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Abstract 
Under the coupled effect of water and cyclic stress, the mechanical properties of mine 

surrounding rock deteriorate, and its permeability changes, posing challenges to tunnel 

excavation support and mine stability control. The interaction between water infiltration into 

the rock mass and externally applied cyclic stress may lead to significant degradation of the 

rock’s mechanical properties, further affecting its deformation, strength, and permeability. 

Based on this, this study investigates a water-rich tunnel in a phosphate mine in Yunnan, 

employing in-situ experiments, laboratory tests, model construction, numerical simulations, and 

field monitoring. 

In-situ hydraulic pressure and geostress tests were conducted, and shale samples were 

retrieved and processed into standard cylindrical and cubic specimens in the laboratory. 

Considering the stress and hydrogeological conditions during tunnel excavation, the study 

systematically examined the damage characteristics of water-saturated shale under cyclic stress 

disturbances and its mechanical-seepage coupling properties. The effects of water saturation, 

hydraulic pressure, and cyclic stress on the mechanical properties and permeability of the 

specimens were analyzed, leading to an understanding of the degradation mechanism of 

mechanical properties and the evolution of permeability under water-mechanical coupling. 

Furthermore, FLAC3D software was used to simulate the excavation process of a water-

saturated tunnel under cyclic stress disturbances. The deformation and pore water pressure 

evolution of the excavated tunnel under different support schemes after drainage were analyzed, 

and field monitoring and verification were carried out. 

Main Research Conclusions: 

1) Engineering Geological Characteristics of the Water-Saturated Tunnel 

Surrounding Rock. Based on field geological surveys, core sampling, and laboratory tests, it 

was determined that the rock mass in the mining area mainly consists of Class IV–V hard to 

moderately hard rock layers, with interbedded soluble salt rocks contributing to a medium 

complexity hydrogeological environment. Transient electromagnetic detection revealed an 

anomalous water-rich zone within 0–8 m ahead of the working face and two sets of water-

conducting fractures between 25–40 m, providing insight into the spatial distribution of 

groundwater migration pathways. Geostress testing results indicated that the maximum 

principal stress at the tunnel location is σ₁ = 15.68 MPa, the intermediate principal stress is σ₂ 

= 7.32 MPa, and the minimum principal stress is σ₃ = 4.98 MPa, confirming a geostress regime 

dominated by tectonic stress. Pore water pressure monitoring showed that water pressure 

stabilized at 1.42 MPa (fluctuation <4.2%) on the 14th day after tunnel excavation. These 

geostress and water pressure test results provided boundary conditions for subsequent cyclic 

stress and hydraulic pressure loading experiments. 
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2) Damage Mechanism of Water-Saturated Shale under Cyclic Stress Disturbances. 

Conventional triaxial compression and cyclic loading tests revealed the regulatory mechanism 

of water saturation duration on shale’s mechanical properties. The experiments showed that the 

compressive strength of the specimens gradually decreased with increasing saturation time. 

Cyclic stress altered the internal crack distribution (closure of pre-existing cracks and initiation 

of new cracks), thereby changing the mechanical properties of the specimens. Water infiltration 

weakened the specimen’s strength through both physical softening and chemical corrosion, 

resulting in multiple post-peak fluctuations in the stress-strain curve under cyclic loading and 

saturated conditions, with significantly enhanced plasticity. Acoustic emission (AE) monitoring 

indicated that water molecules suppressed the rapid expansion of newly formed cracks, leading 

to a gradual decrease in AE response during the loading process of saturated specimens. A 

complex-plane fatigue damage model was established, correlating AE parameters with plastic 

strain rate to predict mechanical parameter degradation, and a critical saturation threshold of tw 

= 24 h was determined, providing a quantitative basis for engineering damage assessment. 

3) Mechanical-Seepage Coupling Characteristics and Model Construction of Water-

Saturated Shale under Cyclic Stress Disturbances. Through cyclic loading and seepage 

experiments, the reconstruction mechanism of seepage pathways under the synergistic action 

of hydraulic pressure and stress was elucidated. The results showed that water-saturated 

specimens exhibited enhanced stress-strain curve fluctuations due to local expansion effects, 

while post-failure compressive conditions restricted the instantaneous increase in water flow. 

Increased hydraulic pressure elevated the effective stress in the σ₁ direction, promoting the main 

crack’s expansion along the maximum principal stress direction while reducing crack density 

in the σ₂ direction. The permeability critical point gradually disappeared with prolonged 

saturation, indicating that water infiltration altered the fracture network’s flow-conducting 

characteristics. A complex-plane damage model (real part representing fatigue damage and 

imaginary part representing post-disturbance mechanical properties) was developed, integrating 

a neural network algorithm to dynamically predict permeability and strength parameters under 

different hydraulic pressure conditions. A visualization software tool was also incorporated to 

support engineering support design. 

4) Surrounding Rock Control and Stability Analysis of Water-Saturated Tunnel 

under Cyclic Stress Disturbances. Through numerical simulation and parameter sensitivity 

analysis, an optimized "long-anchor + dense support" scheme was proposed for water-saturated 

tunnels. Simulation results showed that this scheme significantly reduced roof subsidence and 

substantially decreased the extent of the plastic zone. The pre-drainage measures reduced the 

pore water pressure from 1.5 MPa to 0.5 MPa (a 66.7% reduction), and when combined with 

dynamic support sequencing (pre-drainage → long-anchor support), effectively mitigated 

secondary damage induced by hydraulic pressure redistribution. During excavation, pore water 

pressure evolution exhibited a "convergence to the excavation face → gradient diffusion" 
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pattern, while roof subsidence followed a three-stage dynamic response: an initial slow increase 

phase, a rapid increase phase during excavation, and a stress adjustment stabilization phase. 

The central area of the second excavation stage experienced the largest proportion of subsidence, 

necessitating targeted monitoring and reinforcement. 

5) Mine Pressure Monitoring and Engineering Application in the Water-Saturated 

Tunnel. After implementing the new support scheme in a tunnel of the Yunnan phosphate mine, 

joint monitoring using multipoint displacement meters, roof separation instruments, and pore 

water pressure gauges verified the engineering effectiveness of the support system. The 

monitoring data showed that the deformation of the tunnel sidewalls decreased with depth in a 

gradient manner (from 0.173 mm at 1 m depth to 0.157 mm at 1.5 m depth), and the deformation 

rate tended to converge after the 10th day of monitoring. Roof subsidence stabilized at 0.45 mm 

within 16 days, entering a stable phase after the 14th day. The coordinated effect of support and 

drainage significantly alleviated pore water pressure concentration, providing theoretical 

references for the excavation and support of deep water-rich tunnels. 

Keywords: Water-Saturated Tunnel, Cyclic Stress, Mechanical-Seepage Coupling, 

Surrounding Rock Control, Numerical Simulation 
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Chapter 1 

Introduction 
 

 

 

 

 

1.1 Framework 

The mechanism of mechanical degradation, seepage, and stability control of shale under 

coupled saturation-cycle stress is critical for understanding its behavior in various geotechnical 

engineering. The understanding of how shale responds to water saturation and cyclic loading is 

essential for addressing challenges in resource extraction, infrastructure stability, and 

environmental safety. Shale's mechanical and permeability behavior under these conditions 

must be fully understood to manage risks associated with subsurface operations. 

This thesis addresses these challenges by investigating the coupled effects of water 

saturation and cycle stress on shale's mechanical integrity and permeability evolution. The 

rock's degradation under these influences is linked to significant issues such as wellbore 

stability in gas extraction, stability in underground mining, and fluid seepage control in 

engineering projects. Given the pressing need for solutions in these fields, this research aims to 

explore the underlying mechanisms and provide insights into stability control methods for shale 

rock mass formations. 

Shale, as a layered and anisotropic material, exhibits unique behavior when subjected to 

water saturation and cycle stress. The combination of cyclic mechanical loading and exposure 

to water infiltrating the rock's microstructure can lead to pronounced mechanical degradation, 

reducing the rock's strength and altering its permeability. This deterioration poses significant 

risks in engineering applications, where maintaining the stability and controlling seepage is of 

paramount importance. Despite the relevance of this issue, research on the degradation 

mechanisms and the interplay of these factors remains limited. 

Thus, this thesis focuses on the following core aspects: 

1) the coupled mechanisms of water saturation, water pressure, and fatigue stress on the 

mechanical properties and permeability evolution of shale are analyzed by means of laboratory 

experiments and numerical simulations. 

2) the stability of excavated tunnel tunnels under different conditions is analyzed, and a 

support scheme suitable for cycle-saturated shale tunnels is developed by using both in-situ 

experiments and numerical simulations. 

3) field monitoring is used to assess the effectiveness of the proposed support scheme. 



1 Introduction 

6 

To achieve these objectives, a multi-disciplinary approach combining laboratory 

experiments, theoretical analysis, and numerical simulations is employed. This thesis aims to 

reveal the degradation mechanisms of shale under the combined effects of saturation and cycle 

stress while providing effective strategies for the support of water-saturated shale tunnels and 

water pressure control. 

1.2 Problem statement 

The Kun’yang phosphate mine in Yunnan (Fig. 1.1), located in the southwestern phosphate-

rich region of Dian’chi Lake, faces significant challenges due to the accumulation of 

groundwater in its tunnel tunnels. Severe water inrush accidents occurred in 2022 have left 

sections of the mine submerged for extended periods, leading to the deterioration of the 

mechanical properties of the surrounding rock (mostly shale) and increasing the need for tunnel 

support measures (Fig. 1.2). Additionally, the mine is situated within the Xiao’jiang Fault Zone, 

where mining-induced stresses during excavation causes cycle disturbances to the rock mass, 

leading to changes in rock permeability. 

 

 

Fig.1.1 Location of Kunyang phosphate mine in Yunnan Province 
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Fig. 1.2 A water-rich tunnel in Kunyang mine 

The combined effects of water saturation, water pressure, and cycle stress create a complex 

fluid-solid coupling environment in the surrounding rock, which results in degradation of its 

mechanical integrity and evolution of its permeability. This poses significant risks to the 

excavation and support of tunnels, as the weakened rock mass becomes less stable and more 

prone to failure under these conditions. 

Despite the critical nature of these issues, the mechanisms of mechanical degradation and 

permeability changes in shale under the influence of coupled saturation and cycle stress remain 

poorly understood. There is a pressing need for research that investigates the relationship 

between saturation damage and fatigue damage, as well as the effects of these combined factors 

on rock properties and seepage behavior. 

This thesis seeks to address this knowledge gap by conducting in-situ experiments, 

laboratory tests, theoretical analysis, numerical simulations, and field monitoring to explore the 

degradation mechanisms and permeability evolution of shale under coupled saturation and  

cycle stress. The research aims to develop a mathematical model that captures these processes, 

providing critical insights into the stability control of tunnels in the Kunyang phosphate mine 

and similar water-filled mining environments. 

1.3 Thesis scope and objectives 

The scope of the present Thesis is to investigate the mechanisms of mechanical degradation, 

permeability evolution, and stability control of shale under complex conditions of saturation 

and cyclic loading. This thesis primarily investigates the mechanical degradation, permeability 

evolution, and stability control of shale under the combined effects of water saturation and cycle 

stress. The research focuses on addressing the significant impact of water inrush and mining-

induced stress on the surrounding rock during tunnel excavation in the Kunyang phosphate 

mine in Yunnan. The scope of the research includes the following: 
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1) In-situ experiments: Geological radar was used to detect the development of fractures 

and the presence of water bodies in front of the tunnel working face. A hollow inclusion stress 

meter was used to measure the in-situ stress of the tunnel to be tested. 

2) Laboratory experiments: Various tests were conducted on shale under different water 

saturation conditions, including conventional triaxial tests, uniaxial cycle loading tests, true 

triaxial loading and unloading tests, and true triaxial seepage tests. During the experiments, 

acoustic emission signals and water flow of the samples were monitored to evaluate the 

mechanical properties and permeability evolution of the shale under the coupled effects of water 

pressure, saturation, and cycle stress. 

3) Numerical simulations: Numerical simulation software was used to model the 

deformation and pore water pressure evolution of excavated tunnels under different conditions. 

A support scheme suitable for water-saturated and cycle-stressed shale tunnels was proposed.  

4) Field monitoring: The deformation and pore water pressure in the excavated tunnels were 

monitored using roof separation instruments, multi-point displacement meters, and pore water 

pressure gauges to verify the feasibility of the support scheme. 

The results of this study will provide important insights into shale's response to complex 

fluid-solid coupling environments and will contribute to the development of strategies to ensure 

the stability of tunnels excavated in similar geological conditions. 

1.4 Organization of the thesis 

The Thesis is divided into 8 chapters. Following the present chapter, which has the purpose 

to provide a general introduction to the work carried out, Chapter two will give a brief overview 

on the mechanical properties and permeability evolution mechanism of rocks under cycle 

loading and water saturation, to introduce the shortcomings of previous studies and the 

innovation of this thesis. 

Chapters three to seven represent the core work of the thesis, as shown in Figure 1.3. 

Chapter three analyzes the engineering geological characteristics of a specific mine in the 

Kun’yang region of the Yunnan phosphate mine through field investigation and engineering 

geological surveys. An engineering geological evaluation and an estimation of the height of the 

water-conducting fracture zone were conducted. On this basis, a hollow inclusion stress meter 

was used to measure the in-situ stress of the tunnel to be tested at the Kun’yang phosphate mine 

in Yun’nan. 

Chapter four discusses the effects of saturation duration on the mechanical properties of 

shale samples through conventional triaxial compression tests and cycle loading tests on water-

saturated shale. It analyzes the degradation mechanism of mechanical properties under the 

influence of water saturation and cycle stress. 

Chapter five investigates the influence of water saturation and water pressure on the cycle 

loading characteristics and mechanical properties of shale samples through true triaxial  cycle 
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loading tests and true triaxial seepage tests. It explores the mechanical properties and 

permeability evolution of samples before and after cycle loading. 

Chapter six conducts a stability analysis of excavated tunnels under natural and water-

saturated conditions using numerical simulations. It simulates the deformation and pore water 

pressure evolution of tunnels under different support schemes in cycle stess-saturated 

conditions and proposes a suitable support scheme for such tunnels. 

Chapter seven monitors the deformation of tunnel sidewalls and roof subsidence in 

excavated tunnels using multi-point displacement meters and roof separation instruments. Pore 

water pressure monitoring is also conducted to assess the pore water pressure in the roof of the 

excavated tunnel, verifying the feasibility of the support scheme. 

In conclusion, the results obtained are summarized. Chapter eight discusses the innovation 

of these results and describes the limitations of the thesis, as well as future developments and 

new prospects. 

 

 

Fig.1.3 Technical roadmap of mechanical degradation, seepage mechanism and stability control of 

phosphate rock shale under the coupling effect of saturated water- cycle stress  
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Chapter 2. 

Mechanical deterioration and degradation 

of rocks under fatigue cycle stress and water 

saturation  

2.1 Deterioration mechanism of rock mechanical properties under 

cycle stress action 

During the excavation of underground tunnels, mining-induced stresses can cause the 

surrounding rock to experience cycle stress disturbances (Li et al., 2023a; Li et al., 2023b). 

Under the influence of groundwater, the rock surrounding the excavation is subjected to various 

saturation conditions, water pressure, and cyclic loads, resulting in significant differences in the 

mechanisms of mechanical degradation (Ghanbarzadeh et al., 2016; Wang et al., 2020; Li et al., 

2018). Therefore, studying the mechanical properties of water-rich tunnels is crucial for 

ensuring the safety of underground engineering.  

Numerous scholars have conducted extensive research on the water saturation 

characteristics of rocks over the years, with experimental methods becoming increasingly 

sophisticated (Cao et al., 2022; Chen et al., 2014; Ma et al., 2020; Cai et al., 2020; Liu et al., 

2023). In laboratory experiments, water treatment of samples can simulate the engineering 

environment of real rocks under varying water content, allowing for a better understanding of 

the mechanical behavior of rocks in saturated conditions. Such simulation experiments aid in 

the study of rock stability, deformation characteristics, and responses to groundwater (Grab et 

al., 2017). Moreover, the use of cyclic testing machines can evaluate the durability and fatigue 

resistance of rocks under long-term cyclic loading, providing a scientific basis and reference 

for engineering design and construction in relevant fields. By examining the mechanical 

properties and fatigue characteristics of samples, a comprehensive understanding of rock 

mechanical properties can be achieved, which can then be better applied to practical engineering 

(Moore & Lockner, 2004; Priest et al., 2021).  

In the study of rock fatigue characteristics, the strength of samples, the evolution of 

deformation parameters, and the damage evolution laws based on formulas and acoustic 

emission characteristics are key focal points for researchers (Chen et al., 2012; Xu et al., 2021; 

Sun et al., 2017; Li et al., 2020). To investigate the evolution of deformation and damage 

parameters of marble under cycle loading, Song et al. (2021) conducted freeze-thaw fatigue 

tests involving multiple freeze-thaw cycles and multi-level cyclic loading, discovering that the 

maximum axial strain and strain rate of the samples increased with the number of freeze-thaw 
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cycles, resulting in shorter fatigue lifespans for the marble specimens as the number of freeze-

thaw cycles increased (see Figure 1.2). He et al. (2019) found that in exploring the damage 

evolution laws of salt rock under fatigue loading, higher amplitudes of fatigue stress, increased 

loading frequency, and faster loading rates all contributed to reduced fatigue lifespans for salt 

rock samples (Li et al., 2023; Zhao et al., 2021). Furthermore, the fatigue lifespan exhibited an 

exponential negative correlation with both stress amplitude and loading rate (see Figure 1.3). 

Dai et al. (2022) performed shear and compression coupling loading tests under different 

loading conditions, systematically revealing the effects of cyclic loading parameters on rock 

deformation characteristics, energy evolution, damage variables, and failure mechanisms under 

coupled shear and compression loading. Zhong et al. (2022) conducted indoor tests on anchored 

jointed rock masses under different fatigue shear loads, showing that the loss of prestress caused 

by fatigue loads increased in a wave-like manner, with the increment and rate of prestress loss 

increasing with the increase in fatigue load. Given that the load amplitude remained constant, 

the average cyclic stress of the tested samples increased with the maximum stress, leading to 

an increase in fatigue energy density. This is similar to the effect of maximum stress, where 

higher amplitudes resulted in larger areas of individual cyclic hysteresis loops, consuming more 

energy during loading and unloading processes. In fatigue loading tests, the accumulation of 

damage during the cyclic loading phase can affect the failure and energy conversion modes of 

the samples, with significant differences in friction strength, mechanical behavior, elastic wave 

velocity, uniaxial compressive strength, elastic modulus, and elastic energy storage capacity 

between saturated and dry rock samples under cyclic stress (Wang et al., 2022b; Gu et al., 2023). 

 

 

(a)                                     (b) 

Fig.1.2 Evolution of axial strain rate of marble samples in freeze-thaw cycle test. (a) The axial strain rate of 

the sample. (b) the relationship between the deformation parameters and the freeze-thaw cycle (Song et al., 

2021). 
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(a)                                          (b) 

Fig. 1.3 Fatigue life of salt rock under different test conditions. (a) Fatigue life of salt rock under different 

stress amplitudes. (b) fatigue life of salt rock under different loading speeds (He et al., 2019). 

In basic physical mechanics experiments conducted in laboratories, shale has consistently 

been a primary subject of mechanical exploration (Zhai et al., 2022; Dou et al., 2021; He et al., 

2020). The inherent low porosity and permeability characteristics of shale can significantly 

influence the hydraulic fracturing process. Therefore, a thorough investigation of the 

deformation and seepage characteristics of shale under fatigue loading and water saturation 

coupling is crucial for the advancement of shale tunnel excavation support and the utilization 

of shale gas (Tang et al., 2023; Li et al., 2016; Chen et al., 2022). Wei et al. (2020) studied the 

variation of mechanical parameters of shale from deformation to failure under different stress 

paths and water content through triaxial compression, numerical simulations, and physical-

mechanical cyclic loading experiments. Peng et al. (2018) employed triaxial compression and 

alternating loading rate tests to investigate the effect of loading rate on the post-failure 

characteristics of three types of saturated rocks, as well as the influence of confining pressure 

on the post-failure loading rate effects. Tang et al. (2018) analyzed the influence of layering 

and water on the creep characteristics of shale based on uniaxial compression creep tests. They 

developed a creep model that replaces the instantaneous elastic modulus and viscosity 

coefficient in the model with functions of layering angle and water content, reflecting these 

parameters. To explore the degradation of mechanical properties of rock masses at reservoir 

slopes under the action of water and gas drying cycles, Song et al. (2023) conducted triaxial 

compression tests on sandstone at varying water levels of reservoir slopes to determine the rock 

degradation mechanism. Feng et al. (2022) utilized true triaxial unloading-dynamic disturbance 

tests to examine the instability and rupture characteristics of red sandstone samples under 

different water saturation conditions in dynamic-static combined scenarios, revealing the weak 

water rock explosion mechanism under true triaxial unloading-dynamic disturbance. Luo et al. 

(2019) conducted rock burst tests on red granite under varying water saturation conditions using 

a true triaxial rock burst test system, exploring the quantitative relationship between rock 

saturation and the kinetic energy of rock bursts, as well as the influence of water on rock bursts. 
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In practical engineering, issues such as rock cycle loading and water saturation are 

frequently encountered (Xu et al., 2022; Cheng et al., 2021; Song et al., 2023; Wang et al., 2021; 

Chen et al., 2023). Consequently, various forms of indoor experiments are vital for scientifically 

evaluating the long-term stability of geotechnical engineering (Huang et al., 2023). The FCI 

loading tests on rocks with pre-fabricated cracks at different angles can be used to study the 

damage and failure characteristics of rocks under the interaction of fatigue and creep (Wang et 

al., 2022a; Wang et al., 2022b). In studies on the dynamic tensile fatigue characteristics of rocks, 

the peak stress of samples decreases while the peak strain increases with the number of impacts 

(Li et al., 2022). Based on the characteristics of rock failure under uniaxial cyclic loading and 

unloading, Cao et al. (2021) developed a new method that can serve as a precursor to severe 

rock failure. Shi et al. (2023) proposed a new constitutive model for rocks under multi-layer 

fatigue loads based on the Lemaitre strain equivalence hypothesis. Ma et al. (2021) investigated 

the combined effects of creep and fatigue on the mechanical properties of rock salt, finding that 

the stress hold time reduces the cyclic life of rock salt, and the rate of acoustic emission is 

related to the formation of microcracks. They also noted a linear correlation between the 

deformation rate during the steady-state phase and the life expectancy and observed different 

fracture patterns in joint experiments. Although scholars at home and abroad have studied the 

effects of saturated water and fatigue loads on the mechanical properties of rocks, there are still 

some issues that need to be addressed (Wang et al., 2023). First, the mechanical properties of 

different types of rocks under water saturation and fatigue load conditions may vary, making 

further research on the mechanical properties of phosphorite necessary. Secondly, the coupling 

effect of water saturation and fatigue load is unclear and requires further investigation through 

specific experiments. 

