥ ta and σ ≥ σs, the creep
equation is given by:

ε � σ

k2
+ σ

η2
· tβ

Γ 1 + β( )
+ σ

k1
1 − Eα − k1

η1
t( )

α

( )[ ] + σ − σs

η3
· t − ta( )γ
Γ 1 + γ( )

(8)

In a triaxial stress state, based on Eq. 7, when t ≥ ta and σ1-σ3 < σs,
we have:

ε1 � σ1 + 2σ3
9K

+ σ1 − σ3
3G2

+ σ1 − σ3
3η2

· tβ

Γ 1 + β( )

+ σ1 − σ3

3G1
1 − Eα − k1

η1
t( )

α

( )[ ] (9)

In a triaxial stress state, based on Eq. 8, when t ≥ ta and σ1-σ3 ≥ σs,
we have:

FIGURE 9
Fractional-order Burgers model.

FIGURE 10
Fitting of uniaxial creep curve based on fractional-order Burgersmodel. (A) Fitting curve at different applied stress level; (B) Zoomed in fitting curve at
6 MPa applied stress level.

FIGURE 8
Abel dashpot.
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FIGURE 11
Fitting of triaxial creep curve based on fractional-order Burgers model. (A) σ3=5 MPa; (B) σ3=10 MPa; (C) σ3=15 MPa; (D) Zoomed in fitting curve at
18MPa applied stress level.

FIGURE 12
Abel dashpot creep curves at different orders. (A) 0.10 < n < 0.25; (B) n > 1.
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ε1 � σ1 + 2σ3

9K
+ σ1 − σ3

3G2
+ σ1 − σ3

3η2
· tβ

Γ 1 + β( )

+ σ1 − σ3
3G1

1 − Eα − k1
η1

t( )
α

( )[ ] + σ1 − σ3 − σs

3η3
· t − ta( )γ
Γ 1 + γ( )

(10)

3.2.3.4 Parameter identification of improved fractional-
order Burgers creep model

According to Eqs 7–10, the improved fractional-order Burgers
model has a total of 13 parameters: α, β, γ, k1, k2, K, G1, G2, η1, η2, η3,
ta, and σs. These parameters can be roughly divided into two
categories:

The first parameter group comprises values readily obtained
from experimental creep tests. Examples are the volumetric modulus
K, the initiation time ta for tertiary creep onset, and the critical
applied stress σs inducing instability.

The second group contains parameters derived by model
optimization to experimental data. Examples include the order
of Abel dashpots (α, β, γ), viscosity coefficients (η1, η2, η3),
spring stiffness values (k1, k2), and shear moduli of springs
(G1, G2).

Fitting of the triaxial creep curve of coal specimens was carried
out using Eq. 10, and the results are shown in Figure 15 below.

Model calibration was conducted by fitting Eq. 10 to
experimental triaxial creep curves obtained for the coal
specimens, with results depicted in Figure 15.

The triaxial creep response modeled by the enhanced fractional
Burgers formulation showed good agreement with experimental coal
data across the entire creep process, as evidenced in Figure 15. In
particular, the nonlinear primary and tertiary creep regimes were
well captured, demonstrating adaptability of the improved model.

4 Discussion

This work implemented triaxial creep testing on coal
specimens and developed an enhanced fractional-order Burgers
formulation capable of representing primary, secondary and
tertiary creep regimes. The nonlinear creep-time behavior was
well characterized, improving constitutive modeling of coal creep
with implications for deep coal pillar stability assessments.
Compared to traditional creep models, the tertiary stage was
better captured by the modified approach. Limitations remain,
as damage mechanisms and stress-dependent effects were not
incorporated, while the physical basis of the accelerating
component requires further elucidation.

5 Conclusion

The creep-time curve of the coal specimen exhibits typical
three-stage characteristics, namely primary creep, secondary creep,
and tertiary creep stages. At higher confining pressures, the
duration of the applied stress level corresponding to tertiary
creep is shorter.

Through curve fitting procedures, the adaptability of the Burgers
model to the test results was validated. The Burgers model
demonstrated capacity to adequately characterize the primary
and secondary creep regimes in triaxial creep tests on coal
specimens. However, a limitation was evident in the model’s
inability to capture tertiary creep phenomena.

In response to the restrictions of the Burgers model, this study
presents an enhanced fractional-order Burgers creep model, which
has been expanded from one dimension to three dimensions. In
order to better account for the acceleration tendencies observed in

FIGURE 13
Improved fractional-order ideal viscoplastic model. σ1 is the
stress on the Coulomb element, and σ2 is the stress on the Abel
dashpot.

FIGURE 14
Improved fractional-order Burgers model.
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the triaxial creep behavior of coal samples, the fractional-order ideal
viscoplastic model was adapted with the inclusion of a time-
dependent switching mechanism. This modified model effectively
captures the complete triaxial creep progression in coal,
demonstrating substantial fitting capability and accurately
portraying the nonlinear attributes inherent to coal specimen
triaxial creep.
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and deformation of complex
foundation pit groups in unstable
areas of karst strata
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Due to the extensive karst development zone in karst areas, the stability of the
underground soil layer is poor. The support of foundation pits in this area will be
affected by complex environmental factors, and if not handled properly, it will
cause significant safety hazards and economic losses. In this paper, the three-
dimensional finite element model of the complex foundation pit and adjacent
foundation pit group was established with the help of Midas GTS NX numerical
software, and numerical simulation was carried out for the whole foundation pit
excavation and construction process, and the deformation results of the adjacent
foundation pit support structure of the complex foundation pit group and the soil
outside the foundation pit were obtained. The results show that the underground
wall of the complex foundation pit shifted to the north under the action of
buttresses, with a similar “cantilever” displacement pattern on the south side of
the underground wall in the center, a “push-back displacement” on the north side
of the underground wall in the center, and a “ventral” displacement pattern at the
corners of the grounded wall and on the east and west sides. Combined with the
field measurement data, the support piles in the internal support system have a
“cantilever” displacement pattern under the condition of massive soil unloading in
the vicinity of the foundation pit, while the supporting piles show a “parabolic”
displacement pattern under the action of the corner internal support. The
deformation characteristics of the foundation pit in the presence of adjacent
pits are significantly different from the results based on empirical laws. The results
of the above study will provide useful technical guidance for the safety of
excavation support for foundation pit groups in complex environments and the
reasonable control of the surrounding environment.

KEYWORDS

karst, stratum instability zone, foundation pit group, deformation, numerical simulation

1 Introduction

Due to the extensive karst development zone in karst areas, the stability of the
underground soil layer is poor. The support of foundation pits in this area will be
affected by complex environmental factors, and if not handled properly, it will cause
significant safety hazards and economic losses (Liu et al., 2011; Liu and Li, 2023; Tan
and Li, 2011).
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Typical profiles in a foundation pit are frequently taken and
calculated using methods such as the equivalent beammethod or the
elastic foundation beam method in traditional pit design theory.
Many researchers have expanded and extracted typical profiles
containing the foundation pit and the surrounding environment
on this basis. A representative theoretical model is formed by
simplifying these complex operating conditions, which can then
be designed or theoretically derived (Chen et al., 2023; Liu et al.,
2019; Liu et al., 2023a; Shouhua et al., 2019; Xu et al., 2013a; Xu et al.,
2013b; Xu et al., 2022). These works have a guiding significance for
the foundation pit design. These theoretical results, however,
frequently fail to consider the impact of foundation pit
construction on the surrounding environment. Hsieh and Ou
(Pio-Go and Chang-Yu, 1998) proposed the “concave settlement
profile” and “spandrel-type settlement profile” soil settlement
models and applied them to the prediction calculation of
foundation excavation on the environment outside the pit. Many
researchers have praised the findings of their studies. Based on their
findings, additional theoretical models have been promoted and
developed to deal with more complex geological conditions and to
improve working conditions (Chen et al., 2022; Dan and Sahu, 2012;
Fan et al., 2021; Gao et al., 2023; NG et al., 2012; Ou andHsieh, 2011;
Son and Cording, 2011; Zhang et al., 2023). These calculation
models typically only consider soil deformation, and the
conditions of adjacent structures are not fully explored.

Some cases of damage to surrounding structures caused by
foundation excavation (Li et al., 2023; Shen et al., 2023; Zhang
and Wu, 2014; Zhang et al., 2018) highlight the need for
monitoring and specific consideration of deep foundation
pits with complex surroundings in practical engineering.
Deformation monitoring of foundation pits, as an important
means of preventing and controlling foundation pit
construction risks, plays a critical role in avoiding foundation
pit accidents. Tan and Wei (2012) conducted monitoring for
narrow-shaped foundation pits in soft soil areas. Their findings
highlighted the importance of the bottom slab in preventing pit
deformation in soft soil areas. Scholars have also emphasized the
importance of monitoring the surrounding environment (Liu
et al., 2020; Song et al., 2020); however, monitoring after the
engineering begins is insufficient, and the lack of effective
prediction of deformation may result in delays and material
waste. Numerical simulation methods are frequently used in
engineering projects that are difficult to predict using
traditional theories. The case discussed by Guo et al. (Guo
et al., 2019) is influenced by three adjacent buildings and the
river, and the “T” excavation with varying depths adds to the
project’s complexity. In this case, the finite difference method
was used to provide effective support for project execution and
risk assessment. In this type of analysis work, the finite element
method is also widely used. These studies provide a foundation
for the protection of existing structures such as subway tunnels
(Ye et al., 2021), buildings (Dong et al., 2016; Liu et al., 2023b;
Mangushev et al., 2016), and adjacent pile foundations (Zhang
et al., 2021). Furthermore, some researchers have established
procedures for assessing and predicting possible deformation of
foundation pits based on mathematical frameworks such as
probabilistic models, using monitoring data from previous
projects and numerical simulation results (Juang et al., 2011;

Schuster et al., 2009; Wang et al., 2014; Yan et al., 2023a).
Unfortunately, due to the complexities of soil properties, these
works are difficult to apply in a wide range of geological
conditions.

In recent years, the simultaneous construction of groups of
foundation pits has been reported in the literature in the context of
urban land constraints (Li, 2021; Yan et al., 2023b; Zeng et al., 2018).
Because of the proximity of a large amount of soil unloading, this
construction situation has a stronger specificity as a special case of
the interaction between the foundation pit and the surrounding
environment. The complicated surrounding environment
complicates foundation pit deformation prediction work. At the
same time, the narrow working surface caused by the foundation
pit’s proximity, as well as the coordination of work between different
units in charge of the pit, pose serious challenges to the monitoring
work performed in the foundation pit.

This paper is based on the foundation pit of the Guangzhou
Baiyun Station Project’s production and living complex building, as
well as the complex construction environment formed by this
foundation pit and the three deep foundation pits surrounding it.
The 3D finite element software Midas GTS NX is used to simulate
the mutual position relationship between the four foundation pits
and establish the 3D finite element model. The influence of
foundation pit construction on the adjacent foundation pit and
the surrounding soil is studied by construction simulation, which
ensures safety and stability in the construction process. Meanwhile,
the deformation of the supporting structure under the influence of
excavation and adjacent foundation pit is monitored by laying
inclined pipes around the representative positions of the
foundation pit of the production and living complex building.
The security problems in the project are effectively found in the
simulation and monitoring, which ensures the availability of the
support structure and the sustainability of the project. The
development of the foundation pit and the reasonable control of
its surrounding deformation are summarized qualitatively, which
provides the necessary experience for the stable design, construction,
and research of similar projects.

FIGURE 1
Foundation pit plan.
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2 Project overview

The new Guangzhou Baiyun Station integrated transportation hub
building, with a total scale of approximately 453,000 square meters, is
located in the south of BaiyunDistrict, GuangzhouCity. One of themost
complicated surrounding environments and the most diverse support
forms in the new Baiyun Station project is the basement pit group of the
production and living complex building (Figure 1). Baiyun District of
Guangzhou belongs to karst landform, and the area where the
foundation pit of production and living buildings is located contains
a complex environment such as karst. The complex surrounding
environment makes it necessary to analyze the sustainability of the
pit to ensure that the project is safe and sustainable and that the adjacent
buildings are adequately secured. The top view of the construction site in
Figure 2 depicts the complex environment surrounding the project site.
The foundation pit is a three-story basement pit of the production and
living complex building, with an outer border of a regular rectangle
110.2 m from north to south and 83.0 m from east to west. The
perimeter is approximately 386.4 m, with an area of approximately
9,146.6 m2. Furthermore, the south side of the first floor is partially
wedge-shaped pick-out, with an area of approximately 769.3 m2. The
foundation pit is surrounded by a railway station house foundation pit
(hereinafter referred to as the station house foundation pit), a tourist bus
foundation pit (hereinafter referred to as the bus foundation pit), and a
subway reserved transfer channel foundation pit (hereinafter referred to
as the transfer channel foundation pit), and the surrounding
environment is very complicated, so the mutual influence between
foundation pit excavation and the surrounding environment must be
considered. The pit’s north side is adjacent to the bus pit (excavation
depth 17.90 m), and the distance between the two pit support structures
is approximately 9.04 m. The east side of the pit is adjacent to the station
house pit (excavation depth 14.40 m), with a distance of about 8.97 m
between the two pit support structures. The transfer channel pit is
adjacent to the west side of the pit (excavation depth 10.20 m), and the
distance between the two pit support structures is approximately 7.21 m.

Numerical simulation studies are necessary to ensure that deformation is
effectively controlled during foundation pit construction, to avoid
affecting the construction of adjacent pits and the use of existing
structures, and to improve construction safety and sustainability.

The production and living complex’s foundation pit uses a
comprehensive support system that combines slope release,
grouting pile, and internal support. The ground connection wall
supports the adjacent bus foundation pit and station house
foundation pit, while the interchange channel foundation pit is
supported by the ground connection wall and internal support. The
three adjacent foundation pits all finished the support structure
construction before the production and living complex foundation
pit, with the underground main structure of the bus foundation pit
and station house foundation pit being completed during the
excavation and support of the production and living complex
foundation pit.

3 Finite element simulation

3.1 Selection of typical profiles and
determination of model calculation
parameters

According to pertinent drilling data and ground investigation
findings, the typical section is depicted in Figure 3. In this paper, the

FIGURE 2
Top view of the construction site.

FIGURE 3
Typical soil profile.

TABLE 1 Parameters of each soil layer.

Soil layer ρ (g/cm3) c (kPa) φ (°)

Miscellaneous fill 1.90 6.80 12.00

Silty powdery clay 1.68 8.00 6.00

Powdery clay 1.90 26.25 9.21

Fully weathered marl 1.89 44.20 24.60

Moderately weathered marl 2.59 300.00 30.00
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soil distribution in the foundation pit area of the production and
living complex is represented by the number. Miscellaneous fill, silty
silt-powdered clay, powdery clay, fully weathered marl, and
moderately weathered marl are the principal soil layers that
extend from the ground to the impact area under consideration.
Based on the elevation displayed in the soil profile, it is possible to
calculate the thickness of each layer. Table 1 provides an overview of
the soil parameters for each layer that were discovered through field
and laboratory tests.

3.2 Establishment of finite element model

The length, width, and thickness of the three-dimensional finite
element model in this paper are 340 m, 160 m, and 50 m
respectively, and they are created using the finite element
software Midas GTS NX in accordance with the actual
engineering situation (Figure 4). The model is surrounded by
simulations of the existing transfer channel pit, bus pit, and
station house pit. Applied surface loads are used to simulate the
loads brought on by above-ground structures.

The adoption of an appropriate soil ontological model for
simulation is essential for the application of the finite element
model. The modified Moore-Coulomb model is employed to
simulate the stress-strain behavior of the soil from the standpoint
of satisfying engineering requirements and convenience. To
simulate the ground link wall and bored bite pile, the model uses
a 2D plate unit. According to the actual working conditions, a bored
bite pile with a pile diameter of 1,000 mm and a ground link wall
with a thickness of 800 and 1,000 mm are set, respectively. The

stiffness equivalence principle then converts the bite pile’s thickness
to the cross-sectional thickness of the plate. The internal support,
crown beam, and lattice column were each simulated using a 1D
beam unit, with model parameters set by the actual size of the
construction site. The underground bus station and station house
structures were modeled using solid units.

3.3 Construction process simulation

The project used in this paper required 150 days to complete,
starting with the boring of the occluded piles and ending with the
excavation of the foundation pit. The corresponding construction
steps were set up by the construction progress plan, as shown in
Table 2, to accurately simulate the actual situation. The slope release
excavation for steps 2 and 4 was completed in two steps, and the fill
between the pits for the production and living complex, the bus, and
the interchange channel was also excavated and leveled in
accordance with the excavation elevation in these two steps.

It should be noted that construction work on the underground
structure, the superstructure of the surrounding station house pit,
and the bus pit are all being done concurrently with the excavation of
the foundation pit and construction of the support structure. The
model activated the station house’s underground solid model in step
3 of the construction of the foundation pit of the production and
living complex and activated the surface load acting on this part of
the solid model in step 4 to simulate the effects of the station house’s
superstructure to fully account for the effects of these factors. The
bus station’s subsurface solid model was turned on in steps three and
four of the production and living complex’s pit construction.

4 Data analysis

4.1 Analysis of horizontal deformation of
foundation pit support structure of
production and living complex building

Figure 5 depicts the piles’ horizontal displacement clouds in the
production and living complex’s foundation pit under the condition
of foundation pit bottom excavation. The clouds of the piles on the
side near the transfer channel are depicted in Figures 5A (west side).
The pile’s displacement in this instance exhibits a “parabolic”
pattern of displacement along the vertical axis. There is a distinct
demarcation on the horizontal scale between the displacement
values on the side closest to the bus foundation pit (north side)
and the side of the secondary release slope (south side). The area
with the greatest displacement is shown by the blue box in the figure,
and it is all located close to the side of the bus pit. The demarcation of
the horizontal displacement is shown in the area denoted by the
black box, which is situated at the intersection of the corner’s two
inner supports. The action of the bus foundation pit, which is
transmitted by the force of the inner support of the corner, may
have caused a significant displacement to that side, which is the
likely cause of this phenomenon. The blue-boxed areas of the
northern grouting pile (Figures 5B) and the southern grouting
pile (Figures 5D) both produced a significant displacement
toward the northern side for the same reason. The results of the

FIGURE 4
3D FEMmodel. (A)Overall 3D FEMmodel. (B) 3D FEMmodel after
excavation.
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model are similar to the calculation and monitoring results of Guo
et al. (2019). Different from the research results of Guo et al. (2019),
due to the particularity of the joint excavation of the foundation pit
group, the symmetrical area of the foundation pit of the production
and living complex building shows a significant “push back
displacement".

4.2 Analysis of the horizontal deformation of
the support structure of the adjacent
foundation pit

Figure 6 depicts the ground connection wall of the transfer
channel foundation pit’s lateral deformation. According to
morphology, the deformation of the ground connection wall of
the foundation pit can be roughly divided into three areas, the region
shown by the red box in Figure 6, where the ground connection wall
deforms in a “parabolic” shape toward the foundation pit while
disregarding the influence of surrounding foundation pits and
structures. In this project, the part marked by the red box is
buried underground. Due to the division of the project site, no
site pictures have been obtained. The active soil pressure zone of the
ground connection wall close to the side of the adjacent pit was
excavated and leveled in the area denoted by the blue box and the
area denoted by the black box, leaving the portion of the interchange
pit elevation above −3 m exposed on the ground (Figure 7). Due to
this reason, the areas indicated by the blue box and the black box
have both experienced overall horizontal displacement towards the
direction adjacent to the foundation pit. The area indicated by the
black box is adjacent to the integrated tourism bus foundation pit,
and its excavation depth is greater than the production and living
complex foundation pit adjacent to the area indicated by the blue
box. Therefore, the horizontal displacement value indicated by the
black box is greater than that indicated by the blue box.

Figure 8 extracts the typical curve of the transfer channel
foundation pit’s ground connection wall deformation. In line
with what is depicted in Figure 8, the wall that is connected to
the ground exhibits two common deformation patterns. The
displacement pattern of the red box area, which displays a
“parabolic” displacement pattern toward the pit, is represented by
the red curve. The maximum value of the displacement of the
ground connection wall is less than 25 mm, but it is slightly larger on
the side closest to the production and living complex. The larger
displacement on this site may be due to the complex environment

surrounding the production and living complex side and the
complex stress field. The ground connection wall in the area of
the blue and black lines exhibits a “cantilever” displacement pattern
toward the side of the foundation pit of production and living
complex building. The blue and black curves in Figure 8
demonstrate typical displacements in this region. By using the
number, we can determine that the ground connection wall’s
horizontal displacement in this area has increased beyond the
typical engineering warning threshold, potentially posing a
serious safety risk to the project. If such construction continues,
the support structure may become unstable and the surrounding soil
may crack and collapse. The construction site quickly backfilled the
backpressure soil in the middle of the two foundation pits in the
general excavation area after receiving the early warning from the
model calculation results of this paper and monitoring and warning
at the site, and accelerated the bottom slab-pouring operation of the
transfer channel foundation pit (Figure 7). This action successfully
controlled the deformation of this foundation pit and prevented the
occurrence of safety accidents. This reflects the significance of this
research for the safe and stabilized operation of this project.

4.3 Bending moment analysis of the
foundation pit enclosure structure of the
production and living complex building

Figure 9 extracts the typical curve of the transfer channel
foundation pit’s ground connection wall bending moment of the
production and living complex building at each construction
step. The variation of bending moment shows that as the excavation
depth of the foundation pit increases, the amplitude of bendingmoment
significantly increases. The bendingmoment shapes in Figures 9A, B are
similar. The surrounding structure generates negative bending
moments towards the outside of the pit below the bottom. Above
the bottom of the pit, the main positive bending moment is towards the
pit, and a small amount of negative bending moment may occur near
the top of the support pile. Figures 9C The negative bending moment
generated near the top of the support pile is relatively large. Two layers
of internal support were used for support at this location, whichmay be
the reason for this internal force situation. The position shown in
Figures 9D shows that due to the “pusback displacement” caused by the
support, the deformation of the support pile at this position is relatively
small, and the bending moment value is significantly smaller than the
other three profiles.

TABLE 2 Construction steps.

Excavation stage no. Description

1 Ground stress initialization and self-weight load application

2 Excavation to elevation ±0.00 m (total excavation 5 m)

3 Part I Structural Construction

4 Excavation to elevation −3.00 m (total excavation 8 m)

5 Part II Structural Construction

6 Excavation to elevation −7.50 m (total excavation 12.5 m)

7 Excavation to elevation −12.00 m (total excavation 17 m)
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4.4 Analysis of the vertical deformation of
the foundation pit and surrounding soil of
the production and living complex

Figure 10 depicts the vertical displacement of the
production and living complex building foundation pit and
the surrounding environment. The vertical direction shows a
bulge deformation at the bottom of the foundation pit of the
production and living complex. Among them, the position of
the infill pile near the pit’s perimeter has the least vertical

deformation, while the middle of the pit has the most. The
overall uplift deformation pattern exhibits elastic uplift
deformation. The overall uplift trend is shown in the
platform area where the slope is released, which may be
caused by the unloading of soil excavation. There is a
settlement trend in the soil between the pit of the
production and living complex and the foundation pit of the
bus. The supporting structures of both foundation pits are
generally displaced toward the foundation pit, resulting in a
settlement pattern of low in the middle and high on both sides.

FIGURE 5
Horizontal deformation cloud map of the foundation support structure of production and living complex building. (A) The side near the transfer
channel foundation pit (west side). (B) The side near the bus foundation pit (north side). (C) The side near the foundation pit of the national railway station
(east side). (D) The side near the secondary release slope (south side).
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Figure 11 shows the typical surface settlement data outside the pit
after excavation. There are some differences between the surface
settlement pattern outside the secondary release slope (Figures 11A )
and the “concave settlement profile” settlementmodel proposed by Pio-
Go and Chang-Yu, (1998). According to the construction process
simulation, the finite element model excavated a total of 17 m and
obtained the maximum settlement value at 7.2 m, which is 0.42 times
the excavation depth. The surface settlement value was 0.64 times the
maximum settlement value at the start of the settlement profile, whereas
the “concave settlement profile” settlementmodel was only 0.5 times the
maximum settlement value at the start of the settlement profile.
Meanwhile, in the secondary settlement area, the surface settlement
value eventually converges to a settlement value of approximately 27 m
but does not converge to 0. This difference could be attributed to the

stratum and soil’s unique properties on the one hand, and the support
mode of slope release followed by enclosure on the other, which differs
from the simple internal support system.

FIGURE 6
Horizontal deformation cloud map of the support structure of the transfer channel foundation pit.

FIGURE 7
Site photo of the ground connection wall of the transfer channel
foundation pit after general excavation.

FIGURE 8
Typical curve of horizontal displacement of foundation
connection wall of transfer channel foundation pit. (A) The ground
connecting wall on the side of the building near the production and
living complex. (B) Away from the production and living complex
building side of the ground connecting wall.
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The soil between the foundation pit of the production and living
complex and the foundation pit of the transfer channel, on the other
hand, showed an uplift deformation pattern, with a larger uplift on
the side close to the foundation pit of the production and living
complex. The general excavated and leveled soil being unloaded
causes the soil body in this area to rise as a whole. This uplift trend
was exacerbated by the overall deformation of the support system of
the transfer channel foundation pit toward the foundation pit of the
production and living complex. Under the effect of the internal
support of the corner, the support system of the production and
living complex played a significant role, and its lateral deformation
was significantly smaller than that of the pit of the interchange access
building. However, this exacerbated the ground uplift near the
production and living complex’s foundation pit.

The above soil deformation analysis reveals that the vertical
deformation of surface soil in deep foundation pits with complex
surrounding environments, particularly the foundation pit group,
differs from the commonly used “concave settlement profile” and
“spandrel-type settlement profiles. The deformation pattern of the
adjacent foundation support structure is frequently related to the
deformation pattern of the soil. Vertical deformation of the soil body
between adjacent pits should be closely monitored to avoid excessive
deformation.

4.5 Field monitoring set-up

Four inclined tubes were buried to measure the horizontal
deformation of the foundation pit enclosure system in order to
study the real deformation characteristics of the support structure in
the context of the project site. Figure 12 depicts the actual
monitoring points. The tilting pipe’s burial on the property is
captured in Figure 13.

The final formed pile top elevation has a significant difference
between them due to the crown beam elevation gradient, so the
inclined tubes CX3 and CX4 were placed on that side to observe the
corresponding deformation. The need for soil treatment between the
two adjacent pits made it impossible to deploy monitoring
equipment on the side closest to the bus foundation pit.

4.6 Comparison analysis of finite element
calculation results and field measurement
data

The foundation pit support structure’s horizontal deformation
warrants close attention and monitoring in real-world engineering.
Comparing the monitoring data with the numerical simulation
calculation results is a common means to verify the validity of
the numerical simulation results. The data for the inclined tube after
the foundation pit was built and the outcomes of the corresponding
finite element analysis are extracted in Figure 14.

The three monitoring points CX1, CX3, and CX4 all exhibit a
“parabolic” horizontal displacement pattern when the two
deformations are compared. The maximum calculated
displacement value appears at a depth of −8.55 m, and the
maximum horizontal displacement value is 5.86 mm, while the

FIGURE 9
Typical bending moment of foundation pit connecting wall. (A)
Bending moment situation on the side near the transfer channel
foundation pit (west side). (B) Bending moment situation on the side
near the secondary release slope (south side). (C) Bending
moment situation on the side (east side) near the foundation pit of the
National Railway Station. (D) Bending moment situation on the side
near the bus foundation pit (north side).
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maximum monitoring value of CX1 displacement appears at −8 m,
and the maximum horizontal displacement value is 5.32 mm. The
maximum calculated displacement value appeared at a depth
of −4.75 m, while the maximum monitoring value of
CX4 displacement appeared at a depth of −2.5 m, with a
maximum horizontal displacement value of 7.94 mm. The
occurrence height at CX1 and the maximum monitored
horizontal displacement value are very close to the predicted
results. The maximum displacement emergence locations are
higher than the predicted results, even though the horizontal
displacement amplitudes at CX3 and CX4 are close to each
other. In CX1 and CX4, the “belly bulge” area of the monitoring
data is larger than that of the calculation results, and CX1, CX3, and
CX4 all have a primary amplitude in the area closer to the pile top,

FIGURE 10
Vertical deformation cloud map of foundation pit and surrounding environment. (A) Typical curve of surface settlement outside the secondary
release slope. (B) Typical vertical deformation of the soil between the pit of the production and living complex and the pit of the transfer channel.

FIGURE 11
Typical vertical deformation curve of soil between pits. (A)
Typical curve of surface settlement outside the secondary release
slope. (B) Typical vertical deformation of the soil between the pit of the
production and living complex and the pit of the transfer channel.

FIGURE 12
Foundation pit monitoring plan layout.
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which also makes their displacement shapes show an “R" shape.
These shapes are not reflected in the calculation results. There are
two main reasons for this error. On the one hand, the more typical
stratum in the foundation pit area is used in the finite element
calculation model, and the area in the model is regarded as the mean
soil layer. However, there are still some differences between the
actual stratum and the assumption of the model. This may bring
some error to the calculation results. On the other hand, the
additional load brought by the earthwork transportation path
and construction machinery cannot be effectively reflected in the
calculation, which also affects the accuracy of the calculation to a
certain extent. The maximum monitoring value for CX2 is at
depth −2 m and has a maximum horizontal displacement value
of 23.76 mm; the maximum calculated value for CX2 is at depth 0 m
and has a maximum horizontal displacement value of 22.91 mm.
The large degree of fit between the monitoring data and the
calculated results proves the reliability of the finite element
simulation method and model simplification to a certain extent.

The existence of the nearby bus foundation pit may be the cause
of the “cantilevered” displacement pattern at this location. The
formed soil wedge was not complete because the support
structure of the bus foundation pit prevented the slip crack
surface from developing in the active soil wedge. Due to the low
active earth pressure acting on the production and living complex
pit’s support structure, the overall foundation pit support was offset
in the direction of the bus foundation pit. The two-stage slope
release support adds more load to the side opposite monitoring
point CX2, intensifying the braced structure’s deflection on that side.
Since CX2 has a larger displacement amplitude than the other three
monitoring points, it also deviates significantly from the typical
internally braced support structure in terms of support displacement
pattern.

FIGURE 14
Comparison of foundation pit monitoring data and finite element
calculation results. (A) CX1. (B) CX2. (C) CX3. (D) CX4.

FIGURE 13
Burial of inclined tubes at the construction site.
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5 Conclusion

In this article, numerical modeling is utilized to examine
the deformation of the foundation pit and the
surrounding adjacent foundation pits during the excavation
and support of the foundation pit of Guangzhou Baiyun
Station’s production and living complex, and verify the
numerical simulation results based on field monitoring data.
The following primary findings are made from the analysis
results.

(1) When designing deep foundation pits with a high number
of excavations near a foundation group or a deep
foundation pit, the usage of internal support forms must
be carefully evaluated. The unloading induced by the
adjacent pit or excavation may force the entire support
structure to shift in the unloading direction. The
magnitude of this overall movement was not
quantitatively assessed in this study.

(2) The deformation of the foundation support structure is
frequently related to the form of the support. Under the
action of the internal support system, the foundation pit of
the production and living complex building was displaced by
23 mm from the top of the support structure of the adjacent
foundation pit, which indicated that the foundation pit
support system may produce a displacement pattern
similar to “cantilever” in the asymmetric case. Under the
action of the internal suppor, the top of the retaining
structure adjacent to the pit will have a smaller
displacement, or even a “push-back displacement” towards
the edge of the pit.

(3) The shape of vertical deformation of the surface soil outside
the pits differs substantially from the previously listed rules
due to the reciprocal influence of the support systems of the
nearby foundation pits. Because of the total deformation of
the supporting structure, the soil body between foundation
pits may swell. Because of the deformation of other pits, the
maximum surface settlement of the foundation pit at a
depth of 0.42 times the excavation depth outside the pit,
and the surface settlement value was 0.64 times the
maximum settlement value at the start of the settlement
profile.
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Study on slope stability under
excavation and water storage
based on physical model tests

Chengheng Hou1,2*
1China Coal Technology and Engineering Group Shenyang Research Institute Co, Ltd, Fushun, Liaoning,
China, 2State Key Laboratory of Coal Mine Safety Technology, Fushun, China

Understanding the characteristics and mechanism of slope deformation caused
by slope excavation and water storage is very important in the stability analysis of
slope engineering. Therefore, based on similarity theory, a physical model test of
excavation andwater storagewas established, and the deformation characteristics
of the slope (three-stage excavation and five-stagewater storage) were studied by
using the monitoring technology of multiple measuring devices. The variation
characteristics of the displacement, stress and pore water pressure in the slope
were revealed. The results show that the contents of cement and yellow sand can
regulate the physical, mechanical and hydrological properties and that gypsum
and hydraulic oil have an effect on the permeability. Excavation leads to
deformation of the rock mass in the middle and lower slope to the outside of
the slope. This is attributed to the stress release, and local stress concentration
occurs at the foot of the slope after redistribution. Moreover, the rock mass
located in the fault zone shows nonglobal movement because the hanging wall
rock mass will produce relative dislocation along the fault zone under self-gravity.
Under water storage, the slope body is affected by the hydrostatic pressure, and
transient compaction deformation occurs first. As water permeates into the slope
body, thewater weakens the rockmass, resulting in the gradual deformation of the
rockmass near the slope surface to the outside of the slope. The abovemodel test
results can provide a valuable reference for slopes stability analysis in construction
and subsequent operation.

KEYWORDS

physical model, slope excavation, water storage, deformation, similar material

1 Introduction

In the process of excavation and water storage of underground structures, the
deformation and sliding damage of rock will bring serious economic losses and
personnel safety accidents (Tang et al., 2016; Yin et al., 2019; Yu et al., 2019; Yin et al.,
2021a; Yang et al., 2022). To study the cause and formation process of these hazards, a large
number of indoor physical model tests based on the physical and mechanical properties of
similar materials have appeared (Zhang et al., 2007; Tang et al., 2017; Yang et al., 2019;
Prodan et al., 2023). These physical model tests have great guiding value for simulating the
deformation process and failure of complex structures in hydraulic slope engineering the
field. A large number of monitoring values from model tests can intuitively provide the
deformation characteristics of the slope in different environments and reveal its influencing
factors (Tang et al., 2018b; Zheng et al., 2018; Tao et al., 2020; Yin et al., 2021b). And
numerical simulation methods are also used to study the failure and deformation process of
rock (Tang et al., 2006; Tang and Tang, 2015; Tang et al., 2020). Many scholars have

OPEN ACCESS

EDITED BY

Xuelong Li,
Shandong University of Science and
Technology, China

REVIEWED BY

Dong Duan,
Taiyuan University of Technology, China
Fei Wu,
Chongqing University, China
Xiaoshaung Li,
Shaoxing University, China

*CORRESPONDENCE

Chengheng Hou,
492674382@qq.com

RECEIVED 12 September 2023
ACCEPTED 20 October 2023
PUBLISHED 03 November 2023

CITATION

Hou C (2023), Study on slope stability
under excavation and water storage
based on physical model tests.
Front. Earth Sci. 11:1292945.
doi: 10.3389/feart.2023.1292945

COPYRIGHT

© 2023 Hou. 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.

Frontiers in Earth Science frontiersin.org01

TYPE Original Research
PUBLISHED 03 November 2023
DOI 10.3389/feart.2023.1292945

298

https://www.frontiersin.org/articles/10.3389/feart.2023.1292945/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1292945/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1292945/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1292945&domain=pdf&date_stamp=2023-11-03
mailto:492674382@qq.com
mailto:492674382@qq.com
https://doi.org/10.3389/feart.2023.1292945
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1292945


established physical models under different geological conditions to
identify and monitor the stress and strain field data inside a slope
and the change law of the pore water pressure to study the
deformation mechanism and instability process of the slope
during excavation and water storage.

Zhu et al. (2020) established a physical model of slope
excavation in anti-dip strata and studied the evolution
characteristics of the displacement field and strain field of the
excavation process model by using a variety of monitoring
methods. Adhikary et al. (1997) used a sand-gypsum mixture
and a fiber cement board to carry out centrifugal experiments on
a horizontal slope with a jointed appearance to study the bending
failure mechanism of the slope. Ding et al. (2020) simulated the
deformation law of slope rock mass by constructing a geological
engineering model, defined the main influencing factors of slope
instability, and analyzed the movement and failure characteristics of
the rock mass. Huang et al. (2023) carried out model tests to monitor
the whole displacement field and failure sequence of the slope and
analysed the influence mechanism of a water level change on the
slope deformation and failure mechanism under excavation. Cao
et al. (2022) used formal simulation materials to construct a similar
shape of a dump and studied the failure characteristics and model
landslide mechanism under different loads based on the monitoring
data. Sun and Zhao (2014) established different physical models of a
slope and studied different evolution stages of the slope according to
the proposed simplified geomechanical model. Lo and Weng (2017)
studied the deformation process and failure characteristics of
fractured slopes under complex conditions through field
investigation and physical model experiments and believed that
the facet dip angle was the key factor determining slope deformation.

Wu et al. (2015) employed a series of physical models to simulate
experiments of water infiltration into slopes under different
conditions and analysed the main factors leading to slope
instability and failure. Hu et al. (2019) studied the influence
mechanism of slope deformation and stability under reservoir
filling and believed that the increase in the pore water pressure
was a critical period in the occurrence of large deformation of
landslides based on physical model tests. (Tang, 2018; Tang et al.,
2018a; Tang et al., 2022) analysed the influence of water on rock
failure characteristics and damage mechanism in the long-term and
short-term environment. Tang et al. (2021) also studied the influence
relationship of water on rock fracture toughness based on the edge-
cracked semicircular bend (SCB) testing. Liang et al. (2021) and Liang
et al. (2023) Liang et al. studied the triaxial and shear characteristics of
sandstone, and established an empirical equation for the change of
mechanical characteristics of sandstone with water content and
immersion time. Chen et al. (2021) analyzed the long-term and
short-term failure mechanism of rock caused by water level height.
Ding et al. (2023) studied the failure characteristics and damage
mechanism of sandstone under different water absorption time. In
recent years, the model tests of slopes under the common conditions
of slope excavation and water storage have been different from the
actual working conditions, and most of them only include surface
deformation observation. Moreover, the understanding of the
deformation mechanism and instability failure of slopes under
different conditions needs to be further improved. To better guide
the construction and later operation of actual engineering projects, it
is necessary to study the variation characteristics of the deformation,

stress and pore water pressure of the slope and internal broken body
under unloading and water storage conditions.

Based on the selection principle of similar materials and similarity
theory, this study determines the appropriate model materials and the
optimal material ratio through physical and mechanical tests. First, a
physical model of slope excavation is established based on the
geological structure of the on-site rock stratum and fault zone, and
the three excavation processes of the slope are simulated. The slope
stability (deformation, surface settlement and internal stress) by each
excavation disturbance are monitored and analysed. Then, the whole
process of water storage is simulated by changing the water storage
level (five water levels), and the slope deformation, surface subsidence,
slope internal stress and pore water pressure changes in each storage
period are studied and discussed.

2 Determination of model parameters
and materials

2.1 Model parameters

In a simulated geomechanical model, three main factors affect the
results of the test: the geometric size of the physical simulation test, the
mechanical properties of the rock mass material and the boundary
conditions of the physical model. In the model test, it is necessary to
ensure that the physical model is similar to the original structure in
physical phenomena to ensure that the results obtained by the test can
be replicated by the prototype. According to similarity theory,
geometric similarity of the model is a prerequisite for similar
physical phenomena (Wu et al., 2020a; Wu et al., 2020b), so the
geometrically similar condition is a key in the design of the structural
model. The similarity scale is obtained by comparing the sizes of the
model and the prototype, and the corresponding proportions of the
mechanical parameters between the physical model materials and the
prototype slope materials should also be equal or proportional (Shi
et al., 2015). Therefore, according to the similarity principle and test
requirements, the length of themodel, the bulk density of thematerials,
the uniaxial compressive strength, the tensile strength, the cohesion,
the internal friction angle, the Poisson’s ratio, and the displacement
and stress, which reflect physical phenomena, are selected to describe
the change process in slope excavation and water storage.

In this study, considering the accuracy of the test, the workload and
economic indicators in making the model and performing the test, the
difficulty of finding the model materials and the scope of the simulated
prototype (Huang et al., 2013), the geometric similarity ratio of rock
and soil mass was selected as 1000 in the excavation and water storage
test (Cl=1000). At the same time, to ensure that the landslide thrust
generated by the rock and soil mass under the action of the self-gravity
stress field was highly consistent with the actual situation, the similarity
ratio of the rock and soil mass was 1.3 (Cγ=Cρ=1000). Therefore, the
theoretical physical and mechanical parameters of the corresponding
model test materials were calculated as shown in Table 1.

2.2 Model similar materials and ratio

Based on the elastic modulus, Poisson’s ratio, creep, thermal
conductivity and other factors, similar materials are generally
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composed of three components: aggregate, adhesive and additive
(Zuo et al., 2004; Zhang et al., 2008). Based on the comparison of
the performance, advantages and disadvantages of similar material
combinations (Cheng et al., 2016; Zhang et al., 2019), the selection
principle and physical-mechanical parameters of similar materials
are also considered for the model test object of this study. Finally,
yellow sand, gypsum, cement and water were used as raw materials
of similar materials, as shown in Figure 1. Different materials play
different roles, for example, yellow sand, as a filling material, is
used to adjust the weight, with a certain cohesion; gypsum and
cement, as cementing materials, are used to control the material
mechanical properties; water, with a mixing function, is used to
meet the process requirements; hydraulic oil, as a regulator, is used

to adjust the permeability, which does not affect the other material
properties; and coloured iron powder dye is used to distinguish
different rock and soil layers.

According to the materials selected above and previous studies
(Wen et al., 2020; Shi et al., 2021), we designed 24 groups of ratio
tests and made samples for uniaxial compressive strength tests
(50 mm × 100 mm), standard samples for direct shear tests
(61.8 mm × 20 mm) and standard samples for percolation tests
(61.8 mm × 40 mm) with different ratios, as shown in Figure 2. The
process of making standard specimens of similar materials was as
follows:

1. Preparation of raw materials: Yellow sand was screened with a
standard screen of 2.36 mm, and cement, gypsum, water and
hydraulic oil were accurately weighed according to the test
scheme.

2. Preparation of the mould: The tray and cylinder of the mould
were installed, and whether the mould was installed in place and
whether the cylinder and tray were tightly clamped were checked.
At the same time, for convenience of demoulding, the inner wall
of the mould needed to be coated with hydraulic oil and allowed
to sit for a period of time before being coated with petroleum
jelly.

3. Mixing of materials: The proportionally weighed yellow sand
was poured into the mixing container and evenly stirred.
Then, cement and gypsum were evenly added, and water
and hydraulic oil were added. The mixture was evenly
stirred during addition of the materials, fully stirred and set
aside.

4. Weighing and feeding: An electronic balance was used to weigh a
certain quantity of the mixed material, and a funnel was used to
add the material into the mould cylinder. Material falling was
avoided in the process of feeding.

5. Material pounding: The materials were crushed in layers with a
compactor after adding the materials into the cylinder.

TABLE 1 Model parameters in the excavation and water storage simulation test.

Bulk
density
(kN/m3)

Cohesion
(kPa)

Internal
friction
angle (°)

Elastic
modulus
(GPa)

Poisson’s
ratio

Tensile
strength
(MPa)

Compressive
strength (MPa)

Permeability
coefficient

(m/s)

Similarity
ratio

1.3 1300 1 1300 1 1300 1300 31.6

Quaternary
system

13.85 0.023 28

Brown shale 16.92 0.076 25 0.0009 0.3 0.00023 0.002 6.3*10−9–6.3*10−8

Oil shale 16.15 0.154 35 0.0026 0.26 0.00026 0.0026 3.2*10−11–9.6*10−9

Coal seam 11.54 0.107 35 0.0009 0.24 0.00018 0.0018 3.2*10−9–3.2*10−8

Backfill
material

15.38 0 29 0.0006 0.3 0.000003 0.00003

Basalt 21.54 0.138 40 0.0055 0.14 0.00385 0.0385 3.2*10−9

Fault F1 15.38 0.009 20 0.00155 0.3 0.00069 0.0069

Fault F4 15.38 0.009 7 0.00038 0.3 0.0002 0.002

Cretaceous
sandstone

17.69 0.1 45 0.00308 0.25 0.00077 0.0077

FIGURE 1
Similar materials of samples for physical models.
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6. Demoulding and labelling: After 2 days of natural drying, the
sample was demoulded. After completion of the mould, the
specimen was carefully removed, and each specimen was
labelled.

7. Natural curing: The moulded specimen was placed indoors for
natural curing, and the curing time was 2 days.

After curing, the uniaxial compressive strength, elastic
modulus, Poisson’s ratio, tensile strength, permeability, heavy
weight, cohesion and internal friction angle of similar materials
with different proportions were measured by laboratory tests.
Referring to the above, the relative ratios of the physical and
mechanical parameters of the corresponding model test materials
were calculated, and the similar material ratio schemes of the final
excavation and water storage physical models are shown in
Table 2.

3 Model test scheme design

3.1 Physical simulation assembly and data
acquisition system

The size of the model box in this study is 200 cm × 50 cm ×
100 cm. The box is composed of five 2.5 cm thick transparent
acrylic plates, a fixed frame and angle steel fixtures. The highly

transparent acrylic plate can withstand the heavy filling of the
model, and because of its high transparency, it is easy to observe
and record the deformation of the model from all angles during
the test. The fixed frame is made of aluminium alloy and fixed
through screws to the angle steel fixtures, which are used to fix
four stress plates. Considering the compression of the model
body and mutual interference caused by the loading process
between the adjacent loading plates. Angle steel is placed
between the adjacent loading plates to close the gap between
the loading plates during the filling of the model. So that the force
plate neither expands outwards nor overturns in the filling and
compaction of the material, which is conducive to filling of the
material. At the same time, three beams are added at the bottom.
They are used to support the deformation of the bottom bearing
plate when the model is loaded.

In this physical simulation test, the geometric similarity ratio is
determined according to the similarity relationship between the
original slope and the test model, and the geometric similarity ratio
of the excavation and water storage simulation test model is 1:1000.
The model slope design is shown in Figures 3A, B. After the
preliminary preparation of the test model is completed, the
packing is started, the thickness of each rock and soil layer is
converted to the model box according to similarity theory, and
different matching schemes are determined according to the
physical and mechanical parameters of different rock layers after
the similarity theory conversion. According to the required

FIGURE 2
Mechanical sample preparation of similar materials with different ratios.

TABLE 2 Similar material ratios in excavation and water storage simulation tests.

Prototype lithology Cement (%) Gypsum (%) Sand (%) Water (%) Oil (%) Iron dye (%)

Oil shale 3 1 81 15 1.5 0.5

Basalt 8.75 3.75 75 12.5 1.25

Coal seam 5 22.5 67.5 5 1

Backfill material 5 30 60 5 1 3.5

Brown shale 5 15 75 5 1 0.5

Fault F1 10 10 70 10 1 0.5

Fault F4 5 15 70 10 1 0.5

Cretaceous sandstone 10 5 75 10 1 0.5
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proportions of similar materials in each layer, the similar materials
are weighed in proportion by an electronic balance and evenly
stirred. The mixed materials are loaded into the filling box and
crushed. Sensors are installed at the corresponding positions
according to the test requirements during the filling process.
After the filling is completed, the test can be carried out after a
week of maintenance in the natural state (Figure 3C).

In this study, a TST3827E static strain acquisition
instrument is used to monitor the stress (Figure 4A), and a
sensor system composed of dial indicator displacement meters,
earth pressure boxes, seepage meters and a digital image
detection device is used to collect the stress change and
deformation data of the slope model. The dial indicator

displacement meters and ZBL-V6O0 multipoint digital image
detection device are used to observe the macroscopic
deformation characteristics (Figures 4B, C). YLH17 miniature
earth pressure boxes (with a size of 17*10 mm, a range of 30 kPa
and 0.05% Fs) and KXYL20-type pore water lysimeters (with a
size of 20*13 mm, a range of 30 kPa and 0.5%–0.05% Fs) are used
to collect soil pressure and pore water pressure data of different
parts, respectively (Figures 4D, E). To simulate the slope water
storage test and keep the water storage level stable, a stable head
water supply device was made. The device comprises a pumping
tank, a simple connector and two pumping pumps. The water
level is controlled by changing the height of the water supply
tank (Figure 4F).

FIGURE 3
Design drawing of the simulation test and slope model: (A) excavation, (B) water storage, (C) slope physical model.
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3.2 Excavation model test

3.2.1 Test scheme
According to the annual slope contour, excavation was carried

out three times in this test (Figure 3A). The excavation simulation
test was mainly performed to observe the slope deformation, ground
surface settlement and slope stress changes during and after the
excavation.

3.2.1.1 Slope deformation observation
A digital image detection device is used for slope

deformation observation. The arrangement of measurement
points is shown in Figure 5A, where observation points M1-5
are parallel to the slope and mainly observe the displacement of
the lower part of the excavation slope. Observation points M6-10
are parallel to the surface and mainly observe surface subsidence.
Observation points M11-13 are located in the interior of the
slope and mainly observe the change in the weak interlayer in the
interior of the slope. Observation points M14 to 18 are located
on both sides of fault F1 and fault F4 and mainly observe the
difference in the displacement change on both sides of fault
F1 and fault F4.

3.2.1.2 Ground surface settlement monitoring
Five dial indicator displacement meters are arranged in the

model slope, among which two dial indicator displacement meters
are arranged on the upper slope of the slope body, located at the
central axis of the slope body; the spacing is 10 cm, and the numbers
are W1 and W2. Three dial indicator displacement meters are
arranged at the top of the slope, located at the central axis of the
slope body, with a spacing of 20 cm, which are numbered W3-W5
(Figure 5B).

3.2.1.3 Slope stress monitoring
Seven earth pressure boxes are arranged in the model slope, all of

which are arranged on the longitudinal section of the central axis of
the slope body (see Figure 5B). Among them, the pressure surfaces of
T5 and T7 face the surface, and the other five earth pressure boxes
are buried with their surfaces facing the normal direction outside the
stratum plane. Four earth pressure boxes are arranged parallel to the
slope surface, with a transverse interval of 15.7 cm–16.0 cm,
numbered T1-T4. Three earth pressure boxes are arranged
perpendicular to the top of the slope from top to bottom, with
an interval of 15.0 cm, numbered T5 to T7. Since the earth pressure
boxes have a certain size and thickness, embedded parts with the
same size as the earth pressure boxes are placed at the corresponding
positions, fixed, packed, and compacted twice during the installation
process. Before tamping the lower material, the embedded parts are
slowly dug out, and the earth pressure boxes are placed, fixed,
packed and gently tamped.

3.2.2 Test procedure
In the test preparation stage, the earth pressure boxes and the

dynamic and static strain acquisition instruments are connected, the
data acquisition frequency is 0.1 Hz, and the connection mode is full
bridge. After the normal debugging operation of the instruments,
the initial value is set to zero. After confirming that the dial indicator
is set to zero, the displacement monitoring device can work normally
and collect data, formal monitoring is started, and the slope is
excavated. After the excavation, dial indicator displacement meter
readings are first recorded every 1 min. After 1 h, dial indicator
displacement meter readings are recorded every 5 min. After
2 hours, dial indicator displacement meter readings are recorded
every 10 min, and to confirm that the model reaches a completely
stable state inside, the actual single monitoring duration is more

FIGURE 4
Data acquisition system: (A) TST3827E static strain acquisition instrument, (B) dial indicator displacement meter, (C) ZBL-V6O0 multipoint digital
image detection device, (D) YLH17 miniature earth pressure box, (E) KXYL20-type pore water lysimeter, (F) stable head water supply device.
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than 3 h. After the data of the sensors and the dial indicator
displacement meters are stable, the next excavation is carried out,
and the test is finished when the data of the three excavation
simulation tests are stable.

3.3 Water storage model test

3.3.1 Test scheme
This test was mainly performed to study the slope deformation,

surface settlement, slope stress and pore water pressure in the
process of water storage. Water storage was mainly divided into
five stages, and the specific scheme was designed as follows:

First stage of water storage: Water is stored at the foot of the
slope up to 28 cm from the surface (equivalent to the prototype level
of −200 m), and the water level is kept stable. Continuous
observation and monitoring are carried out for 6 h to record the

changes in slope deformation, surface settlement, slope stress and
pore water pressure.

Second stage of water storage: On the basis of the first-stage water
level, the second-stage water level is increased by 4 cm–24 cm from
the surface (equivalent to the prototype level of −160 m), and the
water level is kept stable. Continuous observation and monitoring are
carried out for 18 h to record the changes in slope deformation,
surface settlement, slope stress and pore water pressure.

Third stage of water storage: On the basis of the second-stage
water level, the third-stage water level is increased by 6 cm–18 cm
from the surface (equivalent to the prototype level of −100 m), and
the water level is kept stable. Continuous observation and
monitoring are carried out for 36 h to record the changes in
slope deformation, surface settlement, slope stress and pore water
pressure.

Fourth stage of water storage: On the basis of the third-stage
water level, the fourth-stage water level is increased 10 cm–8 cm

FIGURE 5
Layout diagram of slope deformation observation points in the excavation simulation test: (A) observation schematic diagram, (B)monitoring device
layout.
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from the surface (equivalent to the original ±0 m level), and the
water level is kept stable. Continuous observation and monitoring
are carried out for 60 h to record the changes in slope deformation,
surface settlement, slope stress and pore water pressure.

Fifth stage of water storage: On the basis of the fourth-stage
water level, the fifth-stage water level is increased by 8 cm–0 cm
from the surface (equivalent to the prototype Quaternary system
level), and the water level is kept stable. Continuous observation and
monitoring are carried out for 96 h to record the changes in slope
deformation, surface settlement, slope stress and pore water
pressure.

The stable head water supply system was used in the test to
realize raising and stability of the storage water level. The water
storage simulation test was mainly performed to observe the slope
deformation and surface settlement under different water storage
levels and to monitor slope stress and pore water pressure
changes.

3.3.1.1 Slope deformation observation
The slope deformation observation adopts a multipoint digital

image detection device, and the arrangement of measurement points
is shown in Figure 6A. Observation points M1-5 are parallel to the
slope and mainly observe the displacement of the lower part of the
excavation slope. Observation points M6-10 are parallel to the

surface and mainly observe surface subsidence. Observation
points M11-13 are located in the interior of the slope and mainly
observe the change in the weak interlayer in the interior of the slope.
Observation points M14-18 are located on both sides of fault F1 and
fault F4 and mainly observe the difference in the displacement
change on both sides of fault F1 and fault F4.

3.3.1.2 Ground surface settlement monitoring
A total of 7 dial indicator displacement meters are arranged in

the model slope, among which 3 dial indicator displacement meters
are arranged on the surface of the slope body, located at the central
axis of the slope body. The spacings are 17 cm and 14 cm, and the
numbers are W1, W2 and W3. Four dial indicator displacement
meters are arranged at the top of the slope, located at the central axis
of the slope body. The spacings are 19.7 cm, 25.5 cm, and 24.6 cm,
and the numbers are W4-W7 (Figure 6B). Because the water storage
level rises to above the dial indicator displacement meter, W1 is
removed from the third stage of water storage, W2 is removed from
the fourth stage of water storage, and W3 is removed from the fifth
stage of water storage.

3.3.1.3 Slope stress monitoring
A total of 7 earth pressure boxes are arranged in the model slope,

all of which are arranged on the longitudinal section of the central

FIGURE 6
Layout diagram of slope deformation observation points in the water storage simulation test: (A) observation schematic diagram, (B) monitoring
device layout.
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axis of the slope body (Figure 6B). Among them, the T5 and
T7 compression surfaces are towards the surface, and the other
5 earth pressure boxes are buried with their surfaces facing the
normal direction outside the rock plane. Among them, four earth
pressure boxes are arranged parallel to the slope surface, with a
transverse interval of 15.7 cm–16.0 cm, numbered T1-T4. Three
earth pressure boxes are arranged perpendicular to the top of the
slope from top to bottom with an interval of 15.0 cm, numbered T5-
T7. Since the earth pressure boxes have a certain size and thickness,
embedded parts with the same size as the earth pressure boxes are
placed at the corresponding positions, fixed, packed, and compacted
twice during the installation process. Before tamping the lower
material, the embedded parts are slowly dug out, and the earth
pressure boxes are placed, fixed, packed and gently tamped.

3.3.1.4 Pore water pressure of the slope
A total of 10 seepage gauges are arranged in the model slope, all

of which are arranged below the periodically changing water level
elevation. S1-S4 and S5-S8 are alternately arranged on both sides of
the longitudinal section of the central axis of the slope body, 12 cm
from the central axis. The longitudinal spacings are 9.4 cm, 6.2 cm,
and 9.3 cm. Two seepage gauges are arranged at the same horizontal
position. S9 and S10 are arranged on both sides of the longitudinal
section of the central axis of the slope body, 12 cm from the central
axis, and the longitudinal spacings are 25.8 cm and 21.3 cm,
respectively (Figure 6B). The lysimeters are saturated in water
before burial, and the burial method is the same as that of the
earth pressure boxes.

3.3.2 Test procedure
According to the design of the water storage simulation test

scheme, the water level of the first stage of water storage is controlled
at 280 m below the surface of the prototype, which is 28 cm below
the surface of the model. After confirming that the dial indicator
displacement meters are set to 0, the acquisition system, sensors and
displacement detection devices can work normally and collect data.
The stable head water supply device is turned on for water storage.
The observation time of each stage of the water storage simulation
test is successively increased and is 6 h, 18 h, 36 h, 60 h and 96 h.
After reaching the required observation time, the numerical changes
in the sensors and dial indicator displacement meters are observed.
After the changes in the sensors and dial indicator displacement
meters tend to be stable, the height of the water supply tank is
changed to the water storage level of the next stage, and the next
stage of water storage is carried out. When the observation time of
the last stage of the water storage simulation test is reached and the
values of the sensors and dial indicator displacement meters are
stable, the water storage simulation test is finished.

4 Physical simulation test results and
discussion

4.1 Excavation model

4.1.1 Slope deformation characteristics
The collected observation point deformation data are processed

byMATLAB to obtain the relationship curve between the horizontal

displacement, vertical displacement and time, as shown in Figure 7,
where the horizontal displacement is positive when the observation
point moves to the left and negative when it moves to the right. The
horizontal and vertical displacements of M1-18 indicate obvious
deformation in the same direction in both the horizontal and vertical
directions, indicating the overall load unloading deformation of the
slope to the outside of the slope.

After each excavation, unloading deformation occurs at M4with
the largest changes, and then the deformation gradually increased
and the amplitude gradually decreased due to the continuous
adjustment of the stress of slope. M1 is deformed first, and M2-
18 begin to respond to deformation later becauseM1 is located at the
foot of the slope and has an obvious response to the excavation
disturbance stress concentration. The horizontal deformation
(Figure 7A) in the area near the slope surface is greater than the
vertical deformation (Figure 7B), the side slope angle formed by
excavation is small, the horizontal stress change of the excavated
slope surface is greater than the vertical stress change, and the
horizontal deformation in the area near the oil shale in the slope is
greater than the vertical deformation. These phenomena all occur in
the weak layer of brown shale, and the horizontal stress change is
greater than the vertical stress change.

The excessive excavation of rock mass in the middle and lower
parts of the slope makes the slope angle in this area the largest,
resulting in the largest deformation near the slope surface. In the
interbed area of oil shale and brown shale in the slope body, the
overall deformation is small, and the deformation is minimal near
the fault F1 and fault F4. With increasing excavation depth,
deformation of the internal rock mass to the slope surface is
generated, and the variation range is gradually expanded. The
deformation of the slope surface is much larger than that of the
internal rock mass, and the deformation is significantly reduced with
extension into the interior of the slope. The influence zone of slope
excavation is located on the left side of the fault F1 from the slope to
the interior of the slope body. The deformation zone on the surface
of the slope body is within a certain range. With increasing
excavation depth, the redistribution of unloading stress caused by
excavation produces macroscopic creep deformation on the surface
of the slope body. Due to the excavation, the surface of the slope rock
mass in the region has been displaced to different degrees over a
large range, and the initial displacement is small and then increases.

According to the cumulative deformation in the excavation test
(Figure 7). The origin is at the lower left corner (Figure 3A), and the
coordinates are (N200, -875). The horizontal deformation near the
middle of the slope (N890, 817) reaches the maximum (0.3973 mm).
This area is above the excavation line and in the soft brown shale rock
layer, so the maximum horizontal deformation occurs here. The rock
mass located in the compound fold structure area below the fracture
zone of the F1 fault has a large vertical displacement, which indicates
that this part of the rock mass is misaligned along the weak plane
under the action of the self-gravity stress and the self-gravity of the
toppling rock mass of the hanging wall. The deformation curves of
M14 and 15 on the two sides of the hanging wall and footwall zones of
fault F1 show a great difference. The vertical displacement of the
hanging wall zone is larger than that of the footwall zone, and overall
dislocation occurs compared with the footwall rockmass. This trend is
also observed at M17 and 18 on the two sides of the hanging wall and
footwall zones of fault F4. The deformation direction of the footwall
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zone of the fault is roughly the same, but the fault does not move as a
whole. The vertical displacement of the footwall zone is larger than
that of the hanging wall zone, and overall stagger sliding occurs
compared with the hanging wall rock mass. It can be considered that
the fault fracture zone has an obvious influence on the slope
deformation in the whole study area, resulting in compressive
dislocation deformation.

4.1.2 Ground surface settlement characteristics
The surface cumulative settlement deformation curves of the

three excavation tests are shown in Figure 8. The surface of the
ground is uniformly decreased during excavation, the deformation
trends of the dial indicator displacement meters are the same as the
vertical deformation at M6-10, and the deformation amounts are
similar. After the first excavation, the initial deformation of W1 at
the shoulder andW2 at the top of the slope is small and then rapidly
increases, which is caused by the increase in the slope angle due to
slope excavation and the unloading deformation at the top of the
slope. W4 and W5 are basically not deformed, and they are located
furthest from the excavated slope surface and are minimally affected.
In the second excavation test, overall subsidence deformation

occurs. W1 at the shoulder and W2 at the top of the slope begin
to exhibit a decline first, and the change is the largest near the slope
surface to the top of the slope. During the excavation process, the
lower part of the slope forms a large slope angle, the middle of the
slope surface forms part of the void, and the upper slope body
undergoes large deformation towards the foot of the slope. Since this
excavation has the largest depth and the largest slope angle, the
surface settlement changes the fastest. In the third excavation test,
the same W1 at the shoulder and W2 at the top of the slope first
begin to exhibit a decline, the excavation produces an overhead
surface, and the shoulder and top of the slope undergo unloading
deformation. W4 and W5 are basically unchanged because they are
located at the furthest distance from the excavation slope and are
least affected by the excavation.

In this excavation simulation test, after sorting the data observed
in the three excavation simulation tests, the final surface settlement
of the geological prototype after the three excavations can be
deduced according to the similarity ratio. Among them, the
cumulative settlement at the slope shoulder (N1043,900) is the
largest at 0.1782 mm. The farther the surface is from the slope
surface, the smaller the surface settlement.

FIGURE 7
Change in the deformation at M1-18 during excavation: (A) horizontal deformation, (B) vertical deformation.
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4.1.3 Stress characteristics
The stress changes during excavation are shown in Figure 9. It

can be seen that at T5, T6 and T7, which are buried deep inside the
slope, the earth pressure values are relatively large, and the overall
change trend is relatively stable. The maximum earth pressure value
of T7 (N1143,450) is 3.77 MPa. While the T6 compression surface
faces the outer normal direction of the rock stratum plane, the
T5 and T7 compression surfaces are towards the surface, and the
earth pressure values are larger than that of T6. A data drop
phenomenon of T1-T4 located below the slope surface is found.
There is a short-term increase in stress at the three times of the three
excavation processes, indicating that the slope surface is affected by
excavation, and the reason is due to the stress adjustment of each
point in the slope. The stress at the measurement point temporarily
increases, but over time, the overall stress in the slope is reduced. The
largest stress release is mainly near the excavation slope, and
although there are changes at other places, the changes are not
large. The variation range of earth pressure values from T1-T4 is
larger than that from T5-T7, indicating that with increasing depth,

the pressure is increasingly less affected by excavation. Among T1-
T4, the minimum earth pressure is 0.05 MPa for T4 (N1143,900),
indicating that the foot of the slope is the most affected and that the
change is the largest. In the slope excavation process, the stress
change in the slope is a complex process. After the excavation is
completed, the stress at the measurement point near the empty
surface of the slope is not instantly released, and this release is not
completed in a short time such as displacement but is a long-term
process.