Under fatigue loading, the stress experienced by the rock undergoes significant changes 

from static to dynamic stress, significantly impacting the strength, fracture, and deformation 

characteristics of the rock (Du et al., 2020; Du et al., 2021). For instance, the deformation and 

rupture behavior of rocks under seismic stress exhibits nonlinear and dynamic characteristics, 

affecting the propagation velocity, amplitude, and frequency of seismic waves (Wang et al., 

2022a). Zhao et al. (2021) pointed out through experiments that under fatigue loading, the 

damage-failure curve of the rock exhibits a “loose-dense-loose” type of hysteresis loop. The 

crack development curve initially shows a convex shape during loading, slows down, stabilizes, 

and then presents a concave shape with an increased loading rate until failure, demonstrating 

an overall stepwise increase. Sui et al. (2020) established a true triaxial numerical model of core 

samples using the discrete element method to study the fatigue damage of reservoir rocks during 

the cyclic injection and extraction process. Based on laboratory experiments, they calibrated 

the numerical model parameters to examine the effects of cyclic stress on the microstructure 

and mechanical properties of the rocks. Li et al. (2023) conducted uniaxial and triaxial gradient 

creep fatigue tests on rock salt, analyzing its mechanical and acoustic emission characteristics 
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in conjunction with the actual gas pressure during the operation of compressed air energy 

storage (CAES) facilities. Liu et al. (2022) performed multi-axial multi-stage cyclic loading 

and unloading tests to investigate the impact of unloading rate on the deformation behavior, 

energy evolution, and damage characteristics of rock-like materials. They found that during the 

evolution of various energy density parameters under different unloading rates, both the total 

energy density and elastic energy density increased with rising unloading rates, while the 

dissipated energy density decreased. As the unloading rate increased, the nonlinearity of the 

energy density and relative cycle number curve became more pronounced (See Fig. 1.4). Wang 

et al. (2022b) conducted multi-stage intermittent cyclic loading tests on red sandstone with 

cracks at different angles, finding that the deformation parameters increased initially before 

stabilizing. As the rock sample approached failure, the plastic strain accumulated rapidly, and 

both the elastic modulus and deformation modulus decreased. Fatigue damage exhibited 

characteristics of initially slowing, followed by stable accumulation, and eventually 

accelerating development. 

 

 

Fig. 1.4 Energy density evolution of rock-like materials at different unloading rates. (a) Total energy 

density; (b) Elastic energy density; (c) Dissipated energy density; (d) Percentage of elastic energy density 

and dissipated energy density in total energy density (Liu et al., 2022). 
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2.2 Degradation mechanism of rock mechanical properties under 

water saturation 

The presence of water significantly affects the mechanical properties and failure behavior of 

rock samples. Relevant experiments have revealed that the strength of the intact rock is 

primarily influenced by the duration of water exposure rather than water saturation itself 

(Siddiqui and Roshan, 2022). Numerous scholars have conducted laboratory studies on the 

mechanical properties and failure behavior of dry and water-saturated anisotropic rock 

specimens, highlighting that the presence of water markedly reduces the strength, elastic 

modulus, and strength anisotropy of rocks (Liu et al., 2019; Wen et al., 2022; Alishaev et al., 

2012; Wu et al., 2023). In studies focusing on the water saturation characteristics of rocks, many 

researchers have concluded through experiments that when rocks are in a saturated state, the 

presence of water fills the internal cracks, thereby altering the pore structure of the rock and 

changing the interactions between cracks, which leads to significant changes in the stress 

transfer characteristics of the rock (Wang et al., 2020; Liu et al., 2023). 

In water-rich tunnels, the influx of groundwater can lead to prolonged immersion of rocks, 

altering their mechanical properties. Additionally, the fatigue loads induced by fatigue stress 

and mining-induced stress can cause fatigue damage to rocks, increasing the difficulty of 

mining support. Therefore, studying the fatigue damage characteristics of rocks under varying 

durations of water saturation is of significant importance. The impact of saturation conditions 

on rock mechanical properties has garnered considerable attention in geological research (Li et 

al., 2012; Liang et al., 2019; Sang et al., 2019). Under water-saturated conditions, the strength, 

deformation, and rupture characteristics of rocks exhibit significant changes (Yin et al., 2022; 

Luo, 2020). Zheng et al. (2017) examined the strength and strain rates of rocks under four 

different saturation conditions from the perspectives of rock strength, peak strain, peak modulus, 

and strain rate. Previous studies have shown that there are notable differences in the mechanical 

properties, acoustic emission characteristics, and crack evolution features of rocks in dry, 

natural, and saturated water states. The presence of water considerably decreases the 

compressive strength, elastic modulus, and peak strain of fractured rocks (Zhu et al., 2023). As 

illustrated in the stress-strain curve evolution of fractured sandstone under different water 

content conditions (see Fig. 1.5), with an increase in water content, the slope of the stress-strain 

curve of fractured sandstone gradually decreases, indicating a linear reduction in its 

compressive strength, elastic modulus, and peak strain. This demonstrates that water has a 

significant deteriorating effect on the strength and stiffness of fractured sandstone, with the 

tensile strength, uniaxial compressive strength, and triaxial compressive strength of samples 

showing varying degrees of reduction after saturation (Tan et al., 2019). 
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(a)                                  (b)  

Fig. 1.5 Stress-strain curve and mechanical parameter change of fractured sandstone under different water 

state. (a) Stress-strain curve (b). Evolution of mechanical parameters (Zhu et al., 2023). 

The mechanical properties of rocks are not only related to the number of interlayer water 

molecules but also to their arrangement (Meng et al., 2023). As shown in Figure 1.6, coal of 

different grades exhibits cyclic hardening under cyclic loading. Compared to low-rank coal, 

high-rank coal has smaller internal pore sizes and a more stable structure. During the first cycle, 

high-rank coal shows higher hardness and elastic modulus. Under continuous cyclic loading, as 

the coal rank increases, changes in hardness and elastic modulus decrease, and cyclic hardening 

weakens. Additionally, the higher the coal rank, the less energy dissipation occurs under cyclic 

loading, and the change in energy dissipation rate is smaller. In studies of the mechanical and 

acoustic emission characteristics of water-saturated rocks, experimental results indicate that 

water content alters the mechanical strength, acoustic emission signals, and failure modes of 

samples. The presence of water in rocks reduces their strength, the number of secondary cracks, 

and acoustic emission counts (Zhuang et al., 2020; Zhao et al., 2022). Various laboratory studies 

have employed different experimental methods to investigate the mechanical properties of 

water-saturated rocks, such as water absorption measurements, Brazilian splitting tests, uniaxial 

and triaxial compression tests, and molecular dynamics (MD) simulations (Liu et al., 2022; Zhu 

et al., 2022). Luo et al. (2022) pointed out that the duration of water saturation significantly 

affects the strength and acoustic emission parameters of clay mineral-bearing rocks. The impact 

of water saturation on the mechanical properties of rocks is a widely studied topic in geology. 

Rocks with high water saturation have increased porosity and permeability due to the presence 

of a large amount of water, and water content significantly influences the strength, deformation, 

and fracturing behavior of rocks (Zhu et al., 2022). 
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Fig. 1.6 Effect of cyclic loading on mechanical properties and failure mechanism of different grades of coal 

(Meng et al., 2023) 

Numerous scholars have conducted both dynamic and static compression experiments on 

rock samples under different water content conditions to study the effects of water saturation 

on rock strength, peak strain, peak modulus, and strain rate (Zheng et al., 2017; Liu et al., 2022; 

Luo et al., 2022). Li et al. (2023) characterized the pore characteristics of sandstone using low-

field nuclear magnetic resonance and scanning electron microscopy, investigating the effect of 

water on the mechanical properties of rock materials. Caselle et al. (2022) conducted 

experiments on dry, oil-saturated, and water-saturated samples to quantify the weakening effect 

of water on gypsum. Uniaxial and conventional triaxial tests revealed a significant weakening 

effect of water on gypsum; however, the weakening effect in the water-saturated state was not 

as pronounced compared to other rocks. 

In the excavation of mine tunnels, water inrush often occurs, and immersion and saturation lead 

to the deterioration of rock mass mechanical properties, increasing the difficulty of excavation 

and support. Therefore, it is of great significance to explore the degradation mechanisms of 

rock mechanical properties under different saturation durations (Liu and Li, 2023a; Liu et al., 

2023b; Liu et al., 2023c). Many scholars at home and abroad have conducted extensive research 

on the water-induced deterioration mechanisms of rocks (Ni et al., 2005; Wood, 2015; Wang et 

al., 2023; Ma et al., 2020). Feng et al. (2022) explored the instability and fracture characteristics 

of red sandstone samples at different water saturation states through laboratory tests. They 

concluded that the mechanical response of natural sandstone samples exhibits typical rockburst 

characteristics, while the mechanical response of saturated sandstone samples is mainly 

reflected in the degree of fragmentation. Zhao (2022) in studying the changes in the mechanical 
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properties and microstructure of rocks under saturation, performed triaxial compression and 

scanning electron microscopy (SEM) experiments under different confining pressures and 

saturation conditions, concluding that as the degree of saturation increases, the mechanical 

properties of sandstone continuously decline, and the water-induced deterioration effect is 

significant. Wang et al. (2019) found through experiments that the elastic modulus and 

deformation modulus of sandstone are negatively correlated with sample volume, with the 

Poisson's ratio of dry sandstone increasing with volume, while the Poisson's ratio of saturated 

sandstone first increases and then stabilizes with increasing volume. The presence of water has 

no significant impact on the failure mode of rock samples under uniaxial compression. Jia et al. 

(2023) in studying the deformation characteristics of saturated rock masses in cold regions, 

pointed out that the freeze-thaw strain characteristics of water-saturated rock masses are related 

to fracture length, width, and lithology, with freeze-thaw failure of fractured rock masses being 

a process of gradual accumulation of residual strain. The water environment (moisture content, 

seepage pressure), loading rate, and generalized stress relaxation significantly affect the aging 

characteristics of rock, and these aging characteristics in the presence of water have important 

implications for the long-term stability of tunnel surrounding rocks (Chen, 2021); Wang et al. 

(2020) through research on the tensile strength and failure mechanisms of thermally-hydro-

coupled damaged rocks at different loading rates, noted that the indirect tensile strength of 

saturated sandstone specimens is lower than that of dry specimens, and the strain rate 

dependence of saturated rock samples is stronger than that of dry rocks. A large amount of 

electromagnetic radiation signals is released during the loading failure process of water-bearing 

fractured rock masses, providing guidance for monitoring and early warning of related 

geological disasters. Shen et al. (2021) studied the effects of water on the electromagnetic 

radiation characteristics of fractured sandstone under stress loads. The results showed that, 

compared to dry rock samples, saturated rock samples have lower compressive strength, earlier 

cracking times, and more complex failure modes. Additionally, the damage evolution 

characteristics of samples based on acoustic emission localization indicated that more crack 

sources are generated inside the saturated samples in the early stages of loading, and their 

electromagnetic radiation signals are stronger than those of dry samples. However, in the mid 

to late stages of loading, the number of internal crack sources in dry samples increases sharply, 

and the intensity of their electromagnetic radiation signals gradually surpasses that of saturated 

rock samples (Figure 1.7). 
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Fig. 1.7 Acoustic emission localization and spatiotemporal evolution of samples. (a) dry samples. (b) 

saturated samples (Shen et al., 2021) 

Permeability is a key parameter affecting shale gas development (Hu, 2022; Zhang et al., 

2023; Liu et al., 2019). To study the seepage capacity of shale matrix, Hu (2023) simulated gas 

seepage in different shale facies matrices, calculated permeability, and modified the results 

based on the slip and diffusion effects of shale gas, establishing a permeability calculation 

model for shale reservoirs considering different shale facies. Yang et al. (2021) studied the 

permeability of intact and fractured shale samples under effective stress and proposed a new 

model to describe the anisotropy of rock permeability characteristics, pointing out that the 

permeability of both types of shale samples decreases exponentially with increasing effective 

stress. Shale expansion, water blockage, and NaCl crystals make shale permeability more 

sensitive to pore pressure, and the original structure affects the mechanical behavior and 

permeability of shale (Lyu et al., 2022; Liang et al., 2021). Tan et al. (2021) proposed a 

comprehensive permeability model considering the impact of water saturation on stress-related 

gas permeability, with experiments showing that water content has a significant impact on the 

effective permeability of low-permeability samples. Li et al. (2023) characterized the surface 

morphology, internal moisture, pore-fracture structure, and molecular structure changes in coal, 

revealing the effect of steam on coalbed methane extraction. Extensive research on the 

deformation and permeability characteristics of shale by many scholars provides theoretical 

references for supporting water-rich tunnels and shale gas extraction under complex conditions 

(Jiang et al., 2016; Yang et al., 2022; Cheng & Yu, 2019; Zhang et al., 2022). 

In the study of the mechanical properties and permeability of water-saturated shale, many 

scholars have explored the factors affecting the evolution of fractures and permeability in 
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saturated shale through a series of experiments (Chen et al., 2019; Zhang & Sheng, 2018; Zuo 

et al., 2018; Roshan et al., 2015). Zeng et al. (2020) through nuclear magnetic resonance (NMR) 

experiments on shale samples, pointed out that the wettability index is related to the gas 

production capacity of wells, aiding in the study of shale pore types and wettability. As the 

main pathway for gas flow, microfractures may exhibit mixed wettability, potentially allowing 

oil to enter the fractures. NMR signals only reflect hydrogen-containing substances, making it 

difficult to drive all bound water out of shale samples, and at high pressure, it is much harder 

for oil to enter inorganic pores. Chen et al. (2019) studied the mechanical properties of fractures 

in two different compositional shales using saturated water, ambient air, and dry CO2 gas, 

showing that water has a significant impact on the fracture development characteristics of shale, 

with a competitive relationship between the mechanical extension of fractures and the physico-

chemical interactions between water and rock. These studies are of great significance for 

understanding the mechanical properties and permeability evolution of water-saturated shale 

under complex conditions. 

2.3 Summary 

This thesis examines the changes in the mechanical properties of intact rocks resulting from 

groundwater accumulation in the Kunyang phosphate mine, China. Due to mining stress and 

engineering activities, the rock mass in this area experience the combined effects of water 

saturation and cycle stress. Understanding the deterioration of intact rock properties and the 

evolution of permeability under these conditions is essential for tunnel excavation and support 

strategies. 

This chapter provides a detailed review of recent advancements, focusing on key case 

studies that assess the effects of water saturation, water pressure, and  cycle stress on intact 

rock mechanics and permeability. With more refined research methods, mathematical models 

based on field monitoring data can now simulate rock mass behavior under various conditions. 

Extensive studies have investigated the deterioration mechanisms induced by  cycle stress, 

including failure, deformation, acoustic emission characteristics, and fatigue life. Saturation 

significantly increases permeability while affecting rock strength, elastic modulus, and acoustic 

emissions. 

Despite ongoing research, there has been limited progress in understanding the mechanical 

behavior of shale under the combined effects of water saturation, water pressure, and  cycle 

stress. This study, centered on the Kunyang phosphate mine, explores the complex interactions 

between these factors in shale during mining operations. 

The research integrates field monitoring, experimental analysis, and numerical simulations 

to summarize the fatigue characteristics and permeability evolution of shale under varying 

saturation and pressure conditions. It proposes effective support strategies for the mine, offering 
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valuable insights for excavation and support in water-filled tunnels and similar mining 

environments. 
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Chapter 3 

Mine water pressure and ground stress test 
 

 

 

 

 

Yunnan Phosphate Chemical Group Co., Ltd. is a modern phosphate mining and beneficiation 

enterprise, as well as a key national phosphate chemical company. The company has a raw 

phosphate ore production capacity of approximately 11.5 million tonnes per year and a flotation 

processing capacity of 7.5 million tonnes per year. Its phosphate products hold a market share 

of about 15% nationwide. The Yunnan phosphate mining area under investigation was 

established in 1965. As of the end of September 2019, a total stripping volume of 35.45 million 

cubic meters and an extracted ore volume of 6.00 million tonnes had been completed. The 

mining area is in the southwest of the Dianchi phosphate enrichment zone, bordered by the 

Xiaojiaying phosphate mine to the west and the Haikou phosphate mine to the north. It enjoys 

convenient transportation, and the specific mining area boundaries are shown in Fig. 3.1. 

 

 

Fig. 3.1 Mining area and scope of mining rights of Kunyang phosphate mine in Yunnan Province 

The Yunnan phosphate mining area has abundant groundwater, and water saturation and 

water pressure lead to the deterioration of the mechanical properties of surrounding rock mass 

and changes in permeability, which in turn affect the stability of excavated tunnels. Based on 
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field monitoring and data collection, the excavation plan for the targeted mining area was 

obtained, and the excavation layout and roof water pressure distribution of the selected tunnel 

were mapped, as shown in Fig. 3.2. 

As shown in Fig. 3.2, the roof loading process during tunnel excavation can be divided 

into two stages. The first stage involves horizontal excavation, where the roof is relatively far 

from the water-rich zone and remains unaffected by water pressure disturbances. The second 

stage involves inclined upward excavation, which is located beneath the water-rich zone. In this 

stage, the roof is not only influenced by mining-induced stress but also disturbed by water 

pressure. Therefore, it is necessary to analyze the geological conditions on site and conduct 

water pressure and in-situ stress tests to provide references for subsequent laboratory 

experiments and numerical simulation designs. 

 

 

Fig. 3.2 Distribution of tunnel excavation and roof water pressure 

3.1 Engineering geological condition 

3.1.1 Engineering geological characteristics 

3.1.1.1 Subdivision into Engineering Geological Rock Groups 

The phosphate ore layer in a certain mine in Kunyang, Yunnan, is hosted in the first section of 

the Lower Cambrian Zhongyicun Formation. The ore bodies are distributed continuously and 

have a relatively simple structure, mainly consisting of dense massive phosphorite, striped and 

banded clastic phosphorite. Based on the structure and composition of the rocks and ores, the 

degree of weathering of the rock masses, and the development of fractures and karst features, 

the rock and ore bodies in this mining area are divided into four engineering geological rock 

units: 

(1) Loose rock formations: The lithology is composed of Quaternary sands, gravels, and 

clays, mainly distributed in the southwestern part of the mining area, with a thickness of 3 to 

44 meters. The structure is loose. 
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(2) Layered clastic rock unit (hard to semi-hard): The thickness ranges from 136.88 to 

368.27 meters, and it is continuously distributed throughout the entire mining area. Surface 

fractures are well-developed, with a spacing of 5 to 60 cm, mostly closed. 

(3) Soluble salt rock unit (hard to semi-hard): - Upper Devonian Zhaige Formation: 

Thickness of 76 to 422 meters, with well-developed fractures and karst features; the rocks are 

hard. - Lower Cambrian Yuhucun Formation: Thickness of 272.1 to 517.29 meters, with well-

developed surface fractures, fracture widths of 0 to 5 mm, filled with mud, and spacing of 5 to 

45 cm, up to a maximum of 70 cm. 

(4) Weak rock unit: Lower section of the Lower Cambrian Zhongyicun Formation, with 

a thickness of 0 to 2 meters. This rock layer is hard-plastic in its natural state and becomes 

plastic to soft-plastic when saturated with water, which is unfavorable for mining operations. 

The physical and mechanical properties of layered clastic rock unit and soluble salt rock 

unit are shown in Table 3.1. 

Table. 3.1 Physical and mechanical properties of rock strata in mining area 

 

Physical and 

mechanical 

parameters 

Layered clastic rock unit 

(hard to semi-hard) 

Upper Devonian Zhaige 

Formation 

Lower Cambrian 

Yuhucun Formation 

Value 

range 

Mean 

value 

Value 

range 

Mean 

value 

Value 

range 

Mean 

value 

Physical 

property 

Drilling RQD 

value (%) 
12～96 37 10～85 45.5 0～59 17.7 

Rock specific 

gravity 
2.73～2.8 2.76 2.78～2.78 2.72 2.81～3 2.88 

Wet density 

(g/cm3) 
2.66～2.71 2.69 2.65～2.71 2.69 2.81～2.85 2.84 

Water absorption 

(%) 
1.15～2.79 1.68 1.18～3.16 2.17 0.3～2.53 0.88 

Porosity (%) 3.06～7.22 4.42 3.22～8.06 5.64 0.83～6.94 2.40 

Mechanical 

parameters 

under dry 

conditions 

Uniaxial 

compressive 

strength (MPa) 

2.88～

127.9 
62.29 34.5～47.8 40.63 27.9～65.6 47.2 

Tensile strength 

(MPa) 
2.38～6.54 4.50 2.75～3.78 3.10 3.43～6.17 4.61 

Cohesion (MPa) 
3.64～5.78 4.96 6.43～7.38 6.91 —— 4.51 

Internal friction 

Angle (°) 
39.2～42.6 41.13 42.2～43. 42.75 —— 42.1 

Mechanical 

parameters 

under 

Uniaxial 

compressive 

strength (MPa) 

1.27～113 40 23.6～44.9 32.85 21.9～56.3 37.11 
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saturated 

water 

condition 

Tensile strength 

(MPa) 
1.52～4.09 2.54 1.77～2.40 2.00 2.63～4.23 3.29 

Cohesion (MPa) 
2.75～5.01 4.03 5.95～6.44 6.20 4.31～6.17 5.01 

Internal friction 

Angle (°) 
38.6～41.2 40.07 41.7～42.4 42.05 38.8～42.1 40.65 

 

In summary, except for the Quaternary loose rocks, which have poor engineering 

properties due to their loose structure, the ore bodies and surrounding rocks are generally 

categorized as hard to semi-hard rock units with high rock mechanical strength, making them 

favorable for tunnel excavation. However, the weak rock layers interbedded in the ore layer 

exhibit a fragmented, short-columnar structure with low mechanical strength, making them 

prone to collapse during the later stages of lower-layer mining. 

3.1.1.2 Structural plane characteristics 

The structural surfaces in the mining area are primarily composed of faults, bedding planes, and 

joint fractures. After a comprehensive analysis of the types, orientations, extensions, dips, and 

impacts on rock mass stability of the faults, joints, and fractures, three main structural surface 

levels are identified within the area: Level II and Level III structural surfaces, as follows: 

(1) Level II structural surface 

The Level II structural surface is represented by the Sanjiacun Fault, which runs near east-

west and is in the southern part of the mining area. This fault is a north-dipping normal fault 

and is the largest regional fault in the area. The fault has a strike of 70°–75°, which is roughly 

parallel to the lower boundary of the orebody, with a dip direction of 345° and a dip angle of 

73°. Although the fault exerts regional control over the orebody's shape, it has no direct impact 

on the stability of underground mining operations. 

(2) Level III structural surface 

Two normal faults are developed within the mining area, both trending southeast to 

northwest with dip angles of approximately 70°. Detailed parameters are provided in Table 3.2: 

F1 Fault: Located on the western side of the sixth mining section of Kunyang mine, the F1 

fault has a general strike of 154° with a dip angle of about 80° and a fault displacement of 68 

meters. As this fault lies within the open-pit mining boundary, it has no direct impact on the 

stability of underground mining operations. 

F2 Fault: Located in the northwest part of the mining area, the F2 fault is 410 meters long 

with a general strike of 137° and a dip angle of 75°, and a fault displacement of 10–20 meters. 