4.2 Water storage model

4.2.1 Slope deformation characteristics
Similar to the excavation model, the cumulative deformation

curve of M1-18 in the five-stage water storage test is shown in
Figure 10. The deformation rapidly changes near the water storage
level adjustment time, slows down as time goes by, and finally enters
a plateau area with a relatively small displacement change. For each
water storage period, M1 exhibits a change first, and M2-18 begin to
respond to deformation later. Because M1 is located at the foot of the
slope, the stress changes first. In the early stage of water storage, the
slope is squeezed by the hydrostatic pressure of the surface water,
and the stress decreases. The stress change at M5 is the largest, and
the amplitude is the largest. Then, because of the continuous
adjustment of the stress in the slope, the deformation gradually
increases, but the amplitude decreases. The horizontal deformation
(Figure 10A) near the slope surface is greater than the vertical
deformation (Figure 10B), which is caused by the surface water
flowing into the internal slope and squeezing the slope to hinder
vertical deformation. The vertical deformation of the near-ground
surface is greater than the horizontal deformation, the surface is
affected by gravity stress, and the vertical stress change is greater
than the horizontal stress change.

In the early stage of water level change, the pore water inside the
slope is constantly adjusted. The hydrodynamic pressure generated
by pore water flow has a stronger influence on slope deformation
than the hydrostatic pressure of relatively stable water. That is, large
deformation of the slope is often caused by hydrodynamic pressure,
that is, is driven by hydrodynamic pressure, and then, progressive
failure occurs under hydrostatic pressure. At the same time,
observing the occurrence time of the maximum displacement at
each observation point (Figure 10), it can be seen that the rock mass
deformation at the low elevation of the slope is earlier than that at
the high elevation, indicating that the failure of the slope caused by
water storage starts from the foot of the slope and gradually moves
to the middle part of the slope, forming progressive failure. In the
early stage, the rock mass below the water level is subjected to the
load inside the slope body, and the deformation is mainly
compaction deformation, which enhances the stability of the
slope body to a certain extent. However, this phenomenon is
only temporary. After that, the rock mass is damaged under the
action of dynamic and hydrostatic pressure, and each data point
tends to stabilize, indicating that the slope deformation tends to
converge. In particular, the deformation direction of the area near
the slope in the fifth stage is opposite to that in the previous four
stages (Figure 10A), indicating that when the water level is raised to
the surface (80 m), the pore water pressure exerts a greater

FIGURE 8
Change in the ground surface settlement deformation in
excavation.

FIGURE 9
Change in stress at T1-7 in excavation.
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extrusion effect on the surface of the slope body. As a result, the
slope body produces a slanting downward edge, and the horizontal
cumulative deformation decreases. The cumulative vertical
deformation data in the near-surface area are similar to the
surface subsidence data.

According to the cumulative deformation in the water storage
test (Figure 10). The origin is at the lower left corner (Figure 3A),
and the coordinates are (N200, -875). Under the action of staged
water storage, the surface of the slope (M4-6) is subjected to greater
tensile and compressive stress due to the total dynamic and
hydrostatic pressure, so the maximum deformation occurs. The
horizontal cumulative deformation in the interbed zone within the
slope body is greater than the vertical deformation (M1-M13), and
the horizontal slip in this zone is mainly along the weak brown shale
layer. The vertical deformation near fault F1 and F4 in the slope
body is greater than the horizontal deformation (M14-M18),
indicating that settlement deformation mainly occurs in this zone.

4.2.2 Ground surface settlement characteristics
The ground surface settlement deformation curve of the five-

stage water storage test is shown in Figure 11. W1-W3 were

removed before the third, fourth, and fifth stages of the storage
test, respectively. During the water storage process, the
monitoring point nearest to the water level (W1 in figure A,
W2 in figure B, W3 in figureC, and W4 in figure D) exhibits a
change first. The deformation continues to increase but the
amplitude of variation gradually decreases as the test
proceeds. The monitoring point at the farthest distance from
the slope surface shows the smallest stress change, so the
deformations at W5, W6, and W7 decrease in turn. In the
early stage (Figures 11A, B), the surface water flows along the
pores of the slope to the interior of the slope body, resulting in
large deformation. The subsequent deformation is progressive
deformation, which is transmitted from the deformation at the
foot of the slope. In the later stage (Figures 11C, D), the pore
water pressure in the middle part of the slope body increases, the
internal stress of the slope body decreases, and the stress in the
slope body is redistributed, leading to deformation at the top of
the slope. The deformation starts from the middle part and is
progressive, with the maximum deformation occurring at the top
of the slope. This result is the same as the observed results of slope
deformation and the same as the data collected by the digital

FIGURE 10
Change in deformation at M1-18 in water storage: (A) horizontal deformation, (B) vertical deformation.
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image monitoring device (Figure 10), indicating that the fault
affects the ground surface settlement, and the settlement at the
foot is larger.

According to Figure 11, the final settlement of the ground
surface was obtained. Since W1, W2, and W3 were removed
before the third, fourth, and fifth stages of the storage test,

respectively, their values cannot represent the final deformation.
The maximum cumulative settlement of W4 (N1190,950) located at
the top of the slope is 0.0412 mm. Due to the rise in the water storage
level, the hydrostatic pressure on the surface of the slope body
increases, and the stress inside the slope body is redistributed.
Finally, under the action of hydrostatic pressure and
hydrodynamic pressure, slope top subsidence deformation occurs.
W5 (N1390, 950), W6 (N1640, 950) and W7 (N1890, 950) are
farther from the slope surface, and the settlement amounts at the
three places are 0.0296 mm, 0.0278 mm and 0.0249 mm,
respectively. The surface deformation of the slope body is much
larger than the internal deformation of the slope body, and the
deformation far from the slope surface is significantly reduced.

4.2.3 Pore water pressure characteristics
The changes in the pore water pressure are shown in Figure 12.

The change in the pore pressure in the whole process basically
maintains synchronization with the progress of the water storage
stage, while the monitoring points located in the depth of the slope
slightly lag, and the overall curves present a step-like feature. The
change order of the pore water pressure is consistent with the rule
that the values change from the slope surface to the deep slope
body, from bottom to top. The stability of the pore water pressure
is consistent with the trend of gradually decreasing from low
elevation to high elevation and from the slope surface to the
deep slope body.

In the first stage, the values at S4 and S8-S10 gradually increase
and remain stable in order. The pore water pressure at S4 near the
foot of the slope increases first, and the pressure at S8-S10 near the
water level elevation of the first stage also gradually increase. In the
second stage, S4 and S8, which are located at the lowest location, are
the first to respond after a period of time. S3, S7, S9, and S10 slightly
lag behind the S4 and S8 responses, and the increase is small. In the
third stage, the increase in the pore pressure at S3 and S7 is greater
than the response in the second stage. S2 and S6 show a small
increase due to the water level exceeding their embedding height. In
the fourth stage, the change in the pore pressures of S2 and S6 in the
middle is greater than the response in the third stage. S1 and S5 show
a small increase because the water level exceeds the embedding
height. In the fifth stage, the increase in the pore pressure of S1 and
S5 in the middle is greater than the response in the fourth stage.
Finally, S4 has the largest pore pressure value, reaching 3.11 MPa,
which is in the region closest to the slope surface. The minimum is at
S10, only 0.21 MPa, which is the farthest point from the slope
surface. This indicates that the pore water pressure decreases when
extending into the slope body interior.

4.2.4 Stress characteristics
The variation in earth pressure is shown in Figure 13. By

observing the change characteristics of the curve, it is found that
the values at T1-T4 in the shallow surface of the slope foot decrease in
the early stage of water level rise, corresponding to the same time point
as the pore pressure rise. This is because with the rise in the reservoir
level, the dry rock mass at the foot of the slope is submerged by water.
The buoyance of the water will make the rock mass below the water
level subject to the buoyance force, and the water penetrates into the
interior of the slope body from the slope surface. Therefore, the pore
water pressure between the rock plate and the cracks at the slope foot

FIGURE 11
Change in the ground surface settlement deformation in water
storage: (A) second stage, (B) third stage, (C) fourth stage, (D) fifth
stage.

Frontiers in Earth Science frontiersin.org13

Hou 10.3389/feart.2023.1292945

310

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1292945


increases, which reduces the effective stress at the slope foot.
According to the distribution of the earth pressure, the value in
the slope is 0.34–6.88 MPa. The earth pressures at T1 and T2 located
at a lower elevation of the slope body and T5-T7 located in a deeper
part of the slope body are relatively large, with a maximum value of
6.88 MPa at T7 (N1143,450) and a minimum value of 0.34 MPa at T4
(N1143,900). This shows that under the effect of water storage, the
rockmass at the slope foot supports the upper rockmass, the pressure
is the largest, and the stress concentration phenomenon exists. With
the stress release of the rockmass at the foot of the slope and the loss of
support of the upper rockmass, the stress concentration site gradually
shifts to the high rock mass. The internal stress of the slope body
finally stabilizes, slightly slower than the pore water pressure.

5 Conclusion

Based on an analysis of the engineering geological conditions of
the slope, this study carries out a simulation test of slope excavation
disturbance and water storage according to the similarity principle

and similarity criterion. The stability of the slope body and fault
structural zone are analysed and discussed, and the following
conclusions are obtained:

1. According to the principle of similar material selection, yellow sand is
selected as an aggregate, gypsum and cement are used as cementing
agents, water is used as a solvent, hydraulic oil is used as afilling agent,
and coloured iron powder is used to distinguish different rock layers.
The contents of cement and yellow sand can regulate the physical and
mechanical properties and hydrological properties. Gypsum has a
certain regulation effect on the strength and permeability. Hydraulic
oil has a great regulatory effect on the permeability.

2. Excavation causes stress release of the slope and unloading
deformation of the slope rock mass. The local slope rock mass
deforms to the outside of the slope body, and the deformation is
mainly concentrated near the middle and lower parts of the slope
surface. This is caused by the excavation and unloading of the
rock mass, which causes stress redistribution of the slope rock
mass. The stress greatly changes near the slope surface, and the
stress is locally concentrated at the foot of the slope.

FIGURE 12
Change in the pore water pressure in water storage.

FIGURE 13
Change in stress at T1-7 in water storage.
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3. During excavation, the rock mass located in the fault structural
zone shows nonglobal movement, and the vertical displacement
of the footwall rock mass is larger than that of the hanging wall
rock mass, indicating that the rock mass at this place has a
tendency to produce relative dislocation along the fault fracture
zone under the action of excavation disturbance and self-gravity
of the hanging wall rock mass.

4. In the early stage of water storage, the surface rock mass of the
slope body below the water level is subjected to dynamic and
hydrostatic pressure inside the slope body, resulting in transient
compaction deformation. However, with the infiltration of water
into the slope body, the pore water pressure inside the slope body
increases, the water weakens the slope rock mass, the rock mass
near the slope surface gradually deforms to the outside of the
slope, and the slope top shows a certain settlement trend.
According to the simulation model, the maximum
deformation of the slope can reach 0.0312 mm, and the
surface settlement can reach 0.0412 mm.
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Improvement of the separation
evolution law and separation
position determination method of
mining overburden strata
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In view of the shortcomings of the traditional method of determining the position
of the separation layer, according to the actual movement of the pressure balance
arch and the rock layer in the overburden, the concept of the triangular separation
domain is proposed, and the relationship between the range of the triangular
separation domain and the mining distance and the mining fracture angle is
established. The calculation method of rock load is modified. By analyzing the
stress mode in the pressure arch of the separation zone, the mechanical model of
the deflection calculation of each rock stratum is established. Combining the
triangular separation zone with the newmechanical model, the calculation model
of the dynamic evolution analysis of the separation zone and the calculation
model of the composite beam in the separation zone are established. The
traditional method and the improved method are used to determine the
separation position in an actual mining example. The field exploration proves
that the results of the improvedmethod described in this paper aremore accurate.
The model predicts the position of overburden separation by comparing the
deflection between adjacent strata on the same horizontal contact surface, and
can accurately predict the position of separation above the working face.

KEYWORDS

coal seam mining, separation domain, rock load, rock deflection, mechanical model,
prediction of overburden separation position

1 Introduction

1.1 Research status

In the process of coal seam mining, the overlying rock will deform, break, and form a
large number of cracks (Liu et al., 2023a). The cracks that are pulled along the bedding
direction between or within the rock layers are called separation cracks (referred to as
separation). With the increase in coal mining depth, multi-seam mining, thick and extra-
thick coal seam mining, the difference in engineering geological characteristics of overlying
strata and complex hydrogeological conditions, the overlying bed separation water damage
occurs from time to time and has the characteristics of large instantaneous water volume,
periodicity, and no obvious signs of water inrush, which is extremely harmful (Wu et al.,
2014). At present, there are a wide range of mines with separated layer water disasters,
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involving a complete range of coal measures, and there are
differences in the formation conditions and influencing factors,
causes, and intensity of water disasters in different coal mines
(Liu et al., 2023b), which shows the complexity of the problem of
separated layer water disasters. Therefore, accurate prediction of the
development of the separation of the overlying strata is very essential
for preventing and controlling the water inrush caused by these
separations.

Many scholars have carried out relevant theoretical and practical
research studies on the development of high separation layer and the
water disaster of the separation layer. Ning et al. (2017) used digital
photography and multi-position monitoring of boreholes to study
rock movement and overburden failure caused by long-wall mining
and proposed a statistical formula for predicting the maximum
height of overburden failure in close-distance multi-seam mining.
By analyzing the fracture of WKS in multi-seam mining, Ma et al.
(2022) established a ‘long beam’ hydraulic model and calculated the
fracture position of WKS in the Xiqu mine. Through the physical
simulation of the water and sand gushing test system, Li et al. (2022)
studied and explored the spatial distribution and dynamic evolution
law of the mining overburden fracture zone under the coupling
effect of stress and seepage. Based on the key stratum theory, Hu
et al. (2021) used the plate theory to reveal the relationship between
the fracture of the overlying strata and the influx of bed separation
water. Shu et al. (2020) used the cusp catastrophe model to explain
the energy transition mode of key layer breaking in the separation
layer and proposed two water inrush modes of fracturing and
splitting. Peng et al. (2019) comprehensively analyzed the
mechanism of this type of disaster from the aspects of water
channel, water filling source, material source, water storage space,
power source, and geological structure in view of the water inrush
and sand inrush accident in the Zhaojin Coal Mine of the
Huanglong Coalfield. Through the discrete element particle flow
PFC3D software, Shi (2020) simulated the possibility of water and
sand inrush under different mining thicknesses under the condition
of weakly cemented overburden. He et al. (2018) proposed a method
for determining the contact state of rock strata based on the step-by-
step comparison and merging method and proposed a mechanical
model of stepped composite beams that can be used to study and
calculate the dynamic evolution of separation. Fan et al. (2019),
combined with the Winkler foundation beammodel, established the
mechanical model of water damage above the water-conducting
fracture zone and derived the theoretical discriminant of the first
and periodic water-conducting form separated layers. Chu (2013)
put forward the prevention and control technology of water disaster
according to the spatial development position, hydrogeological
characteristics, and periodic weighting step of the working face in
the Hongliu Coal Mine. Li et al. (2009) thought that the water filling
source of the water inrush accident in S1818 and S1821 fully
mechanized the mining face of Datong No. 1 Coal Mine was the
separated layer water of the overlying strata. Taking the Beizao Coal
Mine in Shandong Province as an example, Sun et al. (2012) studied
the mechanism of roof separation and water inrush in soft rock
strata. Wang et al. (2021) developed a new type of similar material to
simulate strata separation. Combined with the evolution
characteristics of acoustic emission events, Zhang et al.
qualitatively and quantitatively discussed the influence of fracture
degree on velocity dispersion characteristics (Zhang et al., 2023a)

and established a quantitative relationship model between
macroscopic mechanical properties and treatment temperature
(Zhang et al., 2023b). PALCHIK (2003) located bed separation in
the overburden strata, revealed the influence of coal seam thickness,
separation development position, overburden thickness and other
factors on horizontal fractures, and studied the mechanical
properties of upper and lower strata in the bed separation space.
Zhou et al. (2023) revealed the internal mechanism of rock mass
watering to inhibit rock burst and carried out a series of uniaxial
compression tests on sandstone samples with different water
contents. Cai et al. (2023) verified by the uniaxial compression
test that the localization of compressive stress dominates the
macroscopic failure of pre-holed rock. Other scholars have
carried out research on the determination of overburden failure
height (PALCHIK, 2015) and longwall mining speeds (Zhang et al.,
2021). The aforementioned research study has played a positive role
in understanding the movement law of mining overburden, the
evolution process of bed separation, and the prediction of bed
separation position.

However, the current determination of the separation position is
mostly based on the traditional separation position determination
formula (Yue et al., 2015; Yan et al., 2018) or its derived formula
through macro analysis (Liang and Sun, 2002; Yang et al., 2014; Ji
et al., 2022) or empirical approximation (Qiao et al., 2014; Yan et al.,
2016). However, the traditional composite beam theory ignores the
influence of the rock strata outside the calculation range on the rock
strata within the calculation range. It neither judges in advance
which range of rock strata can be used as composite beams nor
considers the essence of the deformation of the separated rock strata
under the action of the horizontal stress and gravity stress as a whole.
Only the more common longitudinal superposition model is
analyzed, and the results obtained are often inconsistent with the
actual separation position. Therefore, in view of the characteristics of
the abscission zone in the overlying strata of the goaf, the author
simplifies the abscission zone pressure arch into a triangular
abscission zone. At the same time, for the composite beam in the
abscission zone, considering the influence of the horizontal in situ
stress of deep mining, the rock beam load solution model is
established according to the mechanical model of the rock
deflection calculation and the geometric relationship of the
deformation of the composite beam. Finally, it is applied to the
judgment of the abscission position in the field.

1.2 Overview of engineering geology in the
study area

The study area is the 22207 fully mechanized mining face in the
Shendong mining area of China (Figure 1). The designed strike length
of the working face is 4544.7 m, the recoverable strike length is 4538 m,
the buried depth is 285.2–398.8 m, the average is 363.6 m, the coal
thickness is 2.8–6.6 m, the average is 4.82 m, and the average dip angle is
1–3°. The coal-bearing strata in the field are the Middle–Lower Jurassic
Yan‘an Formation, and the sedimentary basement of the coal measures
is the Upper Triassic Yanchang Formation. The Yan‘an Formation in
the area is intact and has not been eroded later. The thickness of the
coal-bearing strata is 157.34 (B99 Borehole)−325.06 m (B107 Borehole)
with an average of 212.48 m.
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The coal-bearing strata in the field are the Middle–Lower
Jurassic Yan’an Formation, and the sedimentary basement of the
coal measures is the Upper Triassic extension group. According to
the lithology, lithofacies combination characteristics, and coal-
bearing characteristics of the formation, the coalfield can be
divided into three rock sections. The three rock sections are
divided into one rock section (J1-2y1 + 2), two rock sections (J1-
2y3), and three rock sections (K1I-Q) (Table 1). The Yan’an
Formation in the area is well preserved and has not been eroded
in the later stage. The lithology of the three rock sections is mainly
composed of gray–white, deep gray, gray–black medium-fine-
grained sandstone, siltstone, sandy mudstone, mudstone, and
coal seam, which is easy to deform. Due to the uneven
settlement of the overlying strata in the process of coal mining,
the separation space is often formed in the second and third rock
sections. The water accumulation in these separations leads to
frequent catastrophic water inrush accidents. Therefore, it is
necessary to further optimize the separation identification
method based on the existing separation identification method to
prevent similar roof water inrush events after the mining of the
22,207 working face.

2 Simplifying the shape of the separated
layer domain

For any size of the goaf, there is a pressure balance arch in the
overlying strata above it (Figure 2). The load of the rock strata
outside the balance arch is transmitted to the arch foot by the
balance arch without affecting the rock strata in the balance arch.
The rock strata in the balance arch will bend and sink under the
action of self-weight due to the loss of support. When the
subsidence of adjacent rock strata is not balanced, it will
separate from the contact surface of rock strata and form
separation. Therefore, the area of the balanced arch is the area
that forms the separation layer, which is called the separation
layer domain. In the vertical direction, the separation layer

cannot be formed in the whole overburden rock. The span of
the separation layer at the same position in the horizontal
direction is not fixed. The load borne by the upper strata of
the separation layer under different footage conditions is not
fixed. With the continuous expansion of the goaf area, the old and
small balance arches are destroyed, and new and large balance
arches will be generated. The front foot of the arch moves forward
with the increase in the mining footage, and the range of the arch
is also expanding. With the progress of this process, the
separation area is also expanding, and the roof separation of
the stope is also dynamically developed in the horizontal and
vertical directions of the working face. Therefore, when
calculating the development of bed separation in roof
overburden under a certain mining size, the range and shape
of the bed separation domain should be determined first.

Influenced by many factors such as buried depth, mining
thickness and lithology, the shape equation of the balanced arch
is very complex and not easy to apply. Combined with the similar
material simulation experiment and numerical simulation
experiment observation results of some scholars (Figure 3), it
is found that only the rock layer between the two rock fracture
lines (red diagonal in the following figure) will bend, sink, and
produce separation due to the loss of support. Based on this, it is
proposed that the triangular area trapped by two rock fracture
lines and the coal seam roof can be approximately used as the
separation zone (that is, the range trapped by two red oblique
lines and one green horizontal line in the following diagram).
This not only takes into account the fact that the separation
domain exists and the general morphological characteristics of
the separation domain but also reduces the computational
difficulty and enhances the operability.

According to the geometric shape of the development of the
separation domain, it can be known that the advancing distance of
the working face (Si), the height of the separation domain (Hi), the
fracture angle of the rock stratum on the side of the open-off cut
(α1), and the fracture angle of the rock stratum on the side of the
working face (α2) have the following relationship:

FIGURE 1
Burtai mine mining engineering plan (22,207 working face surrounding).

Frontiers in Earth Science frontiersin.org03

Da et al. 10.3389/feart.2023.1273637

316

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1273637


Hi/tan α1 +Hi/tan α2 � Si. (1)
According Xu et al. (2018), the fracture shape of the rock

stratum is symmetrical, and the fracture angle of the rock
stratum on the side of the open-off cut and working face is
basically equal. According to the calculation formula of the
fracture angle of the key stratum,

α � α1 � α2 � 45° − 1
2
φ + 1

2
arctan

��
Rt

2q
3

√
, (2)

where φ is the internal friction angle of the rock, °; Rt is the tensile
strength of rock, MPa; and q is the load of the rock stratum, MPa.

The value range of the two bottom angles of the triangular off-
layer domain is generally 40°–80°. This relationship can quickly
determine the size of the separation zone of the overlying strata in
the goaf. In order to better describe the problem, default α � α1 � α2.

3 Traditional method for determining
the position of separated strata

3.1 Origin of the traditional determination
method

In addition to its own weight, the load of any rock stratum in the
mining overburden is also usually affected by the interaction of the
overlying adjacent rock strata. Generally speaking, the load of mining
strata is non-uniformly distributed, but for practical engineering
problems, in order to be convenient and simple, it is usually
assumed that the rock load is uniformly distributed. In order to
modify the calculation method of mining overburden rock load, the
conventional calculation method of rock load is briefly described here.

The calculation model of the composite rock beam is shown in
Figure 4. There are n rock layers above the immediate roof, and the

TABLE 1 Formation characteristics and rock mechanics parameters of the 22,207 mining face.

Stratigraphic
position

Number of rock
layer i

Lithology Volume-
weight

Thickness
hi (m)

Accumulated burial
depth

Elastic
modulus

γi (KN/m³) Hi (m) Ei (GPa)

Three rock sections
(K1I-Q)

20 Medium 22.2 14.1 339.3 13.7

19 Coarse
sandstone

21.9 12.9 315.2 8.8

18 Fine sandstone 22.4 107.6 296.35 13.9

17 Sandy
mudstone

21.8 7.4 269.28 13.8

16 Fine sandstone 22.4 72.6 248.8 21.4

15 Sandy
mudstone

23.2 5.3 224.11 14.1

14 Medium 24.3 46.1 218.78 18.2

13 Siltstone 22.9 9.1 202.68 23.1

12 Medium 21.4 33.8 193.63 21.1

Two rock sections (J1-2y3) 11 Sandy
mudstone

22.5 14.3 179.87 22.6

10 Fine sandstone 23.7 21.7 139.18 23.2

9 Sandy
mudstone

23.8 3.8 111.91 18.9

8 Medium 22.1 5.1 98.11 16.4

7 Sandy
mudstone

23.9 4.7 89.01 27.8

6 Fine sandstone 23.5 4.3 84331 28.7

One rock section (J1-2y1
+ 2)

5 Sandy
mudstone

23.5 7.8 79.93 30.4

4 Medium 21.6 5.2 70.82 52.8

3 Mudstone 23.3 4.3 52.28 22.9

2 Fine sandstone 23.6 2.9 47.92 57.5

1 Coal 12.3 5 24 18.2

0 Bottom plate 23.1 4 16 56.1
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thickness of each rock layer is hi (i=1,2, . . . ,n); the volume force is γi
(i=1,2, . . . ,n); and the elastic modulus is Ei (i=1,2, . . . ,n). When the
key stratum moves, the overlying strata controlled by the key

stratum will move synchronously and coordinately to form a
structure similar to the composite beam. According to the
principle of composite beams, the load of composite beams will

FIGURE 2
Mechanical structure of overburden bed separation.

FIGURE 3
Multiple tests to simulate the deformation and failure process of overburden rock.
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be shared by each beam, and the shear force, bending moment, and
load will be redistributed. The relationship is as follows:

Mn( ) � Mn( )1 + Mn( )2 +/ + Mn( )n,
Qn( ) � Qn( )1 + Qn( )2 +/ + Qn( )n,
qn( ) � qn( )1 + qn( )2 +/ + qn( )n.

(3)

According to the mechanics of materials, the curvature of each
rock beam is (Cn)i � 1/pi (pi is the radius of curvature, i=1,2, . . . ,n,
the same below). Its relationship with the bending moment Mi and
bending modulus EiIi (Ii is the moment of inertia of the section) is

Cn( )i � Mn( )i
EiIi

. (4)

By using the condition that the curvature (Cn)i of each rock
beam is equal, the load (qn)1 formed by the influence of the n-layer
rock on the first layer and the load (qn)i of any ith layer can be
obtained, which are

qn( )1 �
E1I1

E1I1 + E2I2 + E3I3 +/ + EnIn
qn( ), (5)

qn( )i �
EiIi

E1I1 + E2I2 + E3I3 +/ + EnIn
qn( ). (6)

Because the section of each rock stratum is a rectangle, the
moment of inertia Ii can be expressed as follows:

Ii � bh3i
12

, i � 1, 2, . . . , n( ). (7)

Equations 5 and (6) can be combined to obtain

qn( )1 �
E1h31 γ1h1 + γ2h2 +/ + γnhn( )

E1h31 + E2h32 +/ + Enh3n
, (8)

qn( )i �
Eih3i γ1h1 + γ2h2 +/ + γnhn( )

E1h31 + E2h32 +/ + Enh3n
. (9)

The essence of using the key stratum theory to determine the
location of bed separation development is the comparison between
the bending stiffness EI of the rock stratum and its own load. When
the bending stiffness of the rock stratum (n+1 rock layer) is enough
to support its own load, it will not transfer the load to the lower rock

stratum. It is judged that the lower part will develop the bed
separation space and vice versa.

3.2 Mechanical model analysis of separation
domain load

When calculating the fracture distance of the upper strata of the
separation layer, the calculation range should be delineated in
advance, and the calculation range is the range of the strata that
apply load to the upper strata of the separation layer. The traditional
calculation method does not take into account the change in the
actual load, and the default actual load is still the original ground
stress. In fact, due to the existence of the pressure balance arch after
excavation, the range of rock strata that can apply load to the upper
strata of the separation layer is limited and variable. Only the rock
strata in the pressure balance arch (Figure 5A) apply load to the
upper strata of the separation layer. After determining the scope and
shape of the abscission zone in the overburden under a certain
footage condition, in order to facilitate the calculation and analysis,
it is assumed that the calculation range is a triangular abscission
zone, and the length of the suspension span of each rock layer
involved in the calculation is different and the rock span decreases
from bottom to top. At the same time, the calculation process must
be carried out on the premise that no rock layers in the abscission
zone are broken. Because the breaking of rock strata is developed
from bottom to top, it is generally only necessary to ensure that the
bottom strata are not broken. If the lower strata in the separation
domain are broken, the calculation object only includes the upper
unbroken strata in the separation domain. The simplified overlying
strata model is shown in Figure 5B.

In the triangular separation domain, the rock strata involved in
the calculation are no longer assumed to be of equal span, and the
actual span of each rock stratum is determined by the thickness of
the rock stratum and the height of the rock stratum in the separation
domain. The core problem is to calculate the curvature (or bending
moment) of each rock stratum in its middle position. However, due
to the unequal span of each rock stratum, the actual load range of
each rock stratum will change, and the relevant calculation formula
will be adjusted.

When the rock beam is sinking and bending, the fracture length
of the rock beam in different layers is different, and the fracture
length of the upper rock beam is smaller. Clearly, the curvature of
the rock beam breaking bending is larger and the radius of curvature
is smaller. It can be considered that the curvature of the rock beam
breaking increases with the decrease in the length of the rock beam.
This way, the curvature of the rock beam after mining should be
related to the buried depth of the rock layer in addition to its internal
force-bending moment and bending stiffness. The triangular
relationship can be established by the rock breaking angle α, the
buried depth of the rock layer, and the breaking length of the rock
beam, as shown in Figure 6:

Si+1 � Si − hip2 cot α, (10)

Hi � ∑
i

k�1
hk. (11)

FIGURE 4
Composite beam theory research layer schematic diagram.
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The ratio of the curvature of each rock layer to the first layer can
be expressed as

C2
′

C1
′ �

1
1 − h1′ cot α

C3
′

C1
′ �

1
1 − h1′ + h2′( ) cot α

..

.

C′
n

C1
′ �

1
1 − h1′ + h2′ +/ + hn−1′( ) cot α

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(12)

where h′i � 2hi
Si
.

Equations 8, 9, and 12 can be combined to obtain

qn( )1′ � E1h31 γ1h1 + γ2h2 +/ + γnhn( )

E1h31 + E2
′h32

1 − h1′ cot α
+ E3

′h33
1 − h1′ + h2′( ) cot α

+/ + E′
nh

3
n

1 − h1′ + h2′/ + hn−1′( ) cot α

qn( )′i �
Eih3i γ1h1 + γ2h2 +/ + γnhn( )
1 − h1′ + h2′/ + hi−1′( ) cot α

E1h31 + E2
′h32

1 − h1′ cot α
+ E3

′h33
1 − h1′ + h2′( ) cot α

+/ + E′
nh

3
n

1 − h1′ + h2′/ + hn−1′( ) cot α

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

The lower the rock stratum is, the larger the length of the rock
beam is, and the more load will be shared accordingly. In fact, by
comparison, it can also be seen that under the same conditions, the
old top load obtained by modified Eq. 13 is smaller than that of
conventional Eqs. 8, 9.

The influence of the horizontal stress field on the separation
of overlying strata and roof instability in goaf has been confirmed
in mines in Australia, Britain, the United States, China,
New Zealand, and Japan (Kang et al., 2010). Therefore, the
theoretical model used to calculate and predict the separation
position of overlying strata should consider the comprehensive
influence of vertical stress and horizontal stress, as shown in
Figure 7. Among them, λ is the lateral pressure coefficient,
λ � σH/σV, and σH and σV are the maximum horizontal stress
and the maximum vertical stress, respectively. Under normal
conditions, the lateral pressure coefficient λ is 0.5–3.0.