Due to surface phosphate mining and dumping, the fault is covered by Quaternary deposits. 

Since part of this fault lies within the scope of this evaluation, it has a certain impact on the 

stability of local engineering works. When the tunnel passes through this fault, appropriate 

support measures should be implemented. 
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Table. 3.2 Fault structure of a mine in Kunyang 

Name of 

fault 

Attitude 

Statement Length 

(m) 

Strike 

(°) 

Dip 

Direction (°) 

Dip 

Angle (°) 

Displacement 

(m) 

F1 330 154 64 80 68 
The eastern block has subsided, and 

the western block has risen. 

F2 410 137 227 70～80 10～20 
The southwestern block has subsided, 

and the northeastern block has risen. 

3.1.2 Engineering geological evaluation 

3.1.2.1 Stability evaluation of orebody and roof and floor rock layers 

The quality of the orebody, surrounding rock, and the stability of surrounding rock in shafts 

and tunnels are evaluated using the rock mass quality evaluation method (Z) (Liu et al., 2021) 

and the rock quality designation method (RQD). The calculation formulas for the rock mass 

quality coefficient are as follows: 

{
𝑍 = 𝐼 × 𝑆 × 𝑡𝑎𝑛𝜑

𝑀 =
𝜎𝑐

300
∙ 𝑅𝑄𝐷

                            (3.1) 

where Z is the rock mass quality coefficient, I is the integrity coefficient (i.e. RQD value), S is 

the rock hardness coefficient (𝜎𝑐/100), φ is the internal friction angle of rock mass (°), M is the 

rock mass quality index, 𝜎𝑐 is the uniaxial compressive strength of rock mass (MPa), RQD is 

the Rock Quality Designation. Using Equation (3.1), the rock mass quality coefficient Z and 

the rock mass quality index M are calculated. The results are shown in Table 3.3. 

Table. 3.3 Calculation results of rock mass quality coefficient Z and rock mass quality index M 

Rock group 

Rock mass quality evaluation coefficient method (Z)  
Rock quality designation method (RQD) 

 

I S Z 
Rock Mass Quality 

Classification 
𝜎𝑐 RQD M 

Rock Mass Quality 

Classification 

Ore body roof 0.13 0.37 0.04 Very poor 37.11 0.13 0.02 Poor 

Overburden rock 0.37 0.40 0.13 Poor 40 0.37 0.05 Poor 

Ore body 0.16 0.35 0.05 Very poor 34.8 0.16 0.02 Poor 

Ore body floor 0.20 0.37 0.07 Poor 20.3 0.20 0.01 Poor 

Based on the analysis of Table 3.3, it can be concluded that the fracture development in 

the roof of the ore body is highly pronounced, with brittle and fragile characteristics. The 

average uniaxial compressive strength of the rock mass is 37.11 MPa, and the rock mass quality 

index (M) is 0.02, indicating poor rock mass quality and stability. The average RQD (Rock 

Quality Designation) value of the overlying strata from boreholes is 37%, with an average 

uniaxial compressive strength of 40 MPa, signifying high mechanical strength but poor rock 

mass quality. The average RQD value of boreholes in the ore body strata is 16.3%, showing a 

fractured rock mass, with an average uniaxial compressive strength of 34.8 MPa and a rock 
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mass quality index (M) of 0.02, again indicating poor rock mass quality. The average RQD 

value of the floor strata from boreholes is 20.3%, indicating a fractured rock mass, with an 

average uniaxial compressive strength of 20.3 MPa and a rock mass quality index (M) of 0.01, 

demonstrating poor rock mass quality. 

Through the stability evaluation of the ore body and the roof and floor strata, it is found 

that the surrounding rock of the ore body’s roof and floor, as well as the surrounding rock of 

the mine tunnels, is mainly hard to relatively hard (Class IV–V). The rock mass quality is poor. 

3.1.2.2 Estimation of the height of water-conducting fracture zone 

In underground mining engineering, the creation of goafs (mined-out areas) leads to stress 

concentration on the roof, which subsequently forms secondary fractures. Calculating the height 

of the water-conducting fracture zone during underground mining is of great significance for 

studying the stability of the aquiclude and the aquifer in the indirect roof. Based on the 

engineering geological conditions of the mining area, the ore body is mainly located in the 

Zhongyicun Formation, with the Haikou, Canglangpu, and Qiongzhusi Formations above it, 

predominantly consisting of sandstone and shale. The dip angle of the ore body is roughly 

consistent with that of the strata, approximately 15°. The average uniaxial saturated 

compressive strength of the upper sandstone and shale is 40 MPa. According to the mining 

method, the calculation formula for the water-conducting fracture zone in gently dipping strata 

is as follows: 

𝐻f =
100D

3.3n+3.8
+ 5.1                           (3.2) 

where D represents the cumulative mining thickness (m), with the total thickness of the 

upper and lower ore layers being 12.53 m, and n is the number of stratified layers, which is set 

to 2.  

Using Equation (3.2), the calculated height of the water-conducting fracture zone is 

125.58 m, which is less than the thickness of the aquiclude. Under the protective effect of the 

aquiclude, the hydraulic connection between the indirect roof aquifer and the direct water-

bearing aquifer of the ore deposit is relatively weak. 

In summary, the mining area is located in a watershed to gentle slope terrain, with the 

topography higher in the north and lower in the south, and higher in the northeast and lower in 

the southwest, which favors natural drainage. The mining area is situated on the southern flank 

of the Xiangtiao Village anticline, and the strata form a southward-inclined monocline. The 

surface layers expose strata from the Sinian, Cambrian, Devonian, Carboniferous, and 

Quaternary periods, indicating a simple geological structure. Surface karst fractures are well-

developed, while deeper fractures are less developed. The shallow part of the mining area 

contains heavily weathered strata, and the dip angle of the rock layers is relatively gentle. The 

rock mass is locally fractured, which affects its stability. The pit slope is relatively stable, and 

a discontinuous weak interlayer exists between the upper and lower ore bodies. Therefore, the 
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complexity of the engineering geological conditions in this mining area can be classified as 

moderate, dominated by hard to semi-hard soluble salt rocks and clastic rocks. 

3.2 Field water pressure test 

3.2.1 Geophysical testing results of the tunnel face under examination 

To investigate the fracture development and water distribution in the rock mass ahead of the 

tunnel face, a geophysical survey was conducted using the transient electromagnetic method. 

The survey lines were arranged 1.5 meters above the tunnel face. First, survey line A was laid 

horizontally from left to right, followed by survey line B laid in the opposite direction, and 

finally, survey line C was placed vertically from the bottom to the top in the center of the tunnel 

face. Survey line A used an advanced probing method with angular measurements, while survey 

lines B and C employed continuous measurements using the roof and floor method. The layout 

of the survey lines on the working face is shown in Fig. 3.3. 

 

Fig. 3.3 Layout sketch of Transient Electromagnetic Survey Lines 

Fig. 3.4 provides a photograph of the tunnel face under examination. As shown in Fig. 

3.4, joints and fractures are well developed on the tunnel face and roof, with fractures extending 

along the bedding planes. Localized water inflow is observed along the fractures, with a flow 

rate of approximately 0.2 to 0.4 L/s. The rock strata are relatively hard, and the walls and roof 

of the tunnel face are damp. Water inflow is also visible in the blast hole on the right side of the 

tunnel face, with a flow rate of about 0.2 to 0.5 L/s. The water quality in the blast hole is clear. 
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Fig. 3.4 Photo of a palm face in the tunnel to be tested 

Based on the layout method shown in Fig. 3.3, the transient electromagnetic survey results 

of the tunnel face under examination were obtained, as shown in Fig. 3.5.  

From Fig. 3.5, a low-resistivity anomaly zone, YC-1#, can be observed, which developed 

within the 0–8 m range in front of the tunnel face. Two additional low-resistivity anomaly zones, 

YC-2# and YC-3#, were identified in the 25–40 m range on both sides of the tunnel face. From 

the apparent resistivity image, YC-1# appears as a relatively isolated low-resistivity anomaly, 

indicating the presence of water-filled fractures within the 0–8 m range, but with a low water 

content. The two anomaly zones, YC-2# and YC-3#, exhibit high-frequency resistivity 

anomalies, suggesting that these areas have well-developed fractures, though with a low water 

saturation. 

During the tunneling process, the balance between existing rock fractures and 

groundwater is likely to be disrupted, causing water from the low-frequency anomaly zone to 

flow through the fracture channels of the high-frequency anomaly zone into the tunnel. 

Therefore, it is essential to further investigate the impact of water (such as water saturation 

duration and water pressure) on the stability of the surrounding rock mass in the tunnel. This 

would provide theoretical guidance for the support and excavation of the tunnel. 
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(a)  

   

(b)                       (c)  

Fig. 3.5 Transient Electromagnetic Survey Results. (a) Survey Line A (Left Side → Right Side). (b) Survey 

Line B (Right Side → Left Side). (c) Survey Line C (Bottom → Top) 

3.2.2 Water pressure test results of the tunnel  

Based on the geophysical testing in Section 3.2.1, JM series vibrating string pore water pressure 

is used to monitor the water pressure in front of the testing tunnel's palm face, as shown in Fig. 

3.6. Four monitoring points, designated as S1, S2, S3, and S4, were arranged along the tunnel 

face, and the monitoring results are shown in Fig. 3.7. 
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      (a)                            (b)  

Fig.3.6 Layout and field monitoring of pore water pressure gauges. (a) Sensor layout. (b) Data monitoring. 

As observed in Fig. 3.7, the water pressure at all four monitoring points gradually 

increased over time, but the rate of increase progressively slowed. After the 14th day, the water 

pressure at each monitoring point tended to stabilize, with an average variation of less than 

4.2%. Therefore, the average monitored water pressure on the 16th day, 1.42 MPa, was selected 

as the pore water pressure of the target tunnel. This value serves as a reference for designing 

the cyclic loading experiment on water-saturated samples under the influence of water pressure. 

 

 

Fig. 3.7 Water pressure monitoring results of the tunnel  

3.3 In-situ stress testing 

In-situ stress is the fundamental driving force behind tunnel excavation deformation and failure, 

and it is a necessary prerequisite for analyzing surrounding rock stability and designing rock 

engineering excavations. Obtaining the in-situ stress data at the study site provides critical 
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reference points for developing laboratory experimental plans and establishing numerical 

simulation models. The location of the in-situ stress test in this study is shown in Fig. 3.8. 

 

Fig. 3.8 Test site of in-situ stress 

The in-situ stress of the tunnel under examination was measured using the overcoring 

stress relief method. The basic principle of this method involves installing deformation or strain 

measurement elements in a borehole. By measuring changes in borehole diameter, strain at the 

borehole bottom, or strain on the borehole wall surface before and after stress relief, the 

magnitude and direction of the in-situ stress can be determined (Qin et al., 2018; Zhao et al., 

2021). The overcoring stress relief method is one of the longest-established and most reliable 

techniques for in-situ stress testing. The in-situ stress testing equipment (Fig. 3.9) is listed in 

Table 3.4. 

Table 3.4 Test equipment characteristics 

Instrument Name Model Specifications and Performance 

Hollow Body Strain Gauge KX-81  Accuracy: 0.1 μs 

Mine Pressure Monitoring System Station KJ327-F  Accuracy: ±0.1% of measured value 

 

Ground stress measuring point
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(a) 

 

(b) 

Fig. 3.9 In-situ stress test. (a) KX-81 Hollow Body Strain Gauge. (b) Stress Relief Drilling Process. 

3.3.1 In-situ stress measurement 

The key indicators, the structure, installation and testing methods of Hollow Body Strain Gauge 

are as follows: 

(1) Key Indicators: The strain gauge has a total length of 290 mm, a diameter of 36 mm, 

and a lead cable length of 15 m. The sensitivity coefficient of each strain gauge is 3.3. 



3 Mine water pressure and ground stress test 

35 

(2) Structure and Installation of the Strain Gauge: The strain gauge consists of 12 

resistance strain gauges embedded in an epoxy resin cylinder. Three strain rosettes are bonded 

around the epoxy resin cylinder, spaced 120° apart. An outer layer of epoxy resin is then poured 

to encase the strain gauges within the cylinder wall. After a certain period, when the adhesive 

has cured, the overcoring procedure can be initiated. 

(3) Overcoring for Stress Relief: A borehole with a diameter of 130 mm is drilled at the 

testing location. A smaller hole, with a diameter of 36–36.5 mm, is drilled at the center of this 

borehole to install the probe and measure the initial strain value. Next, a drill bit with a diameter 

of 130 mm is used to drill concentrically, excavating the stress relief cavity. As the cavity 

deepens, the rock core becomes isolated from the external stress field, leading to elastic 

recovery of the rock core. The instrument readings change accordingly until the readings 

stabilize, at which point drilling is stopped, and the rock core is extracted. Fig. 3.9(b) illustrates 

the stress relief drilling process. 

3.3.2 Test results and analysis 

Based on the data obtained from the measurements at the drilling points, the stress relief curve 

was plotted, as shown in Fig. 3.10. 

 

 

Fig. 3.10 Borehole stress relief curve 

The stabilized strain values from the 12 strain gauges listed in Fig.3.10 were used to 

calculate the three-dimensional principal stresses using the following equation (Wang et al., 

2022): 

{
 
 

 
 𝜀𝜃 =

1

𝐸
{(𝜎𝑥 + 𝜎𝑦) + 2(1 − 𝑣

2)[(𝜎𝑥 − 𝜎𝑦)𝑐𝑜𝑠2𝜃 − 2𝜏𝑥𝑦𝑠𝑖𝑛2𝜃] − 𝑣𝜎𝑧}

𝜀𝑧 =
1

𝐸
[𝜎𝑧 − 𝑣(𝜎𝑥 + 𝜎𝑦)𝑐]

𝛾𝜃𝑧 =
4

𝐸
(1 + 𝑣)(𝜏𝑦𝑧𝑐𝑜𝑠𝜃 − 𝜏𝑧𝑥𝑠𝑖𝑛𝜃)

𝜀±45° =
1

2
(𝜀𝜃 + 𝜀𝑧 + 𝛾𝜃𝑧)
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 (3.3) 

where 𝜀𝜃 , 𝜀𝑧 , 𝛾𝜃𝑧  represent the circumferential strain, axial strain, and shear strain, 

respectively. 𝜀±45° indicates the strain in directions ±45° relative to the borehole axis (Z-axis). 

𝜎𝑥, 𝜎𝑦, 𝜎𝑧, 𝜏𝑥𝑦, 𝜏𝑦𝑧, and 𝜏𝑧𝑥 are the six components of the in-situ rock stress. 

The formulas for calculating the rock's Poisson's ratio and elastic modulus are given by: 

{
𝐸 = 𝐾1

𝑃0

𝜀𝜃

2𝑅2

𝑅2−𝑟2

𝜐 =
𝜀𝑧

𝜀𝜃

                           (3.4) 

where P0 is the confining pressure; 𝜀𝑧 is the average axial strain; 𝜀𝜃  is the average radial 

strain; R and r are the outer and inner diameters of the overcored rock core, respectively. K1 is 

a correction factor for the bonding degree of the strain gauge to the borehole wall. 

From the experiment, the elastic modulus E and Poisson's ratio ν of the rock at the testing 

location were determined. After correcting the laboratory data to account for geological 

structure and overburden stress, the reference values obtained were: E=22 GPa, υ=0.2. 

The iterative method was used to solve equation (3.3), and the results are presented in 

Table 3.5. In the table, the directions of in-situ stress are referenced to the geographic coordinate 

system, as shown in Fig. 3.11. The direction of the three-dimensional principal stresses is 

calculated clockwise from true north, with upward dip angles considered positive and 

downward dip angles considered negative. 

Table 3.5 Three-dimensional principal stress test results 

Project 
Maximum Principal 

Stress (MPa) 

Intermediate Principal 

Stress (MPa) 

Minimum Principal 

Stress (MPa) 

Principal Stress Value (MPa) 15.68 7.32 4.98 

Dip Angle (°) 4.98 -9.64 65.84 

Azimuth Angle (°) 224.55 -7.21 131.65 

 

Fig. 3.11 Schematic diagram of in-situ stress test results 
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From Table 3.5, it can be observed that the maximum principal stress and intermediate 

principal stress are close to the horizontal direction, while the minimum principal stress is 

oriented near the vertical direction. The results of the lateral pressure coefficient indicate that 

the initial in-situ stress of the surrounding rock in the area under investigation is primarily 

influenced by tectonic stresses. 

3.4 Source of in-situ cyclic stress 

The Yunnan phosphate mining area is located in the Xiaojiang Fault Zone, where frequent 

microseismic activity creates a complex stress environment for advancing tunnels. The 

surrounding rock mass of the target tunnel exhibits well-developed joints, poor integrity, and 

long-term water saturation, resulting in intricate stress conditions in the roof. To investigate the 

stress evolution of the tunnel roof during excavation, a GZY60 intrinsic safety borehole stress 

sensor (see Fig. 2.11) was deployed to measure roof stress. 

 
Fig.2.11 GZY60 intrinsic safety borehole stress sensor for mining 

The GZY60 sensor consists of a force-measuring unit and a transmitter, rigidly connected 

via stainless steel tubing. It infers stress changes by measuring internal rock deformation, with 

an error margin of ±2.5%. A borehole was drilled into the roof strata of the target tunnel, and 

the sensor was installed inside. Using an external rod, the sensor was pushed to the designated 

position within the borehole, and data were recorded periodically. The test results are shown in 

Fig. 2.12. 

 
Fig. 2.12 Evolution trend of borehole stress in tunnel roof strata 
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Monitoring data from Fig. 2.12 reveal that under the combined effects of tectonic stress in 

the Xiaojiang Fault Zone and frequent microseismic activity, the roof pressure of the target 

tunnel exhibits significant dynamic non-steady-state characteristics. The dense joint network 

and long-term water-induced softening of the surrounding rock further intensify stress 

fluctuations, with the amplitude (ΔPmax = 3.86 MPa) showing strong correlations with 

excavation disturbances and microseismic energy release. To quantitatively characterize roof 

stress under such complex conditions, a sinusoidal function model was applied for fitting, 

achieving a coefficient of determination (R2 = 0.79). This validates the model’s applicability to 

roof stress fluctuations, revealing a cyclic sinusoidal-like stress pattern. These stress 

measurements provide a basis for designing cyclic loading experimental protocols. 

3.5 The coupling effect of water saturated, water pressure and 

circulating stress in tunnel excavation 

The evolution of stress state and water environment is critical for stability analysis during tunnel 

excavation. Fig. 3.12 illustrates the water pressure evolution in the studied tunnel during 

excavation and its coupling effect with cyclic stress (Fang et al., 2021). 

 

 

Fig. 3.12 Coupling effect of saturated water, water pressure and cyclic stress during tunnel excavation 
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As shown in Fig. 3.12, in the initial stage of tunnel excavation, due to the distance from 

the water-rich area, the water pressure is small, and the roof is subjected only to the effects of 

water saturation and cyclic stress. However, in the second excavation segment, due to the 

infiltration of water from the overlying water-rich zone, the roof experiences the combined 

effects of cyclic stress and water pressure. Therefore, to investigate the stability of surrounding 

rock and the evolution of roof water pressure during tunnel excavation, it is necessary to 

conduct research on the mechanical deterioration and seepage evolution of water-saturated 

shale under cyclic loading conditions with and without water pressure. 

3.6 Summary 

Based on field investigations, engineering geological surveys, and hollow inclusion stress 

gauge tests, this chapter systematically reveals the engineering geological characteristics and 

in-situ stress field distribution patterns of the targeted mining area in the Yunnan phosphate 

mine. The main conclusions are as follows: 

1. Engineering Geological Evaluation of the Mining Area: The roof and floor of the ore 

body, as well as the surrounding rock of tunnels, are primarily composed of hard to relatively 

hard rock (Class IV–V), with moderate to poor rock mass quality. The complexity of the 

engineering geological conditions in the mining area is classified as moderate, predominantly 

consisting of soluble salt rocks and clastic hard to semi-hard rocks. 

2. Transient Electromagnetic Detection: The results reveal the presence of three low-

resistivity anomaly zones ahead of the excavation face. A water-rich anomalous body is 

developed within the 0–8 m range, while fracture water channel anomaly signals appear on both 

sides within the 25–40 m range. Pore water pressure monitoring indicates that 14 days after 

tunnel excavation, the pore water pressure stabilizes at an average of 1.42 MPa with fluctuations 

of less than 4.2%. The on-site measured data provide a basis for the design of water pressure 

and cyclic disturbance experiments. 

3. In-Situ Stress Test Data: The maximum principal stress (σ1 = 15.68 MPa) and the 

intermediate principal stress (σ2 = 7.32 MPa) are nearly horizontal, while the minimum 

principal stress (σ3  = 4.98 MPa) is close to the vertical direction. The lateral pressure 

coefficient is λ = 0.46, indicating that the initial in-situ stress field is primarily governed by 

tectonic stress. The in-situ stress test results serve as a reference for designing true triaxial 

experimental schemes. 

4. Effects of Excavation on Surrounding Rock Stability: In the early stage of tunnel 

excavation, the roof is mainly subjected to water saturation and cyclic stress. In the second 

excavation phase, due to water infiltration from the overlying water-rich area, the roof is 

influenced by both cyclic stress and water pressure. To investigate the stability of surrounding 

rock and the evolution of roof water pressure during the excavation of water-rich tunnels, it is 

necessary to conduct research on the mechanical degradation and seepage evolution 
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characteristics of water-saturated shale under cyclic loading conditions with and without water 

pressure variation. 
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Chapter 4 

Damage characteristics of saturated shale 

under disturbance of circulating stress 

without hydraulic pressure 
 

 

 

 

 
As indicated in Section 3.4, during the initial stage of tunnel excavation (first segment), the roof 

is subjected to the combined effects of water saturation and cyclic stress. This water-mechanical 

coupling alters the shale structure, leading to the deterioration of its physical and mechanical 

properties (as shown in Fig. 4.1), which in turn significantly affects the long-term stability and 

safety of the shale tunnel. 

 

 

Fig. 4.1 The stress environment of surrounding rock during the excavation of the first section of tunnel 

Therefore, this chapter focuses on investigating the damage characteristics of water-

saturated shale under cyclic stress disturbance. First, the static mechanical properties of shale 

under different water saturation durations are examined to explore the influence of saturation 

time on shale’s mechanical behavior. Then, under a constant water saturation duration, the 

evolution of the mechanical properties of water-saturated shale under cyclic stress is analyzed. 

Based on this, the combined effects of water saturation duration and cyclic stress are studied to 

reveal the damage failure characteristics and mechanical deterioration mechanism of shale 

under coupled water saturation and cyclic stress conditions. The specific research framework 

is shown in Fig. 4.2, and the findings can provide references for excavation support in similar 

water-rich tunnels. 