On the basis of the aforementioned analysis, we select one
layer of the overlying strata to calculate the deflection and
maximum tensile stress under the combined action of vertical
and horizontal stress, as shown in Figure 8: the maximum
deflection occurs in the middle of the rock beam, where N is
the horizontal stress, N � h*σh, l is the width of the rock beam,
and h is the thickness of the rock layer. The mid-span deflection

FIGURE 5
Distribution form of overburden rock in the pressure arch.

FIGURE 6
Variable curvature rock load calculation model.
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of the rock beam and its corresponding bending moment are as
follows:

δ � 4S4q
π

1

EIπ4 −Nπ2S2
� 5qS4

384EI
1536

5π5

1

1 − N

Ne

≈
5qS4

384EI
1

1 − N

Ne

Ne � π2EI/S2

I � 1 · h3
12

� h3

12

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

, (14)

M max � qS2

8
+Nδ � qS2

8
1 + 1 + 0.03 N

Ne

1 − N
Ne

⎡⎣ ⎤⎦. (15)

The position where the maximum tensile stress appears is
also the position where the bending moment is the largest. The
calculation formula of the maximum tensile stress is as follows:

σ max � M max

1−h2
6

� 6
h2
M max. (16)

Then, for the overlying multilayer rock strata, combined with
Eq. 13, the mid-span deflection of the ith-layer rock beam and its
corresponding bending moment can be obtained as

δi � 5S4i
384EiIi

1

1 − Ni

Ne( )i

Eih3i γ1h1 + γ2h2 +/ + γnhn( )
1 − h1′ + h2′/ + hi−1′( ) cot α

E1h31 + E2
′h32

1 − h1′ cot α
+ E3

′h33
1 − h1′ + h2′( ) cot α

+/ + E′
nh

3
n

1 − h1′ + h2′/ + hn−1′( ) cot α

Ne( )i � π2EiIi/S2i
Ni � σh · hi
Ii � 1 · h3i

12
� h3i
12

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(17)

Through this formula, the deflection of each rock stratum
can be calculated. When the deflection of the ith layer is less
than that of the i-1th layer, that is δi ≤ δi − 1, there is a
separation between the two layers. On the contrary, the
upper and lower strata will deform together without bedding
separation.

3.3 Areas of improvement

This method combines the knowledge of the triangular
separation domain, traditional composite beam principle,
lateral pressure theory, and maximum deflection calculation of
a simply supported beam to create a calculation model that can be
used for dynamic evolution analysis of the separation layer. It not
only calculates the influence of rock strata outside the range on
the rock strata within the calculation range but also determines in
advance which rock strata can be used as composite beams.
Considering the essence of deformation of separated rock
strata under the action of horizontal stress and self-weight
stress as a whole, it overcomes the limitations of traditional
methods that only analyze common longitudinal superposition
models.

By comparing the maximum deflection of rock strata, the actual
combination state of rock strata can be presented, which makes the
contact state of rock strata (whether there is separation between
adjacent rock strata) easy to operate. Therefore, the improved
separation position discrimination method is more in line with
the actual situation.

FIGURE 7
Stress analysis of the pressure arch.

FIGURE 8
Mechanical model of a single-layer rock simply supported beam.
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4 Application and verification

In order to show the use method of the correction formula and
to compare the accuracy of the discrimination results of the
improved and traditional methods, the traditional and improved
methods are used to discriminate the position of the overburden
separation layer in the 22207 working face (Figure 9) of the
Shendong Buertai Coal Mine. The relative accuracy of the two
methods is assessed by comparing the predicted locations of
separated strata from the two methods with field measurements.

4.1 Application

The overlying strata have uneven settlement due to mining
damage, and the caving zone, fracture zone, and bending
subsidence zone are formed from the bottom up. Caving and
fracture zones are commonly referred to as water flowing fractured
zones (Figure 10). The degree of rock fragmentation in the caving
zone is high; the degree of rock mass fragmentation in the fracture
zone is small, forming a certain amount of rock cracks; the fracture
distribution in the range of the bending subsidence zone is
obviously different from that of the water-conducting fracture
zone. It is difficult to accumulate a large amount of groundwater in
the separation layer in the range of the water-conducting fracture

zone, and the rock and soil structures in the bending subsidence
zone are relatively complete. The integrity of the separation layer
in this range is better, and it can better accumulate the separation
layer water. The separation layer water forms a water-conducting
channel through the load and eventually leads to the occurrence of
the separation layer water inrush event. Therefore, this paper
focuses on the separation space formed above the water-
conducting fracture zone.

According to the field operation of the Buertai Coal Mine in the
Shendong mining area, the ratio of the height of the water flowing
fractured zone to mining height (RFM) is 21, the mining height of the
22,207 working face is 5 m, and the development height of the water
flowing fractured zone above the 22,207 working face is 105 m. Table 1
shows that the total thickness of the overburden rock in the 1–12 layers
is 107.9 m, indicating that the water-conducting fracture has developed
in the 12th layer. Therefore, the calculation of the separation space of
1–12 layers is meaningless. The following only needs to determine the
separation position of the 12–20 layers of the overburden rock.

4.1.1 The determining process and results of the
traditional method

There are eight layers of overburden rock from the 12th layer to
the 20th layer, so the value range of n in Eq. 9 is 1–9 and i is 12. The
12th layer of the overburden rock is the first layer in the traditional
calculation model.

FIGURE 9
Site location map: Buertai Coal Mine.
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When n � 1,

q1( )12 � q( )12 � γ12h12 � 21.4 × 33.8 � 723.32.

When n � 2,

q2( )12 �
E12h312 γ12h12 + γ13h13( )

E12h312 + E13h313

� 21.1 × 33.83 21.4 × 33.8 + 22.9 × 9.1( )
21.1 × 33.83 + 23.1 × 9.13

� 912.22.

The calculation steps of n taking 3–8 are similar, which will not
be repeated here.

When n � 9,

q9( )12 �
E12h312 γ12h12 + γ13h13 +/ + γ20h20( )

E12h312 + E13h313 +/ + E20h320
,

� 21.1 × 33.83 21.4 × 33.8 + 22.9 × 9.1 +/ + 22.2 × 14.1( )
21.1 × 33.83 + 23.1 × 9.13 +/ + 13.7 × 14.13

,

� 202.39.

FIGURE 10
Post-mining overburden ‘three zone’ divisions.

TABLE 2 Position determination results for separated strata in the 22,207 mining face using the traditional method.

Number of rock
layer i

Lithology Volume-
weight

Thickness
hi (m)

Accumulated burial
depth

Elastic
modulus

(qn)
12

Are there separated
strata below this layer?

γi (KN/m3) Hi (m) Ei (GPa) (KPa)

20 Medium 22.2 14.1 339.3 13.7 202.39 N

19 Coarse

sandstone

21.9 12.9 315.2 8.8 192.65 N

18 Fine sandstone 22.4 107.6 296.35 13.9 184.59 Y

17 Sandy

mudstone

21.8 7.4 269.28 13.8 298.61 N

16 Fine sandstone 22.4 72.6 248.8 21.4 286.59 Y

15 Sandy

mudstone

23.2 5.3 224.11 14.1 677.03 N

14 Medium 24.3 46.1 218.78 18.2 639.27 Y

13 Siltstone 22.9 9.1 202.68 23.1 912.22 N

12 Medium 21.4 33.8 193.63 21.1 723.32 -

. . .

1 Coal 12.3 5 24 18.2
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The calculation results of (qn)12 are shown in Table 2. The
results show that (q3)12 < (q2)12, (q5)12 < (q4)12, and (q7)12< (q6)12.
Therefore, through the calculation results of traditional methods,
after mining, there are three layers of separated strata in layers
13–14, 15–16, and 17–18 above the water flowing fractured zone.

4.1.2 Analysis and discussion of the calculated load
in the separation range

According to Eq. 9, the conventional load (qn)12 formed by the
influence of 12–20 layers of rock on the 12th layer can be obtained.
Given the range of separation domain, according to Eq. 13, the
corresponding correction load (qn)12′ can be obtained (n takes 1–9).
For the sake of generality, the mining overburden rock breaking angle α
is 75°, 60°, and 45°, respectively, and themining distance is S=500 m and
S=1000 m for analysis. The corresponding load is shown in Table 3.

Table 3 shows that when the rock mining breaking angle α is 45°,
60°, and 75°, there are (q3)12′ < (q2)12′ , (q5)12′ < (q4)12′ , and
(q7)12′ < (q6)12′ , which is consistent with the calculation results of
the conventional rock load, which indicates that the 14th, 16th, and
18th strata can still be determined as the key strata. When the
mining width S is 500 m and 1000 m and the mining fracture angle α
is 45°, 60°, and 75°, the modified load (q9)12′ of the rock stratum is
76.5%, 12.9%, and 18.3% and 55.9%, 29.6%, and 13.4% lower than its
conventional load (qn)12, respectively. This indicates that the
simplified triangular separation domain has a significant effect on
the modified rock load but the effect of the separation pressure arch
slows down as the curvature of the upper rock beam increases.

The variation of rock load (q5)12′ with the mining breaking angle
is shown in Figure 11.

Figure 4 and Table 2 show that the mining breaking angle α and
theminingwidth S of the rock stratumhave an obvious influence on the
rock stratum load, while the conventional load of the rock stratum, that
is, Eq. 9, is the case of the correspondingmining breaking angle α � 90°,
which is only related to the density, thickness, and elasticmodulus of the
rock stratum but has nothing to do with the mining width. The rock
load increases with the decrease in rock breaking angle α, and the
increase law is close to the linear law. The rock load decreases with the
increase in mining width S. This conclusion can explain the reason why
the calculated step distance of rock fracture after mining of the No.
36 coal seam in the Buertai Coal Mine is larger than the actual fracture
step distance.

4.1.3 The determining process and the results of
the improved method

Because the settlement of the rock stratum occurs from bottom to
top, the comparative analysis of rock beam deflection should also be
carried out from bottom to top. Combined with Table 1 and Table 3, for
the convenience of calculation, taking S � 5.0cm, α � 60°, and σh �
2.5*2500*9.8*220 � 13.47MPa into Eq. 17, we obtain

δ1( )12 � 5S412
384E12I12

1

1 − N12

Ne( )12
q1( )12′

� 5 × 54

384 × 21.1 ×
33.83

12

×
1

1 −
13.47 × 33.8

π2 × 21.1 × 33.83

12 × 52

× 732.32 ≈ 0.09.

Using the same calculation method, we calculate the deflection
of each rock layer in the range of the separation zone, as shown in
Table 4. The excessive deflection of the rock beam or the
generation of the separation layer is mainly related to the softer
and thinner rock layer, but the effective rock beam length and
effective load involved in the deflection calculation in the range of
the separation zone will make the generation of the separation

TABLE 3 Relationship between rock load, mining distance, and fracture angle.

S/m n (qn)12′ /(KPa) (qn)12 (KPa)

α=45° α=60° α=75°

500 9 47.61 176.21 165.43 202.39

8 45.45 115.53 158.32 192.65

7 43.51 111.03 151.75 184.59

6 194.11 239.81 271.56 298.61

5 186.49 230.22 260.66 286.59

4 591.66 628.85 654.91 677.03

3 558.84 593.93 618.42 639.27

2 909.12 910.56 911.48 912.22

1 723.32 723.32 723.32 723.32

1000 9 89.13 142.50 175.31 202.39

8 85.51 136.31 167.68 192.65

7 81.95 130.63 160.67 184.59

6 254.18 273.18 286.79 298.61

5 244.01 262.22 275.26 286.59

4 635.55 653.36 666.05 677.03

3 600.18 616.96 628.92 639.27

2 910.84 911.45 911.87 912.22

1 723.32 732.32 732.32 723.32

FIGURE 11
Curve of the modified load (q5)12′ of the rock stratum with α.
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layer more complicated. The relationship between the rock beam
disturbances in the adjacent separation domain is (δ3)12 < (δ2)12,
(δ5)12 < (δ4)12, and (δ7)12< (δ6)12. At the same time, considering
the reason of calculating the minimum dividing range, the
deflection gap between the sixth layer and the seventh layer can
be ignored. In summary, the main location of the separation layer
is between the 13th layer and the 14th layer, the 15th layer, and the
16th layer (Table 5).

4.2 Measurement and verification

Before themining of the 22,207working face, a borehole (E082)was
installed at a distance of 93.4 m from the open-off cut position of the
22,207 working face. The drilling TV imaging observation (DTIO) was
carried out after mining on 25 August 2020. The position of the
separation layer can be determined by the fracture development at
different depths shown by the drilling TV image. The borehole images

TABLE 4 22,207 working face overlying strata deflection calculation results.

Number of rock layer (δ1)12 (δ2)12 (δ3)12 (δ4)12 (δ5)12 (δ6)12 (δ7)12 (δ8)12 (δ9)12
Deflection (m) 0.087 4.468 0.022 12.019 0.001 0.779 0.011 0.005 0.000

TABLE 5 Improved method was used to determine the separation position of the 22,207 stope.

Number of rock layer i Lithology Are there separated strata below this layer?

20 Medium N

19 Coarse sandstone N

18 Fine sandstone N

17 Sandy mudstone N

16 Fine sandstone Y

15 Sandy mudstone N

14 Medium Y

13 Siltstone N

12 Medium -

. . .

1 Coal

TABLE 6 Comparison of different methods to determine the position of stratification in the 22207 working face.

Number of rock layer i Lithology Are there separated strata below this layer?

Traditional method Improved method DTIO

20 Medium N N N

19 Coarse sandstone N N N

18 Fine sandstone Y N N

17 Sandy mudstone N N N

16 Fine sandstone Y Y Y

15 Sandy mudstone N N N

14 Medium Y Y Y

13 Siltstone N N N

12 Medium - - -

. . .

1 Coal
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of 145 m (the bottomof the 17th overburden), 210 m (the bottomof the
16th overburden), 270 m (the middle of the 13th overburden), and
310 m (the bottom of the 12th overburden) are shown in Figure 12.

Figure 12A shows that between the 16th and 17th layers, although
the cracks have developed to this height, the rock layer is still relatively
complete, and there is no separation. Figure 12B shows that the
fractures between the 16th and 15th layers are relatively broken, and
the separation layer appears. Figure 12C shows that the overlying strata
in the middle of the 13th layer are completely broken, and the contact
surface between the 14th layer and the 13th layer has a large horizontal
fracture, including the separation space caused by uneven settlement. In
Figure 12D, the horizontal fracture has developed to the bottom of the
12th layer, but the rock layer has only small cracks and still maintains a
complete block structure, probably because the 11th layer is sandy
mudstone (Table 1). Sandy mudstone is a soft rock that can withstand
greater deformation without fracturing and softens after saturation, so
the cracks can be partially refilled.

In summary, there is no separation space between the 17th and
18th layers, but the separation occurred between the 13th and 14th
layers, the 15th and 16th layers, and the 11th and lower layers are
completely broken.

These observations are different from the results of the
traditional separation layer calculation method described in
Section 4.1.1 because the traditional method does not
consider the influence of the separation layer on the load of
the traditional composite beam overburden when calculating the
load of the composite beam overburden between the 17th and
18th layers. The distribution of bed separation in the overlying
strata measured on the site is in good agreement with the
distribution of bed separation identified by the improved
method (Section 4.1.3), which indicates that the results of the
improved method are more accurate than those of the traditional
method for the strata deeply affected by complex geological
conditions, as shown in Table 6.

5 Conclusion

1) In view of the traditional method, there is no influence of rock
strata outside the calculation range on the rock strata within the
calculation range, and there is no limitation of judging which
rock strata can be used as composite beams in advance.

FIGURE 12
Borehole TV images of different depths in the 22,207 working face.
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According to the actual movement of rock strata and the concept
of triangular-separation domain, considering the linear change
in the curvature of the rock beam instead of constant value, the
modified calculation formula of corresponding rock strata load is
established, and the influence of mining distance and fracture
angle of mining overburden on rock strata load is calculated and
analyzed.

2) Considering the nature of the deformation of the separated
strata under the action of horizontal stress and self-weight
stress, combined with the knowledge of the triangular
separation domain, traditional composite beam principle,
lateral pressure theory, and maximum deflection
calculation of simply supported beams, a mechanical
calculation model for comparing the maximum deflection
of the rock strata is proposed. It overcomes the limitation of
the traditional method that only analyzes the more common
longitudinal superposition model, can present the actual
combination state of the rock strata, and more accurately
determine the location of any separated strata.

3) A calculation model based on the comparative analysis of the
maximum deflection of rock strata is established. The field
exploration results show that the improved method has more
accurate calculation results, which provides effective
theoretical support for the prevention and control of roof
water inrush caused by water accumulation in bed separation
space and has practical engineering value.
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Reasonable top coal thickness for
large cross-section open-off cut
in lower-layer mining

Shigang Gao1,2, Wengang Du1, Yongliang Liu1, Jing Chai1,2*,
Dengyan Gao2, Chenyang Ma1 and Jianhua Chen2

1College of Energy Engineering, Xi ’an University of Science and Technology, Xi’an, China, 2Shenhua
Shendong Coal Group Corporation Limited, China Energy Group, Yulin, China

The thickness of top coal is the main factor affecting the stability of the large cross
section open-off cut under the goaf. The 1-2 lower 203 cross section open-off cut
of the Huojitu Coal Mine was used as the background to investigate the top coal
rational thickness of the large cross section open-off cut under the goaf in slicing
mining. The top coal above the cut was simplified into a beam model to calculate
its plastic zone rangewith the elastoplastic theory under the influence of the upper
slicingmining and the lower slicing cut excavating. The deformation law of the top
coal of the large cross section open-off cut under different top coal thicknesses
was studied with both a simulation experiment and numerical simulation. The
displacement, stress, and top coal structure of the surrounding rock of the cut
were observed in situ using several observation methods. The results show that
the plastic zone of the floor in the upper slicing face and the influence of the cut
excavation are 2.02 m and 1.43 m, and themaximumplastic zone of the top coal is
3.45 m. A top coal thickness of more than 3.45 m is conducive to maintaining the
stability of the large cross section open-off cut. The top coal of the cut can be
divided into the roof-fall hazard zone and roof-fall warning zone according to the
resultsmonitored by distributed optical fiber. When the top coal thickness is 3.0 m,
3.5 m, and 4.0 m, the deformation law changes from an exponential deformation
to a linear and then to a logarithmic relationship in the roof-fall hazard zone and
from a linear to a logarithmic relationship in the roof-fall warning zone. When the
thickness of top coal is 3.5 m and 4.0 m, the subsidence trend of the top coal
visibly decreases, and the subsidence is only 56% and 39% of the subsidence of
that of a thickness of 3 m. The deformation law of top coalmeasured using theDIC
(Digital Image Correlation, DIC) is consistent with that of distributed optical fiber.
The average thickness of the top coal reserved in the 1-2 lower 203 large cross
section open-off cut is 4.0 m. The maximum surface subsidence of the top coal
cut hole is 12 mm in the field monitoring. The maximum internal subsidence is
6 mm, and the maximum shed beam strain is –416 με. The deformation of the top
coal is slight, indicating that the top coal thickness of 3.5–4.0 m is reasonable.

KEYWORDS

slicing mining, large cross-section open-off cut, top coal thickness, optical fiber sensor,
field monitoring
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1 Introduction

The cumulative proven coal reserves in northern Shaanxi are
138.8 billion tons, and the remaining coal reserves are 131.5 billion
tons, making it rich in resources. Among them, the maximum
recoverable thickness of a single layer in the Jurassic coalfield in
the Shenfu mining area is 12.5 m. In the early days, due to technical
limitations, many mines adopted layered mining technology for
mining. Whenmining in the lower coal seam, due to the influence of
small kilns, etc., the production roadway of the working face is laid
out under the goaf of the upper layer. The thickness of the top coal
and the support technology have become the main technical
problems in the mining of the lower coal seam (LIU et al., 2013;
CHAI et al., 2022a; HE and HUANG, 2022; XIA et al., 2022; XIA
et al., 2023).

The research on the layered mining of thick coal seams and the
top coal retention and support technology of the roadway in the
lower coal seam mainly focuses on the tunnel excavation and
supporting technology in the goaf area of close coal seams
(DONG et al., 2013; GAO and ZHANG, 2014; Qi, 2018). WANG
et al. (2020) studied the position and support method of the tunnel at
the lower working face in the goaf area of the coal seam at a very
close distance and reasonably offset it from the upper residual coal
pillar by 9 m, effectively avoiding the influence of the residual coal
pillar in the upper goaf area, and proposed this method of
supporting the roadway under similar conditions. CAO (2015)
used theoretical analysis and proposed a very close coal seam
support scheme that used the top coal thickness of 3 m as the
dividing line to carry out segmented support and improve the
strength and pre-tightening force of the anchor bolts. The size of
the large section cut hole of 1-2 coal seam in the Shigetai Mine is
7.9 × 3 m. It adopts an “anchor rod + steel mesh + anchor cable +
steel beam shed + single pillar” approach. The joint support scheme
has a maximum moving distance of 42 mm for the roof and bottom
plates and a maximum moving distance of 26 mm for the two gangs,
which can meet the requirements of working face installation and
normal mining (ZHAO, 2018). In view of the disturbance caused by
working adjacent faces under the goaf, Yang et al. (2019) suggested
the technology of combining pressure relief with bolt support to control
the stability of the surrounding rock of the roadway under the goaf after
analyzing the fracture mechanism and stress distribution of the key
strata of the overlying rock and the deformation distribution
characteristics of the rock surrounding the roadway on the side of
the goaf. GAO et al. (2021) simulated the deformation and stress of the
surrounding rock and supporting structure during the tunneling
process under the goaf, compared the deformation and stress
concentration states of the tunnel-surrounding rock under different
support row spacings, and verified the rationality of the support scheme.

In the theoretical research of the stability of a lower stratified
mining roadway, scholars have studied the failure factors and
failure rules of large-section tunnels and cut-hole surrounding
rocks (CHAI et al., 2008; NIU et al., 2014). HE et al. (2014) used
numerical simulation to analyze the zoning characteristics and
crack evolution rules of the surrounding rock fissure fields when
the hole width was 6–10 m. Anchor belt nets and double truss
anchor cables were used to support the joint during excavation,
resulting in completion of the hole in 10 days. The movement of
the roof and floor of the tunnel and the two sides was small, and

the surrounding rock control effect was good. ZHANG et al.
(2004) studied the anchor network cable support scheme for the
surrounding rock of fully mechanized caving in thick coal seams.
They used Timoshenko beams to analyze the roof-like
connectors and the side coal mass and determined the factors
that affect the stability of the opening. The support plan was
optimized, and specific support parameters were determined.
Jiang et al. (2021) established a mechanical model of the roof
under the goaf and deduced its internal force according to the
failure characteristics of the surrounding rock of the stope roof.
The shear and compression safety factors of the open-off cut roof
were given, and the factors affecting the stability of the roof were the
span of the open-off cut and the thickness of the roof. In order to solve
the problem of roof coal support for large-span openings under goafs
in layered mining of thick coal seams, CHAI et al. (2022b) and CHAI
et al. (2022c) analyzed the load-bearing deformation and failure
characteristics of large-span roof coals, derived the extreme value
conditions of instability, and analyzed the deformation laws of the top
coal with the hole peek device.

The roof of the cut hole in the lower coal seam was damaged
before tunneling. The roof structure changed, cracks developed,
stability was poor, and the risk of roof falling increased, which
brought many technical difficulties to the lower coal seam tunneling
(Yan et al., 2015; Xinjie et al., 2016; He et al., 2023). Scholars
calculated the initial breaking distance and periodic breaking
distance of the roof by constructing a plate model and used the
beam model to analyze the stability of the tunnel roof (Xiao et al.,
2011; Tulu et al., 2016). In terms of the broken load-bearing
structure of the tunnel roof, JIANG et al. (2016) established a
continuous deep beam mechanical structure model under
uniform load and obtained the stress distribution law of the roof
rock layer under tunnel mining. YAO (2014) analyzed the mining
tunnel of the Hexi Mine and deduced the deep-seated reasons for the
breakage of the roof anchor cables. The maximum deflection and
angle under three different combination structures of the broken
roof rock layer block beam, fixed beam, and composite beam of the
roadway were discussed. Factors such as the roadway width,
interburden thickness, upper coal seam mining height, and
relationship with roof deformation were discussed. Through
UDEC (Universal Distinct Element Code, UDEC), Liu et al.
(2021) analyzed the fracture evolution law and failure form of
the surrounding rock of the open-off cut roof during the first
excavation and the second excavation. Xie et al. (2020) used
numerical simulation software to analyze the distribution
characteristics of effective prestress in the roof of the goaf and
concluded that it can form an anchored rock beam structure. Few
scholars have constructed a mechanical model of the tunnel roof to
analyze the deformation laws of the top coal under the goaf, and
there are few studies on related support technologies.

In summary, most of the existing research results are research on
the support technology of large-section hole cutting under the goaf
area of close coal seams. There are few reports on the thickness of the
top coal left for large cross-section cut holes under the goaf and the
coupling relationship between the surrounding rock and the
supporting structure under layered mining conditions (Gong
et al., 2019). Ensuring the stability of the surrounding rock of the
cut holes while maximizing the reduction of the thickness of top coal
can both improve the recovery rate of legacy coal resources and
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reduce the amount of tunneling work (undercover amount). This
has become the focus of current research. This paper uses theoretical
calculations to obtain the depth of damage to the upper-layer mining
floor and the plastic damage range of the top coal caused by the
lower coal seam cutting tunneling. Both physically similar
simulation tests and numerical simulations were carried out to
study the deformation of three groups of top coal thickness
conditions. The work is expected to provide a scientific and
reasonable basis for large cross-section open-off cut under similar
working conditions.

2 Theoretical analysis of the plastic
zone range of top coal of the cut hole

2.1 Engineering background

The average coal thickness of the 1-2 203 coal seam composite
area in the Huojitu Coal Mine is 10 m, the buried depth is 63–87 m,
and the average buried depth is 80 m. Due to the limitations of the
manufacturing level of mechanized mining equipment at that time,
this panel adopted the layered mining method for mining. The
upper-layer working face was designed to have a mining height of
4.5–5 m, and a remaining 5-m-thick coal seam was retained in the
upper-layer goaf area. Under this situation, more than 30 million
tons of coal resources have not been mined. In order to avoid the
small kiln cross-border area, it is planned to arrange the 1-2 lower
203 large cross section open-off cut under the 1-2 upper 203 goaf
area, as shown in Figure 1.

The 1-2 lower 203 working face excavation tunnel includes the 1-2

lower 203 tunnel, the shunting chamber, the end frame nest, and the

shearer machine nest. The design length of the cutout is 251.4 m, the
width is 9.0 m, and the height is 3.9 m. The cross-section of the cut is
large. In order to prevent the roof from connecting with the goaf
above during the excavation process, leaving a reasonable thickness
of top coal becomes the main issue to ensure safe production on the
working face.

2.2 Scope of the plastic zone of top coal of
the cut hole

The 1-2 lower 203 working face is located below the goaf of the 1-2

upper 203 working face. After the working face is mined, the top coal
plastic zone consists of two parts affected by the mining of the
upper-layer working face. As shown in Figure 2, one part is
calculated through elastic–plastic theory, which determines the
maximum damage depth, hmax, of the floor after the upper layer
is mined. The other part is the plastic state after the coal and rock
mass is stressed during the tunneling process; its thickness is h1. The
sum of the two thicknesses is regarded as the maximum range of the
plastic zone H of the coal beam.

2.2.1 Plastic zone of floor in the upper-layer
working face

A goaf is formed behind the longwall working face, and it has a
rectangular cross section. The mining height of the coal seam will be
very small compared with the width of the longwall working face.
Assume that the mining length of the working face is L, the vertical
stress is γH, the horizontal stress is xγH (x is the lateral stress
coefficient), and r0 is the maximum damage distance in front of the
stope. Using elastic theory (Schenato et al., 2017), the horizontal

FIGURE 1
Cut selection scheme of the 1-2 lower 203 working face in the Huojitu mine.

FIGURE 2
Composition of the plastic zone of cut top coal.
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stress, vertical stress, and shear stress near the stope can be obtained
as follows:

σx � γH
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(1)

Here, r is the boundary of the failure zone and θ is the angle
between the edge and the horizontal direction at the maximum yield
depth, h.

Analysis of Equation 1 shows that if the point (r, θ) is known, the
stress of the surrounding rock of the stope is directly proportional to the
buried depth of the working face and the length of the working face.
Based on the actual mining conditions of the Huojitu Coal Mine, the
boundary of the damage area is r<L, and the lateral pressure coefficient
x is generally 1. Substituting these values into Equation 1, the principal
stress of the stope edge is obtained as follows:
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Here, r is the boundary of the failure zone, γ is the bulk density of
the rock formation, H is the buried depth, L is the mining length of
the working face, and θ is the angle between the edge and the
horizontal direction at the maximum yield depth, h.

Assuming that the surrounding rock failure obeys the
Mohr–Coulomb criterion, the following formula can be obtained:

σ1 − ξσ3 � Rc, (3)
ξ � 1 + sinφ

1 − sinφ
. (4)

Here, Rc represents the uniaxial compressive strength and ϕ

represents the internal friction angle.
Substituting Equation 1 into Equation 3, the yield failure depth h

of the floor caused by stress concentration below the edge of the
mining layer can be calculated as

h � γ2H2L

4R2
c

cos 2θ

2
1 + sin

θ

2
( )

2

sin θ. (5)

After finding the first-order derivative of θ in the
aforementioned formula and allowing the derivative to be zero,
the maximum value of the base plate failure depth under the plane
stress state can be obtained:

h max � 1.57γ2H2L

4R2
c( )

. (6)

This maximum value is obtained when θ is approximately −75°.
According to the aforementioned formula, it can be seen that the
damage depth of the floor is positively related to the square of the
inclination length of the working face and the buried depth. It is

negatively related to the square of the compressive strength of the
floor. When calculating the thickness of floor failure, we use the
elastic–plastic theory and take into account the factors affecting the
joint cracks existing in the floor. Then, Equation 6 becomes

h max � 1.57γ2H2L

4R2
c · δ2( )

. (7)

Here, δ is the influence coefficient of joints and fissures in the
floor rock layer, γ is the average bulk density of the overlying rock
layer of the mined coal seam in kN/m3,H is the average buried depth
of the mined coal seam inm, L is the inclination length of the mining
coal seam working surface in m, and Rc represents the compressive
strength of the floor rock layer in MPa.

2.2.2 Plastic zone of roof during the lower coal
seam large cross section open-off cut excavation

During the lower coal seam cut hole excavation process, without
being disturbed by the mining of the upper layer, the top coal of the
cut near the upper coal seam will first undergo elastic deformation
and then plastic damage. According to the analysis of the stress
characteristics of beam structures in elastic–plastic mechanics, the
strain at the x-axis section is

ε � y

ρ
. (8)

Here, ρ is the radius of curvature of the beam, and the
relationship with the deflection is

y

ρ
� −d

2ω

dx2
. (9)

According to the elastic theory, the stress is

σ � Eε � E
y

ρ
. (10)

In the elastic stage, the relationship between curvature and
bending moment is

1
ρ
� M

EI
. (11)

It can be seen that the normal stress of elastic bending is
distributed linearly in the direction, taking the maximum
absolute value at y=± h/2:

σ| | max � Mh
2

bh31
12

� 6M

bh21
. (12)

According to the yield condition of the uniaxial stress state,
when |σ|max <σs, the cross section is all in the elastic state; when
|σ|max =σs, the elastic stage reaches the limit, and the elastic limit
bending moment Me is

Me � σsbh
2
1

6
. (13)

When M>Me, the cross section enters the plastic stage from the
elastic stage, and the corresponding normal stress approaches the
ultimate stress at y=±h/2. Forming a plastic zone in which the
normal stress is evenly distributed, the area near the neutral axis is
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still an elastic zone, and the normal stress is still linearly distributed.
Using the static equilibrium relationship, we can get

M � 2b∫
h1
2
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σydy � 2b ∫
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y
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ydy + ∫
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2

0
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2
1

4
1 − 4ζ2

3h21
( ).