Cyclic loading test of saturated shale 

under no water pressure

No water pressure

Water-saturated shale

Water-rich region
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Fig. 4.2 Research roadmap of damage characteristics of saturated shale under cyclic stress disturbance 

4.1 Evolution of shale mechanical properties under different saturated 

water and confining pressure conditions 

4.1.1 Sample characteristics and testing methods 

4.1.1.1 Sample preparation 

To study the degradation mechanism of mechanical properties of shale during saturated water 

duration, water saturation test and conventional triaxial loading test were carried out on shale 

samples. Samples were taken from the test tunnel and processed in the laboratory into standard 

cylindrical samples with a diameter of 50 mm and a height of 100 mm. To avoid the effects of 

end friction on the test, the flatness of the end surfaces was controlled within 0.02 mm. The 

sample surfaces were smooth, with no visible joints or cracks, as shown in Fig. 4.3. 

 

 

Fig. 4.3 Standard cylindrical samples after processing 
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4.1.1.2 Testing equipment 

The testing equipment adopted included: 

1) Vacuum saturation apparatus. The NJ-BSJ concrete vacuum saturation instrument (see 

Fig. 4.4(a)) was used for the water saturation treatment of the samples. The main unit 

of the instrument has dimensions of 750 × 680 × 400 mm³, a vacuum capacity of 

10 L, and a pressure transmitter equipped with a 2 L oil pump. The water level sensor 

can control automatic water injection, and the digital display shows the vacuum values 

and saturation time for each channel, with a timing function. 

2) Ultrasonic testing apparatus. The longitudinal wave velocity was measured using the 

UTA-2000A intelligent ultrasonic monitoring instrument, as shown in Fig. 4.4(b). The 

equipment has a sampling frequency of 10 MHz, a sensor frequency of 35 kHz, and an 

accuracy of 0.1 μs. Vaseline cream was used as a coupling agent between the sample 

and the sensor. 

3) Mechanical testing apparatus. Mechanical tests were conducted using the RMT-150B 

electro-hydraulic servo rock testing system, as shown in Fig. 4.4(c). The system has a 

maximum axial load of 1000 kN, a maximum horizontal load of 500 kN, and a 

maximum confining pressure of 50 MPa. It can perform various tests, including uniaxial 

compression, indirect (direct) tension, compression-shear, and triaxial compression. 

The system allows control through load, displacement, and stroke, and the computer 

automatically collects and displays real-time data on load and deformation during 

testing. 

 

  

(a)                     (b) 
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(c) 

Fig. 4.4 Physical and mechanical property testing equipment. (a) NJ-BSJ Concrete Vacuum Saturation 

Apparatus. (b) UTA2001A Ultrasonic Testing Device. (c) RMT-150B Electro-hydraulic Servo Rock 

Testing System. 

4.1.1.3 Testing methods 

To analyze the effects of different saturation durations on the fatigue characteristics of the 

samples, it is necessary to first test the degradation mechanism of the mechanical properties of 

shale under varying saturation conditions. The sample preparation plan is as follows: 

1) Grouping: The samples were divided into four groups (A, B, C, D), with 8 samples in 

each group. Group A samples were left untreated and labeled as natural samples. Samples in 

groups B, C, and D were saturated in the vacuum saturation instrument for 12, 24, and 36 hours, 

respectively, and then sealed with plastic wrap. 

2) Physical Property Testing: The density of each group of samples were tested. Samples 

with better homogeneity were selected for mechanical testing. The average physical parameters 

of the samples from each group are shown in Table 4.1. 

Table 4.1 Physical and mechanical properties of samples under different water saturation duration 

Type Group Saturation Duration (h) Density (g/cm³) 

Natural Sample A 0 2.772 

Saturated Sample 

B 12 2.791 

C 24 2.810 

D 36 2.814 

3) Conventional Triaxial Tests: Conventional triaxial tests were conducted on the four 

groups of samples to measure mechanical parameters such as peak strength (𝜎1), peak strain 

(𝜀𝑐), elastic modulus (E), cohesion (c), and internal friction angle (f). The confining pressures 

for this test were set at 4, 6, 8, 10, and 12 MPa. 
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4.1.2 Experimental results and analysis 

Fig.4.5 and Table 4.2 show the results of conventional triaxial compression tests for each group 

of samples. From the table, it can be observed that for the natural sample (Group A), when the 

confining pressure is 4 MPa, the peak strength is 84.9 MPa. As the confining pressure increases, 

the peak strength of the sample gradually increases, reaching 138.9 MPa at 12 MPa, which 

represents a 63.6% increase. However, as the saturation time extends, the peak strength of the 

samples decreases under all confining pressures. For instance, when the confining pressure is 4 

MPa, the peak strength of the samples saturated for 12, 24, and 36 hours are 75.6 MPa, 65.2 

MPa, and 45.7 MPa, respectively. This corresponds to a reduction of 11.0%, 23.3%, and 46.1% 

compared to the natural sample, indicating that the longer the saturation time, the greater the 

degradation of the sample. 

Moreover, the degradation effect of water saturation is not only reflected in the decrease 

in peak strength but also in the effect of confining pressure on the samples. Observing the degree 

of influence of confining pressure under different saturation durations reveals that when the 

saturation times are 12, 24, and 36 hours, as the confining pressure increases from 4 MPa to 12 

MPa, the peak strength of the samples increases by 63.6%, 67.1%, and 111.0%, respectively. 

The longer the saturation time, the more pronounced the effect of confining pressure on 

increasing the peak strength (i.e., the greater the confining pressure influence coefficient). 

Analyzing the impact of confining pressure on the saturation effect, the overall strength of 

the saturated samples shows a downward trend. In other words, the greater the confining 

pressure, the weaker the degradation effect of water saturation on the sample strength. This 

result is like previous uniaxial and triaxial tests on gypsum samples (Wei et al., 2020; Wang et 

al., 2023). In the earlier study on gypsum rock, it was found that water saturation significantly 

degrades the strength of gypsum rock, with the most notable effect observed under uniaxial 

compression: the uniaxial strength of the saturated sample was 44.4% lower than that of the 

natural sample. However, under confining pressure, the average strength of the saturated 

samples across all confining pressures was only 32.7% lower than that of the natural samples. 

The test results of both samples indicate that the effect of water saturation is closely related to 

confining pressure. 
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Fig. 4.5 Stress-strain curves of samples under conventional triaxial compression with different saturated 

water duration 

Table 4.2 The mechanical properties of each group of samples 

Group σ3 (MPa) σ1 (MPa) εc (10-2) c (MPa) φ (°) 

Group A: 

Natural Sample 

4 84.94 1.77 

10.98 47.43 

6 95.85 1.79 

8 107.27 1.78 

10 121.7 1.99 

12 138.92 2.12 

Group B: 

Saturated 

Sample 

T = 12 h 

4 75.62 1.62 

15.65 28.27 

6 89.87 1.71 

8 96.68 1.72 

10 111.27 1.83 

12 123.69 2.01 

Group C: 

Saturated 

Sample 

T = 24 h 

4 65.17 1.34 

8.41 44.15 

6 71.63 1.57 

8 81.04 1.62 

10 95.87 1.72 

12 108.92 1.89 
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Group D: 

Saturated 

Sample 

T = 36 h 

4 45.75 0.88 

3.45 47.23 

6 59.93 1.31 

8 64.7 1.24 

10 88.83 1.41 

12 96.51 1.65 

This phenomenon occurs because, under uniaxial compression, where there is no lateral 

confinement, water escapes from the sides of the sample during loading. In contrast, in 

conventional triaxial tests, confining pressure restrains the sample, causing water to fill the 

fractures and bedding planes inside the sample, which leads to an increase in peak strength. The 

greater the confining pressure, the more significant this strengthening effect becomes. This has 

engineering significance: for rock masses subjected to long-term water erosion, increasing the 

confining pressure can mitigate the degradation effect of water on their strength. 

At the same time, a cross-comparison of the groups revealed that the average peak strength 

of Group A samples (109.7 MPa) was the highest. The average peak strengths of Group B (99.4 

MPa), Group C (84.5 MPa), and Group D (71.1 MPa) were 9.4%, 23.0%, and 35.2% lower than 

that of Group A, respectively. This indicates that water saturation has a significant degrading 

effect on the samples. 

According to the Mohr-Coulomb strength criterion, the maximum shear stress that a 

sample can withstand is determined by cohesion and the internal friction angle, which can be 

expressed as: 

𝜏=c+𝜇𝜎                            (4.1) 

where c represents the cohesion, μ is the friction coefficient (𝜇 =  𝑡𝑎𝑛𝜑)，φ is the internal 

friction angle, and 𝜎 is the normal stress on the failure plane. If expressed in terms of principal 

stress, it can be written as: 

𝜎1 = 𝑘𝜎3 + 𝑄                         (4.2) 

where 𝜎1 is the peak strength, and k and Q are material strength parameters, where the values 

relate to the material strength parameters (c, f) as follows: 

𝜑 = 𝑎𝑟𝑐𝑠𝑖𝑛
(𝑘−1)

(𝑘+1)
                       (4.3) 

𝑐 = 𝑄
(1−𝑠𝑖𝑛𝜑)

(2 𝑐𝑜𝑠𝜑)
                        (4.4) 

Based on Equations (4.1)-(4.2), the relationship between the peak strength of the samples 

and confining pressure is obtained through regression, as shown in Fig. 4.6. The mechanical 

parameters of the samples in each group, calculated using the Mohr-Coulomb criterion, are 

presented in Table 4.2. 
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(a)                                      (b) 

 

 

(c)                                      (d) 

Fig. 4.6 Relationship between peak strength and confining pressure of each group of samples under triaxial 

compression. (a) Group A (0 hours). (b) Group B (12 hours). (c) Group C (24 hours). (d) Group D (36 

hours). 

4.2 Evolution of mechanical properties of shale under saturated water 

and cyclic stress 

4.2.1 Testing methods 

(1) Sample Grouping 

The samples were divided into three groups: A, B, and C, with eight samples in each group. 

Group A (Natural Group): This group received no treatment. Group B (Saturated Group): 

Samples were placed in a vacuum saturation device for 48 hours and then sealed with plastic 

wrap. Group C (Fatigue Saturated Group): Samples underwent fatigue loading (as detailed in 

step 3) before being placed in the vacuum saturation device for 48 hours, followed by sealing 

with plastic wrap. 
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(2) Physical Properties Testing 

The dimensions and masses of the samples were measured using calipers and an electronic 

scale to calculate density. The UTA-2000A intelligent ultrasonic monitoring instrument was 

used to perform ultrasonic tests on the samples. Based on the density and ultrasonic testing 

results, samples with uniform texture were selected for further testing. 

Physical property testing serves as the foundation for mechanical testing, assisting in the 

formulation of the mechanical testing plan. Wave speed is one of the important parameters 

reflecting rock joint and crack characteristics. By utilizing the test results of density and wave 

speed, a preliminary judgment can be made regarding the crack development in the samples, 

allowing for the exclusion of those with poor uniformity, thereby enhancing the accuracy of the 

test results.  

(3) Fatigue Loading Test 

Group C samples underwent fatigue loading. The loading parameters were set as follows: 

Minimum stress, 𝜎min = 0.1σcw (Uniaxial compressive strength of specimens saturated with 

water for 48 h). Maximum stress, 𝜎max = 0.9σc (covering the elastic and yield stages). The 

fatigue frequency is 1 Hz, the number of cycles = 10, and the waveform is Sine wave. 

(4) Conventional Triaxial Testing 

Conventional triaxial tests were performed on Groups A, B, and C. The displacement 

loading method was employed with a loading rate of 0.005 mm/s. Mechanical parameters such 

as peak strength (𝜎1), peak strain (𝜀𝑐), elastic modulus (E), cohesion (c), and internal friction 

angle (φ) were measured under different confining pressure conditions. The confining pressures 

for this experiment were set at 4, 6, 8, 10, and 12 MPa. 

4.2.2 Test results and analysis 

Fig. 4.7 and Table 4.3 show the results of conventional triaxial compression tests for each group 

of samples. From the observation of the peak stress of each sample group in Table 4.3, as the 

confining pressure increases, the peak strength of the samples gradually rises. However, the 

impact of confining pressure on the peak strength of samples under different conditions varies 

significantly. The natural samples and saturated samples are more affected by confining 

pressure, with influence coefficients ranging from 6.37 to 6.69. In contrast, after undergoing 

fatigue saturation treatment, the influence coefficient for the samples decreases to 2.81. This 

indicates that fatigue loading alters the mechanical properties of the samples, diminishing the 

strengthening effect of confining pressure to their strength. 
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Fig. 4.7 Stress-strain curve of samples after cycle stress loadind  

Table 4.3 Triaxial compression test results of each group of samples 

 σ3 (MPa) σ1 (MPa) εc (10-2) E (GPa) c (MPa) φ (°) 

Natural 

Group 

4 84.94 1.77 6.48  

10.98 47.43 

6 95.85 1.79 9.76  

8 107.27 1.78 8.43  

10 121.70 1.99 9.00  

12 138.92 2.12 11.15  

Saturated 

Group 

4 45.75 0.88 4.76  

3.87 46.77 

6 59.93 1.31 8.58  

8 64.70 1.24 7.02  

10 85.83 1.41 8.48  

12 96.51 1.65 7.76  

"Fatigue-

Saturated" 

Group 

4 42.09 0.98 7.06  

8.61 28.34 

6 45.79 1.39 7.98  

8 47.17 1.18 4.63  

10 56.85 1.23 7.72  

12 64.62 1.57 8.07  

A lateral horizontal comparison among the sample groups reveals that the natural samples 

exhibit the highest peak strength. The average peak strengths of the saturated and fatigue-

saturated samples under various confining pressure conditions are 35.7% and 53.3% lower, 

respectively, than that of the natural samples, demonstrating a significant degrading effect of 

both saturation and fatigue loading on the samples. The strength of the samples after fatigue 

stress disturbance is the lowest, attributed to prolonged fatigue loading that promotes the 

propagation of inherent cracks and the initiation of new ones. Additionally, the saturation 

treatment following fatigue loading facilitates the infiltration of water molecules into these 

0
1

2
3

0

20

40

60

80

100

Sample sta
tus

σ
 (

M
P

a)

ε (10 -2
)

 σ
3: 12MPa  

 σ
3: 10 MPa    

 σ
3: 8 MPa

   
 σ

3: 6 MPa    
 σ

3: 4 MPa

Water sa
turation

Water sa
turation + cyclic loading

C
o
n
fi

n
in

g
 p

re
ss

u
re

 

is
 r

ed
u
ce

d



4 Damage characteristics of saturated shale under disturbance of circulating stress without hydraulic pressure 

51 

cracks, causing secondary damage to the samples and leading to a substantial deterioration in 

their mechanical properties. 

Based on Equations (4.1)-(4.2), the relationship between the peak strength of the samples 

and confining pressure is obtained through regression, as shown in Fig. 4.8. 

 

(a)                                    (b)  

 

(c)  

Fig. 4.8 Relationship between peak strength and confining pressure of each group of samples under triaxial 

compression. (a) Natural Group (b) Saturated Group (c) "Fatigue-Saturated" Group 

From Figure 4.8, it can be observed that the influence coefficient of confining pressure on 

the samples ranges approximately from 2.81 to 6.69, with correlation coefficients greater than 

0.92. This indicates that the peak triaxial compressive strength of each sample group has a 

strong correlation with confining pressure, consistent with the Mohr-Coulomb strength criterion. 

Using Equations (4.16) and (4.17), the cohesion and internal friction angle for each sample 

group can be derived, as shown in Table 4.3. 

To monitor the evolution of damage characteristics in samples under different conditions 

during the loading process, a DS5-8B holographic acoustic emission signal analyzer was used 

to track the acoustic emission signals of the samples. Taking the samples under a confining 
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pressure of 𝜎3 = 4 MPa as an example, the stress/acoustic emission parameter versus time 

curve was plotted, as shown in Figure 4.9. 

 

 

(a)  

 

(b)  

 

(c)  

Fig. 4.9 Stress/acoustic emission parameters-time curve of sample. (a) Natural Group (b) Saturated Group 

(c) "Fatigue-Saturated" Group 

From Figure 4.9, it can be observed that when t∈[0, 200] , the natural samples are in the 

compaction stage, showing a certain level of acoustic emission signals. However, as the stress 

increases, the samples enter the elastic stage (t = 200~400 s), and the acoustic emission response 

level gradually decreases. At t = 400 s, the natural samples begin to fracture, resulting in a 
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significant increase in the acoustic emission response level. After fracture, due to the presence 

of confining pressure, the stress of the samples does not drop rapidly to zero, and the acoustic 

emission signals remain at a high level. 

In contrast, the acoustic emission signal peaks of the saturated samples are concentrated 

in the failure stage. During the compaction and elastic stages of loading, there are no significant 

differences in the intensity of the acoustic emission signals. In the post-peak stage, the intensity 

of the acoustic emission signals is also relatively low. This is because saturation causes some 

damage to the samples, with a large number of water molecules entering the samples, which 

reduces the acoustic emission signals generated due to crack closure during the initial 

compaction phase and decreases the load-bearing capacity after the peak. 

The fatigue-saturated samples, compared to the first two groups, exhibit an increase in 

damage due to crack closure before the peak and a further decrease in load-bearing capacity 

after the peak. Before the stress reaches its peak, significant crack closure occurs, resulting in 

a large number of acoustic emission signals (t=200 s). This indicates that prolonged fatigue 

loading has caused secondary damage to the samples, leading to significant deterioration in 

their mechanical properties and a substantial reduction in both load-bearing capacity and 

stability. 

4.3 Shale damage and fracture characteristics following water 

saturation and cyclic stress 

Sections 4.1 and 4.2 utilized conventional triaxial tests to evaluate the mechanical properties of 

samples under fatigue loading and varying saturation conditions, exploring the impact of 

different saturation durations on the mechanical characteristics of the samples. Building on 

Sections 4.1 and 4.2, this section investigates the deterioration mechanism of the mechanical 

properties of samples under the coupled effects of saturation and fatigue loading, specifically 

under uniaxial loading conditions. 

4.3.1 Test device and test method 

4.3.1.1 Test device 

1) Mechanical testing device  

The QKX-YD-1000 electro-hydraulic servo rock dynamic fatigue testing machine was 

jointly developed by Henan Polytechnic University and Shandong Qiankun Xing Intelligent 

Technology Co., Ltd., as shown in Figure 4.10(a). This testing machine has both static and 

dynamic modes and is capable of performing uniaxial compression, conventional triaxial 

compression, and tensile tests. The maximum loading speed is 800 mm/min, and the maximum 

confining pressure is 50 MPa. In dynamic mode, the maximum axial load is 800 kN, the 

maximum displacement is 50 mm, and the maximum cyclic frequency is 50 Hz; in static mode, 

the maximum axial load is 1000 kN, and the maximum displacement is 100 mm. 
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(a)                                       (b)  

 

(c)  

Fig. 4.10 Mechanical and acoustic emission test equipment. (a) QKX-YD-1000 Electro-Hydraulic Servo 

Rock Dynamic Fatigue Testing Machine. (b) Schematic Diagram of the Testing Machine. (c) DS5-8B 

Holographic Acoustic Emission Signal Analyzer. 

2) Acoustic emission testing equipment 

The DS5-8B holographic acoustic emission signal analyzer, shown in Figure 4.10(c), is 

capable of utilizing 2 to 8 channels via a USB 3.0 interface for multi-channel synchronous data 

acquisition. The sampling trigger modes include signal threshold triggering and external 

triggering. The continuous data throughput is 65.5 MB/s, with a maximum capacity of up to 

393 MB/s. 

4.3.1.2 Test method 

Fatigue loading tests were conducted on four groups of samples with different water 

saturation durations (0, 12, 24, and 36 hours) using the dynamic fatigue testing machine. The 

fatigue loading parameters were as follows: minimum stress 𝜎min = 0.15σc,；maximum stress 

𝜎max = 0.95σc；loading rate = 0.1𝜎𝑐/s (1/16 Hz); waveform = sine wave; and the number of 

cycles = 10. During the fatigue loading process, two acoustic emission probes were placed at 

the bottom of the samples to monitor damage and fracture information. Since the uniaxial 

compressive strength of the samples varies under different water saturation conditions, the 
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stress cycle scheme for this test was developed based on the test results in Section 4.1.1, as 

shown in Table 4.4. 

Table 4.4 Fatigue loading test method for each group of samples 

Group 𝜎c (MPa) 𝜎min (MPa) 𝜎max (MPa) Loading Rate 

Natural Sample 52.8 7.92 50.16 

0.1𝜎𝑐/s 

Sample after 12 h Saturation 25.5 3.83 24.23 

Sample after 24 h Saturation 14.8 2.22 14.06 

Sample after 36 h Saturation 12.9 1.94 12.26 

Uniaxial compression tests were conducted on the samples after fatigue loading to obtain 

the complete stress-strain curves. The mechanical properties of the samples were compared 

before and after fatigue loading to investigate the degradation mechanism of the mechanical 

properties under the combined effects of water saturation and fatigue loading. The technical 

roadmap for this experiment is illustrated in Figure 4.11. 

 

 

Fig. 4.11 Technical roadmap for research on fatigue damage characteristics of shale 
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4.3.2 Test results and analysis 

4.3.2.1 Stress-strain characteristics of samples during fatigue loading 

Figure 4.12 presents the stress-axial/radial/volumetric strain curves of each group of samples 

during the fatigue loading process. It can be observed from Figure 4.12 that the stress-strain 

characteristics of the samples exhibit significant differences under varying water saturation 

durations during fatigue loading. 

 

 

(a)                                    (b) 

 

(c)                                 (d)  

Fig. 4.12 Stress- strain curves of each group of samples during fatigue loading. (a) Water Saturation Time: 

0 h (Natural Sample). (b) Water Saturation Time: 12 h. (c) Water Saturation Time: 24 h. (d) Water 

Saturation Time: 36 h. 

In terms of stress characteristics, the uniaxial strength of the samples decreases with 

increasing water saturation time (see Table 4.4), leading to a corresponding reduction in the 

fatigue cycle stress. The stress cycle range for the natural samples is 7.9 to 51.1 MPa, while 

that for the 36-hour saturated samples is 1.9 to 12.3 MPa. Regarding strain characteristics, the 

maximum strain of the samples during fatigue loading gradually decreases with longer water 

saturation times. The natural sample has a maximum axial strain of 6.26×10-3, which is  
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greater than the maximum strains of the samples after 12 hours (maximum strain 3.76×10-2), 

24 hours (maximum strain 2.83×10-2), and 36 hours (maximum strain 1.61×10-2), by 66.5%, 

121.2%, and 288.9%, respectively. 

Upon examining the shapes of the stress-strain curves of the various groups, it is found 

that as the water saturation time increases, the stress-strain curves of the samples become 

increasingly irregular. Notably, for the samples saturated for 24 hours and 36 hours, the stress-

circumferential strain curves display more undulations and steps, leading to a pronounced 

jittering trend in the stress-volumetric strain curves of the samples. 

In addition, upon examining the stress-strain shapes of each group of samples, it was 

observed that the hysteresis loop openings for samples with water saturation times of 0, 12, and 

24 hours predominantly developed in a long strip shape in the direction of stress loading and 

unloading. However, the hysteresis loop opening for the sample with a saturation time of 36 

hours significantly increased and appeared elliptical, with a notable difference in the loading 

and unloading paths of a single hysteresis loop. This indicates that the sample with a saturation 

time of 36 hours exhibits greater fatigue damage within a single hysteresis loop. 

Observing the movement state of the stress-strain hysteresis loops for each group of 

samples, the hysteresis loop of the natural sample shifted notably to the right, while the 

rightward shift gradually decreased as the water saturation time increased. This suggests that 

during the fatigue loading process, the fatigue damage between each loading-unloading cycle 

of the sample decreases with increasing water saturation time. 

The results indicate that as the water saturation time increases, the damage within a single 

stress-strain hysteresis loop of the sample gradually intensifies, while the damage between 

different hysteresis loops diminishes. This seemingly contradictory phenomenon is not isolated; 

in our previous study on the fatigue characteristics of gypsum rock, we found that the damage 

of samples during fatigue loading is closely related to frequency. However, the damage within 

a single hysteresis loop increases with frequency, while the damage between loops decreases 

with frequency (Wang 2021). 

The reason for this phenomenon lies in the fact that natural samples, which have not 

undergone water saturation treatment, exhibit minimal initial damage before fatigue loading, 

allowing for a greater degree of strain recovery during unloading (the plastic strain during a 

single loading-unloading process is small). However, because they experience less initial 

damage, the rightward shift of their stress-strain curve during subsequent loading-unloading 

cycles is more significant. This principle is similar to the rapid growth of fatigue strain during 

the early stages of fatigue loading, which stabilizes in the later stages. In contrast, water-

saturated samples experience prior water-induced damage, leading to increased plasticity. 

Consequently, the difference between the strain recovery path and the loading path during the 

same loading-unloading cycle becomes more pronounced, resulting in a larger hysteresis loop. 

Additionally, due to the prior water-induced damage, their sensitivity to fatigue loading 
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decreases, leading to reduced strain variation between different fatigue loading-unloading 

cycles. 

4.3.2.2 Acoustic emission characteristics of samples during fatigue loading 

To investigate the damage characteristics of each group of samples during the fatigue loading 

process, acoustic emission (AE) monitoring was conducted on the samples, recording the 

acoustic emission energy, ringing count, and cumulative values throughout the loading process, 

as shown in Figure 4.13. 

The acoustic emission system can capture the initiation, propagation, and damage of cracks 

during compression through the rapid release of energy in rocks and AE counts. Under the 

influence of fatigue stress, the AE parameters of the samples (ringing count and energy) show 

a significant correlation with the stress-time curve. The damage process can be divided into 

three stages: the initial loading stage, the initial fatigue loading stage, and the later fatigue 

loading stage. 

1) Initial Loading Stage (stress loading from zero to the fatigue stage, encompassing the 

compaction and elastic phases): in this stage, the stress of the samples increases relatively 

steadily. Most samples exhibit low ringing count and energy values, as shown in Figures 4.13(a) 

and (b). This indicates that the samples are in a linear crack propagation phase, where some 

cracks undergo compaction and closure, generating only a small amount of acoustic emission 

signals. However, for the samples with a saturation time of 36 hours, the stress-time curve 

displays many inflection points, indicative of nonlinear crack development and propagation. 

Compared with other groups, the proportion of the corresponding ringing counts and energy 

values of this group of samples in this stage to the total ringing counts and total energy values 

is also higher. This suggests that this group experienced greater saturation-induced damage, 

resulting in a higher level of damage during the initial loading phase than the other groups. 
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(c)                                           (d) 

Fig. 4.13 Stress-time curve of the sample during fatigue loading and acoustic emission parameters (ringing 

count, energy) -time curve. (a) Water Saturation Time: 0 h (Natural Sample). (b) Water Saturation Time: 12 

h. (c) Water Saturation Time: 24 h. (d) Water Saturation Time: 36 h. 

2) Initial Stage of Fatigue Loading (the first and second cycles of fatigue loading): this 

stage represents the critical point between the initial loading phase and the fatigue loading phase. 

During this phase, the stress loading method for the samples suddenly shifts from a slow 

displacement loading (0.002 to 0.005 mm/s) to a rapid stress loading (0.1𝜎c/s: 1.29 to 5.28 

MPa/s). As the loading rate increases abruptly, the stress-strain curves of the samples begin to 

cyclically oscillate between the elastic and yielding phases, causing the crack development 

characteristics to alternate between nonlinear and linear propagation. The change in crack 

development status leads to a sudden increase in the acoustic emission parameters (ringing 

count and energy). Taking the water saturation duration of 12 h as an example, both the ringing 

count and energy peaks rising to over 300% of the levels observed before fatigue loading.  

3) Later Stage of Fatigue Loading (from the third cycle of fatigue loading until the end of 

fatigue loading): compared to the initial stage of fatigue loading, the acoustic emission response 

levels of the samples in this phase show a marked decrease, particularly in the saturated samples. 

This indicates that under the continuous loading of stable sinusoidal fatigue stress, the 

development of internal cracks within the samples tends to stabilize, resulting in a deceleration 

in the rate of damage accumulation and a corresponding reduction in acoustic emission response 

levels. 

To further analyze the differences in the variations of acoustic emission characteristics 

among the groups of samples, the cumulative values of ringing counts and energy under 

different saturation durations were statistically recorded and represented in a bar chart, as shown 

in Figure 4.14. 
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Fig. 4.14 The ringing count and energy accumulation value of samples with different water saturation 

duration during fatigue loading 

From Figure 4.14, it can be observed that as the saturation time increases, both the 

cumulative values of the ringing count and energy of the samples show a decreasing trend. The 

samples with saturation times of 12, 24, and 36 hours exhibit reductions in ringing count 

cumulative values of 51.8%, 69.9%, and 79.8%, respectively, compared to the natural samples, 

while their energy cumulative values decrease by 47.5%, 70.2%, and 80.5%, respectively. As 

the saturation time extends, the acoustic emission levels during the fatigue loading process 

gradually diminish. This phenomenon preliminarily indicates that the saturation damage and 

fatigue damage of the samples are not independent; the former interferes with the latter's effects. 

The longer the saturation time, the lower the degree of damage to the samples during the fatigue 

loading process. 

4.3.2.3 Damage characteristics of the samples during fatigue loading 

The damage variable represents the degradation level of the samples and reflects the irreversible 

changes in their structure during the loading process. Calculating the changes in the damage 

variable D under fatigue loading is crucial for investigating the damage characteristics of the 

samples. The expression for the damage variable D is given by (Mazars 1986)： 

𝐷 = 1 −
1

𝑒𝑥𝑝(𝑚𝑌)+𝑛𝑌
                         (4.5) 

where m and n are material parameters determined experimentally, and Y is the generalized 

shear strain, expressed as: 

𝑌 = √
2

9
[(𝜀1 − 𝜀2)

2 + (𝜀2 − 𝜀3)
2 + (𝜀3 − 𝜀1)

2] =
2

3
(𝜀1 − 𝜀3)        (4.6) 

Based on the damage evolution formula, the stress-strain curves obtained from the fatigue 

loading tests were fitted to determine the material parameters as follows: 

{
𝑚 = 0.85
𝑛 = 0.02

                           (4.7) 
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Substituting equation (4.7) into equation (4.5), the damage evolution curves of the samples 

during the fatigue loading process are obtained, as shown in Figure 4.15. 

From Figure 4.15, it can be observed that the damage variable-time curves of the various 

samples show a trend similar to that of the stress-time curves during the compaction and elastic 

phases. In the initial stage of fatigue loading, as the stress increases rapidly, the fatigue damage 

of the samples also increases accordingly. Moreover, with the increase in the number of fatigue 

loading cycles, the maximum fatigue damage also gradually increases, but the trend of increase 

slows down. This indicates that the majority of the damage to the samples occurs in the initial 

phase of fatigue loading. 

A horizontal comparison in Figure 4.15 shows that as the saturation time increases, the 

maximum damage variable (Dmax) in the fatigue loading cycles gradually decreases. A scatter 

plot of Dmax versus saturation time is presented in Figure 4.16. From Figure 4.16, it can be seen 

that Dmax exhibits a roughly linear negative correlation with saturation time. When the 

saturation time is 36 hours, the Dmax value of the sample is 0.54, which is 43.8% lower than that 

of the natural sample (0.96). This indicates that the longer the saturation time, the less damage 

the sample experiences during the fatigue loading process. 
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(b) 

 

(c) 

 

(d) 

Fig. 4.15 Damage evolution curve of sample during fatigue loading. (a) Water Saturation Time: 0 h 

(Natural Sample). (b) Water Saturation Time: 12 h. (c) Water Saturation Time: 24 h. (d) Water Saturation 

Time: 36 h. 
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Fig. 4.16 Relationship between maximum damage variable (Dmax) and water saturation duration. 

4.3.2.4 Mechanical characteristics of samples after fatigue loading 

After the fatigue loading, uniaxial compression tests were conducted on the samples. Figure 

4.17(a) shows the complete stress-strain curves from the uniaxial compression tests, while 

Figure 4.17(b) presents the fitted curve of uniaxial compressive strength versus saturation time 

for the samples subjected to both saturation and fatigue loading. 

 
(a)                                         (b) 

Fig. 4.17 Uniaxial compression test results of samples under fatigue loading. (a) Full Stress-Strain Curve. 

(b) Fitted Curve of Uniaxial Compressive Strength with Saturation Duration. 

From the observation of the deformation characteristics of each group of samples in Figure 

4.17(a), it can be seen that the peak strain of the natural sample (the strain value corresponding 

to the peak strength) is the smallest. In contrast, after varying durations of water saturation, the 
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characteristics of the samples during the fatigue loading process. This discrepancy arises 

because the natural sample experiences significant fatigue damage during the loading process, 

resulting in a substantial rightward shift of the stress-strain hysteresis loop and greater fatigue 

deformation. Consequently, the internal damage from crack development, closure, and fracture 

in the natural sample is greater than that in the water-saturated samples. This leads to a reduction 

in the deformation amount caused by crack closure and misalignment in the uniaxial 

compression test after fatigue loading, subsequently resulting in a decrease in the corresponding 

peak strain at failure. 

From the observation of the strength characteristics of each group of samples in Figures 

4.17(a) and (b), it is evident that after water saturation and fatigue loading, the uniaxial 

compressive strength of the natural sample is 16.6 MPa, which is 35.0%, 61.2%, and 64.4% 

higher than the strength of the samples saturated for 12, 24, and 36 hours, respectively. 

Comparing the strength characteristics before and after fatigue loading reveals that the strength 

of the samples with saturation times of 0, 12, 24, and 36 hours decreases by 68.6%, 51.8%, 

30.4%, and 21.7%, respectively, after fatigue loading. Although the strength of the natural 

sample remains the highest, the strength difference between the natural sample and the water-

saturated samples has significantly decreased. Notably, the strengths of the samples saturated 

for 24 hours and 36 hours are nearly identical (with a strength difference of 14.8% before fatigue 

loading). This indicates that the impact of fatigue loading on the strength of the samples 

gradually diminishes with the extension of water saturation time. 

4.3.2.5 Failure characteristics of samples after fatigue loading 

The failure characteristics of rocks and the evolution of cracks are key to analyzing the 

degradation mechanism of rocks under fatigue loading [140,141]. Figure 4.18 shows the 

uniaxial compression failure characteristics of each group of samples after water saturation and 

fatigue loading. 

In Figure 4.18, the upper circular cross-section displays the actual CT scan image, while 

the left circular image is the reconstructed three-dimensional view. The rectangular images in 

the middle and on the right represent the front and side views of the middle section of the sample 

after three-dimensional reconstruction. 
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(a)                                               (b) 

  

(c)                                              (d) 

Fig. 4.18 Uniaxial compression failure characteristics of samples with different water saturation duration 

after fatigue loading. (a) Water Saturation Time: 0 h (Natural Sample). (b) Water Saturation Time: 12 h. (c) 

Water Saturation Time: 24 h. (d) Water Saturation Time: 36 h. 

It can be observed from Figure 4.18 that the failure characteristics of the natural sample 

are the most pronounced, with multiple cracks penetrating through the upper and lower surfaces 

of the sample, indicating typical heavy shear failure. This suggests that the natural sample 

experiences significant damage during the fatigue loading process. In contrast, the failure 

characteristics of the water-saturated samples differ markedly from those of the natural sample, 

primarily characterized by a reduction in visible cracks and the disappearance of through-

fracture zones. As the water saturation time increases, the density of internal cracks in the 

samples decreases gradually after uniaxial compression failure, leading to less pronounced 

failure characteristics.  

This indicates that water saturation alters the mechanical properties of the samples, 

resulting in reduced brittleness and increased plasticity, thereby changing the failure modes of 

the samples post-saturation. This finding is consistent with previous analyses, which suggest 

that the longer the water saturation time, the greater the water-induced damage to the samples, 

leading to reduced fatigue damage during the loading process. In other words, under the same 

fatigue stress loading conditions of time and proportional stress, the level of damage to the 
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samples is influenced by another factor: the saturation time. The degree of fatigue damage and 

the extent of uniaxial compression failure in the samples are negatively correlated with the 

degree of water-induced damage. 

4.3.3 Numerical simulation of the sample failure characteristics 

The laboratory experiment can only analyze the fracture evolution of the samples before and 

after the experiment, and cannot obtain the fracture evolution characteristics of the samples 

during the experimental loading process. Therefore, a 3D discrete element software can be used 

to build a model to simulate the loading of the sample. 

(1) Model Establishment 

Using 3D discrete element software, a model was built to simulate the uniaxial 

compressive failure characteristics of samples after fatigue loading, as shown in Figure 4.19(a). 

The model consists of three parts: one sample and two loading plates. The dimensions of the 

loading plates are 70×70×20 mm³, and they are set as linear elastic constitutive models that do 

not cause shear or tensile damage. The dimensions of the sample match those of the actual 

samples and are set as Mohr-Coulomb constitutive models. In the laboratory experiments, the 

loading directions for both fatigue and uniaxial compression are parallel to the bedding 

direction. To better replicate the actual loading conditions, bedding parallel to the loading 

direction is also incorporated into the numerical model, as shown in Figure 4.19(b). 

 

 
(a)                                                  (b) 

Figure 4.19 Uniaxial compression test model based on 3DEC. (a) Samples and indenters. (b) Samples 

containing bedding. 

(2) Model Boundary Conditions 

The normal displacement (rate) and tangential displacement (rate) of the lower loading 

plate are set to 0 to prevent displacement during the test. The tangential displacement (rate) of 
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set to -0.005 mm/step, consistent with the laboratory test results. A monitoring point is set at 

the middle position on the top of the sample to observe the trend of axial stress changes during 

loading. If an irreversible decreasing trend occurs, loading is to be halted. 

(3) Model Parameters 

Conventional triaxial tests were conducted on each group of samples after fatigue loading 

to obtain their mechanical parameters under different conditions, as shown in Table 4.5. The 

parameters from Table 4.5 are adopted in the model to perform uniaxial compression tests on 

samples under different saturation durations. 

Table 4.5 The mechanical properties of each group of samples after fatigue loading 

Group E (GPa) c (MPa) φ (°) σt (MPa) 

A (Natural Sample) 
8.25 10.98 47.4 8.56 

B (Saturation Duration: 12 h) 
7.29  4.31 18.1 6.25 

C (Saturation Duration: 24 h) 
7.15  3.87 16.1 5.82 

D (Saturation Duration: 36 h) 
6.95 4.00 13.3 6.33 

 

(4) Analysis of Model Calculation Results  

Fig. 4.20 illustrates the deformation evolution distribution of each group of specimens 

after failure under loading. As observed in Fig. 4.20, specimens in their natural state exhibit the 

most significant deformation at the top, which gradually extends downward as loading 

intensifies. This phenomenon is closely related to the initial structural state of the specimen, the 

distribution of microcracks, and the brittle characteristics of the rock. In the unsaturated 

condition, the specimen structure is relatively compact, and the initial crack propagation is 

mainly concentrated at the top or surface region. As loading progresses, cracks gradually extend 

downward, eventually leading to overall specimen failure. After water saturation, the 

deformation distribution tends to be more uniform, with a smaller difference in deformation 

between the top and bottom. This indicates that the presence of water may alter the stress 

distribution characteristics of the specimen, slow down rapid crack propagation, and result in a 

more uniform deformation distribution across the entire specimen. The cracks predominantly 

develop along several parallel bedding planes, suggesting that water lubrication reduces 

transverse crack propagation while promoting crack extension along the bedding direction, 

thereby increasing deformation uniformity.  
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(a)                                       (b) 

  
(c)                                 (d) 

Fig. 4.20 Deformation evolution distribution characteristics of samples in each group after failure. (a) 

Water Saturation Time: 0 h (Natural Sample). (b) Water Saturation Time: 12 h. (c) Water Saturation Time: 

24 h. (d) Water Saturation Time: 36 h. 

When the water saturation time is 0 h (natural specimen), the maximum strain at failure is 

the lowest, at only 1.38% (corresponding to a deformation of 1.38 mm). As the water saturation 

duration increases, the maximum strain rises to 4.28% (12 h), 4.42% (24 h), and 4.89% (36 h), 

which is consistent with laboratory experimental results. This indicates that water saturation 

induces structural softening in the specimen, where water infiltration weakens the cohesive 

forces between mineral particles, leading to a reduction in overall strength and deformation 

resistance.  

Table 4.6 presents the plastic zone distribution characteristics of each group of specimens 

after failure. As shown in Table 4.6, in the natural state, multiple parallel shear failure bands 

along the bedding direction appear on the specimen's lateral surface, manifesting as intense 

shear failure, which is similar to the results in Fig. 4.17(a). This occurs because, in a dry state, 

the rock exhibits higher brittleness, with rapid stress concentration and microcrack propagation, 
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leading to localized plastic deformation. These shear failure bands are closely related to the 

specimen's bedding planes and mineral composition, forming multiple failure zones along the 

bedding direction.  

With increasing water saturation duration, the number of shear plastic bands on the 

specimen surface gradually decreases, indicating that the presence of water slows crack 

propagation, making microcrack extension more gradual, failure more dispersed, and plastic 

deformation more uniform. As water saturation time increases, the specimen’s strength 

decreases, plastic deformation capacity improves, the number of visible surface cracks reduces, 

and the failure mode becomes less distinct. In terms of the relationship between energy release 

and failure characteristics, water saturation reduces the energy released during uniaxial 

compression failure. Water infiltration alters the rock’s microstructure, making stress 

distribution within the specimen more uniform and reducing localized energy accumulation. 

This suggests that in a saturated state, stress release in the specimen becomes more stable, 

energy release decreases, and crack propagation slows. 

 

Table 4.6 the distribution characteristics of the plastic zone of each group of samples after failure 

Water Saturation 

Time: 0 h (Natural 

Sample) 

Water Saturation 

Time: 12 h 

Water Saturation 

Time: 24 h 

Water Saturation 

Time: 36 h 

    

 

The above results indicate that the extension of water saturation time not only alters the 

mechanical strength of the rock but also influences its plasticity and brittleness by modifying 

stress distribution and microcrack propagation patterns. Furthermore, although prolonged water 

saturation reduces rock brittleness and enhances plasticity, it also makes the rock more prone 

to uniform deformation during loading, thereby preventing excessive damage accumulation 

caused by localised stress concentration. Therefore, in engineering applications, hydrological 

conditions and water saturation duration are critical factors affecting the mechanical behaviour 

of rocks. 
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4.3.4 Analysis and modeling of saturated fatigue damage mechanism 

4.3.4.1 Analysis of saturated fatigue damage characteristics 

The cause of rock fatigue failure is the accumulation of plastic strain. Fatigue failure occurs 

when the accumulated plastic strain reaches a level sufficient to induce rock failure. To further 

analyze the damage characteristics of the samples during the fatigue loading process, it is 

essential to calculate the variation of plastic strain in the samples throughout the fatigue loading. 

Figure 4.21 illustrates the evolution of the stress-strain hysteresis loops of the samples 

during fatigue loading. The stress range of the fatigue loading in this experiment encompasses 

both the elastic and yield stages of the samples. The elastic strain in the elastic stage is 

recoverable, while the plastic strain generated in the yield stage is non-recoverable. Therefore, 

by calculating the difference between the peak strain of the hysteresis loop for each loading 

cycle and the initial point strain, the total strain of the samples under fatigue loading conditions 

can be determined. Similarly, the plastic strain under fatigue loading conditions can be obtained 

by calculating the difference between the strain at the trough of each hysteresis loop and the 

initial point strain. By calculating the incremental values of the strain at the troughs of the 

hysteresis loops, the incremental plastic strain for each loading cycle in the samples can be 

determined. 

 

 

Fig. 4.21 Evolution diagram of stress-strain hysteresis loop of samples during fatigue loading 

In each group of samples during the fatigue loading cycles, an average of five points were 

extracted as typical points, with the strain at the beginning of the fatigue loading set to zero. 

The variation in peak strain (total strain) of the samples during the fatigue loading process is 

calculated and presented in Table 4.7. 

As indicated in Table 4.7, with the increase in the number of fatigue loading cycles, the 

total fatigue axial strain of the samples shows an overall increasing trend, while the total fatigue 

circumferential strain remains relatively stable. To fully consider the effects of axial strain and 

circumferential strain, the volumetric strain of the samples is calculated as follows: 
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𝜀𝑣 = 𝜀1 + 2𝜀3                           (4.8) 

where 𝜀𝑣 represents the volumetric strain, 𝜀1 is the axial strain, and 𝜀3 is the circumferential 

strain. 

The overall volumetric strain of the samples is computed using Equation (4.8), and the 

fitted curve of the overall volumetric strain against the number of fatigue cycles is shown in 

Figure 4.22(a), with the fitting formula given in Equation (4.9). 

{
 
 

 
 𝜏𝜀𝑣 = 2.49 + 0.031𝑛, 𝑅

2 = 0.95

𝜏𝜀𝑣 = 2.47 + 0.0032𝑛, 𝑅
2 = 0.87

𝜏𝜀𝑣 = 1.16 + 0.0085𝑛, 𝑅
2 = 0.80

𝜏𝜀𝑣 = 0.89 + 0.0036𝑛, 𝑅
2 = 0.95

                  (4.9) 

where 𝜏𝜀𝑣 represents the overall volumetric strain of the samples. 

By calculating the increments of the valley strain values from the stress-strain hysteresis 

loops, the evolution of the plastic strain of the samples during the fatigue loading process can 

be obtained, as shown in Table 4.7. A polynomial fitting of the plastic volumetric strain of the 

samples against the number of fatigue loading cycles is illustrated in Figure 4.22(b). The 

fitting formula is given in Equation (4.10). 

{
 
 

 
 𝐷𝜀𝑣 = 0.72 − 0.025𝑛 + 0.0037𝑛

2, 𝑅2 = 0.99

𝐷𝜀𝑣 = 0.58 − 0.026𝑛 + 0.0024𝑛
2, 𝑅2 = 0.80

𝐷𝜀𝑣 = 0.28 − 0.0024𝑛, 𝑅
2 = 0.75

𝐷𝜀𝑣 = 0.095 − 0.000069𝑛, 𝑅
2 = 0.72

           (4.10) 

where 𝐷𝜀𝑣 represents the plastic volumetric strain of the samples during the fatigue loading 

process. 