(14)

AsM increases, ξ decreases; that is, the plastic zone continues to
expand, and the elastic zone continues to shrink until ξ = 0, and the
cross section completely enters the plastic state. At this time, the
plastic limit bending moment Ms is

Ms � σsbh21
4

. (15)

From the aforementioned formula, it can be seen that the plastic
ultimate bending moment of the roof coal beam is related to the
yield strength, span, and height of the coal beam. Therefore,
measures can be taken to increase the thickness of the roof coal,
improve its resistance to damage, and prevent the cut hole roof coal
from entering a plastic state. The coal beam is stable before it is
damaged by mining. According to material mechanics calculations,
the maximum bending moment under a vertical load is

M max � ql20
24

. (16)

To ensure that all coal beams do not enter the plastic state,Ms ≥
Mmax must exist, that is,

σsbh21
4

≥
ql20
24

, (17)

h1 ≥ l0
����
q

6σsb

√
. (18)

The average buried depth of the 1-2 coal seam in the Huojitu
Coal Mine is 76 m, the coal seam thickness is 9.5–10.6 m, the
average mining height of the upper layer is 4 m, and the length of
the 1-2 upper 203 working face is 210 m. The uniaxial compressive
strength Rc of the 1-2 coal is 9.2 MPa, the influence coefficient δ of
floor joint cracks is 0.95, the average bulk density of the overlying
rock layer γ = 0.018 kN/m3, and the highest stress concentration
coefficient K1 = 3.5. Substituting the aforementioned geological
parameters into Equation 5, the specific calculation results are as
follows:

h max � 1.57γ2H2L

4R2
c · δ2( )

� 1.57 × 0.0182 × 762 × 210
4 × 9.22 × 0.952

≈ 2.02 m.

The maximum damage depth of the upper layer mining floor is
2.02 m, and the range of plastic damage of the coal beam is 0–2.02 m.

According to the actual situation on site, the uniform load
q=1.4 Mpa and σs=9.2 Mpa overlying the cut-out eye are
substituted to obtain h1≥1.43 m. That is, when the hole is
tunneled, the maximum plastic range of the top coal is 1.43 m.
The maximum range of the plastic zone of the top coal of the cut
hole is

H � h max + h1 � 2.02 + 1.43 � 3.45m. (19)

That is, when the thickness of the top coal of the cutting hole is
greater than 3.45 m, it is beneficial to maintain the stability of the
cutting hole.

3 Similar simulation test analysis of cut
hole top coal thickness

A simulation was conducted to determine the reasonable top
coal thickness for cut hole in the 1-2 lower 203 coal seam working
face using a simulation test platform with a length of 3,000 mm, a
width of 200 mm, and a height of 2,000 mm. The geometric
similarity ratio of the simulation experiment is 1:50, the stress
similarity ratio is 78, and the time similarity ratio is 7.1. The
model ratios are shown in Table 1.

According to the theoretical analysis results, the thickness of the
top coal at cut hole No.1, No.2, and No.3 is 3 m, 3.5 m, and 4 m,
respectively. During the model building process, the acrylic mold is
pre-embedded and cut. According to the actual situation, the 1-2

upper 203 coal seam working face was mined to form the goaf, and
then the die was pulled to simulate the cut hole mining process. The
simulation was run six times.

Fiber optic sensing technology has the advantages of wide
distribution and high precision and has been applied in similar
simulation experiments to monitor overlying rock deformation
and working face pressure (Xie et al., 2020). This article applies
distributed fiber optic technology to similar simulation
experiments. As shown in Figure 3, the experiment monitored
the deformation of the top coal from the inside and the surface of
the model. In this test, the layers were under the 1-2 coal, and a
2 mm horizontal optical fiber was arranged on the cut hole roof
with a strain coefficient of 0.0497 MHz/με. In the test, the
NBX6055 spatial resolution was set to 1 cm, and the monitoring
accuracy was 50 με. A distributed optical fiber sensing system
based on BOTDA (Brillouin Optical Time Domain Analysis,
BOTDA) technology was used to monitor the internal
deformation of the top coal of the cut hole. The equipment was
an NBX-6055 photometer. During the test process, the spatial
resolution of the instrument was 5 cm, the sampling interval was
1 cm, and the sensing distance was 20 km. The optical fiber was
implanted into the physical model using pre-embedding. When
the model was laid to the height of the sensor position, the optical
fiber was horizontally laid into the center of the model. After the
model was laid, tension was applied to the two segments of the
optical fiber to maintain the horizontal state of the optical fiber in
the model.

After the model was built, speckle spots were arranged on the top
coal above the cut holes and the two coal bodies. The digital speckle
system camera has 12 million pixels and a strain measurement range
of 0.005%–2,000%. During the experiment, the shooting frequency
was 1 Hz, the strain measurement accuracy was 0.005%, and the
displacement measurement accuracy was 10 μm (0.01 pixels). Data
were collected for cut holes No.1, No.2, and No.3 for each excavation.
The open-off cut process of the 1-2 coal seam is shown in Figure 4 a.
The caving characteristics of overlying strata after the mining of the
upper layer working face are shown in Figure 4b.
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3.1 Analysis of top coal deformation results

3.1.1 Internal deformation zoning characteristics of
top coal

The optical fiber monitoring results of top coal deformation
during the excavation process of entries No.1, No.2, and No.3 are
shown in Figure 5, with the center of the top coal as the 0 point. It
can be seen that the deformation of the top coal is distributed in a
“W” shape. The deformation characteristics of positive fiber-optic
sensing tension and negative pressure indicate that the middle part
of the top coal appears to sink significantly due to the influence of its
own weight and the load of the overlying goaf. With the tunneling,
the subsidence within the ±50 mm range of the center of the top coal
of cut holes No.1, No.2, and No.3 is significantly greater than that of

the two sides, showing the zoning characteristics of a large
deformation in the middle and small deformation on both sides.
The area within ±50 mm of the center of the top coal can be divided
into roof-fall hazard areas. It shows that when the cut hole width of
the 1-2 203 working face is 9.96 m, the roof deformation is large
within 5 m of the center of the cutout. If the support is not placed in
a timely manner, there is a greater risk of top coal falling.

Within the range of ±50–100 mm on both sides of the cut holes
No.1, No.2, and No.3, the horizontal optical fiber test results gradually
changed from positive strain to negative strain, indicating that
the subsidence of the top coal gradually decreased near the two
sides of the cut hole. As the tunneling distance increases, the
subsidence of the top coal in the area of cut holes No.1, No.2, and
No.3 also gradually increases, but the peak deformation is only 7%–

TABLE 1 Physical similarity simulation experiment material ratio.

No. Lithology Proportion
number

Layer
thickness/

cm

Cumulative
thickness/cm

River
sand/kg

Gypsum/kg White
powder/kg

Coal/kg Water/kg

12 Fine-grained
sandstone

837 3.1 126 24.6 0.9 2.2 2.77

11 Siltstone 728 12.2 122.9 96.4 2.8 10.8 11

10 Siltstone 728 1.5 110.7 12.1 0.3 1.4 1.39

9 Siltstone 728 6.9 109.2 54.1 1.5 6.3 6.21

8 Coarse-grained
sandstone

973 17.1 102.3 137.9 10.5 4.9 15.4

7 1–1 coal seam 5.1 85.2 19.8 1 5 19.8 4.6

6 Fine-grained
sandstone

837 25.8 80.1 206.1 8.1 18 23.4

5 Siltstone 728 7.2 54.3 56.4 1.5 6.3 6.3

4 1–2 coal seam 19.9 47.1 78 3.9 19.5 78 18

3 Siltstone 728 6.6 27.2 52.2 1.5 6 6

2 Fine-grained
sandstone

837 5.2 20.6 41.9 1.6 3.7 4.7

1 Siltstone 728 15.4 15.4 121.2 3.6 13.8 13.8

FIGURE 3
Model monitoring system.
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37% of the deformation in the center of the tunnel, indicating high
stability. Therefore, within the range of 2.5 m between the two sides of
the cut hole, the possibility of roof coal caving is small, and this area
can be identified as a roof caving warning area.

3.1.2 Internal deformation rules of top coal
The deformation characteristics of the roof risk zone during the

excavation process of cut holes No.1, No.2, and No.3 are shown in
Figure 6. Comparing the optical fiber test results of cut holes No.1,
No.2, and No.3, the center subsidence of the top coal of cut hole 1 in

the roof collapse danger zone was significantly greater than that of
setup No.2 and No.3 at each excavation stage. After the cut hole was
penetrated, it reached 652 με; the center of cut hole No.2 was 363 με,
and the deformation amount was approximately 56% of that of cut
hole No.1; the deformation of cut hole No.3 was the smallest, and the
subsidence amount of the top coal after the cut hole was penetrated
was only 228 με, which was approximately 35% of that of cut hole
No.1. Fitting the deformation results of the top coal center points of
cut holes No.1, No.2, and No.3 found that as the cut hole is tunneled
to penetration, when the top coal thickness is 3 m, the subsidence

FIGURE 4
Physical similarity simulation experiment result diagram. (A) Lower layer open-off cut. (B) Caving form of overlying strata after upper-layer mining.

FIGURE 5
Deformation results of top coal monitored with the horizontal optical fiber. (A) cut hole No.1 (B) cut hole No.2. (C) cut hole No.3.
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amount of the top coal roof risk area of the cut hole increases
approximately exponentially. When the thickness of the top coal is
3.5 m, the deformation amount in the risk zone of roof coal collapse
increases approximately linearly. When the thickness of the top coal
is 4 m, the deformation amount in the risk zone of roof coal collapse
increases approximately logarithmically. These results show that
when the width of the cut hole is constant and the thickness of the
top coal of the cut hole in the 1-2 203 working face is set to 3 m, the
stability of the top coal is poor, the subsidence of the roof collapse
danger zone increases exponentially, the deformation of the top coal
is large, and the maintenance of the cut hole is difficult. When the
thickness of the top coal is set to 3.5 m, the stability of the top coal is
moderate, the subsidence in the risk area of roof collapse increases
linearly, and the deformation of the top coal is between that of the
3.0 m and the 4.0 thicknesses. When the thickness of the top coal is
set to 4 m, the stability of the top coal is high, and the risk area width
of roof collapse is minimum. The amount of subsidence increases
with an approximate logarithmic law, and within a certain period of

time after the hole is cut through, the amount of deformation of the
top coal changes little.

As the hole is tunneled, the deformation patterns of the
roof collapse warning zones with different top coal thicknesses are
shown in Figure 7. Figure 7A shows the deformation characteristics of
the roof collapse warning area on the left side of the cut holes No.1,
No.2, and No.3, and Figure 7B shows the deformation characteristics of
the roof collapse warning area on the right side of the cut holes No.1,
No.2, and No.3. As the number of excavations increases, the subsidence
of the roof collapse warning area on the left and right sides of the
No.1 cut eye increases approximately linearly. When the tunnel is
penetrated, the deformation of the roof collapse warning area on the left
side of theNo.1 cut eye reaches 231 με, and the roof collapse danger area
on the right side reaches 278 με. The subsidence in the roof collapse
warning area on the left and right sides of cut holes No.2 and
No.3 increases logarithmically, and the growth rate of the top coal
subsidence gradually decreases after the third tunneling. After the
penetration, the subsidence amount of the roof collapse warning
area on the left side of the cut hole No.2 is 161 με, and the
subsidence amount on the right side is 187 με. The subsidence
amount of the roof collapse warning area on the left side of the cut
hole No.3 is 79 με and that on the right side is 72 με. The roof collapse
warning areas of the cut hole No.2 and No.3 are significantly smaller
than that of the cut hole No.1.

In summary, when the thickness of the top coal of the cut hole is
3.0 m, the subsidence of the roof collapse warning area increases
linearly with the cut hole tunneling, the stability of the top coal is
poor, and the probability of roof collapse risk is relatively high
within a certain period of time after the breakthrough. When the
thickness of the top coal is 3.5 m and 4.0 m, the subsidence amount
in the roof collapse warning area increases logarithmically as the
hole is tunneled. During the fourth to sixth tunneling process, the
growth rate of the roof coal deformation in the roof collapse warning
area slows down significantly; the top coal has better stability.

Comparative analysis of Figures 5 and 6 shows that under
different top coal thicknesses, during the tunneling process, the
deformation of the top coal roof collapse danger zone in the span
direction of the borehole is significantly greater than the roof

FIGURE 6
Deformation law of roof-fall hazard area.

FIGURE 7
Deformation law of roof-fall warning area. (A) Left side of the cut hole. (B) Right side of the cut hole.
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collapse warning areas on both sides. When the thickness of the top
coal is 3.0 m, the deformation pattern of the top coal changes from
exponential deformation to linear deformation from the top coal
roof risk area to the roof collapse warning areas on both sides. The
stability of the top coal is poor, and the risk of roof collapse is high.
When the thickness of the top coal is 3.5 m, the deformation pattern
of the top coal changes from linear deformation to logarithmic
deformation from the roof collapse danger zone in the center of the
top coal to the roof collapse warning areas on both sides. The top
coal shows a certain self-stabilization ability and good stability.
When the thickness of the top coal is 4.0 m, the subsidence law of the
top coal is logarithmic within the width of the cut hole for both the
roof collapse danger area and the roof collapse warning area. The top
coal shows good self-stabilization ability, and the top coal is more
stable.

3.1.3 Analysis of surface deformation of
surrounding rock of cut hole

The vertical displacement of the top coal measured using the DIC
testing system at the 10 mmhorizontal layer above the roof during the
tunneling process of each cut was extracted, as shown in Figure 8. The
top coal deformation measured using DIC in cut holes No.1, No.2,
and No.3 is similar to the distributed optical fiber monitoring results.
During the tunneling process, the deformation of the center of the top
coal is significantly greater than that of the two sides, showing obvious
zoning characteristics. It can still be divided into a roof collapse danger
area and a roof collapse warning area. Among them, 45–145 mm is a
roof collapse danger area, and the remaining areas are roof collapse
warning areas. When the top coal thickness is 3.0 m, after the hole is
cut through, the maximum subsidence of the roof collapse danger
zone is 0.95 mm.When the top coal thickness is 3.5 m, the maximum
subsidence is 0.49 mm. When the top coal thickness is 4.0 m, the
maximum subsidence amount is only 0.26 mm. As the top coal
thickness increases, the maximum subsidence amount in the roof
collapse danger zone gradually decreases.When the top coal thickness
is 3.5 m and 4.0 m, the subsidence amount is 52% and 27% of the
subsidence at 3 m, respectively. Thicker coal yields higher stability.

The thickness of the top coal increases from 3.0 m to 4.0 m, and
the maximum subsidence amounts in the roof collapse warning
areas are 0.56 mm, 0.18 mm, and 0.09 mm, respectively. When the
top coal thickness is 3.5 m and 4.0 m, the deformation is only 32%
and 16% of that found with a 3.0 m thickness, and the subsidence
amount is small. As the hole is cut, the subsidence of the top coal
changes little. It shows that when the top coal thickness is greater
than 3.5 m, the stability is better.

4 Numerical simulation analysis of
reasonable thickness of top coal of cut
hole

In order to study the deformation of the surrounding rock in the
large-section cut hole under the goaf and verify the reliability of the
cut hole support scheme, a local model of the cut hole was

FIGURE 8
DIC monitoring data of cut hole roof subsidence. (A) cut hole
No.1, (B) cut hole No.2, and (C) cut hole No.3.

FIGURE 9
Design scheme of the local model.
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established, and different top coal thicknesses were set up, with and
without support. The established numerical calculation model is
shown in Figure 9. In order to be consistent with the onsite mining
conditions, the model adopts the internal excavation method; that is,

the working face is inside the model, and the front and back, left and
right, and upper and lower parts of the working face are solid coal
and rock masses. The stability of a hole cut with top coal thicknesses
of 3.0 m, 3.5 m, and 4.0 m was analyzed under various conditions.
3DEC was used to compare and analyze the roof collapse of the hole
and tunnel under different top coal thicknesses, and FLAC3D was
used to analyze the plastic state and stress distribution
characteristics of the surrounding rock mass of the excavation.

4.1 Stability analysis of surrounding rock for
hole cutting without support

Figure 10 shows the plastic zone distribution characteristics of
cut holes with top coal thicknesses of 3.0 m, 3.5 m, and 4.0 mwithout
support. The plastic zone of the rock surrounding the cut hole is
symmetrically distributed. The coal walls on both the front and
auxiliary sides of the cut hole with different top coal thicknesses are
damaged by tension-shear mixing. There is no obvious change in the
damage range. The damage range of the plastic zone of the coal wall
is small. The damage depth of the left coal wall is 1 m, and the
damage depth of the right coal wall is 0.9 m. The failure mode of the
roof rock layer above the cut hole is mainly tensile failure. When the
top coal thickness is 4 m, the plastic zone directly above the center of

FIGURE 10
Roof caving of cut hole with different top coal thicknesses. (A) Top coal thickness of 3.0 m, (B) top coal thickness of 3.5 m, and (C) top coal thickness
of 4.0 m.

FIGURE 11
Roof subsidence of cut hole with different top coal thicknesses under a support condition. (A) Top coal thickness of 3.0 m, (B) top coal thickness of
3.5 m, and (C) top coal thickness of 4.0 m.

FIGURE 12
Roof subsidence of cut hole with different top coal thicknesses
under a support condition.
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the cut hole reaches 2.9 m. When the top coal thickness is 3.5 m, the
plastic zone is 2.5 m. When the thickness is 3 m, the plastic zone is
2.65 m. A "Λ" shaped shear failure area is formed with the cut hole as
the center.

4.2 Stability analysis of rock surrounding cut
hole under supporting conditions

Figure 11 shows the vertical displacement cloud diagrams of top
coal thicknesses of 3.0 m, 3.5 m, and 4.0 m after support. No large-
scale roof collapse was found after support was added, and some
blocks were broken. When the top coal thickness is 3.0 m, 3.5 m, and

4.0 m, the maximum subsidence values of the roof are 282 mm,
171 mm, and 154 mm, respectively. Because some blocks have a
large breakage subsidence value and the roof subsidence is not
obvious at other locations, measuring lines were arranged at two
height positions of the roof (0 m and 0.2 m), and the roof subsidence
curve was drawn as shown in Figure 12.

It can be seen from Figure 10 that the subsidence values of the
two height positions of the cut-out roof are small. When the top coal
thickness is 3.0 m, 3.5 m, and 4.0 m, the maximum subsidence values
of the roof are 23 mm, 20 mm, and 17 mm, respectively, and the
support effect is obvious.

Figure 12 show the distribution of plastic zones with top coal
thicknesses of 3.0 m, 3.5 m, and 4.0 m after support. The rock
formation failure mode in the roof of the cut hole is mainly shear
failure. Different top coal thicknesses also have certain damage range
differences. When the top coal thickness is 3.0 m, the range of the
plastic zone directly above the center of the cut hole reaches 2.58 m.
The plastic zone changes less than that without support. The plastic
zone is 1.95 m at 3.5 m and 1.31 m at 4.0 m. The range of the plastic
zone for top coal thicknesses of 3.5 m and 4.0 m is significantly
reduced after support. The effect is obvious.

Figures 13D, E, and 13f show the vertical stress distribution cloud
diagrams of top coal thicknesses of 3.0 m, 3.5 m, and 4.0 m after
support. When the top coal thickness is 3.0 m, the maximum stress
value directly above the cut hole reaches 0.087MPa; when the top coal
thickness is 3.5 m, the maximum stress value is 0.69 MPa; when the
top coal thickness is 4.0 m, the maximum stress value is 0.98 MPa.
Compared with the no-support condition, the vertical stress cloud
diagram changes from a symmetrical distribution to an asymmetrical
distribution. Two pressure relief areas are formed with the middle
single pillar as the boundary, a 5.4 m pressure relief area on the left
and a 3.6 m pressure relief area on the right. The top and bottom
plates at the central single pillar position form a certain degree of stress

FIGURE 13
Plastic zone and stress field distribution of cut hole with different top coal thicknesses under support conditions. (A) Plastic zone (3.0 m), (B) plastic
zone (3.5 m), (C) plastic zone (4.0 m), (D) vertical stresses (3.0 m), (E) vertical stresses (3.5 m), and (F) vertical stresses (4.0 m).

FIGURE 14
Top coal thickness distribution.
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concentration. The degree of compressive stress concentration in the
stress concentration areas of the coal walls and bottom corners on
both sides is significantly reduced, and a new stress concentration area
is formed on the top and bottom plates of the central single pillar. The
supporting structure effectively improves the stress concentration of
the surrounding rock, and the overall stress distribution of the
surrounding rock is more balanced.

5 Engineering verification of reasonable
thickness of top coal of cut hole

5.1 The actual thickness of the top coal left in
the cut hole

According to the theoretical and experimental results, the cut
hole height of the 1−2 203 coal seam is 3.9 m, the thickness of the
remaining top coal is 4.0 m. After the cut hole is penetrated, top coal
thickness detection boreholes are arranged along the top coal of the
cut hole. The thickness of the top coal of the cut hole is shown in
Figure 14. The top coal thickness is between 3.4 m and 4.8 m, mainly
concentrated in 3.7–3.9 m and 3.9–4.1 m within these two intervals,
and the top coal is relatively thick on the side near the main gang.
The design height of the cutting hole is 3.9 m, and the average
thickness of the top coal is 4.0 m.

5.2 Structure and failure characteristics of
top coal with cut hole

The internal failure characteristics of top coal at different depths
are monitored by a borehole peeper, as shown in Figure 15. The total
length of the peephole is 2.80 m, and cracks develop in the coal and
rock mass near the cut hole area. Some cracks appear in the coal and
rock mass at 0.73 m; long longitudinal cracks appear in the coal and

rock mass at 1.09 m, and circumferential cracks in the coal and rock
mass develop at 1.46 m. The coal mass is relatively broken; at 2.05 m,
the coal and rock mass cracks develop and appear to be falling off; at
2.75 m, the crack reaches the goaf area of the overlying rock layer,
and accumulated gangue can be observed. Among them, the
surrounding coal rock mass shedding area at 2.05 m may be
affected by the mining disturbance of the upper coal seam. After
drilling 2.05 m, the integrity of the top coal is better, and the cracks
are concentrated between 1.0 and 2.0 m. The integrity of the top
plate can be determined by drilling and observing the results.

Affected by the cut hole excavation, the opening sections of the
boreholes at the three measuring stations are relatively broken. Among
the three boreholes, the integrity of the No.1 borehole is worse. This is
mainly due to the thin thickness of the top coal at the eye-cutting and is
within the scope of the double damage caused by layered mining.

Observing the surface displacement of the surrounding rock of
the cut hole and the stress changes of the support body and roof coal
structure shows that the maximum displacement of the roof and
bottom plates is 12 mm, the maximum displacement of the two pillars
is 6 mm, the maximum displacement of the deep part is 6 mm, and
the support force of the pillars exceeds 15MPa. The maximum
displacement accounts for a small proportion, and the stress on
the pillars is small. The maximum strain of the shed beam is −416
με, and no major deformation occurs. The maximum change in the
axial force of the anchor cable is 20.625 kN. A peek at the drill hole
shows that a small part of the drill hole in the roof plate is cut. There is
fragmentation in the area, but the top coal structure in the remaining
areas is relatively complete, and no collapse has occurred. The
thickness of the top coal in the drilling hole is between 3.4 m and
4.8 m, mainly concentrated in the range of 3.7 m and 4.1 m, and the
top coal is relatively thick on the side near the side of workface plant.
The average thickness of the top coal is 4.0 m. Combined with the
stability of the eye-cutting site, it shows that the top coal thickness is
3.5–4.0 m, which is reasonable and canmeet production requirements
after the required support has been added.

FIGURE 15
Characteristics of top coal failure of cut hole.
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6 Conclusion

(1) The scope of the plastic zone of the top coal of the large cross-
section under the goaf in layered mining consists of the plastic
zone of the floor caused by the mining of the upper layer and the
plastic zone of the top coal caused by the tunneling. According
to elastic–plastic theory calculations, the depth of destruction of
the upper layer mining floor is 2.02 m, the plastic range under
the influence of tunneling is 1.43 m, the plastic zone of the top
coal is 3.45 m, and the thickness of the top coal of the tunnel is
greater than 3.45 m, which is conducive to maintaining the
stability of the tunnel.

(2) The deformation of large cross-section roof coal can be divided
into a roof collapse danger area and a roof collapse warning area.
When the top coal thickness is 3.0, 3.5, and 4.0 m, the roof
collapse danger zone decreases exponentially, linearly, and
logarithmically, respectively. When the top coal thickness is
3.5–4.0 m, the sinking trend is slower, and the top coal support
has higher stability. The roof collapse warning area decreases
linearly and logarithmically, respectively. When the top coal
thickness is 3.5–4.0 m, it has better self-stabilizing ability and
higher stability.

(3) Under the condition of no support, when the thickness of the
top coal of the cut hole is 3.5–4.0 m, the plastic zone range is
significantly smaller than that of the top coal of 3.0 m; under the
condition of support, the range of the plastic zone of the top coal
is significantly smaller, and the stability is better. On-site
monitoring shows that the thickness of the top coal is
between 3.4 and 4.8 m, with an average remaining thickness
of 4.0 m. The drill hole peek results and the shed beam
deformation results show that the thickness of the top coal is
3.5–4.0 m, which is more reasonable.
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Analysis of face stability for
shallow shield tunnels in sand
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The stability of the tunnel face is the key problem in shield tunnel construction. This
paper focuses on the face stability of a shallow tunnel in sand. Numerical simulation
and theoretical analysis are combined to study the limit support pressure and failure
zone. Firstly, numerical simulation is employed to study the collapse of the tunnel
face, obtaining the limit support pressure and collapse zone. A new failure model
suitable for shallow tunnels is constructed based on these numerical simulations.
Then, an analytic solution for the limit support pressure is derived using limit analysis
upper bound theory. The accuracy and applicability of this proposed model are
verified by comparing it with numerical results and classical analytical models.
Through this research, it is found that the proposed model provides a more
accurate description of situations where soil arches cannot be formed for shallow
tunnels in sand, leading to higher accuracy in calculating the limit support pressure.
The influence of various factors on stability of the tunnel face is analyzed, revealing
mechanisms of tunnel face collapse.

KEYWORDS

shallow tunnel, sand stratum, tunnel face stability, limit analysis method, sand

1 Introduction

Recently, tunnels have been constructed mainly using the shield method. During shield
construction, tunnel face is usually stabilized by controlling the pressure in soil or slurry
chamber. The stability of the tunnel face is typically ensured by controlling the pressure in
the soil chamber or slurry chamber during shield tunneling (Chen et al., 2018; Wang et al.,
2021a). Insufficient support pressure can easily lead to collapse of the excavation face,
resulting in significant economic losses. Therefore, determining the values of soil chamber
pressure and slurry chamber pressure is crucial for the control of shield tunneling (Liao et al.,
2009). Currently, many researchers have employed a combination of model test, numerical
simulations, and theoretical analysis to study the limit support pressure (σT) of collapse, the
minimum support pressure to maintain stability of excavation face.

Researchers have conducted various physical experiments to study σT and the failure zone
shapes (Kirsch, 2010;Messerli et al., 2010; Chen et al., 2013;Wang et al., 2021b). Some researchers
have also conducted centrifuge model tests to study collapse mechanism of tunnel face, yielding
significant research outcomes (Atkinson et al., 1977; Chambon and Corte, 1994; Meguid et al.,
2008; Idinger et al., 2011; Li et al., 2023). Physical model tests not only provide validation for
numerical simulation results but also establish a solid foundation for theoretical models.
Numerical simulation, due to their advantages of low cost, high efficiency, and repeatability,
are often used as a complement to model experiments and are widely applied in tunnel
engineering. Currently, the main numerical models used are the continuum models (Senent
et al., 2013; Li et al., 2019; Li et al., 2020; Liu H. et al., 2023) and the discrete element models. The
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discrete element method has also been extensively employed to
investigate tunnel face instability (Funatsu et al., 2008; Chen et al.,
2011; Zhang et al., 2011; Liu and Li, 2023), since its capability to handle
mechanics problems involving discontinuous materials. Scholars have
made significant achievements in various aspects, including the
calculation of σT and definition of collapse zone.

Theoretical analysis is an essential approach to obtain the σT of
excavation face, and scholars have been devoted themselves to
proposing theoretical solutions for calculating the σT. Currently,
there are two main methods. The limit equilibrium method assumes
a failure mode and solves the σT based on the equilibrium conditions of
forces. Scholars have proposed different failure models and obtained σT
for different soil layers (Horn, 1961;Murayama et al., 1966; Anagnostou
and Kovári, 1994; Arthur et al., 1994; Yu et al., 2020; Zhang et al., 2020;
Liu S. et al., 2023; Zhang et al., 2023). The limit analysis method mainly
acquire the limit support pressure from an energy perspective. (Leca and
Dormieux, 1990) proposed failure mechanisms consisting of a single
truncated cone or double truncated cones and derived the theoretical
solutions of σT based on the limit analysis upper bound theory. Based on
the model proposed by (Leca and Dormieux, 1990; Soubra et al., 2008)
proposed a 3D failure model with multiple truncated cones and found
that increasing the number of truncated cones beyond five had little
effect on computational accuracy. This failure model has been widely
cited by scholars. (Mollon et al., 2011b) using a logarithmic spiral model
and spatial discretization technique, established a new 2D failure model
that further improved the calculation accuracy. In addition, (Mollon
et al., 2011a) proposed a 3D horn-shaped collapse model based on a
multi-blockmodel and spatial discretization technique, which overcame
non-overlap of the multi-truncated cones model at excavation face and
further improves the accuracy of the model.

Based onmodel tests and numerical simulations, researchers have
abstracted failure models of excavation face instability during shield
tunneling and derived analytical solutions for the σT. However, there
are still some unresolved issues that deserve attention. For shallow
tunnels, the σT obtained by the limit equilibrium theory tends to be
higher than the experimental values, which can easily lead to passive
instability of tunnel face. On the other hand, models based on limit
analysis theory can form soil arching even in case of shallow tunnels.
However, in experiments, the failure zone may still extend to the
ground surface for loose sand with cover ratio greater than 2.0,
resulting in underestimated soil pressures (Di et al., 2022a).

In this paper, based on the numerical models, a new collapse
model for shallow tunnel in sand is proposed. The analytical solutions
are derived using the limit analysis method. The proposed theoretical
model is compared with numerical models and existing models to
validate its applicability and accuracy. Finally, using the proposed
model, the influence of various factors on stability of tunnel face is
analyzed, and the mechanism of collapse of tunnel face is revealed.

2 Numerical simulation

2.1 Numerical models

The finite difference software FLCA3D is used to study limit
support pressure σT and failure zone for shallow tunnel in this section.
A total of 16 cases were considered in Table 1 to investigate the effect
of cover ratioC/D and friction angle φ on tunnel face stability. The soilTA
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parameters are as described below: Unit weight γ = 18 kN/m³, Young’s
modulus E = 20MPa, Poisson’s ratio v = 0.35, and cohesion c = 0 kPa.

As shown in Figure 1, a semi-model approach was adopted, taking
into account computational efficiency. The dimensions of themodel are
the following: width 3D, length 8D, height 6D + C, where D is tunnel
diameter and C is the tunnel burial depth. The boundary conditions of
the model are as follows: fixed at the bottom, constrained normal
displacement at the sides, and free at the top. The soil material was
modeled using solid elements, assuming it follows the Mohr-Coulomb
criterion. To simulate the lining, shell elements with E = 20 GPa, v =
0.17 and a thickening of 0.35 m were used.

To simulate, proceed as follows:

(1) Create soils layers and initialize the soil stress.
(2) To simplify the simulation process, a one-step excavation

method is used, with lining applied simultaneously.
(3) Apply a support pressure (PT) to the tunnel face, where the value of

thePT is equal to the horizontal stress in the center of the tunnel face.
(4) Reduce the PT and plot the curve of PT versus horizontal

displacement (Δh) of the center of the excavation face.
(5) When the PT sharply increases, the corresponding support pressure

is considered as the limit support pressure (σT) (Li et al., 2022).