Based on Table 4.7 and Figure 4.22, considering the effect of saturation time on the total 

strain and plastic strain of the samples under fatigue loading, a scatter plot of total strain/plastic 

strain against the number of hysteresis loops and saturation time was created. The scatter plot 

was fitted using the Parabola2D function, as shown in Figure 4.23. 

From Figure 4.23, it can be observed that the total strain of the samples under fatigue 

loading generally shows an increasing trend, particularly for the natural samples, where the 

slope of the fitted line is 3.1×10-2. The total strain represents the overall displacement of the 

hysteresis loops to the right during the fatigue loading process, which is the sum of the elastic 

and plastic strains of the samples. The natural samples exhibit the highest volumetric strain 

values and the fastest rate of increase, indicating that they are most significantly affected by the 

fatigue stress. 

 

Table 4.7 The change rule of the peak strain (total strain) and the valley strain (plastic strain) of samples  

 Peak Strain (Total Strain) Valley Strain (Plastic Strain) 
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(a)                                      (b) 

Fig. 4.22 The relationship between the volume strain of samples and the number of fatigue cycles during 

fatigue loading. (a) Total Strain. (b) Plastic Strain. 

 

(a)                                      (b) 

Fig. 4.23 Strain Scatter Plot and Fitting Surface. (a) Total Strain - Fatigue Cycle Count - Water Saturation 

Duration. (b) Plastic Strain - Fatigue Cycle Count - Water Saturation Duration. 

Simultaneously, observing the strain variation trend of the specimens reveals a significant 

difference between the trends of plastic strain and total strain under fatigue loading, as the latter 

no longer follows a simple linear trend. The plastic strain of natural specimens shows little 

change during the initial phase of fatigue loading but begins to increase rapidly after the fifth 

cycle. In contrast, the plastic strain of water-saturated specimens exhibits a stable or slightly 

decreasing trend with increasing stress cycle counts. Natural specimens are more significantly 

affected by the number of fatigue loading cycles, as greater loading cycles lead to increased 

plastic damage. The fatigue damage in water-saturated specimens is lower than that in natural 

specimens and is less influenced by the number of fatigue loading cycles. 

The above results indicate that the degradation effects of water saturation and fatigue 

loading on the mechanical properties of the specimens do not exhibit a simple additive effect 

of "1 + 1 = 2." Instead, water saturation and fatigue stress interact with each other while 

1 3 5 7 9

0.5

1.0

1.5

2.0

2.5

3.0

 Natural sample

 Water saturated for 12 hours

 Water saturated for 24 hours

 Water saturated for 36 hoursτ ε
v
 (

1
0

-2
)

Stress-number of cycles

τεv=2.49+0.031n, R2=0.95

τεv=2.47+0.0032n, R2=0.90

τεv=1.16+0.0085n, R2=0.80

τεv=0.89+0.0036n, R2=0.85

1 3 5 7 9

0.0

0.2

0.4

0.6

0.8

1.0

Dεv=0.72-0.025n+0.0037n2, R2=0.99

 Natural sample

 Water saturated for 12 hours

 Water saturated for 24 hours

 Water saturated for 36 hours

D
εv

 (
1
0

-2
)

Stress-number of cycles

Dεv=0.58-0.026n+0.0024n2, R2=0.87

Dεv=0.28-0.0024n, R2=0.76

Dεv=0.095-0.00069n, R2=0.71

1

3

5

7

9 0

12

24

36

1.0

1.5

2.0

2.5

The tim
e of w

ater s
aturated (T w

)

T
ot

al
 s

tr
ai

n 
(τ

εv
)

Stress-number of cycles (N
c)

τεv=2.66+0.022Nc-0.096Tw-0.0011Nc
2+0.0013Tw

2

R2=0.99

1

3

5

7

9 0

12

24

36

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

The tim
e of w

ater sa
turated (T w

)

P
la

st
ic

 s
tr

ai
n
 (

D
εv

)

Stress-number of cycles (N
c )

Dεv=0.85-0.012Nc-0.055Tw+0.0014Nc
2+0.0011*Tw

2

R2=0.99



4 Damage characteristics of saturated shale under disturbance of circulating stress without hydraulic pressure 

74 

influencing the mechanical performance of the specimens, thus altering each other's 

degradation effects. 

4.3.4.2 Establishment of water saturation and fatigue damage model 

To quantitatively analyze the deterioration mechanism of samples under fatigue loading, the 

water saturation and fatigue damage deterioration index λ was introduced to characterize the 

deterioration rule of the sample strength. At the same time, considering the water saturation 

duration (0-36 h), fatigue damage characteristics (plastic strain) and Acoustic Emission 

parameters (Ringing count, Energy), the fatigue damage model of samples was established as 

follows: 

{
|𝜆| =△ 𝜎/𝜎

𝜆 ∝ {𝑆𝐸 , 𝑆𝑅 , 𝐷𝜀𝑣}
                        (4.11) 

where △ 𝜎  is the value of the uniaxial strength reduction, 𝑆𝐸  is the cumulative value of 

Energy parameter, and 𝑆𝑅 is the cumulative value of Ringing count parameter. 

Acoustic Emission parameters represent the crack development of samples under fatigue 

loading, and fatigue damage characteristics represent the strain variation law. The two 

parameters were not of the same type. To make the formula more scientific, imaginary part j is 

introduced, namely: 

𝜆 ∝ {𝑓(𝑆𝐸 , 𝑆𝑅) + 𝑗 · 𝑔(𝐷𝜀𝑣)}                   (4.12) 

In Equation (4.12), the introduction of the imaginary part is motivated by the ability of 

complex functions to represent the degradation degree of the specimen's mechanical properties 

through both real and imaginary components. This dual-dimensional representation ensures that 

even when the two components are combined, they remain distinct and do not become mixed. 

Additionally, when necessary, the complex function can be used to compute the modulus |𝜆| 

to integrate the effects of the real and imaginary parts. Utilizing complex functions to establish 

the model facilitates a clear representation of the degradation effects of each component while 

also allowing for a quick assessment of the overall degradation effect of the specimen under the 

combined influence of multiple factors. 

Among Acoustic Emission parameters, Ringing count is the number of times that the 

signal exceeds the threshold value, and Energy is the area surrounded by the signal envelope 

and the X-axis. To unify the dimensions of each parameter, set: 

𝑓(𝑆𝐸 , 𝑆𝑅) ∝ √𝑆𝐸 + 𝑆𝑅 = √𝑆𝐸(𝑡𝑤) + 𝑆𝑅(𝑡𝑤)             (4.13) 

where 𝑡𝑤 is water saturation duration. 

The fatigue loading plastic deformation was also closely related to the water saturation 

duration, so: 

𝑔(𝐷𝜀𝑣) ∝ 𝐷𝜀𝑣 = 𝐷𝜀𝑣(𝑡𝑤)                     (4.14) 

Then, 

𝜆 = 𝑎[√𝑆𝐸(𝑡𝑤) + 𝑆𝑅(𝑡𝑤)] + 𝑗 · 𝐷𝜀𝑣(𝑡𝑤)               (4.15) 
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where a is a constant. The purpose of introducing the constant a is to make the real part and the 

imaginary part close to facilitate calculation and drawing. 

The relationship between the cumulative value of Energy parameter 𝑆𝐸(𝑡𝑤) , the 

cumulative value of Ringing count parameter 𝑆𝑅(𝑡𝑤), and the plastic deformation 𝐷𝜀𝑣(𝑡𝑤) of 

samples and the water saturation duration during fatigue loading was drawn, and the curves of 

each group were fitted, as shown in Figure 4.24. See Formula (4.16) for the fitting curve. 

{

𝑆𝐸 = 5030 − 1171 · 𝑙𝑛(𝑡𝑤)
𝑆𝑅 = 5181 − 1206 · 𝑙𝑛(𝑡𝑤)
𝐷𝜀𝑣 = 0.76 − 0.17 · 𝑙𝑛(𝑡𝑤)

                  (4.16) 

By substituting Formula (4.27) into Formula (4.26): 

𝜆 = 𝑎√5030 − 1171𝑙𝑛(𝑡𝑤) + 𝑎[5181 − 1206𝑙𝑛(𝑡𝑤)] + 𝑗 · [0.76 − 0.17𝑙𝑛(𝑡𝑤)]  

(4.17) 

Then： 

|𝜆|2 = 𝑎2[√5030 − 1171 ln(𝑡𝑤) + 5181 − 1206𝑙𝑛(𝑡𝑤)]
2
+ [0.76 − 0.17𝑙𝑛(𝑡𝑤)]

2 (4.18) 

Substituting |𝜆| =△ 𝜎/𝜎  into Formula (4.28), we get: a=2.67×10-4. By combining 

Formulas (4.9) and (4.10) with Formulas (4.17) and (4.18), the relationship between λ and the 

fatigue loading times and the water saturation duration can be obtained. The water saturation 

fatigue damage model of samples was drawn by Formulas (4.17) and (4.18), as shown in Figure 

4.25. 

As can be seen from Figure 4.25, the water saturation and fatigue damage of samples was 

closely related to the Acoustic Emission response characteristic and the development of plastic 

deformation during fatigue loading. There was also a strong positive correlation between 

acoustic emission response characteristic and plastic deformation. According to the model, the 

strength variation of samples can be inferred from the response characteristic of Acoustic 

Emission and the variation of plastic strain during fatigue loading. 
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(c) 

Fig. 4.24 The fitting curve of each parameter of the deterioration index of the mechanical properties and the 

water saturation duration. (a) 𝑆𝐸. (b) 𝑆𝑅. (c) 𝐷𝜀𝑣. 

 

Fig. 4.25 Degradation model of samples mechanical properties 

Combining the mechanical property degradation model in Fig. 4.25 with the damage 

characteristics of samples in Section 4.3 during fatigue loading, then: 

𝐷𝑚𝑎𝑥(𝑡𝑤 = 0, 12,24,36 h) = 0.96, 0.83, 0.73, 0.54          (4.27) 

The maximum damage quantity Dmax of Equation (4.27) is combined with the cumulative 

acoustic emission energy parameter in Section 4.3.2.2, to draw the variation rule of damage 

factors of samples under different water saturation duration, as shown in Figure 4.26. 
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Fig. 4.26 The variation of damage factors during fatigue loading of samples under different water saturation 

duration. 

As can be seen from Figure 4.26, when the water saturation duration is less than 24 h, the 

damage curves of samples tend to be similar, that is, they all begin to increase rapidly at the 

starting point of fatigue loading, and the changes are relatively stable after entering the fatigue 

loading stage. However, the damage curve of samples with water saturation duration of 36 h 

has no obvious threshold value, and there is no obvious initial loading stage and fatigue loading 

stage. This indicates that the influence of fatigue loading on samples has been greatly reduced 

when the water saturation duration is 36 h. Therefore, the threshold point of the interaction 

between water saturation and fatigue coupling damage is tw=24 h. When tw<24 h, the damage 

of fatigue loading on samples is greater. When tw>24 h, the susceptibility to fatigue damage 

was lower. 

4.3.4.3 Discussion on the water saturation-fatigue damage model 

In this study, water saturation duration was used as the main basis for determining water 

saturation damage of samples. As can be seen from Table 1, with the increase of water 

saturation duration, the water content of samples will increase to different degrees (manifested 

as an increase in density), as shown in Figure 4.27. 

In Figure 4.27, "a" is a constant and "a%" is the water content of natural samples (𝑤𝑔). It 

can be seen from Figure 4.27 that the 𝑤𝑔 of samples is approximately quadratic correlated 

with water saturation duration (the size of "a" only changes the intercept and does not affect the 

curve change trend). In the modeling analysis, we have once considered water content as an 

independent variable to measure saturated water damage. Many laboratory tests results also 

show that the water content is closely related to the internal friction Angle and cohesion of rock 

mass, and is a potentially useful parameter to estimate the mechanical properties of rock mass 

(Yun et al., 2022; Liu et al., 2017). However, through many tests, we found that the influence 
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of water saturation on samples is not only reflected in the water content, but the process of 

water saturation also causes damage to samples (Wang et al., 2021; Zheng et al., 2023). In our 

previous study on gypsum-like rock (Wang 2021), we also found that natural samples have the 

highest strength, and dehydration at high temperature and vacuum water saturation will both 

reduce the mechanical properties of samples. The mechanical properties of samples are not only 

related to water content, but also the process of dehydration and water saturation will also cause 

damage to samples. Therefore, through comprehensive consideration, we finally chose to use 

the water saturation duration rather than the water content as the independent variable (input) 

to determine the damage degree of samples, to establish a more scientific deterioration model 

of the mechanical properties of the sample, and then provide theoretical reference for the mining 

of phosphate rock and tunnel support. 

 

 

Fig. 4.27 The relationship between Mass m (g), Density ρ (%), and water saturation duration tw 

4.4 Summary  

This chapter systematically investigates the mechanical response characteristics of shale under 

the coupled effects of water saturation duration and cyclic stress through conventional triaxial 

compression tests and cyclic loading experiments. By integrating acoustic emission monitoring 

and damage variable analysis, the study reveals the synergistic deterioration mechanism of 

water-rock interaction and fatigue damage, providing a theoretical basis for assessing the 

stability of deep shale engineering. The main conclusions are as follows: 

1. Synergistic Water-Rock Damage Characteristics: Cyclic loading promotes the 

expansion of pre-existing fractures and the initiation of new cracks, while long-term vacuum 

water saturation exacerbates crack softening effects through water infiltration. Consequently, 

the stress-strain curves of the "cyclic loading + water saturation" group exhibit multiple 
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fluctuations after the peak, with significantly enhanced plasticity. The failure mode transitions 

from oblique shear failure in the natural state to intensive shear failure or through-going failure, 

with the fracture surfaces displaying multi-stage fracture zone expansion characteristics. 

2. Time-Dependent Degradation Patterns: As the water saturation duration increases, the 

compressive strength of the specimens decreases by 11.0%–46.1%, and the stress-strain curve 

transitions from a smooth elastic-brittle form to a stepped plastic form. The degradation effect 

of cyclic stress exhibits a nonlinear attenuation trend with increasing water saturation time, 

indicating a significant dynamic coupling relationship between the two factors. 

3. Damage Evolution Mechanism: The damage variable-time curve is highly correlated 

with stress evolution during the compaction and elastic stages, with a higher contribution of 

damage in the initial cyclic loading phase. The acoustic emission response level is positively 

correlated with the cumulative plastic strain, while the acoustic emission activity of the water-

saturated specimens gradually decreases during loading. This suggests that water molecule 

infiltration inhibits the rapid propagation of newly formed cracks. 

4. Threshold Effects and Model Development: A complex-plane water saturation fatigue 

damage model is established, revealing a coupling threshold point at tw = 24 h. When tw < 24 h, 

fatigue damage dominates mechanical degradation; when t tw > 24 h, water-rock chemical 

interactions become the primary controlling factor, reducing the specimen’s sensitivity to cyclic 

stress. The model incorporates a dual-index correlation of acoustic emission parameters and 

plastic strain, enabling the prediction of mechanical parameter variations in water-saturated 

specimens after cyclic loading. 
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Chapter 5 

Mechanics and seepage evolution of 

saturated shale under cyclic stress 

disturbance of variable hydraulic pressure 
 

 

 

 

 
Chapter 4 analyzed the damage characteristics of surrounding rock (shale) under the combined 

effect of water saturation and cyclic stress during the first stage of tunnel excavation. However, 

as excavation progresses into the second inclined mining stage, the surrounding rock is 

subjected not only to water saturation and cyclic stress but also to additional water pressure 

from the roof, as shown in Figure 5.1. The presence of water pressure further complicates the 

stress environment of the surrounding rock. 

 

 

Fig. 5.1 Stress environment of surrounding rock during excavation of the second section of tunnel 

To further investigate the mechanical and seepage characteristics of the surrounding rock 

under water pressure during excavation, pore water pressure gauges and hollow inclusion stress 

meters were first used to monitor in-situ water pressure and geostress. Based on the field 

monitoring results, an experimental methodology was developed. A multifunctional true 

triaxial fluid-solid coupling experimental system was used to conduct cyclic loading tests on 

water-saturated shale specimens under different water pressures and saturation durations. This 

study aims to explore the mechanical deterioration and seepage evolution mechanism of water-
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saturated shale under cyclic loading with variable water pressure conditions. The research 

roadmap is illustrated in Figure 5.2, and the findings provide guidance for the excavation 

support of water-rich tunnels under water pressure effects. 

 

 

Fig. 5.2 Research roadmap of mechanics and seepage evolution of saturated shale under cyclic stress 

disturbance of variable hydraulic pressure 

5.1 Evolution of mechanical properties of saturated shale under 

different water pressures 

5.1.1 Sample characteristics and experimental methods 

5.1.1.1 Sample preparation 

The shale samples were cut and polished to form cubic samples with side lengths of 100 mm. 

To avoid the effects of end friction during the test, the flatness of the end faces was controlled 

within 0.02 mm. The surface of the samples was smooth, without visible joints or cracks, and 

was prepared strictly in accordance with the standards set by the International Society for Rock 

Mechanics. The prepared samples are shown in Figure 5.3. During sample selection, rigorous 

tests on mass, dimensions, and longitudinal wave velocity were conducted. Six samples with 

density differences less than 0.02 g/cm³ and longitudinal wave velocity differences less than 50 
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m/s were selected for the subsequent experiments to minimize the impact of sample 

heterogeneity on the experimental results. 

 

 

Fig 5.3 Sampling and processing of cube samples 

The prepared samples were divided into two groups: Group A consisted of natural samples, 

while Group B was placed in a vacuum water saturation device for forced saturation for 48 

hours. After saturation, the samples were wrapped in plastic wrap, representing the water-

saturated samples. The physical properties of the samples before and after water saturation are 

shown in Table 5.1. It can be seen from Table 5.1 that after water saturation, the sample density 

and wave velocity increased by 4.0% and 1.6%, respectively. 

Table 5.1 Physical property of samples 

Group m (g) ρ (g/cm3) v (m/s) 

A: Natural group 2,678.6 2.68 2,854 

B: Water-saturated group 2,786.4 2.79 2,901 

5.1.1.2 Experimental equipment 

The seepage experiments under true triaxial stress were conducted using the "Multifunctional 

True Triaxial Fluid-Solid Coupling Experimental System," independently developed by 

Chongqing University, as shown in Figure 5.4 (Li et al., 2016a, 2016b). This experimental 

system consists of a true triaxial pressure chamber, a hydraulic oil pressure system, and a water-

gas permeability system. The pressure control mechanism of the experimental setup ensures 

that the center point of the sample remains unchanged during true triaxial loading. The 

maximum load capacity of the testing machine in the x, y, and z directions is 6×10³, 6×10³, and 

4×10³ kN, respectively. This system can be used for mechanical, seepage, water retention, and 

Sampling

China Yunnan Province A roadway of 

Kunyang phosphate mine 

Bulk sampleCube sample
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hydraulic fracturing experiments on coal and rock samples under various true triaxial stress 

paths. 

 

 

Fig. 5.4 Multifunctional true triaxial fluid-structure coupling experimental system  

5.1.1.3 Experimental method 

To more accurately study the true triaxial mechanical properties of the samples under different 

simulated depths and stress paths, the experimental plan was developed based on the in-situ 

stress conditions measured in Section 3.3 (𝜎1=15.5 MPa，𝜎2=7.5 MPa，𝜎3=5.0 MPa) as follows: 

1) The sample was placed in the test chamber, and the three principal stresses were loaded 

at a rate of 0.5 kN/s until reaching the in-situ stress state. 

2) While keeping the three principal stresses constant, water pressures of P = 1, 2, and 3 

MPa were applied in the direction of the maximum principal stress. 

3) 𝜎1 was increased at a rate of 0.002 mm/s, while 𝜎3 was unloaded at a rate of 0.5 kN/s 

until the sample fractured. 

Six sets of true triaxial water retention tests were conducted using this method. The test 

parameters for each group are shown in Table 5.2. The stress loading path is illustrated in Figure 

5.5a. During the tests, both the maximum principal stress and the seepage direction were aligned 

parallel to the bedding planes (Figure 5.5b) to minimize the impact of sample anisotropy on the 

experimental results. Figure 5.6 provides the technical workflow of this experiment. 

Table 5.2 Experimental parameters of group samples 

Tests Group p (MPa) Conditions 

1/4 

Natural / Water-

saturated group 

1 

𝜎1= 15.5 MPa, 𝜎2= 7.5 MPa, 𝜎3= 5.0 MPa 2/5 2 

3/6 3 
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                  (a)                                  (b) 

Fig. 5.5 Stress loading path and seepage direction of true triaxial seepage test. (a) stress loading path (b) 

seepage direction. 

 

Fig. 5.6 Technical roadmap of true triaxial seepage tests on natural and water saturated samples  

5.1.2 Test results and analysis 

5.1.2.1 Deformation characteristics of natural and saturated samples under different 

water pressure conditions 

The stress-strain curves of natural and saturated samples under different water pressure 

conditions are shown in Fig. 5.7. In the figure, 𝜏𝑜𝑐𝑡  represents the octahedral shear stress, 

defined as 
1

3
√(𝜎1 − 𝜎3)

2 + (𝜎1 − 𝜎2)
2 + (𝜎2 − 𝜎3)

2, while 𝜀1, 𝜀2, 𝜀3 denote the strains in the 

three principal stress directions. As shown in Fig. 5.7, during the loading process, the absolute 
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values of 𝜀1 and 𝜀3 for each sample group are greater than that of 𝜀2. The increase in 𝜀1 

primarily occurs during the compaction and elastic stages of the stress-strain curve, while the 

increase in 𝜀3  is concentrated after the sample fractures. Initially, 𝜀2  is greater than 0, 

indicating that under the action of true triaxial stress, the sample first exhibits compression in 

the 𝜎2  direction. As 𝜎1  increases during the loading process, 𝜀2  gradually decreases to 

negative values, at which point the 𝜎2  direction begins to transition from compression to 

expansion. After sample failure, as the bearing capacity in the 𝜎1 direction decreases and 𝜎3 

is unloaded, the difference between 𝜎2  and 𝜎3  for some samples gradually diminishes, 

eventually becoming less than the difference between 𝜎1  and 𝜎2 . This results in the 𝜎2 

direction transitioning back to compression, which explains the observed process of 

compression—expansion—recompression in some samples in the𝜎2 direction (Fig. 5.7b and 

5.7c). 

 

 

      (a)                                   (b) 

 

      (c)                                    (d)  
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   (e)                                   (f)  

Fig. 5.7 Shear stress-strain curves of shale samples under different water pressure. (a) Group A; Water 

pressure :1 MPa. (b) Group A; Water pressure :2 MPa. (c) Group A; Water pressure :3 MPa. (d) Group B; 

Water pressure :1 MPa. (e) Group B; Water pressure :2 MPa. (f) Group B; Water pressure :3 MPa. 

From the shape of the stress-strain curves in Fig. 5.7, it is evident that the stress-strain 

curve for natural samples is smooth and regular, with 𝜏𝑜𝑐𝑡 − 𝜀1和𝜏𝑜𝑐𝑡 − 𝜀3  curves being 

approximately symmetrical along the x=0axis. In contrast, the stress-strain curve for saturated 

samples shows significant variability, lacking smoothness and symmetry. In Fig. 5.7c, during 

the initial loading, the rate of compression in the 𝜎2  direction is greater than that in the 

𝜎1direction. As 𝜎1 increases, the shear stress begins to rise, causing 𝜀2 to decrease rapidly 

and gradually transition to expansion. The deformation characteristics of the samples before 

and after saturation under different water pressure conditions are summarized as ε (P=1 MPa) > 

ε (P=2, 3 MPa) and ε (natural) > ε (saturated). These results indicate that both water pressure 

and water saturation alter the deformation characteristics of the samples, leading to a reduction 

in ductility. 

5.1.2.2 Permeability characteristics of natural and saturated samples under different 

water pressure conditions 

To analyze the changes in permeability characteristics of shale samples before and after water 

saturation under different water pressure conditions, the variation of the volumetric strain 𝜀𝑣 

during the loading of the samples is calculated as follows: 

𝜀v = 𝜀1 + 𝜀2 + 𝜀3                        (5.1) 

Using Equation (5.1), the 𝜀v − 𝑡curves for samples under 1 MPa and 2 MPa water 

pressure are computed, while simultaneously recording the water flow data V from above the 

samples during loading. The V−t curves are presented in Figure 5.8. 

From Fig. 5.8(a) and 5.8(b), it can be observed that the average water flow rate for the 

saturated samples is 1.16 L, which is 10.5% higher than the average flow rate of the natural 

samples (1.05 L). Within the same group of samples, there is a positive correlation between 

water flow and water pressure. The volumetric strain curves show that with the extension of 
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time, the volumetric strain of all four groups of samples first increases, then decreases, and 

subsequently stabilizes or continues to increase. The changes in water flow velocity are closely 

related to the volumetric strain. 

For the natural samples at P=1 MPa, the 𝜀v − 𝑡 curve is overall smooth, showing a pattern 

of first increasing and then decreasing, with a relatively consistent trend. Specifically, during 

t∈[0,235], the samples are gradually compacted under the action of the triaxial principal stress, 

and the rate of increase in water flow gradually decreases. At t=235 s, the samples fail, new 

cracks develop and quickly propagate, leading to a rapid decrease in volumetric strain followed 

by negative growth, indicating a transition from compression to expansion, with the water flow 

rate beginning to increase sharply. At P=2 and 3 MPa, the 𝜀𝑣 − 𝑡 curves for natural samples 

can be divided into three stages: increase, decrease, and then increase again. This phenomenon 

occurs because, after the samples fractured, although crack propagation and penetration result 

in an increase in sample volume, the closure of dislocations in the cracks leads to a return to a 

compressed state, which in turn decreases the rate of water flow increase. 
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(e)                                     (f)  

Fig 5.8 The relationship between water flow and volume strain. (a) Group A; Water pressure :1 MPa. (b) 

Group A; Water pressure :2 MPa. (c) Group A; Water pressure :3 MPa. (d) Group B; Water pressure :1 

MPa. (e) Group B; Water pressure :2 MPa. (f) Group B; Water pressure :3 MPa. 

The 𝜀𝑣 − 𝑡 curves for saturated samples exhibit significant differences compared to those 

of natural samples, primarily characterized by multiple inflection points and steps. As shown 

in Fig 5.8(d)-(f), the volumetric strain of the samples increases in a peak-like manner, indicating 

that the deformation characteristics change due to saturation. The reduction in volumetric strain 

corresponds with the expansion of the samples, and the increase in water flow velocity is 

amplified with each expansion of the samples. Unlike natural samples, the volumetric 

expansion of the saturated samples occurs not only after failure but also during various stages 

of the loading process. After failure, the expansion of the saturated samples is constrained, and 

the entire sample remains in a compressed state, which results in the instantaneous growth rate 

of water flow being lower than that of the natural samples. 

5.1.2.3 Strength characteristics of natural and saturated samples under different water 

pressure conditions 

To analyze the effect of water pressure on the strength characteristics of the samples and verify 

the differences in mechanical parameters under various water pressure conditions, the Mogi-

Coulomb criterion is employed to compare the strength parameters of shale before and after 

saturation [34-35]. The Mogi-Coulomb criterion describes the monotonic relationship between 

the octahedral shear stress 𝜏𝑜𝑐𝑡 and the effective mean normal stress 𝜎𝑚,2 as follows: 

𝜏𝑜𝑐𝑡 = 𝑎 + 𝑏𝜎𝑚,2                           (5.2) 

where 𝜏𝑜𝑐𝑡 =
1

3
√(𝜎1 − 𝜎3)

2 + (𝜎1 − 𝜎2)
2 + (𝜎2 − 𝜎3)

2, and 𝜎𝑚,2=
𝜎1+𝜎3

2
. Here, a represents 

the intercept of the fitted Mogi-Coulomb line, and b is the slope of the line. 

Substituting the experimental data into Equation (5.2), the mechanical parameters for the 

natural and saturated samples are obtained, as illustrated in Fig. 5.9. 
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(a)                                (b)  

Fig. 5.9 Mohr-Coulomb mechanical parameters of natural and water-saturated samples. (a) Group A. (b) 

Group B. 

From Figure 5.9, it can be seen that the mechanical parameters {𝜏𝑜𝑐𝑡, 𝜎𝑚,2} for both natural 

and saturated samples exhibit a roughly linear correlation. A linear regression analysis of these 

parameters yields a correlation coefficient (R2) of 0.99, indicating that the samples used in this 

study conform to the Mogi-Coulomb criterion. The resulting criterion equations are as follows: 

{
𝜏𝑜𝑐𝑡 = 11.8 + 0.66𝜎𝑚,2 (𝐺𝑟𝑜𝑢𝑝 𝐴)

𝜏𝑜𝑐𝑡 = 32.7 + 0.47𝜎𝑚,2 (𝐺𝑟𝑜𝑢𝑝 𝐵)
                  (5.3) 

The relationship between the Mogi-Coulomb parameters (a, b) and the Mohr-Coulomb 

criterion parameters (c,φ) is given by: 

{
a =

2√2

3
𝑐 𝑐𝑜𝑠𝜑

b =
2√3

3
𝑠𝑖𝑛𝜑

                            (5.4) 

From Equations (5.4) and (5.3), the Mohr-Coulomb model strength parameters for the 

natural and saturated samples are determined as follows: 

{
𝑐 = 15.3𝑀𝑃𝑎, 𝜑 = 34.9° (𝐺𝑟𝑜𝑢𝑝 𝐴)
𝑐 = 31.0𝑀𝑃𝑎, 𝜑 = 24.0° (𝐺𝑟𝑜𝑢𝑝 𝐵)

                 (5.5) 

3.3.2.4 Effect of saturation on sample failure characteristics 

The evolution characteristics of rock fractures are crucial for analyzing the mechanisms of rock 

failure. To investigate the impact of saturation on the failure characteristics of the samples, CT 

scans were performed on samples subjected to a water pressure of 1 MPa. Both natural and 

saturated samples were scanned, and slices were extracted from the surface and interior of the 

samples for three-dimensional reconstruction, as shown in Table 5.3. 

Table 5.3 CT scans and reconstructed images of natural and saturated specimens 
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From Table 5.3, it can be observed that the length of the slices in the𝜎1 direction is the 

greatest, while the length in the 𝜎3 direction is the smallest. This indicates that the loading 

failure process of the samples involves compression in the 𝜎1 direction and expansion in the 

𝜎3 direction. The failure process of the rock includes the propagation and through-going of 

existing cracks and the initiation and development of new cracks.  

In this experiment, the differences in crack morphology are primarily influenced by 

saturation and the upper water pressure. The failure characteristics of natural samples are more 

pronounced, displaying distinct vertical and inclined cracks in the 𝜎1 and 𝜎2 directions, along 

with a crack that extends diagonally in the 𝜎3 direction, indicating conventional shear and 

tensile failure. Conversely, the failure characteristics of the saturated samples are relatively less 

apparent; the density of vertical and inclined cracks in the 𝜎1  and 𝜎2  directional cross-

sections is significantly lower than in the natural samples, and there are no distinct fracture 

zones observed in the 𝜎3 direction.  

This phenomenon aligns with the previous analytical results, suggesting that saturation 

leads to a deterioration of the mechanical properties of the samples, promoting a transition from 

brittle to plastic behavior. The failure mode of the samples also shifts from sudden fracture 

upon reaching peak strength to a more continuous failure process during loading, which 

corresponds to the change in the volume strain-time curve from smooth to fluctuating.  

Consequently, the flow rate curve for the natural samples appears smooth, characterized 

by a decrease in flow velocity before failure and an increase after failure. In contrast, the flow 

rate curve for the saturated samples fluctuates continuously throughout the test, indicating a 

more complex interaction between water flow and the evolving fracture network within the 

samples. This continuous fluctuation suggests that the saturation not only affects the integrity 

of the rock but also alters how fluid dynamics interact with structural changes, further 

complicating the failure mechanisms observed. 
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5.1.3 Relationship between water flux at the sample top and permeability points during 

loading 

5.1.3.1 Calculation of water flux on the sample surface 

Fig. 5.10 illustrates the variation trend of the total water flow V above the sample with respect 

to time during the loading process. To further understand the flow mechanism of water within 

the sample, the changes in water flux on the sample surface can be calculated. A schematic 

diagram for calculating the water flux on this surface is shown in Figure 5.8. 

 

Fig. 5.10 Concept of water flux at the top of the sample 

Taking Fig. 5.10 as an example, the flux of water flowing through a closed surface is given 

by: 

φ = ∯ 𝑣(𝑥, 𝑦, 𝑧)
 

𝑆
𝑑𝑆 = ∬ 𝑣𝑥(𝑥, 𝑦, 𝑧)𝑑𝑦𝑑𝑧 + 𝑣𝑦(𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑧 + 𝑣𝑧(𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑦

 

𝑆
 (5.6) 

In this experiment, the direction of water flow is constant, but the magnitude of the water 

flow velocity varies with time. Let the z direction be the direction of seepage, which is also the 

direction of the maximum principal stress. Therefore, 

𝑣𝑥(𝑥, 𝑦, 𝑧)𝑑𝑦𝑑𝑧 = 𝑣𝑦(𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑧 = 0              (5.7) 

Thus, 

𝜑 = ∬ 𝑣𝑧(𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑦𝑆
                   (5.8) 

where 

𝑣𝑧(𝑥, 𝑦, 𝑧) = 𝑣(𝑡)|𝑡=𝑡0                    (5.9) 

In Equation (5.9), 𝑣(𝑡) is the flow velocity of water passing through the upper surface of the 

sample during loading, which is the derivative of the water flow V(t)： 

𝑣(𝑡) =
𝑑𝑉(𝑡)

𝑑𝑡
                         (5.10) 

To calculate the surface integral in Equation (5.6), we need to know the expression for dS. 

In a true triaxial test, the area of the sample in the direction of the maximum principal stress is 

S

dS

v n

     ×  ×
  ×  ×  ×

dS
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influenced by the deformations in the directions of the intermediate and minimum principal 

stresses, as shown in Fig. 5.11. 

According to Figure 5.11, the formula for the change in the top surface area of the 

sample during loading is: 

𝑆 = 𝑑2[1 + 𝜀2(𝑡)][1 + 𝜀3(𝑡)]|𝑡=𝑡0                  (5.11) 

where d is the initial edge length of the sample, and t is the loading duration. 

 

 

Fig. 5.11 Change diagram of dS under true triaxial loading 

By combining Equations (3.35) to (3.38), the changes in water flux at the upper surface of 

the sample during the triaxial loading and unloading process can be determined. This allows 

for the plotting of the water flux-time curves for both natural and saturated samples, as shown 

in Figure 5.12. 

As illustrated in Figure 5.12, the water flow velocity of the sample is relatively high during 

the initial compaction and failure stages, with average flow velocities of 0.0019 L/s and 0.0020 

L/s, respectively. These velocities are 58.3% to 66.7% higher than the average flow velocity 

during the experimental process (0.0012 L/s). This is attributed to the presence of numerous 

primary cracks within the sample during the initial loading stage, which allow a significant 

amount of water molecules to penetrate from the upper surface of the sample as the water 

pressure increases. 

Subsequently, as the triaxial pressure rises, the primary cracks within the sample gradually 

compress, leading to an elastic stage (the linear evolution of cracks). During this phase, as the 

sample compacts, the water flow velocity gradually decreases until it approaches zero (for 

example, at t=300 s in Figure 5.12(a) and at t=400 s in Figure 5.12(b)). 

In the later part of the elastic stage, as the maximum principal stress continues to be applied 

while the minimum principal stress is continuously released, the maximum shear stress within 
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the sample gradually reaches the yield condition (the elastic limit). The sample begins to enter 

the yield stage (the nonlinear crack propagation phase), where the existing cracks cannot 

propagate further, and new cracks continuously emerge. As the difference between the 

maximum and minimum principal stresses increases, the cracks within the sample gradually 

link up and misalign, leading to sample failure and the formation of seepage pathways, which 

results in a rapid increase in water flow velocity within the sample. 
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Fig. 5.12 Flux-time curves of natural and saturated samples. (a) Group A; Water pressure :1 MPa. (b) 

Group A; Water pressure :2 MPa. (c) Group A; Water pressure :3 MPa. (d) Group B; Water pressure :1 

MPa. (e) Group B; Water pressure :2 MPa. (f) Group B; Water pressure :3 MPa. 

5.1.3.2 Yield conditions of the sample and seepage points 

In the stress-strain curve of the sample, the yield condition represents the limit of the elastic 

stage and serves as the boundary between linear and nonlinear crack propagation. Calculating 

the yield conditions of samples under natural and saturated conditions is significant for further 

analyzing the mechanical properties and the evolution of permeability rates. 

Academician Zheng Yingren proposed a three-dimensional energy yield condition based 

on the traditional three-dimensional Mohr stress circle [148]： 

𝑝𝑠𝑖𝑛𝜑 +
𝑞

3
(√3𝑐𝑜𝑠𝜃𝜎 − 𝑠𝑖𝑛𝜃𝜎𝑠𝑖𝑛𝜑) = 𝑐 · 𝑐𝑜𝑠𝜑                  (5.12) 

where p, q, and 𝜃𝜎represent the stress state of the sample during triaxial loading and 

unloading: 

{
 
 

 
 𝑝 =

𝜎1+𝜎2+𝜎3

3

𝑞 =
√(𝜎1−𝜎2)

2+(𝜎1−𝜎3)
2+(𝜎2−𝜎3)

2

√2

𝜃𝜎 = arctan [
2𝜎2−𝜎1−𝜎3

√3(𝜎1−𝜎3)
]

                  (5.13) 

During the loading process, the internal stress state of the sample can be expressed as a 

function 𝑦 = 𝑓(𝑝, 𝑞, 𝜃𝜎): 

𝑦 = 𝑓(𝑝, 𝑞, 𝜃𝜎) = 𝑝𝑠𝑖𝑛𝜑 +
𝑞

3
(√3𝑐𝑜𝑠𝜃𝜎 − 𝑠𝑖𝑛𝜃𝜎𝑠𝑖𝑛𝜑)               (5.14) 

At the point of yield: 

{
𝑦𝑛|𝑌𝑖𝑒𝑙𝑑 = 𝑓𝑛(𝑝, 𝑞, 𝜃𝜎)|𝑌𝑖𝑒𝑙𝑑 = 𝑐 · 𝑐𝑜𝑠𝜑 = 12.52

𝑦𝑤|𝑌𝑖𝑒𝑙𝑑 = 𝑓𝑤(𝑝, 𝑞, 𝜃𝜎)|𝑌𝑖𝑒𝑙𝑑 = 𝑐 · 𝑐𝑜𝑠𝜑 = 28.32
          (5.15) 

where 𝑦𝑛 and 𝑓𝑛(𝑝, 𝑞, 𝜃𝜎) denote the yield conditions of the natural sample, while 𝑦𝑤 and 

𝑓𝑤(𝑝, 𝑞, 𝜃𝜎) represent those of the saturated sample. Based on Equation (3.42), the variations 

of the yield conditions of natural and saturated samples under different water pressures over 

time can be calculated, leading to the construction of three-dimensional graphs, as shown in 

Figure 5.13. In Figure 5.13, the three dotted lines represent the relationships between the yield 

conditions 𝑓{𝑦, 𝑝, 𝑞} and p, q under three different water pressures. The blue planes represent 

the horizontal cross-sections at y=12.52，28.32. The intersection points of the curve 𝑦 =

𝑓(𝑝, 𝑞, 𝜃𝜎) with these sections indicate the yield conditions of the samples. Once the curve 

crosses these planes, the sample enters the yield stage. 

In Figure 5.13, the horizontal axis ppp represents the average of the three principal stresses, 

while the vertical axis qqq is a multiple of the octahedral shear stress 𝜏oct  (where 𝑞 =

3√2

2
𝜏oct). As observed in Figure 5.13(a), water pressure significantly affects the yield conditions 

of the natural sample. When the water pressure increases from 1 MPa to 2 MPa, the values of 
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p and q for the natural sample increase by 0.8% and 12.8%, respectively, indicating that higher 

water pressure results in greater shear stress at which the sample enters the yield state. However, 

there is no obvious linear relationship between the average of the three principal stresses p and 

the water pressure. 

 

 

(a) 

 

(b) 

Fig. 5.13 Yield conditions of natural and saturated samples under different water pressure conditions. (a) 

Natural samples. (b) Water saturated samples. 

From Figure 5.13(b), it can be seen that the impact of water pressure on the yield 

conditions of the saturated samples is minimal. As the water pressure varies, the difference in 
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trend of the yield function 𝑦 = 𝑓(𝑝, 𝑞, 𝜃𝜎) is also similar, indicating that the influence of water 

pressure on the yield state of the saturated samples is limited. 

This is because the natural samples contain numerous natural joints and pores. During the 

early stages of loading, the high water pressure facilitates the rapid influx of water molecules 

into the sample, thereby affecting its mechanical properties. However, after being fully 

saturated for 48 hours, the internal fractures of the saturated samples become filled with water 

molecules, limiting the ability of the upper water pressure to drive additional water into the 

sample. At this point, changes in water pressure have a significantly reduced effect on the 

internal state of the sample's fractures, effectively only altering the pre-stress applied to the 

upper part of the sample. As shown in Figure 5.7, the peak internal shear stress of the saturated 

sample during failure is around 70 MPa, which is much higher than the applied water pressure 

(1-3 MPa). Therefore, the impact of changing water pressure on the mechanical properties of 

saturated samples is minimal.  

To further analyze the variation patterns of water flow and yield conditions in natural and 

saturated samples, a comparison chart of yield conditions and water flow for natural and 

saturated samples is drawn by combining the water flow from Figure 5.12 with the yield 

condition calculations from Figure 5.13. This is illustrated at a water pressure of 1 MPa, as 

shown in Figure 5.14. 
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(b)  

Fig. 5.14 The relationship between yield conditions and water flux. (a) Natural samples. (b) Water saturated 

samples. 

As depicted in Figure 5.14(a), the yield condition of the natural sample serves as a 

relatively distinct boundary. Before reaching the yield condition, the stress state function 

[𝑦 = 𝑓(𝑝, 𝑞, 𝜃𝜎)]  of the natural sample changes little. However, once the yield limit is 

exceeded, the stress state function of the sample begins to increase rapidly. Moreover, before 

reaching the yield condition, the water flow above the sample drops almost to zero after passing 

through the compaction and elastic stages. Once the yield condition is achieved, the water flow 

at the upper part of the sample starts to rise sharply due to the nonlinear extension of cracks 

(increasing from 0.0018 L/m²/s to 0.101 L/m²/s), and the total water flow also experiences a 

rapid increase (from 0.36 L to 0.44 L). Given the significant differences in the internal stress 

state and water flow before and after reaching the yield condition, the yield condition in the true 

triaxial loading-unloading test can be referred to as the seepage point of the natural sample. 

Additionally, as shown in Figure 5.14(b), the stress state of the saturated sample at the 

yield point does not exhibit significant changes, and there is no notable increase in water flow 

or total water flow after yielding. This indicates that saturation alters the mechanical properties 

of the sample, resulting in enhanced plasticity and causing the boundary between the elastic 

and yield stages to become less distinct. Furthermore, as illustrated in Figure 5.8(d), the volume 

strain-time curve of the saturated sample shows multiple fluctuations and "steps" during loading, 

with the sample's volume repeatedly changing between expansion and compression. The 

increase in water flow above the sample also lags behind the yield condition, leading to an 

increase in total water flow above the sample occurring after failure rather than after yielding. 
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5.2 Damage and seepage evolution of water-saturated shale under 

water pressure and cyclic stress disturbance 

5.2.1 Experimental method 

The cubic samples were divided into four groups: A, B, C, and D. Group A consisted of natural 

samples, while Groups B, C, and D included samples saturated for 12, 24, and 36 hours, 

respectively. The treated samples underwent true triaxial loading and fatigue loading tests, 

conducted as follows: 

1) Initially, the three principal stresses of the sample were loaded to the original rock stress 

state at a rate of 0.5 kN/s. Subsequently, the three principal stresses were held constant while 

water pressure was applied in the σ₁ direction. After the water pressure was applied, σ₂ remained 

unchanged, and σ₁ was loaded at a rate of 0.002 mm/s while σ₃ was unloaded at a rate of 0.5 

kN/s until the sample failed. The peak strengths of the four groups of samples were recorded, 

and the corresponding shear stress values were calculated, as shown in Table 5.4. In Table 5.4, 

P represents the water pressure; T indicates the saturation duration; and 𝜏𝑜𝑐𝑡 denotes the peak 

value of the octahedral shear stress during the loading process, calculated as 𝜏𝑜𝑐𝑡 =
1

3
√(𝜎1 − 𝜎2)

2 + (𝜎1 − 𝜎3)
2 + (𝜎2 − 𝜎3)

2。 

Table 5.4 Peak shear stress of three groups samples before fatigue loading (MPa) 

Water 

pressure 
Group A (T=0 h) Group B (T=12 h) Group C (T=24 h) Group D (T=36 h) 

P=1 MPa 41.5 51.2 59.0 52.5 

P=2 MPa 46.1 55.1 56.3 55.9 

P=3 MPa 45.5 56.1 60.1 59.2 

2) Each group of samples underwent fatigue loading tests. First, the three principal stresses 

of the samples were loaded to the original rock stress state, after which fatigue loading was 

applied in the 𝜎1 direction of the samples. The fatigue stress range was set at 0.1𝜎𝑐 to -0.9𝜎𝑐 

(where 𝜎𝑐 is the maximum value of 𝜎1 at failure), with a loading rate of 1.6𝜎𝑐/s, a loading 

frequency of 1 Hz, and a loading waveform of a sine wave, repeated for 200 cycles. During the 

loading process, the fatigue characteristics of the samples were observed. The stress path for 

fatigue loading and the direction of seepage are illustrated in Figure 5.15. 

3) Following the fatigue loading, the samples underwent true triaxial loading-unloading 

tests. The loading scheme and steps were consistent with those in Step 1, allowing for the 

assessment of the mechanical properties of the samples after fatigue loading. 