2.2 Numerical results

2.2.1 Limit support pressure
In the simulation, when the support pressure sharply increases, the

corresponding support pressure is considered as the limit support
pressure. The double tangent method proposed by Li et al. (2019) is
used to determine the limit support pressure. The specific method is as
follows: make the curve of support pressure and excavation face

displacement, make the tangent line of the descending section and
the horizontal section respectively, and the intersection point of the two
is the limit support pressure. Figures 2A–D shows the relationship
between Δh and PT for varying cover ratios C/D. Under varying cover
ratios, the support pressure gradually decreases with increasing φ. From
the results shown in Figure 2A, it can be observed that at C/D = 0.5 and
φ = 25°, the σT = 17.85 kPa. When the φ = 30°, 35°, and 40°, the σT =
12.75 kPa, 9.35 kPa, and 7 kPa, respectively. Figure 2B demonstrates
that for C/D = 0.75, and φ = 25°, 30°, 35°, and 40°, the σT = 18.85 kPa,
13.50 kPa, 9.85 kPa, and 7.00 kPa, respectively. Similarly, from Figures
2C, D, the σT can be obtained for cover ratios of 1.0 and 1.25,
respectively.

Figure 3 illustrates the relationship between the σT and the φ (in
radians) for differentC/D. By comparing, it can be observed that there is
an exponential relationship between the σT and the φ. The exponential
function σT = ea+bφ+cφ2 was used to fit the data, resulting in the following
relationships: for C/D = 0.5, σT = e4.91-5.32φ+1.54φ2, R2=0.995; for C/D =
0.75, σT = e

4.50-3.47φ−0.25φ2,R2 = 0.992; forC/D= 1.0, σT=e
4.11-1.74φ−1.94φ2,R2 =

0.987; for C/D = 1.25, σT=e
3.88-0.561φ+3.15φ2, R2=0.981.

The fitting results show that the coefficients a, b, and c have a
strong linear relationship with the cover ratio C/D, as illustrated in
Figure 4. The correlation between the coefficient a and the C/D can
be expressed as a = 5.57–1.39C/D, R2=0.978. The correlation
between the coefficient b and the C/D is as follows: b = −8.38 +
6.42C/D, R2=0.983. The correlation between coefficient c and C/D is
as follows: c = 4.51–6.09C/D, R 2= 0.989. Therefore, the correlation
between the σT and C/D and φ is as follows:

σT C/D,φ( ) � e 5.57-1.39C/D( )+ -8.38+6.42C/D( )φ+ 4.51-6.09C/D( )φ2 (1)
The validity range of Formula (1) is C/D ≤ 1.25 and friction

angle 25° ≤ φ ≤40°.
Figure 5 shows the variation of σT with respect to theC/D. The solid

line represents the results calculated based on Formula (1), while the
dashed line presents the values obtained from numerical simulations.
From the graph, it is obvious that in the range of C/D≤1.25, the σT
obtained from the numerical simulations shows an approximately
linear increase with the increase of the C/D. Similarly, the σT
calculated based on the fitted equation also shows an approximately
linear increase with the cover ratio. A comparison between the two
reveals that the calculated results from the Formula (1) are larger than
the numerical results, and the discrepancy between them increases as
the C/D increases. For instance, when φ=25° and C/D = 0.5, the fitted
result is approximately 1.62% higher than the numerical simulation
result. When φ = 30° and C/D = 1.25, the fitted result is approximately
4.98% higher, and at φ=30° and C/D=1.25, the difference reaches a
maximum of approximately 9.2%. It is worth noting that the results
from Formula (1) are relatively conservative compared to the numerical
calculation results, and the difference is within an acceptable range,
indicating a relatively safe approach for engineering applications.

2.2.2 Failure zone
Figure 6 illustrates the shapes of the failure zone under different

cover ratios C/D for an internal friction angle of 35°. The boundary of
the failure zone is defined by the abrupt change in the displacement
gradient (Zhang et al., 2015). It is obvious that when the C/D≤1.0, the
collapse zone extends to ground surface. The failure zone can be divided
into two parts: the lower failure zone and the upper failure zone. The

FIGURE 1
Numerical model.
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lower failure zone exhibits a logarithmic curve shape, while the upper
failure zone can be considered as an inverted round table shape
(although the numerical simulation results are not apparent due to
the stronger lining parameters near the tunnel face). The inverted round
table can be further divided into a cylindrical-shaped failure core and a
disturbed zone, which is consistent with the findings of (Li et al., 2018).
When C/D>1.0, The collapse zone no longer extends to the surface; its
shape consists mainly of the logarithmic curve-shaped lower failure
zone and the upper soil arch zone.

3 Analytical model

3.1 Failure mechanism

Based on the numerical simulations, model tests (Di et al.,
2022b), and engineering experience, a new 3D collapse model for
shallow shield tunnels has been proposed. As shown in Figure 7,

tunnel diameter is D, cover depth is C, and support pressure is
applied uniformly on the tunnel face. The failure zone is divided into
upper and lower parts. The lower part adopts the classical five-cone
model (Soubra et al., 2008): it assumes that the lower part consists of
five rigid truncated cones, with each cone having a vertex angle of
2φ. The cones move along the axis of the cone and are constrained by
the associated flow rules. The first truncated cone is formed by a
rigid cone whose axis is at an Angle of α to the tunnel axis and a
plane I which is at an angle of β1 to the tunnel face. To ensure that
the second cone completely coincides with the first cone at section I,
the second cone is generated as amirror image of the first cone and is
cut by plane II, and so on for the third to fifth cones. The upper part
of the collapse zone has a shape similar to an inverted round table.
The core of the failure zone is in the shape of a cylinder, and the
portion excluding the failure core is the disturbed zone. The
boundary of the disturbed zone forms an angle θ with the
horizontal direction. There is friction between the disturbed zone
and the failure core, which reduces the vertical soil pressure.

FIGURE 2
Relation curve of support pressure and horizontal displacement under different C/D. (A) C/D=0.5. (B) C/D=0.75. (C) C/D=1.0. (D) C/D=1.25.
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3.2 The vertical earth pressure σv

The effect of the upper collapse zone can be equivalently
represented as a vertical earth pressure σv (Han et al., 2016). Based
on geometric relationships, it is found that the intersection plane
between the fifth truncated cone and the upper failure zone has an
elliptical shape, with major axis a6 and minor axis b6. To simplify the
calculation, we can approximate it as a circular shape with radius r, as
proposed by (Li et al., 2020). The equivalent formula is given below:

r � ����
a6b6

√
(2)

As shown in Figure 8, the upper failure zone is considered as an
inverted round table, where the failure core is a cylindrical shape with a

radius of r, and the remaining part is the disturbed zone. During the
occurrence of failure, the disturbed zone forms an angle θ with the
horizontal plane, exhibiting a tendency to slide downward, resulting in
friction along the slip surface. The core of collapse zone tends to move
downward and is constrained by the disturbed zone. Here, Ps represents
the surface overload, and σ’v represents the reactive force of σv.

To determine themagnitude of vertical soil pressure, we select any
vertical plane passing through the axis of the truncated cone as the
calculation diagram, such as Figure 9. The following assumptions are
made: The soil follows the Mohr-Coulomb strength criterion.
Coefficient of friction of the sliding surface AD and BE is tanφ.
Due to soil disturbed, the friction angle between the failure core and
the disturbed zone is given by η (η≤ φ). The ground overload Ps and
the vertical soil pressure σs are both uniformly distributed loads.

The ADF section is taken as the object of force analysis, and the
vertical equilibrium equation and the horizontal equilibrium
equation are formulated to obtain the following equations:

N sin θ − φ( ) − T′ cos η − cC cot θ � 0
W2 + PsC cot θ + T sin η −N cos φ − θ( ) � 0

{ (3)

Where:

W2 � γC2

2
cot θ (4)

The vertical equilibrium equation is formulated for the ABFG
section as the object of study, yielding the following equation.

W1 + Psr − 2cC − 2T sin η − σvr � 0 (5)
Where:

W1 � γrC

2
(6)

When active failure occurs, the angle θ is given by θ = π/4 + φ/
2 by the Mohr-Coulomb criterion. The friction angle η can be
obtained from Table 2 (Li et al., 2018). For sandy soil classified as VI
rock mass, its range of values is between 0.3φ and 0.5φ.

FIGURE 3
Relationship between limit support pressure and friction angle
under different C/D.

FIGURE 4
Relationship between coefficient (a,b,c) and C/D.

FIGURE 5
Relationship between limit support pressure and C/D.
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FIGURE 6
Failure zone under different C/D (φ = 35°unit:dm). (A) C/D=0.5. (B) C/D = 0.75. (C) C/D = 1.0. (D) C/D = 1.25.

FIGURE 7
Proposed failure mechanism.
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By simultaneously solving Eqs 3–6, the vertical soil pressure σv
can be obtained.

3.3 Limit support pressure

3.3.1 Limit analysis method
The limit analysis method derives the limit load from an energy

perspective. An upper bound estimate of such loads is found by

considering a kinematically admissible failure mechanism for
which the power of the loads applied to the system is larger
than the power that can be dissipated inside the system during
its movement (Chen, 1975). Thus, When the tunnel face is stable,
the following equation should satisfy:

Pe ≤Pv (7)
Where Pe is the power of external forces and Pv is the dissipated

power in the failure zone.

FIGURE 8
Upper failure mechanism.

FIGURE 9
Calculation diagram of upper failure zone.

TABLE 2 η value of all grades of surrounding rock.

Grades of surrounding rock I~III IV V VI

η 0.9φ (0.7~0.9)φ (0.5~0.7)φ (0.3~0.5)φ
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3.3.2 Geometric relationship
To calculate the internal and external powers in the failure zone,

it is necessary to derive the geometric relationships. Based on these
relationships, the angle αi between the axis of the i-the truncated
cone and the tunnel axis is given by Formula (8):

αi � ∑
i−1

j�1
βi + δi i � 2, 3, 4, 5( ) (8)

The angles δi are as follows:

δi � α, i � 1
βi − δi−1, i � 2, 3, 4, 5

{ (9)

Through analysis, it can be determined that the section obtained
by the oblique intersection of each cone with the plane is an ellipse.
The long axis, short axis, and area of the ellipse obtained by the i-th

cone are denoted by ai, bi, and Ai, respectively, as given by Eqs
10–12.

ai �

D

2
, i � 1

D

2
∏
i

k�1

cos δk + φ( )
cos δk+1 − φ( )

, i � 2, 3, 4, 5

a5
cos β4 − β3 + β2 − β1 + α1 + φ( )

sin 2β4 + 2β2 + α1 + φ( )
, i � 6

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(10)

bi �
ai

�������������������
cos δi + φ( ) cos δi − φ( )

√

cosφ
, i � 1, 2, 3, 4, 5

a6

������������������������
sin ∑

5

j�1
δi + φ( ) sin ∑

5

j�1
δi − φ( )

√

cosφ
, i � 6

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

(11)

Ai � πaibi (12)
The volumes of i-th cones, denoted as Vi, can be expressed by

formula (13):

Vi �
Aihi − Ai+1hi+1

3
, i � 1, 2, 3, 4

A5h5 − A5h5′

3
, i � 5

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

(13)

Where:

h1 � D cos α1 + φ( ) cos α1 − φ( )
sin 2φ

h2 � D cos α1 + φ( ) cos β1 − α1 + φ( )
sin 2φ

hi � h2 ∏
i−1

j�2

cos δj+1 + φ( )
cos δj − φ( )

, i � 3, 4, 5

h5′ � h5
sin 2β4 + 2β2 + α1 − φ( )

cos δ5 − φ( )

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(14)

FIGURE 10
Velocity field of the proposed mechanism.

FIGURE 11
Comparison of proposed model with other models under
different C/D.

FIGURE 12
Comparison of proposed model with other models under
different φ.
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It is assumed that the velocity of each cone is parallel to its axis.
The velocity of the i-th cone is denoted as vi, and the relative velocity
between the i-th cone and the (i+1)-th cone is denoted as vi,i+1. The
relationship between vi, vi+1, and vi,i+1 is illustrated in Figure 10. the
vi, vi+1, and vi,i+1 can be expressed by formula (15) and (16).

vi � v1∏
i

j�2

cos δj + φ( )
cos δj+1 − φ( )

, i≥ 2 (15)

vi,i+1 � vi
sin 2δj+1( )

cos δj+1 − φ( )
, i≥ 1 (16)

3.3.3 Optimization of limit support pressure
The Pe is mainly composed of three parts: the power of support

pressure PT, the power of gravity in the failure zone Pγ, and the
power of vertical load Pσv, which can be expressed as follows:

Pe � PT + Pγ + Pσv (17)

PT can be calculated using Eq. 18:

PT � −A1 cos α1σTv1 (18)
The power of gravity Pγ can be expressed using the following

equation:

Pγ � [V1 sin α1v1 + V2 sin 2β1 − α1( )v2 + V3 sin 2β2 + α1( )v3
+V4 sin 2β1 + 2β3 − α1( )v4 + V5 sin 2β2 + 2β4 + α1( )v5]γ

(19)

The power of equivalent vertical pressure Pσv can be expressed
using the following equation:

Pσv � A6 sin 2β2 + 2β4 + α1( )σvv5 (20)
The dissipated power occurs mainly at the boundary of the

collapse zone and between the truncated cones, which can be
expressed by Formula (21):

Pv � A1 cos α1
sinφ

v1 − A5 sin 2β2 + 2β4 + α1( )
sinφ

v5[ ]c cosφ (21)
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FIGURE 13
Influence of friction angle on limit support pressure under
different C/D.
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By substituting Eqs 17–21 into Eq. 7, the following expression
can be derived:

σT ≥ σvNσv + γDNγ + cNc (22)
Where:

Nσv �
A6 sin 2β2 + 2β4 + α1( )

A1 cos α1

v5
v1

Nγ � [V1 sin α1v1 + V2 sin 2β1 − α1( )v2 + V3 sin 2β2 + α1( )v3
+V4 sin 2β1 + 2β3 − α1( )v4 + V5 sin 2β2 + 2β4 + α1( )v5]/ DA1 cos α1v1( )
Nc � Nσv − 1

tanφ

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(23)

Formula (23) reveals that the σT depends on the geometric
characteristics of the failure model (α1, β1 to β5, C, D) and the soil
parameters (c, φ). Therefore, the upper-bound method of the σT can
be obtained through optimization theory. By considering the
geometric characteristics of the failure model (α1, β1 to β5) as
optimization variables and maximizing the σT as the optimization
objective, the value of σT can be determined:

σT � max
α1 ,β1 ,β2 ,β3 ,β4 ,β5

σvNσv + γDNγ + cNc (24)

4 Comparison

To verify the accuracy of the proposed model in the paper, it is
compared with numerical models, classical analytical models, and
model tests.

4.1 Comparing with numerical model and
existing models

In Figure 11, a comparison is made between the proposed
theoretical model, existing theoretical and numerical models, and
model tests under the condition of an internal friction angle of 30°

and η/φ = 0.5. From the graph, it can be observed that both the
proposed model and the numerical model show an increase in the σT
with an increase in the cover ratio, and the trends are similar. When
the cover ratio reaches 1.25, the increase in the σT becomes less
significant. (Soubra et al., 2008; Mollon et al., 2011a) also found that
the σT does not change significantly beyond a cover ratio of 0.5. A
comparison reveals that when the cover ratio is 0.5, the σT obtained
from the proposed model is approximately 18% higher than the
numerical results. As the cover ratio increases, the difference
between the two approaches becomes smaller. When the cover
ratio is 1.5, the proposed model yields approximately 8% higher
results compared to the numerical simulation. The main reason for

FIGURE 14
Influence of cohesion on limit support pressure under different φ.

FIGURE 15
Influence of Ground load on limit support pressure under
different.

FIGURE 16
Influence of η/φ on limit support pressure under different φ.
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these discrepancies is that, based on model tests and engineering
practice, the soil arch cannot form an arch for shallow tunnels,
resulting in soil collapse to the ground and an increased vertical soil
pressure. However, this phenomenon cannot be accurately
simulated using a continuous medium model, leading to an
underestimation of the vertical soil pressure. As the embedment
ratio increases, the difference between the two models diminishes
gradually due to the gradual emergence of the arching effect.
Comparison with (Soubra et al., 2008; Mollon et al., 2011a), the
proposed model yields approximately 13.7% and 25% higher results,
respectively. The main reason for these differences is that (Soubra
et al., 2008; Mollon et al., 2011a) prematurely assume the formation
of an arching effect in soil with smaller friction angles, which
contradicts experimental results and engineering practices.

In Figure 12, the results of different theoretical calculations for
the variation of σT with φ are given for cover ratio C/D = 0.75 and η/
φ = 0.5. It can be observed that all the results exhibit a nonlinear
decrease with the increase of the φ. In terms of numerical values,
when the φ = 25°, the differences in σT obtained by the four models
are the largest, while the differences are the smallest when the φ =
40°. In addition, compared to the other models the proposed model
gives higher σT. The main reason for these phenomena is that when
the φ is small, the soil arch can’t be formed, resulting in a higher
vertical soil pressure. As the φ increases, the formation of the soil
arch becomes easier, and the limit support pressure calculated by
different models tend to converge.

4.2 Comparing with model experiments

Centrifuge tests results conducted by (Chambon and Corte, 1994)
using sand are shown in Table 3. The sand parameters are as follows:
φ = 38°–42°, c = 0~5 kPa. As shown in the table, when the φ = 38° and
the c = 0 kPa, the σT proposed in the paper is significantly higher than
that obtained experimentally. With an increase in cohesion, the
reduction in ultimate support force becomes more pronounced.
When the cohesive strength reaches 5 kPa, the excavation face can
stabilize itself. It should be noted that the soil parameters provided by
(Chambon and Corte, 1994) are given as ranges, making it difficult to
make accurate comparisons. However, the calculated results in this
study include the experimental values, which demonstrates the
validity of the proposed model.

5 Analysis

By comparison, it is found that the proposed model in this study
is agrees well with numerical models and classical models. Especially
in terms of shallow tunnel in sand, this model can more accurately
describe the failure mode and provide more precise solutions. This
section focuses on analyzing the influence of various factors on
the σT.

5.1 Cover ratio C/D and friction angle φ

In the case of C/D = 0.5~1.25, Figure 13 shows the variation of σT
with φ. It can be observed that the σT increases gradually with the

increase of C/D when the φ is low. However, as the φ increases, the
effect of cover ratio on σT becomes insignificant. The reason for this
phenomenon is due to the following: At small friction angle, the
frictional effect along the sliding surface is not apparent, resulting in
an increase in σT with increasing depth. As the φ gradually increases,
the soil arch effect becomes more prominent, leading to a decrease in
the effect of C/D on σT.

5.2 Cohesion c

The influence of the c on the σT at different φ is illustrated in
Figure 14. It can be seen that the σT decreases linearly with the
increase of c, and the smaller the φ is, the more sensitive the σT is to
the change of c. The main reasons for this phenomenon are as
follows: Numerical simulations and theoretical studies have shown
that the φ plays an important role in the area of collapse zone, and
the smaller the φ, the larger the area of the collapse zone and the
sliding surface. The energy dissipation of the cohesion occurs mainly
at the sliding surface, so the larger the sliding surface area, the more
obvious is the reduction of the σT as the cohesion increases.

5.3 Surface load Ps

The influence of the Ps on the σT for various φ is shown in
Figure 15. It is apparent that the σT increases linearly as the Ps
increases. The increase in the σT is small in comparison with the
increase in the Ps, and the increase in the σT is smaller and smaller
with the increase in the φ. At a friction angle of 35°, the surface load
will have little effect on the σT due to the soil arch effect.

5.4 Friction angle ratio η/φ

The friction angle ratio η/φ is the ratio of the friction angle
between the disturbed zone and failure core to the soil friction angle,
which is important for the formation of the soil arch. The influence
of η/φ on the σT is investigated in this section. As shown in Figure 16,
for small η/φ the frictional effect of the disturbed zone on the failure
core is less and the σv is closer to the vertical earth pressure, resulting
in a larger σT. As η/φ increases, the σT gradually decreases. Beyond a
certain value, the effect of η/φ on the σT is not apparent due to the
soil arch effect.

6 Conclusion

Numerical simulation and theoretical Analysis are combined to
study the face stability of shallow shield tunnel in sand. Firstly,
numerical simulation is used to study the tunnel collapse in sand to
obtain the σT and shape of collapse zone. The new failure model
suitable for shallow tunnel is constructed based on numerical
simulations, and the σT is solved by upper-bound method. The
following conclusions are mainly obtained:

(1) Through numerical simulation, it is found that the σT decreases
exponentially with the increase of the φ in the range of φ =
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25°~40° and C/D = 0.5~1.25. The σT increases approximately
linearly with the increase of the C/D. And the regression
equation is obtained by regression analysis.

(2) Through numerical simulation, it is found that for the sandy soil
layer, when the C/D≤1, the can zone can reach ground surface,
and the shape of the collapse zone is an inverted round table,
which includes a columnar failure core and the rest of the
disturbed zone.

(3) A new failure model based on five truncated cones with inverted
circular table is proposed. By comparison, it is found that the
proposed model is consistent with the numerical model and
exiting modes. In addition, the proposed model is more accurate
in describing the phenomenon that no soil arch can be formed
for shallow tunnel in sand, and it has higher accuracy in solving
the σT of shallow shield tunnel in sand.

(4) Through the theoretical analysis, it is found that the σT
decreases nonlinearly with the increase of the φ, and the
larger φ is, the more obvious soil arch effect is, and the
smaller the effect of C/D on the σT is. In addition, the σT
decreases linearly with the increase of cohesion c, and the
smaller φ, the more σT sensitive is to the cohesion. The increase
of PSwill cause the σT to increase, but when the soil arch forms,
the effect of Ps on the σT is smaller.
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With the continuous increase of mining depth, coal and gas outburst poses a
significant threat to mining safety. Conducting research on the mechanisms of
coal and gas outbursts contributes to understanding the evolutionary process of
such incidents, thus enabling accurate prediction and prevention of coal and gas
outbursts during mining operations. This paper has developed a comprehensive
visual experimental system that is specifically tailored to simulate diverse coal
body conditions, ground stress and gas pressures. Bymonitoring and analyzing the
real-time progression of coal fissures during the outburst process, we can obtain
valuable insights into the evolution and mechanisms of coal and gas outbursts.
Additionally, this study introduces a method to determine the critical threshold for
predicting coal and gas outbursts, and the critical gas pressure threshold for
Jiulishan Coal Mine (Jiaozuo City, Henan Province, China) is established
at 0.6 MPa.

KEYWORDS

coal and gas outburst, spatio-temporal evolution, ground stress, gas pressure, coal
properties

1 Introduction

Coal and gas outbursts are geological hazards characterized by the sudden ejection of fractured
coal, rock and gas from the coal seam into themining space, resulting from the combined effects of
ground stress and gas (Li et al., 2023; Liu et al., 2023; Soleimani et al., 2023). The occurrence of coal
and gas outbursts generates strong shockwaves with tremendous destructive power, posing
significant threats to the safety of miners and mining facilities (Black, 2019a; Mekhtiev et al.,
2021). With the continuous growth in energy demand and the increase in mining intensity and
depth, the complex interactions among stress, gas, coal and rock have made the geological
conditions of mines increasingly complicated, the probability of coal and gas outburst events
increases (Li et al., 2019; Kursunoglu andOnder, 2019; Ul’yanova et al., 2019). The intricatemining
conditions in deep mines give rise to distinct features of coal and gas outbursts, which are marked
by heightened energy levels, intensity, and challenges in prevention and control efforts (Odintsev
and Makarov, 2020; Gawor and Wasilewski, 2021; Remennikov et al., 2022; Shang et al., 2023).
Therefore, studying the evolutionary processes and mechanisms of coal and gas outbursts holds
significant importance for the safe operation of coal mines.

Previous research has conducted extensive research on the mechanisms of coal and gas
outbursts and have proposed a range of hypotheses, including the “rheological hypothesis,”
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“failure of the coal shell hypothesis,” “unified instability theory,”
“fluid-solid coupling instability theory,” and the composite
hypothesis (Jiang et al., 2015; Yuan, 2017; Jin et al., 2018). These
studies still have important guiding significance for current research.
In recent years, with the advancement of experimental methods,
research on the outburst mechanisms has continued to deepen.
Koziel et al. (2022) conducted a study to investigate the prominent
energy source in the porous structure of rocks, which is due to the
presence of high-pressure gas. The prominence of this energy source
is determined by the type of transformation that occurs during the
decompression process. Zhao et al. (2022) conducted coal and gas
outburst experiments under deep high-stress conditions and studied
the stress-gas-pressure-temperature response characteristics of coal
and rock around the outburst hole. The experimental findings
indicate a significant stress response in the vicinity of the blast
hole, with diminishing stress changes as the distance from the blast
hole position increases. Based on these observations, one can deduce
that the principal energy source for coal and gas outbursts originates
from the internal energy of gas.

Coal possesses a complex fractured morphology, cracks and the
finely porous structure (Ul’yanova et al., 2019; Godyn and
Kozusnikova, 2019), experiences the formation of gas-bearing
fractures due to the extension and convergence of microcracks
under the ground stress. The cracks act as direct indicators of
coal damage, and a comprehensive analysis of their attributes
and formations can unveil the processes and mechanisms behind
the onset and development of disasters (Odintsev and Makarov,
2020; Gao et al., 2021). Feldman et al. (2017) proposed a model to
describe the development of primary fractures in coal seams under
rapid unloading conditions, along with criteria for fracture
occurrence and fracture timing in the edge areas of the coal
seams. The study revealed that in virgin gas-bearing coal seams,
fractures are influenced by both rock pressure and gas pressure
within the coal seam fissures. Zhu et al. (2022) used mercury
intrusion porosimetry and gas adsorption methods to investigate
the pore structure characteristics of coal samples from highly gassy
coal seams. The results indicated that during the initial stage of crack
propagation, the main cracks on the coal samples extended along the
direction of natural fractures. As the cracks expanded, the surface
fractal dimension of the main cracks increased, and their degree of
curvature intensified. The propagation path of the main crack is
mainly affected by natural fractures and loads. Odintsev and
Shipovskii. (2019) investigated the mechanisms underlying the
formation of dynamic fracture in outburst-hazardous coal band
under the influence of coal seam explosions. Furthermore, the
researchers made estimations regarding the initial timing of crack
development under the pressure exerted by liberated methane. The
results indicate that the onset of crack development varies
significantly, ranging from several tens of seconds to several
hours, depending on the distinct mechanical characteristics
exhibited by different coal samples.

Obviously, extensive literatures have carried out the coal and gas
outburst simulation experiments. However, the interaction mechanism
between various influencing factors is still controversial in the process of
prominent events. Therefore, the design of a simulated experimental
device for real-time dynamic observation of the fracture evolution of coal
during coal and gas outbursts is of great significance for investigating the
mechanisms of coal and gas outbursts and improving prevention

measures. Meanwhile, the variations in gas pressure, ground stress,
and mechanical characteristics of coal are substantial across different
mining areas. The complex interaction of various influencing factors
greatly impacts the occurrence of coal and gas outbursts, rendering their
prediction challenging (Black, 2019b; Amani et al., 2021; Shadrin et al.,
2022). Therefore, it is indispensable to formulate an accurate approach to
anticipate the crucial thresholds of indicators related to coal and gas
outbursts in different mining areas (Agrawal et al., 2023; Zheng
et al., 2023).

In this paper, a comprehensive simulation experiment system
was designed. The simulation experiments were conducted to
investigate the effects of ground stress, gas pressure and coal
properties on the occurrence of outbursts. Real-time observation
and analysis of the generation, expansion and movement of coal
fractures during coal and gas outbursts were conducted, and the
experimental data were fitted. The interaction among ground stress,
gas pressure and coal properties during coal and gas outbursts was
analyzed, and the process of coal cracks during the outburst
evolution was determined was analyzed. Additionally, a method
was proposed for determining the critical values to predict coal and
gas outbursts, and the critical value for gas pressure was found to be
0.6 MPa for the Jiusan Mine (Jiaozuo City, Henan Province, China).

2 Experimental section

2.1 Experimental system

As shown in Figure 1, the coal and gas outburst experiment system
consist of a pressure loading device, gas loading device and observation
device. The pressure loading device is primarily composed of a
computer-controlled electro-hydraulic servo pressure testing machine,
which applies stress to the coal to simulate the ground stress by the coal
underground. The gas loading device is used to fill the coal samples in the
apparatus with gas, and the observation device includes a high-speed
camera and a transparent organic glass window. The high-speed camera
is positioned facing the transparent window to capture the fracture
evolution process of the coal during the outburst. In order to capture and
analyze coal and gas outburst processes, the frame rate of the high-speed
camera was set to 2,000 frames per second.

2.2 Sample preparation

In coal and gas outburst simulation experiments, the physical and
mechanical conditions of the coal body are important factors affecting
the outburst process. To compare the impact of different coal types on
the outburst, this experiment used both coal briquette and lump coal as
the coal samples. By controlling the ratio of coal powder to coal tar, the
coal briquette was prepared with different physical and mechanical
properties. The preparation of coal briquette was performed directly in
the outburst experiment apparatus, the pre-prepared coal powder was
loaded into the apparatus in three stages, with each stage being
pressurized at 20MPa. The pressurization was done using a
hydraulic press at a rate of 300 N/s, and once the predefined
pressure was reached, it was maintained for 30 min. Before pressing
the coal briquette, the outburst opening needed to be sealed to ensure
proper bonding between the prepared coal and the container wall. For

Frontiers in Earth Science frontiersin.org02

Ou et al. 10.3389/feart.2023.1303996

357

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1303996


the lump coal outburst experiments, large coal samples were selected
from the field and then cut into pieces that matched the volume of the
experimental container. These coal pieces were placed in the
experimental apparatus, and coal powder was used to fill the gaps
between the coal samples and the container wall.

3 Experimental results

3.1 Results of simulation experiments on
coal and gas outburst

Different physical and mechanical properties of coal briquette were
prepared by changing the ratio of coal powder to coal tar. A stress of
10MPa was applied to the coal samples to simulate ground stress, and
the minimum gas pressure required for coal outburst under this stress
was measured. The experimental results are presented in Table 1.

In the absence of coal tar additives, after directly applying pressure to
the coal samples, no outbursts occurred at a gas pressure of 0.20MPa,
and only minor fissures appeared. When the gas pressure increases to
0.22MPa, the outburst phenomenon occurs. However, when a coal
briquette made of 7% coal tar was added, no outbursts occurred at a gas
pressure of 0.49MPa, and the outbursts occurred when the gas pressure
increased to 0.72MPa. Similarly, when a coal briquettemade of 15% coal

tar was added, no outbursts occurred at a gas pressure of 0.58MPa. The
outbursts occurred when the gas pressure increased to 1.25MPa.

Coal and gas outbursts often occur in coal seams with soft layers,
however, with the increase of mining depth, the ground stress and
gas pressure increase correspondingly, and the probability of hard
coal outburst increases significantly (Yuan et al., 2021; Kursunoglu
and Onder, 2023). In the hard coal outburst experiment, when the
flap of the outburst mouth is suddenly opened, the coal undergoes a
transition from being subjected to three-dimensional forces to being
subjected to two-dimensional forces, resulting in the rapid release of
stored elastic energy. Table 2 displays the outburst conditions of
hard coal. Figure 2 illustrates the distribution of coal fractures after
an experiment with a gas pressure of 0.65 MPa and a ground stress of
15 MPa. Multiple fractures appear near the outburst mouth, with
small widths and primarily in the vertical direction. Furthermore,
the upper part of the coal body experiences more severe damage,
resulting in the fragmentation into several larger coal chunks.

Figure 3 illustrates the distribution of coal fractures after an
experiment with a gas pressure of 0.75MPa and a ground stress of
20MPa. The outburst mouth exhibits two significant connected and
branched shear fractures, with a noticeable increase in width. From the
side cracks, it can be observed that the coal near the outburst mouth
experiences further damage, resulting in the fragmentation into smaller
particles. Furthermore, the fractures of coal located farther from the

FIGURE 1
The coal and gas outburst simulation experiment system.

TABLE 1 The results of outburst experiment under different coal properties.

Sample Content of coal tar (%) Gas pressure (MPa) Pressure of briquette (MPa) Ground stress (MPa) Result

1 0 0.20 20 10 No outburst

2 0 0.22 20 10 Outburst

3 7 0.49 20 10 No outburst

4 7 0.72 20 10 Outburst

5 15 0.58 20 10 No outburst

6 15 1.25 20 10 Outburst
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outburst mouth have certain closure. By considering the results of the
side crack observations, it can be concluded that the corner position of
the coal block undergoes the most severe damage.

Figure 4 illustrates the distribution of coal fractures after an
experiment with a gas pressure of 0.6MPa and a ground stress of
20MPa. Under the gas pressure of 0.6MPa and the in-situ stress of
20MPa, the outburst of hard coal occurred, the dynamic characteristics
during the outburst were not significant. The hard coal did not exhibit a
pronounced ejection phenomenon, resulting in relatively large coal
particles left after the outburst. After the outburst occurs, a hole with

a large opening and a small cavity formed inside the coal body, and the
coal surrounding the cavity became quite loose. Under this experimental
condition, the coal located below the outburst mouth was mostly
unaffected by the outburst, and the degree of fragmentation was
minimal. The coal located below the outburst mouth was not
subjected to a change in stress state when the outburst mouth
opened, and the elastic energy in the coal was not rapidly released in
a short time, thus not providing a rapid release pathway for the gas within
the coal, resulting inminimal damage to the coal. As shown in Table 2, in
the case of the same ground stress, when the gas pressure increases, the

TABLE 2 Incidents of hard coal outburst.

Sample Gas pressure (MPa) Bottom coal seam Ground stress (MPa) Result

1 0.65 Soft coal seam 15 No outburst

2 0.75 Soft coal seam 20 No outburst

3 0.60 None 20 Outburst

FIGURE 2
Hard coal sample after outburst in 0.65 MPa of gas pressure and 15 MPa of ground stress: (A) The crack fracture of flank, (B) The crack fracture of
outburst mouth.

FIGURE 3
Hard coal sample after outburst in 0.75 Mpa of gas pressure and 20 Mpa of ground stress: (A) The crack fracture of flank, (B) The crack fracture of
outburst mouth.
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outburst phenomenon does not occur. This is due to the outburst mouth
baffle and the coal block inside the device do not come into contact with
each other, and when the outburst occurs and the protruding mouth
baffle opens, the coal body is not completely and quickly depressurized,
and the stored elastic energy cannot be released quickly.

The impact of ground stress on the outburst of coal briquette is
illustrated in Table 3, indicating that no outbursts occurred under
the ground stress of 5 MPa and 7.5 MPa. However, when the ground
stress increased to 10.41 MPa, an outburst phenomenon occurred,
with a mass of 3.2 kg, accounting for 45.7% of the total coal mass.
This indicates that coal briquette containing 7% coal tar exhibit
outburst phenomena within a certain range of critical stress
threshold under a gas pressure of 0.37 MPa.

3.2 The distribution of coal cracks in the
outburst process

Coal and gas outbursts are rapid processes that can be completed in
just a few seconds. In order to analyze the evolution of cracks during the
outburst process, this study conducted continuous observations using a
high-speed camera system. Figure 5 presents the evolution of coal cracks
captured by the high-speed camera during the moment of outburst, the
entire outburst process is less than 0.1 s. After the outburst occurs, the
coal in the outburst area is quickly expelled, followed by the emergence of

cracks. Initially, the cracks appear at the top of the coal and gradually
propagate towards the interior. The crack propagation speed is first fast
and then slow, and finally tends to stop. Additionally, when the gas
pressure exceeds 0.48MPa, no cracks were observed during the
outburst process.

Figure 6A illustrates the evolution process of coal fractures during
the outburst process, while Figures 6B, C depict the displacement and
velocity plots of themarked particles in Figure 6A. FromFigure 6B, it can
be observed that the trajectory of the coal particle motion also
approximates a parabolic shape. The particle exhibits significant
displacement, moving approximately 0.06 m along the x-axis
according to the recorded observations on the graph. After outburst,
the motion velocity of the coal particle rapidly increases, reaching a
maximum speed of 1.1 m per second, and gradually decreases, reaching
its maximum value at 0.15 s. Once the outburst occurs, the coal was
expelled rapidly under the driving force of gas pressure.

4 Discussion

4.1 The analysis of coal and gas outburst
laws and influencing factors

In the coal briquette outburst experiment, the occurrence of coal
and gas outburst phenomena in the coal body under low coal tar

FIGURE 4
Hard coal sample after outburst in 0.6 Mpa of gas pressure and 20 Mpa of ground stress: (A) The crack fracture of flank, (B) The crack fracture of
outburst mouth.

TABLE 3 The results of outburst experiment under the different ground stress.

Sample Content of coal tar (%) Gas pressure (MPa) Pressure of briquette (MPa) Ground stress (MPa) Result

1 7 0.37 20 5 No outburst

2 7 0.37 20 7.5 No outburst

3 7 0.37 20 10.41 Outburst

4 7 0.46 20 2 No outburst

5 7 0.46 20 3.12 No outburst

6 7 0.46 20 5.38 Outburst
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content and small gas pressure was observed, and the frequency of
coal outbursts increased as the gas pressure increased. Furthermore,
the ability of coal bodies with different intensities to resist outburst
varied, resulting in different minimum values of gas pressure
required for outburst. During the outburst experiment with hard
coal, the in-situ stress led to the continuous accumulation of elastic
energy within the coal body. The critical factor for outbursts in hard
coal is the release of elastic energy during the decompression process
(Rudakov and Sobolev, 2019; Soleimani et al., 2023).

As shown in Table 3, conclusions can be drawn from
the results of the 4th, 5th, and 6th experimental groups, where
coal samples containing 7% coal tar exhibit a range of critical
ground stress thresholds for outburst phenomena under a gas
pressure of 0.46 MPa. In summary, the Eq. 1 and Eq. 2 can
be derived:

p � 0.37MPa, 7.5MPa≤ σ≤ 10.41MPa (1)
p � 0.46MPa, 3.12MPa≤ σ≤ 5.38MPa (2)

FIGURE 5
Schematic diagram of evolution process of coal fracture in outburst process.
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To further analyze the impact of pressure of briquette and gas
coupling on outbursts, the influence mechanisms of the outburst
occurrence was researched under the different outburst mouth when
the gas pressure was 0.49 MPa, the experimental findings are
presented in Table 4. A layer of sealing rubber film was added to
the outburst mouth while maintaining the experimental conditions
unchanged. After the induction step of the outburst, the coal mass
did not experience an outburst but exhibited a certain degree of
swelling. At the moment of the outburst occurrence, the barrier plate
on the outburst opening was suddenly removed, resulting in
deformation and fragmentation of the coal mass near the
opening under the influence of stress, causing it to move towards
the outburst mouth. However, due to the obstructive effect of the
thin film, no pressure differential was formed around the outburst
opening, preventing the outburst of the coal. According to the report
of Wang et al. (2018), the release of a certain level of coal stress alone
cannot lead to an outburst without the involvement of gas. In the
third group of experiments, while keeping other conditions
unchanged, there was no contact between the coal mass near the
outburst opening and the barrier plate. Therefore, during the
outburst moment, when the outburst barrier plate was removed,
there was no depressurization, fragmentation, or deformation of the
coal mass near the outburst opening. Although there was a pressure
difference between the coal seam gas and the atmosphere at this
time, the resistance of the coal mass prevented the occurrence of an
outburst. The analysis mentioned above leads to the conclusion that
the impact of ground stress on outbursts is primarily evident during
the occurrence of the outburst, if the ground stress cannot be rapidly
released at that moment, its influence on the outburst will be

significantly reduced. For instance, when the outburst baffle does
not contact with the coal body, even a slight increase in gas pressure
will not occur. Similar conclusion has also been obtained in previous
studies (Du and Wang, 2019; Wu et al., 2020), further confirming
the rationality of this study.

During the excavation of the coal roadway, three zones persist in
front of the working face, including the pressure relief zone, the
stress concentration zone, and the original stress zone (Zhang et al.,
2020). The pressure relief zone consistently exists during subsequent
excavation cycles. Therefore, under equivalent conditions of coal
strength and ground stress, a greater gas pressure value is required in
the original coal seam for conditions conducive to outbursts as
compared to the pressure during rock cross-cut coal. To investigate
the impact of original gas pressure in the coal seam on coal and gas
outbursts during tunnel excavation, this study conducted 7 sets of
coal and gas outburst experiments under varying gas pressures. The
experimental parameters are presented in Table 5. Under the
conditions of coal tar content of 7%, pressure of briquette of
20 MPa, and ground stress of 10 MPa, a low gas pressure will not
induce coal outbursts. However, when the gas pressure increases to
0.72 MPa, the outburst phenomenon occurs, and the outburst coal
accounts for about 29.3% of the total coal.

The occurrence of coal and gas outburst is affected by many factors.
It is of great significance to establish a method to accurately predict the
critical value of coal and gas outburst index in different mining areas to
reduce the risk of coal and gas outburst in coal mine production (Amani
et al., 2021; Soleimani et al., 2023). Taking Jiulishan Coal Mine (Jiaozuo
City, Henan Province, China) as an example, the critical value of mine
gas pressure for outburst was determined by experiments. The coal

FIGURE 6
(A) Schematic diagram of particle trajectories taken from coal relative position, (B) The trajectory of particle motion, (C) The velocity of
particle motion.

TABLE 4 The results of outburst experiment under the different outburst mouth.

Sample Content of coal
tar (%)

Gas
pressure (MPa)

Pressure of
briquette (MPa)

Ground
stress (MPa)

Outburst mouth Result

1 7 0.49 20 10 No special treatment No
outburst

2 7 0.49 30 10 Add rubber sheet No
outburst

3 7 0.49 20 10 Baffle does not contact the coal
body

Outburst
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briquette containing 7% coal tar was used as the coal sample to meet the
requirement of similarity in the physical and mechanical properties of
the coal body in the Jiulishan Coal Mine, and the ground stress was
approximately 10MPa calculated based on the burial depth. Preliminary
estimation was conducted based on the possible occurrence of gas
pressure, starting from 0.30MPa in the experiments, and no
outbursts were observed. Continuing the use of the original coal
sample, experiments were conducted with an additional 0.2MPa of
gas pressure under unchanged conditions, and no outbursts occurred.
The gas pressure was further increased by 0.2MPa until reaching
0.72MPa when an outburst occurred. Then, experiments were
continued using the midpoint between the values of gas pressure
causing outburst and non-outburst until an outburst occurred. This
process continued iteratively until reaching an accuracy of 0.01MPa.
Through experimentation, the critical gas pressure for coal and gas
outbursts in the Jiulishan Coal Mine was determined to be 0.6MPa. The
specific experimental steps and methods are shown in Table 6.
According to relevant literature data (Zhang, 1995), the gas pressure
critical value in the Jiaozuo mining area is 0.6MPa, which is consistent
with the gas pressure critical value determined in this experiment,
indicating the accuracy of method used in determining the gas
pressure critical value in this experiment.

4.2 The analysis of distribution law of coal
cracks in the process of protrusion evolution

The experimental results show that the duration of the coal and gas
outburst process is very short, and the time from the beginning to the
end of the outburst is less than 0.1 s. After the outburst starts, the coal
near the outburst mouth first peels off and pulverizes, and then develops
from the surface to the interior and from the shallow to the deep. In
order to describe the trajectory of coal ejection from the hole during the
outburst, the coal in the experimental device can be divided into three
parts: upper, middle, and lower. The upper part refers to the coal section
that corresponds to the horizontal height where the outburst mouth is
located, the middle part refers to the coal section at the same horizontal
height as the outburst mouth, the lower part refers to the coal section
below the horizontal height where the outburst mouth is located. The
coal in the upper part near the outburst section is directly ejected from
the outburst mouth after stripping off the coal wall. The coal far away
from the outburst mouth is affected by the combined force of gas
pressure and radial stress, and the trajectory of its movement is parabolic
ejection, while under the obstruction of the coal in front, the coal that is

unable to be ejected falls down under the influence of gravity in the lower
part. The coal corresponding to the height of the outburst mouth moves
towards the outburstmouth in a near-horizontalmanner. The coal in the
lower part moves towards the outburst mouth under the influence of gas
pressure, and due to the inability to eject horizontally, its trajectory of
movement near the outburst head is approximately arched and upward,
and it is finally expelled rapidly after reaching the outburst mouth.

After the outburst starts, the outburst mouth of the coal body opens,
the coal body is thrown out, and the broken coal accumulates near the
outburst hole. A slight movement towards the outburst mouth can be
observed in the accumulated coal after a short interval following the first
outburst. This is because the crushed coal accumulated after the first
outburst obstructs the gas outflow channel, leading to an increase in gas
pressure inside the hole.When the gas pressure within the hole reaches a
high level, the broken coal in the hole will be forcefully expelled by the gas
pressure, resulting in a decrease in the gas pressure within the hole. The
broken coal in the cavity will be forcefully ejected when the gas pressure
reaches a high level. As the difference between the gas pressure inside the
hole and the gas pressure in the coal wall increases, when the pressure
difference reaches a certain level, another outburstmay occur. Therefore,
coal and gas outbursts are not completed in a single occurrence, but
rather in an intermittent development process, and similar results were
also observed by Cheng et al. (2023).

4.3 The analysis of the interaction of stress,
gas pressure and coal body in the process of
protrusion

The interaction of stress, gas pressure and coal body in the
process of protrusion is a complex problem, in order to analyze this
interaction in depth, this paper carries out several sets of
experiments and selects the typical experimental results to
illustrate them.

According to Figure 7, the relationship between the coal solidity
coefficient and gas pressure can be obtained as shown in Eq. 3:

f � 0.066e1.893p (3)
In Eq. 3, it can be seen that the gas pressure required to reach the

protrusion condition increases as the coal body firmness
coefficient increases.

Also, Eq. 4 can be obtained from Figure 8:

p � −0.019σ + 0.538 (4)

TABLE 5 The results of outburst experiment under different gas pressure.

Sample Content of coal tar (%) Gas pressure (MPa) Pressure of briquette (MPa) Ground stress (MPa) Result

1 7 0.3 20 10 No outburst

2 7 0.37 20 10 No outburst

3 7 0.43 20 10 No outburst

4 7 0.48 20 10 No outburst

5 7 0.49 20 10 No outburst

6 7 0.58 20 10 No outburst

7 7 0.72 20 10 Outburst

Frontiers in Earth Science frontiersin.org08

Ou et al. 10.3389/feart.2023.1303996

363

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1303996


According to Eq. 4, it can be seen that the gas pressure required for
protrusion decreases as the ground stress increases. However, when the
gas pressure reaches a certain value, protrusionmay still occur even if the
ground stress is small. Specifically, whether or not protrusion occurs also
depends on the physical and mechanical properties of the coal body.

Eq. 5 can be obtained by substituting Eq. 3 into Eq. 4:

f � 0.183e−0.036σ (5)
It follows that the relationship between the three elements that

determine the critical value is shown in Eq. 6.

f � 0.066e1.893p

p � −0.019σ + 0.538
f � 0.183e−0.036σ

⎧⎪⎨
⎪⎩ (6)

5 Conclusion

In this paper, a protrusion simulation experiment system that
integrates ground stress, gas pressure and coal properties is

developed. Through the simulation experiment, the roles of
ground stress, gas pressure and coal properties in outburst were
studied, and the outburst experiment result data are fitted. With the
increase of coal hardness, the gas pressure and ground stress
required for outburst increase. In addition, the relationship
between gas pressure and ground stress is also found, that is,
increasing ground stress will lead to a decrease in the gas
pressure required for outburst. It is worth noting that when the
gas pressure reaches a certain value, protrusion is able to occur even
if the ground stress is small. In addition, this paper proposes a
method to determine the critical value for coal and gas protrusion
prediction, and studies and determines the critical value of gas
pressure of 0.6 MPa in Jiulishan Coal Mine (Jiaozuo City, Henan
Province, China).

Data availability statement

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

TABLE 6 Determination of the critical value of gas pressure in Jiulishan Coal Mine.

Sample Content of coal tar (%) Gas pressure (MPa) Pressure of briquette (MPa) Ground stress (MPa) Result

1 7 0.30 20 10 No outburst

2 7 0.49 20 10 No outburst

3 7 0.72 20 10 Outburst

4 7 0.58 20 10 No outburst

5 7 0.65 20 10 Outburst

6 7 0.615 20 10 Outburst

7 7 0.6 20 10 Outburst

FIGURE 7
Fitting of gas pressure and coal properties.

FIGURE 8
Fitting of ground stress and gas pressure.
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Enhancing rock and soil hazard
monitoring in open-pit mining
operations through
ultra-short-term wind speed
prediction

Pengxiang Sun, Juan Wang* and Zhenguo Yan

Shaanxi Key Laboratory of Nanomaterials and Nanotechnology, Xi’an University of Architecture and
Technology, Xi’an, Shaanxi, China

Wind speed exacerbates challenges associated with rock stability, introducing
factors such as heightened erosion and the possibility of particle loosening. This
increased sensitivity to erosion can result in material displacement, thereby
compromising the overall stability of rock layers within the open-pit mining
site. Therefore, accurate wind speed predictions are crucial for understanding the
impact on rock stability, ensuring the safety and efficiency of open-pit mining
operations. While most existing studies on wind speed prediction primarily focus
on making overall predictions from the entire wind speed sequence, with limited
consideration for the stationarity characteristics of the sequence, This paper
introduces a novel approach for effective monitoring and early warning of
geotechnical hazards. Our proposed method involves dividing wind speed
data into stationary and non-stationary segments using the sliding window
average method within the threshold method, validated by the Augmented
Dickey-Fuller test. Subsequently, we use temporal convolutional networks
(TCN) with dilated causal convolution and long short-term memory to predict
the stationary segment of wind speed, effectively improving prediction accuracy
for this segment. For the non-stationary segment, we implement complete
ensemble empirical mode decomposition with adaptive noise (CEEMDAN) to
reduce sequence complexity, followed by TCN with an attention mechanism
(ATTENTION) to forecast wind speed one step ahead. Finally, we overlay the
predictions of these two segments to obtain the final prediction. Our proposed
model, tested with data from an open-pit mining area in western China, achieved
promising results with an average absolute error of 0.14 knots, mean squared
error of 0.05 knots2, and root mean squared error of 0.20 knots. These findings
signify a significant advancement in the accuracy of short-term wind speed
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prediction. This advancement not only enables the rapid assessment and proactive
response to imminent risks but also contributes to geotechnical hazard monitoring
in open-pit mining operations.

KEYWORDS

geotechnical disaster warning, TCN, LSTM, CEEMDAN, attention mechanism

1 Introduction

Despite the changing landscape of energy sources, coal remains a
vital resource for meeting global energy demands. However,
particularly in open-pit settings, face unique challenges related to
wind-induced geological hazards (Chen et al., 2019; Wang and Du,
2020; Sun and Wang, 2022; Zhang et al., 2009) found that air flow
has a significant impact on the stability of soil slopes (Vardon, 2015).
Showed the importance of predicting climate characteristics,
especially changes in wind speed, temperature, precipitation, etc.,
for geotechnical infrastructure. So strong winds in open-pit mining
areas significantly elevate the risks associated with rockfalls and
mountainous landslides, presenting serious safety concerns for both
miners and equipment. These natural hazards, exacerbated by
powerful winds, can lead to accidents, damages, and disruptions
in mining activities. Addressing these challenges is of utmost
importance to ensure the safety and efficiency of coal mining
operations (Hepbasli, 2008). The use of wind speed data offers
an effective solution for mitigating these risks. By seamlessly
integrating wind speed information into geotechnical hazard
monitoring systems, mining companies can bolster their capacity
to identify and respond to impending geological instabilities
triggered or exacerbated by high winds. This integration enables
early warnings and the automatic activation of safety protocols,
thereby minimizing the potential for accidents and damages
(Khazaei et al., 2022). Wind speed prediction emerges as a
pivotal component within geotechnical hazard monitoring
systems. Providing accurate and real-time wind speed forecasts
empowers mining operators to make swift and well-informed
decisions, safeguarding the welfare of workers and the integrity
of mining operations (Parra et al., 2021). Linked forest coverage,
wind speed, and soil stability, and the results showed that higher
canopy opening and wind speed can reliably predict a higher
probability of landslide detection, although it is much better at
lower order channels and mid slope positions than on open slopes.
In areas affected by recent volcanic eruptions causing volcanic ash,
the predictive ability of wind speed is relatively low, and the impact
of forest coverage on canopy openness still exists. Even though
scientists already know the effect of wind speed on the stability of
open pit soil, the current relevant literature only inputs wind speed
as a variable to conduct correlation analysis of the stability of open
pit soil. For example, adding wind speed factor to the stability
prediction of open-pit slope (Nie et al., 2017), proposed a short and
medium term polynomial prediction (MsTPLP) model for
landslides based on Levenberg-Marquardt (LM) algorithm. The
experimental results show that the proposed model failure time is
very accurate, demonstrating the potential of this method in
landslide prediction (Kunyan and Meihong, 2019). Proposed an
improved BP neural network based on genetic algorithm and
proposed a prediction model for open-pit slope stability. The

prediction results of the model show that GA-BP model is
effective in predicting the stability of open-pit slope, and has the
advantages of small error and high calculation accuracy, providing a
new method for accurately predicting the stability of open-pit slope.
Although wind speed is important for open-pit slope stability, few
scientists have applied wind speed prediction alone to mine sites.
Hence, the incorporation of wind speed prediction into geotechnical
hazard monitoring systems stands as a paramount measure to
ensure the safety and sustained success of coal mining operations
in open-pit environments (Peng and Lu, 1995; Mölders and
Physics, 1999).

Wind speed forecasting can be roughly divided into long-term,
short-term, and ultra-short-term wind speed forecasting, each of
which has different uses. Long-term wind speed forecasting typically
covers extended timeframes, ranging from days to weeks into the
future. Its primary purpose is to help plan and manage wind energy
resources, assess the feasibility of wind power projects, and inform
long-term decision-making in various industries. While it is not
directly related to immediate geotechnical hazard monitoring, long-
term trends in wind patterns can inform broader risk assessments
(Yu et al., 2013)., developed a global Gaussian process regression
(GPR) method based on Gaussian mixture copula model (GMCM)
and Bayesian inference strategy, using a new aggregated GPR model
within the Bayesian framework to explain the stochastic uncertainty
in long-term wind speed time series. Short-term wind speed
forecasting focuses on predicting wind speeds within a timeframe
of hours to days ahead. It plays a crucial role in real-time operation
and dispatch of wind power plants, helping to optimize energy
production and grid integration. While not directly linked to
geotechnical hazard monitoring, short-term forecasts can
indirectly impact safety by influencing power plant operation and
energy distribution in areas where wind-related hazards are a
concern (Zhang et al., 2020). Proposed a short-term wind speed
prediction model based on genetic algorithm-artificial neural
network (GA-ANN) improved by variational mode
decomposition (VMD), which can effectively improve the
accuracy of wind speed prediction and greatly promote the
development of green energy. Ultra-short-term wind speed
forecasting functions within significantly compressed timeframes,
often spanning mere minutes to a few hours ahead. Its primary role
is to facilitate real-time control, support operational decision-
making, and provide immediate hazard monitoring across diverse
applications, encompassing both the wind energy sector and critical
safety systems. In the realm of geotechnical hazard monitoring, the
significance of ultra-short-term wind speed predictions cannot be
overstated, as they serve as a linchpin for the swift evaluation and
proactive response to imminent risks. These risks encompass a
spectrum of perils, ranging from the potential for rockfalls to the
looming threat of landslides, all of which may be incited by the
forceful influence of high winds. The precision inherent in ultra-
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short-term forecasts empowers stakeholders to issue early warnings
and promptly initiate safety protocols, underpinning the resilience
and protection of lives, infrastructure, and assets (Chandra et al.,
2013; Tascikaraoglu et al., 2014; Ssekulima et al., 2016; Shobana Devi
et al., 2020). Accordingly, this study focused on ultra-short-term
wind speed prediction.

Existing forecasting models can be generally divided into three
categories. The first type covers physical models, which use weather
forecasting parameters (NWP) such as terrain, atmosphere, and
temperature as input variables, andmodel output statistics (MOS) or
various relatively simple statistical techniques to arrive at the best
estimate of the local wind speed before applying physical
considerations to reduce the residual error (Giebel et al., 2011;
Cheng et al., 2013; Zhang et al., 2019a). Xu et al. used the WRF
model to effectively improve the accuracy of short-term wind speed
prediction (Xu et al., 2021). Al-Yahyai et al. proposed a NWP
prediction method based on physical principles (Al-Yahyai et al.,
2010). Through comparisons with measured wind speeds under
different wind conditions, they reported that the prediction results
can essentially meet the requirements of prediction accuracy.
However, their physical model involves complex calculation and
long calculation time, and has relatively low accuracy, making it
unsuitable for ultra-short-term wind speed prediction (Al-Yahyai
et al., 2010).

The second type covers statistical methods. They are widely used
because wind speed changes show certain regularity and similarity in
the ultra-short term, and the cycle of ultra-short-term wind speed
prediction is short. Statistical methodsmainly include autoregressive
integrated moving average model (ARIMA), support vector
machine (SVM), and artificial neural network (ANN) methods
(Erdem and Shi, 2011; Liu et al., 2013; Ranganayaki and Deepa,
2019). Liu et al. used the ARIMA model to develop univariate
models and evaluated the performance of the method using large
amounts of forecasting data (Liu et al., 2021). Kavasseri and
Seetharaman predicted wind speed series using the proposed
f-ARIMA model and compared its performance with the
continuous method, and reported that the proposed model can
significantly improve the prediction accuracy (Kavasseri and
Seetharaman, 2009). Mohandes et al. introduced the SVM into
wind speed prediction, and compared its performance with the
multi-layer perceptron (MLP) neural network, and the results

showed that SVM has stronger predictive ability (Mohandes
et al., 2004). Although the use of statistical methods can enhance
the accuracy of wind speed prediction compared with physical
model methods, the overall prediction performance of a single
statistical method in wind speed prediction is not ideal (Zhang
et al., 2019b).

The third type covers hybrid prediction models. It has
gradually become the main method among current prediction
models owing to its high prediction accuracy and high model
applicability. Wang et al. (Wang et al., 2014) proposed a hybrid
model for wind speed forecasting based on SAM, ESM, and
RBFN, and experiments proved that the proposed model can
capture different modes to improve forecasting performance.
Kulkarni et al. (Kulkarni et al., 2008) used periodic curve
fitting and artificial neural network extrapolation to predict
wind speed with reasonable accuracy. Although the above
hybrid models can achieve highly accurate wind speed
prediction, they are rarely used because the overall models are
extremely complex and the prediction time is too long. Instead,
decomposition-prediction-combination models and models
based on optimization algorithms are most widely used
because of their efficiency and accuracy. Wang et al. (Wang
et al., 2010). used the variational modal method to decompose
the wind speed sequence into a series of different sub-modes to
reduce the complexity of the original data and the impact of non-
stationarity on the prediction accuracy; subsequently, they
performed long short-term memory network (LSTM)
modeling predictions separately and finally combined the
models to obtain the prediction results. Xiang et al. and
Zhang et al. (Zhang et al., 2019c; Xiang et al., 2019) used the
wind speed signal preprocessing method based on variational
mode decomposition and showed that the proposed method
could achieve high prediction accuracy and operating
efficiency. Regarding optimization, algorithms such as the
whale optimization algorithm (CGWOA), GWO, and bat
optimization algorithm (BAT) are widely used to optimize the
convergence factor, iteration number, and other related
parameters in a single model, so as to obtain better results
(Sun et al., 2015; Fu et al., 2019; Zhang et al., 2022a; Li et al.,
2022). However, these two hybrid models do not consider the
modal aliasing phenomenon produced by recursive

FIGURE 1
Causal convolution in TCN. FIGURE 2

Expansion causal convolution.
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decomposition algorithms such as empirical mode
decomposition, nor do they consider the characteristics of
wind speed data in different stationary segments. This leads to
problems such as the loss of specific physical meaning of IMF and
model-data mismatch.

Based on existing research, this paper proposes a combined
prediction model of CEEMDAN, temporal convolutional network
(TCN), and LSTMwith the introduction of the attentionmechanism
(ATTENTION). First, the correlation judgment was used to assess
the factors affecting wind speed. Then, the wind speed data were
divided into stationary and non-stationary segments by using the
characteristics of the most relevant factors affecting wind speed.
Thereafter, the wind speed in the stationary segment was predicted
using the TCN-LSTM combined model, the wind speed in the non-
stationary segment was divided into reasonable wind speed
components using CEEMDAN, the wind speed components of
each part were predicted using the TCN-ATTENTION model,
and the wind speed component predictions of each part were
combined to obtain the overall wind speed forecast. The model
prediction results of the stationary and non-stationary segments
were then combined to obtain the final prediction result. Compared
with other classical models, this model has better prediction ability
and better prediction processing efficiency.

2 Algorithm principle

2.1 TCN algorithm

TCN is a new type of algorithm that can be used to solve time
series forecasting. TCN models consist of causal convolutions,
dilated/dilated convolutions, and residual blocks (Luo et al.,

2021a). Compared with traditional models, such as CNN, LSTM,
and GRU, it has a lighter network structure. At the same time, it can
effectively avoid common problems of recursive models such as
gradient explosion/vanishing problems or lack of memory retention
(Luo et al., 2021b). The salient features of TCN are the randomness
of convolution architecture design and sequence length. In addition,
through the combination of residual networks and expanded
convolution, it is also very convenient for constructing deep and
wide networks (Huang et al., 1998).

The overall principle of causal convolution is shown in Figure 1.
The causal convolution at time t is only affected by the value of the
lower layer at time t. It is a one-way structure rather than a two-
way structure.

The main structure of TCN is the expansion causal
convolution based on causal convolution, which reduces the
number of layers used by the convolutional network and
increases the receptive field by inputting larger intervals of
sampling data. The receptive field is affected by parameter d
of the dilated convolution and the number of layers k. For the
filter f: (f1, f2 · · · fk), the operation formula of the expansion
causal convolution is:

F X( ) � ∑
k−1

i�0
f i( ) · xt−i·d (1)

The principle of dilated causal convolution is shown in Figure 2. As
shown in the schematic diagram, increasing K or d can increase the
receptive field. In general, as the number of layers increases, the dilated
convolution parameters will increase according to the exponent of 2. In
this paper, the expansion coefficient d is 1, 2, and 4, the expansion causal
convolution with the number of layers k is 3, and the one-dimensional
convolutional network is used to obtain the information of the previous
layer by changing the parameters, so as to flexibly adjust the receptive
field size. The TCN gradient does not have the problem of gradient
disappearance/explosion because it is different from the time direction.
It can be used for ultra-short-term wind speed forecasting with good
clarity and simplicity.

FIGURE 3
Forecast model flowchart.

FIGURE 4
Raw wind speed time series.
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2.2 CEEDMEAN algorithm

Empirical mode decomposition (EMD) is a means of smoothing
non-stationary signals by converting a signal sequence into multiple
intrinsic mode functions (IMFs) and residuals. EMD has been
widely used in various fields but it still involves the problems of
the mode aliasing phenomenon and end effect (Zhang et al., 2019b).
These problems can be effectively suppressed by CEEMD.

The specific operation steps are as follows: first, the original
signal x(t) to be decomposed is added to K times of Gaussian white
noise with an average value of 0, and k times of sequences to be
decomposed are constructed, i=1,2,3 . . . k.

xi t( ) � x t( ) + εδi t( ) (2)
Where ε is the weight coefficient of Gaussian white noise; δi(t) is

the Gaussian white noise generated during the ith processing.
Then, decompose the empirical mode xi(t) and take the mean

value of the first modal component obtained as the first modal
component obtained IMF1(t) by CEEMDAN decomposition.

Subsequently, obtain the margin signal of the first
decomposition IMF1(t).

IMF1 t( ) � 1
K
∑
K

i�1
IMFi

1 t( ) (3)

r1 t( ) � x t( ) − IMF1 t( ) (4)

Add specific noise to the margin signal at the jth stage and
continue the EMD.

IMFj t( ) � 1
K
∑
K

i�1
IMFi

1 t( ) (5)

r1 t( ) � x t( ) − IMF1 t( ) (6)

Finally, if the EMD stops, the iteration stops and the CEEMDAN
decomposition ends.

In this paper, CEEMDAN is mainly used to decompose the wind
speed fluctuation segment, thereby reducing the complexity of the
data, stabilizing the data, and preparing for the subsequent TCN-
ATTENTION prediction.

TABLE 1 Data parameters.

Serial
number

0 1 2 3 4 5 6

Title letter WS DIR DIR 5S TEMP DPT WS 5S PRESS

Parameter (Unit) Wind speed
(knots)

wind
direction

Five second gust wind
direction

Temperature
(F)

Dew point
temperature (F)

Five second gust wind speed
(knots)

Pressure
(pa)

TABLE 2 Missing data situation.

Norm Date Time WS DIR DIR 5S TEMP DPT WS 5S PRESS

Missing False False True True True False False True False

Missing quantity 0 0 5 5 5 0 0 5 0

Percentage missing 0 0 0.000694 0.000694 0.000694 0 0 0.000694 0

FIGURE 5
Hourly resampling of wind speed. (A): Hourly resampling sum of wind speed over time, (B): Hourly resampled mean wind speed over time.
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2.3 Combined model of TCN-LSTM-
CEEMDAN-ATTENTION

The TCN-LSTM-CEEMDAN-ATTENTIONmodel (Figure 3) was
established to predict the wind speed. As mentioned earlier, the wind

speed data included the stationary and non-stationary segments. The
LSTM model optimized by TCN has a strong ability to analyze and
predict the data of the stationary segment. Furthermore, the TCN
model after CEEMDAN decomposition and the subsequent addition of
the attention mechanism has good performance for the separate
prediction of the non-stationary segment.

Assuming the wind speed time series data S, firstly, the sliding
window averaging method is used to distinguish the stationary
segment SP and the non-stationary segment SF, and secondly, the
TCN-LSTM model is used to predict the stationary segment SP to
obtain SPP. Thereafter, the non-stationary segment SF is decomposed
by CEEMDAN to get INF={infi,i=1,2, . . .,7}. Then, each part of INF
is predicted using TCN-ATTENTION to obtain SFF. Finally, the two
parts are combined and merged to obtain the final prediction result
of the target sequence data SY � SPP + SFF.

The stationary segment SP is an input sequence of length, where
represents the input of the th time step. The first layer convolution
operation of the TCN model can be expressed as:

z l( )
t � ϕ W l( )x l( )

t + b l( )( ) (7)

Where x(l)t � [ht − k(l) + 1, ht−k(l)+2, . . . , ht] represents the output
vector of the current time step t and its previous time step k(l) − 1,
W(l) ∈ RF(l)×k(l) is a convolution kernel, b(l) ∈ RF(l)

is a bias vector, and
ϕ is a nonlinear activation function, usually ReLU. z(l)t ∈ RF(l)

represents
the output vector of the convolutional operation of layer.

FIGURE 6
Data correlation test. (A): Correlation of variables in raw data, (B): Correlation of variables after 1-h resampling, (C): Correlation of variables after 5-h
resampling, (D): Correlation of variables after 7-h resampling.

FIGURE 7
Sequence diagram of wind speed and dew point temperature.
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The layer l convolution operation of the TCN model can be
concatenated to form the output vector zt of the entire TCN model:

zt � z 1( )
t , z 2( )

t , . . . , z L( )
t[ ] (8)

Where L is the number of layers in the TCN model, 1 represents
the output vector of the TCN model.

The hidden state vector of the LSTMmodel ht can be expressed as:

it � σ Wixt + Uiht−1 + bi( ) (9)

ft � σ Wfxt + Ufht−1 + bf( ) (10)
ot � σ Woxt + Uoht−1 + bo( ) (11)

c̃t � tanh Wcxt + Ucht−1 + bc( ) (12)
ct � f t ⊙ ct−1 + it ⊙ c̃t (13)
ht � ot ⊙ tanh ct( ) (14)

Here, it, ft, and ot respectively represent the activation vectors of
the input gate, forget gate, and output gate; c̃t represents the

TABLE 3 Threshold selection.

Threshold 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0

MSE 0.1435 0.2541 0.1298 0.1023 0.1134 0.1145 0.1435 0.1531 0.1083 0.1032 0.0971

Threshold 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1

MSE 0.0990 0.0931 0.1221 0.1264 0.1647 0.2633 0.2311 0.2653 0.2835 0.2648 0.2532

FIGURE 8
Stability division of wind speed training data. (A): Smooth sequence segment of training data, (B)Training data non-stationary sequence segments.

TABLE 5 Using ADF test to partition data.

Sequences

parameters

First
paragraph

Second
paragraph

Sequences

parameters

First
paragraph

Second
paragraph

Adt test (T-value) −4.2045 −3.0680 Value of critical ADF test at 99% confidence
interval

−3.4322 −3.4334

p-value 0.00064 0.02901 Value of critical ADF test at 95% confidence
interv

−2.8623 −2.8629

Procrastinate 16 23 Value of critical ADF test at 90% confidence
interv

−2.5671 −2.56749

Number of tests 3,582 2,127 Smoothness judgment smoothly non-stationary

TABLE 4 Smooth sequence delineation of timing nodes.

Parameters 2022.9.13 2022.9.14 2022.9.15 2022.9.15

Data Segmentation Node 14:09 15:20 15:20 16:19
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candidate cell state vector at the current moment; ct represents
the cell state vector at the current moment; and ht represents the
hidden state vector at the current moment.Wi,Wf ,Wo,Wc is the
weight matrix of the input gate, forget gate, output gate and
candidate cell states, Ui,Uf ,Uo,Uc is the weight matrix of the
corresponding hidden state, and bi, bf , bo, bc is the bias vector. σ
represents the sigmoid function, and ⊙ represents element-wise
multiplication.

The non-stationary segment SF is decomposed into several IMFs
using formula (15).

s t( ) � ∑
n

i�1
ci t( ) + rn t( ) (15)

where s(t) is the non-stationary segment sequence SF, ci(t) is the ith
IMF, rn(t) is the remaining item, and n is the number of IMFs.

Then, TCN is applied, that is, formulas (16–18) are applied to
better capture long-term dependencies.

y � f x( ) + g x( ) (16)
f x( ) � σ W1x + b1( ) (17)

g x( ) � σ W2 δ x( ) *x( ) + b2( ) (18)
where, x is the input sequence, y is the output sequence, σ is the
Activation function, W1,W2 is the weight matrix, b1, b2 is the bias

vector, * represents convolution operation, δ(x) is an extensible
Dilated Revolution operation。

Finally, by combining CEEMDAN and TCN, and adding the
Attention mechanism, the CEEMDAN-TCNN Attention model
(Formula 19) is obtained:

ht � ∑
n

i�1
αi · TN CN x1: T( )( ) i, t[ ] (19)

Where, ht is the output of the first time step, CN is a CEEMDAN
operation, TN is TCN operation, αi is the Attention weight.

3 Experimental process

3.1 Data sources

The data was collected from a mining site in western
China,specifically an open-pit mining area, spanning from
September 13 to 17, 2022, totaling 5 days. A set of 7,200 data
points was gathered, each spaced at 1-min intervals, There are
six parameters in the data set (Table 1), serving as the focus of
our research (see Figure 4). As depicted in the figure, it is evident that
the wind speed data exhibits irregular and unstable patterns.

FIGURE 9
TCN-LSTM model tuning. (A) Comparison of predictions of different Filter value models, (B) Comparison of model predictions for different Kernel_
size values, (C) Comparison of model predictions for different Dropout values, (D) Comparison of model predictions for different Epochs values.
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3.2 Data stationarity and non-
stationarity division

In this study, 7,200 sets of data were used, of which 5,760 were
used as the training sequence set of the overall model and the
remaining 1,440 were used as the test sequence set to test and verify
the generalization ability of the model. First, the shadow matrix
method of the original data set was used to assess the lack of data in
the data set. The shadow matrix is a copy of the weight matrix, and
its value is updated by the main weight matrix. Moreover, its
historical information is maintained to a certain extent. If the
value of the shadow matrix element is 1, the corresponding
position value of the original dataset is a missing state; otherwise,
if the value of the shadow matrix element is 0, the corresponding
value in the original data set exists. A description of the statistics of
missing raw data is provided in Table 2. Considering the low
proportion of missing data, the impact of missing data on the
integrity of the model is small, and deleting missing data will not
cause data deviation. Accordingly, the direct deletion method was
used for data preprocessing.

After data preprocessing, the data were resampled at 1-h
intervals in order to rapidly and intuitively extract information
on the structural kernel properties of the data in the population
distribution (Li et al., 2016). Figure 5A presents a graph of the time-
varying sum of resampled wind speed for 1 hour, and Figure 5B
presents a graph of the time-varying graph of the resampled average
value of wind speed for 1 hour. According to the change graph, the
average value and sum of the resampled data set have a similar

structure, and the overall volatility has certain rules. To improve the
accuracy of the data analysis, the original wind speed data and the 1-
h, 5-h, and 7-h re-sampling data were tested for correlation. As
shown in Figure 6, with increasing the sampling time, the correlation
between the wind direction and the 5-s gust wind direction first
increases and then decreases, and the correlation characteristics
between other variables become more prominent. The reason is that
when the resampling interval increases from a smaller value, the
correlation will increase because the relationship between data
points becomes clearer and more salient. However, after reaching
a certain resampling interval, the variation between data points
becomes irregular and chaotic, weakening the correlations. This is
because the interactions between data points become more difficult
to capture and analyze. Therefore, the relationship between
resampling interval and correlation usually presents a curve of
initial rise followed by a fall.

In the heat map, the correlation trend of wind speed and wind
direction, and the wind direction of the 5-s gust all increase first and
then decrease, with the highest values of 0.56 and 0.09 respectively.
The overall correlation is low. However, the temperature and dew
point temperature do not exhibit any downward trend with
increasing sampling time. As a result, their correlation is more
prominent in the 7-h resampling. For the 7-h interval, the top three
variables most correlated with wind speed are 5-s gust wind speed
(correlation parameter 1.00), dew point temperature (correlation
parameter 0.83), and air temperature (correlation parameter 0.81).
As the 5-s gust wind speed was obtained from wind speed data, it is
not a factor affecting the wind speed sequence. Moreover, as the dew

TABLE 6 TCN-LSTM model parameter adjustment evaluation form.

Filters MAE (knots) MSE (knots2) RMSE (knots) R2

2 0.1855 0.0971 0.3116 0.9061

3 0.1927 0.0968 0.3112 0.9063

4 0.1856 0.0980 0.3130 0.9052

10 0.2243 0.1126 0.3356 0.9011

Kernel_size

1 0.2003 0.0967 0.3114 0.9062

2 0.2276 0.1005 0.3169 0.9028

3 0.1916 0.0999 0.3162 0.9033

10 0.1872 0.09767 0.3125 0.9055

Dropout

0.20 0.1867 0.0982 0.3134 0.9050

0.23 0.1955 0.1049 0.3239 0.8986

0.26 0.1853 0.0953 0.3087 0.9108

Epochs

2000 0.1913 0.0953 0.3087 0.9108

3,000 0.1938 0.0970 0.3115 0.9062

4,000 0.2095 0.1041 0.3227 0.8993
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point temperature was calculated from air temperature, humidity,
and atmospheric pressure, the reflected data characteristics are more
comprehensive. Therefore, the dew point temperature was selected
as the largest variable affecting the wind speed. Figure 7 presents a
sequence diagram of wind speed and dew point temperature. As
shown in the figure, when the dew point temperature is a trough, the
wind speed sequence is a stationary segment. The larger the trough
span, the longer the duration of the stationary segment of the wind
speed sequence.

The preprocessed data were divided using the sliding window
average method in the threshold method. First, the time series data
were divided into fixed-size sliding windows, and then for each
window, the average value of all data in the window was calculated.
Using the average value as the representative value of the window,
the window was slid forward by one unit, and the average value was
continuously calculated until the window slid to the end of the
sequence. The optimal threshold range was determined using the
grid search method, which is a hyperparameter tuning method for
automatically selecting the optimal parameters in the model. It
evaluates and compares all possible hyperparameter combinations
to find the optimal hyperparameter combination by performing an
exhaustive search on a specified parameter grid. The sliding window
average method in the threshold method is used to segment the
preprocessed data. The time series data is first divided into fixed-size
sliding Windows, and then the average of all the data within the
window is calculated for each window. Using the mean as the
representative value of the window, slide the window forward
one unit and continuously calculate the mean until the window
slides to the end of the sequence. The optimal threshold range is
determined by the grid search method, which is a hyperparameter
tuning method that automatically selects the optimal parameters in
the model. It evaluates and compares all possible hyperparameter
combinations, and finds the optimal hyperparameter combination
through exhaustive search of the specified parameter grid. The
MyModel class calculates the mean and variance in the time
series data. It then traverses the data points to find the first point
that breaks the threshold, marking it as non-stationary. This non-

stationary point is used to cut the time series data. The program
creates a Pipeline with the MyModel class as one of the steps. Define
the param_grid parameter, which includes a range of different
thresholds. GridSearchCV was used for grid search, and the
model performance under different thresholds was evaluated
through cross-validation, with MSE as the evaluation index.
Finally, the threshold with the best performance was found, the
optimal threshold was set to 2.2 (Table 3), and the sliding window
average method was used to obtain the time nodes of the stationarity
and non-stationarity of the wind speed series on the training day
(Table 4). In order to ensure reasonable data segmentation, the
average value of time node 15:17 is taken as the segmentation point.

After dividing the data, the unit root (Augmented Dickey-Fuller
test, ADF) test was used to conduct time series division test, and the
stability of the data was assessed according to the occurrence of ADF
in the time series. The presence of ADF indicates unstable data and
vice versa. In the ADF test, the p-value is evaluated against the
0.05 confidence interval. If the p-value is less than 0.05, it can be
considered that the null hypothesis is rejected, the data does not have
a unit root, and the sequence is stable; if it is greater than or equal to
0.05, the null hypothesis cannot be significantly rejected. In this case,
further significant test statistics are required. If the significant test
statistic is less than three confidence levels (10%, 5%, 1%), then there
is (90%, 95, 99%) certainty to reject the null hypothesis, otherwise
the data are considered to be non-stationary. The stationary and
non-stationary sequences were extracted from the divided training
set (Figure 8).

The ADF test results of the extracted data are shown in Table 5.
The T value of the first sequence was -4.2045 and less than 1%, 5%,
and 10%, indicating rejection of the hypothesis. Moreover, the
p-value of 0.00064 is significant at 5%, verifying the rejection of
the null hypothesis, and thus the stationarity of the data. The T value
of the second sequence was -3.0680, and it was not less than 1%, 5%,
and 10% at the same time, indicating that the hypothesis cannot be
rejected, and that the data is non-stationary. These results proved
that partitioning of the data according to stationarity was successful.

3.3 Wind speed prediction and fitting effect

Through the division of data described in the previous section,
the stationary and non-stationary data sequences were successfully
obtained. Next, TCN-LSTM was used to process the stationary data,
and CEEMDAN-TCN-ATTENTION was used to process the non-
stationary data.

3.3.1 TCN-LSTM model prediction
Before model training, the wind speed and dew point

temperature in the stationary segment and the non-stationary
segment sequence were aligned according to the time axis, and
the wind speed and dew point temperature at each time point were
used as multivariate data at that time point, thereby obtaining a
multivariate time series. The model was trained using this
multivariate time series.

The TCN-LSTM model was trained with 3,600 sets of data and
used to predict the stationary part of the wind speed time series. The
sample sequence was converted into a supervised learning sequence
and then normalized. The model first defines the TCNmodel. Then,

FIGURE 10
Prediction of stationary wind speed data using TCN-LSTMmodel.
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the parameters are optimized using the following evaluation
indicators: mean absolute error (MAE), mean squared error
(MSE), root mean squared error (RMSE) and R squared error (R2).

The initial parameters were set as follows: loss function MSE,
filters=2, Kernel_size=2, Dropout=0.23, Epochs=4,000.

(1) Filter optimization

Filters refer to the number of convolution kernels used in the
convolution layer, and each convolution kernel can extract a specific
feature. Therefore, the size of filters affects the number and
complexity of features learned by the model. With Kernel_size=3,
Dropout=0.2, and Epochs=2000, the test sets were compared among
Filters of 2, 3, and 4.

As shown in Figure 9 (a) and Table 6, MAE, MSE, RMSE, and R2

did not exhibit large numerical changes with increasing values of
filters. The reason is that the feature space of the input data set is not
very complicated, and the use of more filters will not bring
significant improvements. In order to obtain more accurate
predictions, the filter value was set at 3.

(2) Kernel_size optimization

With Filters=3, Dropout=0.2, and Epochs=2000, the test sets
were compared among Kernel_sizes of 1, 2, and 3.

Kernel_size refers to the size of the convolution kernel, which
is usually a square or rectangular matrix. The convolution kernel
slides and extracts features during the convolution process.
Kernel_size will affect the size and shape of the features
learned by the model. A larger Kernel_size can usually capture
a wider range of features, but it will increase the amount of
calculation and the complexity. As shown in Figure 9 (b) and
Table 6, the increase in the value of Kernel_size did not cause
much change. The reason is that the features in the data set are
small, and more useful features cannot be learnt by increasing
Kernel_size. To improve the prediction accuracy, the Kernel_size
was set at 1.

(3) Dropout optimization

With Filters=3, Kernel_size=10, and Epochs=2000, the test sets
were compared among Dropouts of 0.20, 0.23, and 0.26.

As shown in Figure 9 (c), and Table 6, the best results were
obtained at Dropout=0.26, with MAE=0.1853 knots,
MSE=0.0953 knots2, RMSE=0.3087 knots, and R2=0.9108.

(4) Epoch optimization

With Filters=3, Kernel_size=10, and Dropout=0.26, the test sets
were compared among Epochs of 2000, 3,000 and 4,000.

FIGURE 11
CEEMDAN decomposition diagram.
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As shown in Figure 9 (d), and Table 6, the best results were
obtained at Epochs=2000, with MAE=0.1913 knots,
MSE=0.0953 knots2, RMSE=0.3087 knots, and R2=0.9108.

Considering these results, the main parameters of the TCN-
LSTM wind speed plateau sequence model were set as follows:
Filters=3, Kernel_size=10, Dropout=0.26, and Epochs=2000. The
comparison between the prediction and actual situation is shown
in Figure 10.

3.3.2 CEEMDAN-TCN-ATTENTION model
prediction

The CEEMDAN-TCN-ATTENTION model was used to
predict the non-stationary segment of the wind speed time
series, and 2,160 sets of data were used for training. As
shown in Figure 11, CEEMDAN divided the wind speed data
were divided into modal components (IMF1–IMF7) and residual
sequence (Res), arranged in order of frequency from high to low.
In CEEMDAN, each IMF is obtained by extracting and
interpolating a series of local mean and extreme points from
the original data. Each IMF represents a specific vibrational
mode in the data, with distinct time-scale and frequency
signatures. Residual series are leftover data, usually
considered noise or random disturbances. As shown in
Figure 11, IMF1 usually represents high-frequency noise or
the trend of high-frequency changes, and may have negligible
relationship with independent variables, but IMF2 to
IMF7 represent lower and lower frequency components, and
the change patterns of these IMFs can reflect each independent

variable. Therefore, IMF2 to IMF7 respectively represent the
influence of sknt(wind speed), drct(wind direction), gust_
drct(5-s gust wind direction), Tmpf,(temperature)
Dwpf(dewpoint temperature), gust_sknt(5-s gust wind speed),
and pres1(pressure) on wind speed. IMF5 and the original data
exhibit the same trend.

Combined with the correlation analysis in Figure 6, the dew
point temperature was verified to be the main influencing factor of
wind speed, with a positive correlation between them. The TCN-
ATTENTION model was then run for each IMF separately.

The model first defines the TCN model, then adds the self-
attention layer, and then optimizes related parameters. The
following evaluation indicators were used: MAE, MSE, RMSE,
and R2.

(1) Unit optimization

In self-attention, the unit parameter is usually used to specify
the vector dimension of the input sequence. First, the basic
parameters in the combined model were set. In actual use, the
size of units can be adjusted according to the application scenario
and the complexity of the model. A larger value of units may
increase the representation ability of the model, but it will also
increase the calculation time and training complexity of the
model. The initial parameters were set as follows: loss
function MSE, Dropout=0.3, Filters=5, Kernel_size=2,
Epochs=300. The performance of the test set was compared
with unit sizes of 10,000, 20,000, and 30,000.

FIGURE 12
CEEMDAN-TCN-ATTENTION model tuning. (A) Comparison of model predictions for different Units values, (B) Comparison of model predictions
for different Dropurt values, (C) Comparison of model predictions for different Filters values, (D) Comparison of model predictions for different Kernel_
size values, (E) Comparison of model predictions for different Epochs values, (F) Prediction of non-stationary wind speed data.
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As shown in Figure 12A and Table 7, the best performance was
achieved at the unit size of 20,000, with MAE, MSE, RMSE, and R2 of
0.1602 knots, 0.0340 knots 2, 0.1844 knots, and 0.9879, respectively.

(2) Dropout optimization

With Units=20,000, Filters=5, Kernel_size=2, and Epochs=300,
the test sets with Dropout of 0.1, 0.2, and 0.3 were compared.

As shown in Figure 12Band Table 7, the best performance was
achieved at the dropout of 0.2, with MAE, MSE, RMSE, and R2 of
0.1096 knots, 0.0143 knots2, 0.1194 knots, and 0.9949,
respectively.

(3) Filter optimization

With Units=20,000, Dropout=0.2, Kernel_size=2, and
Epochs=300, the test sets were compared among Filters of 3,
4, and 5.

As shown in Figure 12C and Table 7, the best performance
was achieved at the Filter value of 3, with MAE, MSE, RMSE, and
R2 of 0.1499 knots, 0.0363 knots2, 0.1906 knots, and 0.9870,
respectively.

(4) Kernel_size optimization

With Units=20,000, Dropout=0.2, Filters=4, and Epochs=300,
the test sets were compared among Kernel_size of 2, 3 and 4.

As shown in Figure 12D and Table 7, the best performance
was achieved at the Kernel_size of 3, with MAE, MSE, RMSE, and
R2 of 0.1546 knots, 0.0384 knots2, 0.1959 knots, and 0.9863,
respectively.

(5) Epoch optimization

TABLE 7 CEEMDAN-TCN-ATTENTION model parameter adjustment evaluation form.

Units MAE (knots) MSE (knots2) RMSE (knots) R2

10,000 0.2231 0.0582 0.2412 0.9792

20,000 0.1602 0.0340 0.1844 0.9879

30,000 0.1767 0.0516 0.2272 0.9816

Dropout MAE (knots) MSE (knots2) RMSE (knots) R2

0.1 0.1509 0.0346 0.1861 0.9877

0.2 0.1096 0.0143 0.1194 0.9929

0.3 0.2294 0.0663 0.2574 0.9764

Filters MAE (knots) MSE (knots2) RMSE (knots) R2

3 0.1499 0.0363 0.1906 0.9870

4 0.1737 0.0661 0.2571 0.9764

5 0.1698 0.0829 0.2879 0.9705

kernel_size MAE (knots) MSE (knots2) RMSE (knots) R2

2 0.1776 0.0696 0.2638 0.9752

3 0.1546 0.0384 0.1959 0.9863

4 0.2366 0.0616 0.2481 0.9781

Epochs MAE (knots) MSE (knots2) RMSE (knots) R2

300 0.2533 0.1377 0.3711 0.9509

400 0.0860 0.1338 0.1157 0.9940

500 0.1705 0.0370 0.1923 0.9868

FIGURE 13
Overall model wind speed data prediction.
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The same method was used to optimize the Epochs
parameter. With Units=20,000, Dropout=0.2, Filters=4, and
Kernel_size=1, the test sets were compared among Epochs of
300, 400, and 500.

As shown in Figure 12E and Table 7, the CEEMDAN-TCN-
ATTENTION model showed the best performance for the non-
stationary segment at the Epoch value of 400, with MAE, MSE,
RMSE, and R2 of 0.0860 knots, 0.1338 knots2, 0.1157 knots, and
0.9950, respectively. The prediction graph is shown in Figure 12F.

3.3.3 Combined model of TCN-LSTM-
CEEMDAN-ATTENTION

A total of 18,800 sets of data from a wind farm in western China
September 13 to 16, 2022 were used to train the combined model.
TCN-LSTM was used to predict stationary sequences, and
CEEMDAN-TCN-ATTENTION was used to predict non-
stationary sequences. Finally, the TCN-LSTM -CEEMDAN-
ATTENTION combined model was used to predict 1,440 sets of
data on September 17. The main parameters of the TCN-LSTM
model for the stationary segment were set as follows: Filters=3,

Kernel_size=10, Dropout=0.26, and Epochs=2000. The main
parameters of the CEEMDAN-LSTM-ATTENTION model for
the non-stationary segment sequence were set as follows:
Units=20,000, Dropout=0.2, Filters=4, Kernel_size=1, and
Epochs=400. The overall prediction plot of the model is shown
in Figure 13.

4 Discussion

The TCN-LSTM-CEEMDAN-ATTENTION model was
compared with the TCN-LSTM-VMD-ATTENTION and TCN-
LSTM-EMD-ATTENTION models. Figures 14A,B show
prediction comparison charts of the TCN-LSTM-CEEMDAN-
ATTENTION model with the TCN-LSTM-VMD-ATTENTION
and TCN-LSTM-EMD-ATTENTION models, respectively.
Figure 14C presents a comparison diagram of the three different
decomposition algorithms. Table 8 lists the evaluation indicators of
the three different decomposition algorithms. As shown in Figures
14, 15 and Table 8, the overall MAE, MSE, and RMSE of the model

FIGURE 14
Comparison of the prediction results of each decompositionmodel. (A) TCN-LSTM-VMD-ATTENTION Forecast Comparison Chart, (B) TCN-LSTM-
EMD-ATTENTION Forecast Comparison Chart. (C) Comparison of prediction results of different decomposition models.
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with CEEMDAN are better than those with the other two
algorithms. The model predicted data and the actual value fit
well. These results prove that the use of CEEMDAN in the
decomposition process of this model is optimal.

The TCN-LSTM-CEEMDAN-ATTENTION model was
compared with the LSTM model alone, CEEMDAN-LSTM
model, TCN-LSTM model, TCN-ATTENTION model, and
CEEMDAN-TCN-ATTENTION model. A comparison chart is
shown in Figure 15. In order to evaluate the prediction accuracy
of each model more accurately, three indicators were used: MAE,
MSE, and RMSE. The prediction results of each model are listed
in Table 9.

Table 9 shows that the MAE, MSE, and RMSE of the TCN-
LSTM-CEEMDAN-ATTENTION model are the smallest at
0.1381 knots, 0.0499 knots2, and 0.2048 knots, respectively.
Accordingly, it can be concluded that the TCN-LSTM-
CEEMDAN-ATTENTION model has superior prediction
performance, and is thus more suitable for ultra-short-term wind
speed prediction.

In this experiment, the time consumed by each model (TCN-
LSTM-CEEMDAN-ATTENTION, LSTM, CEEMDAN-LSTM,
TCN-LSTM, TCN-ATTENTION, and CEEMDAN-TCN-
ATTENTION) throughout the run was recorded. As shown in
Table 9, the overall runtime of the TCN-LSTM-CEEMDAN-
ATTENTION model is smaller than that of the other models.
Therefore, it can be concluded that the efficiency of the TCN-
LSTM and CEEMDAN-TCN-ATTENTION processes improve
after the data are divided by stationarity.

We also compared the evaluation parameters of the ultra short
term wind speed prediction models established by other researchers,
including Yan et al.’s article “Wind speed prediction using a hybrid
model of EEMD and LSTM considering seasonal features” (Yan
et al., 2022), Zhang et al.’s article“A comprehensive wind speed
prediction system based on Monte Carlo and artificial intelligence
algorithms” (Zhang et al., 2022b), Wang et al.’s article “Wind speed
prediction using measurements from neighboring locations and
combining the extreme learning machine and the AdaBoost
algorithm” (Wang et al., 2022), Ji et al.’s article “Short-Term

FIGURE 15
Comparison of the results of the predictions of the models. (A) Comparison between the model and LSTM prediction in this article, (B) Comparison
between the model and CEEMDAN-LSTM prediction in this article, (C) Comparison between the model and TCN-LSTM prediction in this article, (D)
Comparison between the model and TCN-ATTENTION in this article, (E) Comparison between the model and CEEMDAN-TCN-LSTM prediction in this
article, (F) Comparison between the model in this article and some models’ predictions.

TABLE 8 Analysis of prediction results of different decomposition models.

Mould MAE (knots) MSE (knots2) RMSE (knots)

TCN-LSTM-CEEMDAN-ATTENTION 0.1381 0.0499 0.2048

TCN-LSTM-VMD-ATTENTION 0.2001 0.0801 0.2461

TCN-LSTM-EMD-ATTENTION 0.4902 0.2967 0.5447
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Canyon Wind Speed Prediction Based on CNN—GRU Transfer
Learning” (Ji et al., 2022). The comparative data is shown in
Table 10. After comparing models in similar articles, the model
established in this article still has significant advantages and is
suitable for ultra short term wind speed prediction.

5 Conclusion

This study introduces and validates a state-of-the-art real-time
prediction model for ultra-short-term wind speeds using a dual-
model framework consisting of the TCN-LSTM and CEEMDAN-
TCN-ATTENTION architectures. The main objective of this study
is to improve the efficiency of geotechnical hazard monitoring and
early warning systems, with a special focus on open pit mining areas.
The excellent predictive accuracy and efficiency of the model in
predicting ultra-short-term wind speeds highlights its key role in
advancing smart geotechnical hazard monitoring.

A noteworthy contribution of this investigation lies in its
methodical treatment of the distinctive characteristics inherent in
stationary and non-stationary sequences within ultra-short-term
wind speed time series. The application of the sliding window
averaging method facilitated the categorization of wind speed
series into stationary and non-stationary components. The TCN-
LSTM model demonstrated proficiency in predicting the stationary
sequence, leveraging its dilated causal convolution and LSTM units
for discerning time correlations and maintaining temporal
continuity. Concurrently, for the non-stationary sequence, the
CEEMDAN-TCN-ATTENTION model, incorporating
CEEMDAN for data simplification and ATTENTION for
enhanced TCN data capture, proved effective. The amalgamation
of these models yielded the robust TCN-LSTM-CEEMDAN-
ATTENTION model.

The comparative analysis involving various decomposition
algorithms and five distinct single and combined models
accentuated the superior predictive capabilities of our proposed
integrated model. With minimal Mean Absolute Error (MAE) of
0.1381, Mean Squared Error (MSE) of 0.0499, and Root Mean
Squared Error (RMSE) of 0.2048, our model surpassed alternative
approaches. Its prediction fit outperformed other models,
reinforcing its suitability for ultra-short-term wind speed prediction.

The model is important for geotechnical hazard monitoring,
especially in open pit mining areas. The validated model not only
improves our understanding of ultrashort-term wind speed
dynamics, but also provides a practical and efficient tool for real-
time prediction. The success of our approach highlights its potential
for wider application in geotechnical monitoring systems, promising
improved safety and operational efficiency in high-risk
environments. Integrating this advanced predictive model into an
operating system is a key step towards a more resilient and
responsive approach to geotechnical disaster management.
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TABLE 9 Comparison of prediction results of different models.

Mould MAE (knots) MSE (knots2) RMSE (knots) Elapsed time(s)

TCN-LSTM-CEEMDAN-ATTENTION 0.1381 0.0499 0.2048 1,000.2007

LSTM 0.3130 0.2897 0.5382 1,430.1756

CEEMDAN-LSTM 1.4871 3.3649 1.8343 1,482.3360

TCN-LSTM 0.4083 0.3386 0.5819 2,750.3588

TCN-ATTENTION 0.4529 0.4206 0.6485 1,634.7742

CEEMDAN-TCN-LSTM 0.9781 1.8512 1.3606 1,354.9698

TABLE 10 Comparison of models in similar types of articles.

Mould MAE (knots) MSE (knots2) RMSE (knots) R2

TCN-LSTM-CEEMDAN-ATTENTION 0.1381 0.0499 0.2048 0.9940

SARIMA-EEMD-LSTM 0.3027 — 0.4102 0.9848

VMD-SCCS-BP-ARMA 0.4220 — 0.3548 —

Multiple-point-AdaBoost-ELM 0.2474 — 0.3212 0.7384

TL-CNN-GRU 1.0390 — 1.5690 —
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