A technical flowchart summarizing the experimental procedures is illustrated in Figure 

5.16. 
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     (a)                                                   (b) 

Fig 5.15 True triaxial fatigue loading stress path of samples under different water saturation duration and 

water pressure. (a) Stress path (b) seepage direction. 

 

Fig. 5.16 Technical roadmap of deterioration of mechanical properties and seepage mechanism of samples 

under the coupling of saturated water, water pressure, and fatigue stress 

5.2.2 Experimental results and analysis 

5.2.2.1 Stress-strain characteristics of samples under true triaxial fatigue load 

Tables 5.5 and 5.6 present the stress-strain curves for each group of samples under true triaxial 

fatigue loading. The first aspect to analyze is the effect of saturation duration on the fatigue 

characteristics of the samples. As the saturation duration increases, the rightward shift of the 
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hysteresis loop in the stress-strain curve during fatigue loading gradually increases. Taking the 

samples with a water pressure of 1 MPa as an example, the maximum rightward shift of the 

stress-strain hysteresis loop in the direction of maximum principal stress increased from 0.0029 

to 0.026 as the saturation duration increased from 0 hours to 36 hours. This indicates that 

saturation significantly affects the deformation characteristics of the samples. With longer 

saturation times, the fatigue deformation of the samples under true triaxial stress significantly 

increases. 

Water pressure also has a substantial impact on the shift of the fatigue loading stress-strain 

hysteresis loop. As the water pressure increases, the total movement of the hysteresis loop to 

the right gradually increases. Using the fatigue loading curve of natural samples as an example, 

when the water pressure is 1 MPa, the strain rate of the samples during the initial stage of fatigue 

loading increases significantly, with a high growth rate of 𝜀1. As the water pressure increases, 

the proportion of the rightward shift of the hysteresis loop during the initial stage of fatigue 

loading relative to the total shift of the sample gradually decreases. At the same time, the 

proportion of the changes in the three-dimensional strains of the samples also varies with the 

increase in water pressure. When the water pressure increases from 1 MPa to 3 MPa, the ratio 

of the maximum 𝜀3 to the maximum ε₁ increases from 57.0% to 85.7%, while the ratio of the 

maximum 𝜀2 to the maximum ε₁ decreases from 3.36% to 2.68%. This indicates that with 

changes in water pressure, the deformation characteristics of the samples during the fatigue 

loading process undergo significant changes, shifting from "compression in the ε₁ direction and 

expansion in the ε₂ direction" to "compression in the ε₁ direction, reduction in ε₂, and accelerated 

expansion in the ε₃ direction." The water pressure in the 𝜎1 direction can reduce the influence 

of 𝜎2 on the fatigue deformation characteristics of the samples. This may be because the water 

pressure in the σ₁ direction increases the effective stress at the top of the sample, thereby 

increasing the value of the {𝜎1-𝜎3} term in the distribution of internal shear stress in the sample, 

which reduces the influence of the intermediate principal stress. 

Taking natural samples as an example, the peak strains of each hysteresis loop during the 

fatigue loading process were statistically analyzed, allowing the fatigue loading process to be 

divided into two stages: the initial strain growth stage and the stable strain growth stage, as 

shown in Figure 5.17. 
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Table 5.5 The stress-strain curve of sample under true triaxial fatigue stress subject to different water saturation duration and water pressure (T=0, 12 h) 
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P=1 MPa 
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Table 5.6 The stress-strain curve of sample under true triaxial fatigue stress subject to different water saturation duration and water pressure (T=24, 36 h) 
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(a)                                               (b) 

 

(c) 

Fig. 5.17 Curve of hysteretic ring strain peak and fatigue cycle number under true triaxial condition. (a) 

P=1 MPa. (b) P=2 MPa. (c) P= 3 MPa. 

From Figure 5.17, it can be observed that in the initial strain growth stage, the loading 

mode in the 𝜎1 direction transitions suddenly from relatively slow displacement loading to 

relatively fast stress loading, with the upper limit of the cyclic stress exceeding the elastic limit 

of the sample. This causes the sample to rapidly transition from the elastic stage to the yield 

stage. The cyclic stress forces the sample to alternate between the elastic and yield stages, 

further developing internal cracks, leading to rapid increases in plastic deformation and total 

strain of the sample. 

After a certain period of fatigue loading, the rate of increase in sample strain gradually 

decreases, entering the stable strain growth stage. This is because although the upper limit of 

the fatigue loading stress exceeds the elastic limit, it remains below the peak strength of the 

sample. Consequently, while the sample experiences significant plastic strain due to sudden 

yielding in the initial stage of fatigue, the growth rate of axial strain gradually decreases and 

stabilizes as the upper limit of the stress no longer changes. 

By observing the differences in strain changes of the samples under various water pressure 

conditions, it can be concluded that as the water pressure increases, the initial strain growth 

stage of the samples gradually shortens.  

First, we analyze the impact of water pressure on the initial strain growth stage. At a water 

pressure of P=1 MPa, the samples exhibit 20 stress-strain hysteresis loops within the initial 
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strain growth stage during fatigue loading. As the water pressure increases, the number of 

hysteresis loops in this stage decreases to 8 at P=2 MPa and further reduces to 4 at P=3 MPa.  

Next, we examine the effects of water pressure on the stable strain growth stage. At P=1 

MPa, the strain growth rate during the stable strain growth phase is 9.18×10-4 (the slope of the 

fitted line for strain versus fatigue cycle number). As the water pressure increases, this strain 

growth rate in the stable stage gradually rises to 3.4×10-3 at P=2 MPa and 6.9×10-3 at P=3 MPa.  

These findings indicate that water pressure significantly alters the fatigue strain evolution 

characteristics of the samples. Specifically, higher water pressures facilitate a quicker transition 

to the strain stability growth stage, and during this stable phase, the samples exhibit a faster rate 

of strain increase. 

5.2.2.2 Damage characteristics of samples based on acoustic emission response levels 

The acoustic emission system can capture the initiation, propagation, and damage of cracks at 

different stages during compression by utilizing acoustic emission counts and the rapid release 

of energy within the rock. To investigate the damage characteristics of the samples during true 

triaxial fatigue loading, acoustic emission monitoring was conducted, recording the acoustic 

emission energy, ringing counts, and their cumulative values throughout the loading process, 

as shown in Figure 5.18. It can be observed from Figure 5.18 that the damage process of the 

samples under true triaxial fatigue stress can be divided into three stages: the initial loading 

stage, the early fatigue loading stage, and the late fatigue loading stage. 

1) Initial Loading Stage: During this stage, the loading method is displacement-based, with 

stress slowly increasing from zero to the fatigue loading starting point. Most samples are in the 

initial compaction stage and the linear elastic stage. The slow loading rate and low stress levels 

cause the internal cracks to develop slowly, resulting in minimal damage to the samples, with 

overall low levels of acoustic emission response. The generation of some acoustic emission 

signals is primarily due to the closure and compaction of micropores within the samples. 

2) Early Fatigue Loading Stage: In this stage, with the onset of fatigue loading, the stress 

in the σ₁ direction suddenly increases. The fatigue stress, capped at 0.9𝜎𝑐, rapidly increases the 

internal shear stress and surpasses the elastic limit (yield condition), causing the samples to 

enter the nonlinear crack propagation phase, where the strain rate begins to increase. 

Additionally, since the lower limit of the fatigue loading (0.1𝜎𝑐) is below the yield condition, 

the loading stress continuously cycles between the elastic and yield stages, leading to a 

significant amount of irreversible plastic deformation during stress unloading (after unloading 

to the stress lower limit, ε₁ cannot recover to its level prior to loading). This results in a 

substantial increase in fatigue damage, which in turn causes the acoustic emission levels to rise 

sharply. 

3) Late Fatigue Loading Stage: As the number of fatigue cycles increases, the increment 

in plastic strain gradually decreases and stabilizes, signaling the samples' transition into the 
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stable strain growth stage. In this stage, the samples experience more regular fatigue stress, and 

the internal crack development rate stabilizes, leading to a gradual decrease in acoustic emission 

response levels. 

The cumulative ringing counts and energy values of the acoustic emissions during the 

fatigue loading of each sample are statistically analyzed, as shown in Figure 5.17. To ensure 

the cumulative acoustic emission parameters among the sample groups are comparable, the 

acoustic emission probe was placed on the spacer between the sample and the loading cap. 

When changing the test samples, care was taken not to touch the acoustic emission probe, 

thereby maintaining the contact coupling between the probe and the spacer. Additionally, the 

amplification factor of the amplifier and the threshold for signal acquisition were not altered, 

ensuring that the acoustic emission signal intensity of all test samples remained at the same 

collection and amplification level. 

From Figure 5.19, it can be seen that the growth rate of the cumulative ringing counts and 

cumulative energy values is substantial during the early fatigue loading stage but slows down 

during the late fatigue loading stage. By utilizing cumulative acoustic emission parameters to 

determine the damage characteristics of the samples during fatigue loading, it is evident that as 

water pressure increases, both the cumulative ringing counts and cumulative energy values 

during the loading process show an increasing trend. For instance, in the case of the natural 

sample at a water pressure of 3 MPa, the cumulative ringing count is 3204, and the cumulative 

energy value is 5438 mV·mS, which is an increase of 14.8% (2790) and 10.1% (4940 mV·mS) 

compared to the values at 2 MPa, and an increase of 45.0% (2210) and 44.6% (3762 mV·mS) 

compared to those at 1 MPa. This indicates that water pressure significantly affects the overall 

damage of the samples during fatigue loading; as water pressure increases, the effective stress 

above the samples also gradually increases. The difference between the maximum and 

minimum principal stress directions also increases, leading to greater internal shear stress 

within the samples. Consequently, the total damage incurred during fatigue loading at the same 

stress level is greater, which corresponds to an increase in acoustic emission response levels. 
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Fig. 5.18 Effects of water saturation duration and water pressure on acoustic emission characteristics of 

samples under true triaxial fatigue stress 
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The effect of saturation on the damage characteristics of the samples is contrary to that of 

water pressure. As the saturation time increases, the acoustic emission response levels of the 

samples during the loading process gradually decrease. For instance, at a water pressure of 1 

MPa, when the saturation time is 36 hours, the cumulative ringing count is 1348, and the 

cumulative energy value is 1822 mV·mS, which represents decreases of 15.3% (from 1592) 

and 10.6% (from 2037), respectively, compared to the saturation time of 24 hours. When 

compared to the saturation time of 12 hours, the decreases are 28.7% (from 1890) and 38.1% 

(from 2942 mV·mS), and compared to a saturation time of 0 hours, the reductions are 39.0% 

(from 2210) and 51.6% (from 3762 mV·mS). This finding is consistent with the analysis results 

from uniaxial fatigue tests, indicating that saturation leads to the deterioration of the mechanical 

properties of the samples while also weakening the effect of fatigue on those properties. Higher 

water pressure and shorter saturation times result in greater damage due to crack development, 

dislocation, and penetration during fatigue loading. 

 

 

Fig .5.19 Variation of cumulative acoustic emission parameters of samples under true triaxial fatigue 

loading under different saturation time and water pressure 

5.2.2.3 Evolution of damage variables under different saturation durations and water 

pressure conditions 
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The expression for the damage variable D is based on the damage evolution formula 

proposed by Mazars for concrete materials under compressive loading. Its expression is given 

by: 

𝐷 = 1 −
1

𝑒𝑥𝑝(𝑚𝑌)+𝑛𝑌
                          (5.16) 

where m and n are material parameters determined experimentally; Y is the generalized shear 

strain, expressed as: 

𝑌 = √
2

9
[(𝜀1 − 𝜀2)

2 + (𝜀2 − 𝜀3)
2 + (𝜀3 − 𝜀1)

2]              (5.17) 

Based on the damage evolution formula, the stress-strain curves of the samples during 

fatigue loading are fitted to determine the material parameters as follows: 

{
𝑚 = 11.2
𝑛 = −9.5

                             (5.18) 

By substituting equation (5.18) into equation (5.16), the damage evolution curve of the 

sample during fatigue loading is obtained. The damage curve derived from formula (5.16) is 

compared with the damage coefficient curve based on cumulative acoustic emission parameters, 

as shown in Figure 5.20. 
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(e)                                                   (f) 

Fig.5.20 Damage evolution curve of samples under true triaxial fatigue loading. (a) T=0 h; P= 1 MPa. (b) 

T=0 h; P= 2 MPa. (c) T=0 h; P= 3 MPa. (d) T=12 h; P= 1 MPa. (e) T=24 h; P= 1 MPa. (f) T=36 h; P= 1 

MPa. 

From Figure 5.20, it can be observed that the advantage of the damage variable curve 

based on the formula method is its ability to better reflect the damage characteristics within 

each fatigue loading cycle. The trend of the damage factor D is similar to that of the fatigue 

stress loading, effectively highlighting the changes in the sample's damage characteristics at the 

peak and trough of the fatigue stress. Furthermore, when the saturation duration is 0 hours 

(natural sample), the damage factor D curve closely resembles the trend of the damage curve 

based on acoustic emission parameters, indicating that the formula adequately reflects the 

damage evolution of the natural sample during the loading process. In contrast, the damage 

factor D curve of the saturated water samples shows significant divergence from the damage 

curve based on acoustic emission, primarily characterized by insufficient damage during the 

initial loading and late fatigue loading stages, which is clearly inconsistent with the 

experimental acoustic emission phenomena. Thus, compared to saturated samples, the damage 

variable curve based on the formula method is more suitable for describing the damage 

characteristics of natural samples during the loading process. 

5.2.2.4 Permeability characteristics of samples under true triaxial fatigue loading 

The permeability characteristics are crucial for analyzing the development of internal cracks in 

the samples. By analyzing the seepage mechanism of samples under different conditions, one 

can determine the degree of true triaxial fatigue damage under various water pressures or 

saturation durations. To investigate the permeability characteristics of samples under true 

triaxial fatigue conditions, the water flow through the samples during the loading process was 

monitored and recorded. Figure 5.21 illustrates the variation in water flow for a typical sample 

during fatigue loading. Due to the presence of significant moisture in the saturated samples, and 

to prevent the internal moisture from overflowing and affecting the test results, the water flow 

collected in this study was the inflow rate through the sample's inlet. Taking the sample at T=0 
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h and P= 1 MPa as an example, the evolution of the sample's water flow can be divided into 

three stages, corresponding to its acoustic emission characteristics during the fatigue loading 

process: 

1) Initial Loading Stage: At low loading stresses, all groups of samples are in the crack 

closure and linear expansion stage. The water flow rate is relatively low, and the growth rate of 

the water flow decreases gradually with the densification of the samples. This stage corresponds 

to the densification and elastic phases of the samples. 

2) Early Fatigue Loading Stage: As the fatigue loading begins, the stress in the 𝜎1 

direction suddenly increases, and the larger cyclic stress causes the primary cracks within the 

sample to gradually develop and connect. New cracks are continuously generated, beginning 

nonlinear expansion, leading to a rapid increase in water flow rate and a significant rise in water 

flow volume. 

3) Late Fatigue Loading Stage: With the prolonged fatigue loading time, the sample 

gradually enters the stable strain growth phase. The rate of internal crack development tends to 

stabilize, resulting in a gradual decrease in the rate of water flow increase, with the total water 

flow approaching stability. 
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(c) 

 

(d)  

  

(e)  

 

(f) 

Fig. 5.21 Water flow curve during true triaxial fatigue loading. (a) T=0 h; P= 1 MPa. (b) T=0 h; P= 2 

MPa. (c) T=0 h; P= 3 MPa. (d) T=12 h; P= 1 MPa. (e) T=24 h; P= 1 MPa. (f) T=36 h; P= 1 MPa. 
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Analysis of the influence of water pressure in the σ₁ direction on the flow rate and velocity 

of water through the samples, as illustrated in Figures 5.19a, b, and c, reveals that when the 

water pressure is 1 MPa, the total flow rate through the sample is 0.486 L. When the water 

pressure increases to 2 and 3 MPa, the total flow rates increase by 43.6% (0.698 L) and 50.6% 

(0.732 L), respectively. This indicates a positive correlation between water pressure and the 

total water flow rate during fatigue loading. Additionally, the trend of the flow rate curves under 

different water pressure conditions shows that water pressure is the primary factor affecting the 

seepage characteristics of the samples in the early stages of fatigue loading. Higher water 

pressure leads to greater flow velocity and total flow rate during the initial fatigue loading phase. 

From the comparative analysis of Figures 5.19a, d, e, and f regarding the impact of 

saturation duration on the flow rate of the samples, it is observed that the sample with a 

saturation duration of 0 hours (natural sample) exhibits a higher flow velocity during the loading 

process. However, when the saturation duration increases from 12 to 36 hours, there is little 

change in the total flow rate of the samples. The trend of the flow rate curves indicates that 

saturation duration primarily affects the shape of the flow rate curve rather than the total flow 

rate. As the saturation duration increases, the slope of the flow rate curve during the early 

fatigue loading phase gradually decreases, and the inflection point of the flow rate curve during 

the loading process becomes less distinct. This observation aligns with the results presented in 

Section 3.3, where true triaxial seepage tests were conducted on natural and saturated samples, 

revealing a clear "permeability point" in the natural samples, which was absent in the saturated 

samples. The phenomenon illustrated in Figure 5.7 also indicates that as the saturation duration 

increases, the critical permeability point of the samples under fatigue loading gradually 

"disappears." 

This can be attributed to the presence of numerous micro-cracks and pores in the natural 

samples, which allow water to enter the sample more rapidly under water pressure, marking the 

"water filling" phase. Once the internal pores of the sample are filled with water, the entry of 

external water requires expelling the internal moisture, which characterizes the "water outflow" 

phase. During this phase, the flow velocity is suppressed, and the boundary between the "water 

filling" and "water outflow" phases corresponds to the sample's "permeability point." 

Conversely, the saturated samples were already filled with substantial water prior to the true 

triaxial tests, leading to no distinct boundary between the "water filling" and "water outflow" 

phases during true triaxial loading. Consequently, as the saturation duration increases, the 

"permeability point" of the saturated samples gradually "disappears.". 

5.2.2.5 Stress-strain characteristics of samples after true triaxial fatigue loading 

Figure 5.22 presents the shear stress-strain curves of typical samples following true triaxial 

fatigue loading. The stress curve trends across different samples are quite similar, showing 

compression in the σ₁ direction and expansion in the 𝜎2 and 𝜎3 directions. Without analyzing 



5 Mechanics and seepage evolution of saturated shale under cyclic stress disturbance of variable hydraulic pressure 

114 

the mechanical property deterioration mechanisms of the samples after true triaxial fatigue 

loading, the control variable method is utilized to investigate the effects of water pressure and 

saturation on the stress-strain characteristics of the samples post-fatigue loading. 

First, the influence of water pressure on fatigue damage characteristics is examined. 

Taking the natural sample as an example, when the water pressure is at 1 MPa, the peak strain 

(ε1max) in the σ₁ direction corresponding to the peak shear stress intensity is 6.4 × 10-3, with a 

peak shear stress of 29.0 MPa. At water pressures of 2 and 3 MPa, the peak strains increase by 

6.3% (6.8 × 10-3) and 28.1% (8.2 × 10-3), respectively, while the peak shear stresses decrease 

by 17.6% (23.9 MPa) and 18.3% (23.7 MPa). This indicates that water pressure significantly 

affects both the strength and deformation characteristics of the samples after fatigue loading. 

Higher water pressure leads to a greater deterioration of the samples' strength characteristics, 

resulting in reduced resistance to deformation. This is attributed to the alignment of the water 

pressure direction with that of the maximum principal stress; thus, greater water pressure results 

in increased effective stress during fatigue loading, enhancing fatigue damage and further 

deteriorating the mechanical properties of the samples post-fatigue. 

Next, the impact of saturation duration on the mechanical properties of samples after true 

triaxial fatigue loading is analyzed. When the saturation duration is 12 hours, the peak shear 

stress decreases from 51.2 MPa before fatigue to 29.5 MPa after fatigue, a reduction of 43.6%. 

For a saturation duration of 36 hours, the peak shear stress drops from 52.5 MPa to 28.1 MPa, 

a reduction of 46.5%. This suggests that the saturation duration has a limited effect on the true 

triaxial strength of the samples. This is the primary distinction between true triaxial loading and 

uniaxial loading; as noted in Section 3.2, the saturation duration has a significant impact on the 

uniaxial strength before fatigue loading, where longer saturation times correspond to lower 

uniaxial strength. However, there is no evident correlation between the true triaxial strength of 

the samples before fatigue loading and saturation duration, a conclusion that can also be inferred 

from Tables 5.2 and 5.3. Under true triaxial conditions, although saturation leads to 

deterioration of the samples' mechanical properties, the presence of confining pressure prevents 

water from rapidly exiting through cracks from the sample surface, thereby enhancing the 

mechanical properties to varying degrees. This results in reduced sensitivity of the peak strength 

of the samples to saturation under true triaxial conditions. 
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(a)                                    (b)  

 

(c)                               (d) 

 

(e)                               (f)  

Fig. 5.22 Stress-strain characteristics of samples under true triaxial fatigue loading. (a) T=0 h; P= 1 MPa. 

(b) T=0 h; P= 2 MPa. (c) T=0 h; P= 3 MPa. (d) T=12 h; P= 1 MPa. (e) T=24 h; P= 1 MPa. (f) T=36 h; 

P= 1 MPa. 

Regarding deformation characteristics, as the saturation duration increases from 12 to 36 

hours, ε1max decreases from 11.2 × 10-3 to 5.7 × 10-3, a reduction of 49.1%, indicating that 

saturation duration significantly affects the ductility of the samples before and after fatigue 

loading. Longer saturation times lead to a decrease in the samples' resistance to deformation 

following fatigue loading. 
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5.2.2.6 Failure characteristics of samples after true triaxial fatigue loading 

Saturation, true triaxial fatigue loading, and true triaxial loading-unloading all contribute 

to the deterioration of the mechanical properties of samples. Analyzing the failure 

characteristics of samples under different conditions is key to understanding the mechanisms 

behind the degradation of mechanical properties due to true triaxial fatigue loading. CT scans 

were conducted on the samples after true triaxial loading-unloading failure, and three-

dimensional reconstructions were performed to obtain the fracture characteristics of typical 

samples under varying water pressure and saturation durations, as presented in Table 5.7. 

Table 5.7 Failure characteristics of samples under different water pressures and water saturation duration 

 T=0 h; P= 1 MPa. T=0 h; P= 3 MPa. T=36 h; P= 1 MPa. 

The 𝜎1 direction 

  

 

The 𝜎2 direction 

  

 

The 𝜎3 direction 

   

3D reconstruction of 

the image 

   

From the analysis in Table 5.7 regarding the influence of saturation duration on the failure 

characteristics of the samples, it is evident that after true triaxial loading failure, the natural 

sample (T=0 h) exhibits a distinct fracture zone in the σ₃ direction, indicating that the sample 

experiences multiple fractures under the continuous action of shear stress. In contrast, the 

saturated sample (T=36 h) shows shear cracks in the σ₃ direction but does not form a pronounced 
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fracture. In the 𝜎2 direction, the natural sample displays several parallel penetrating cracks, 

indicating through-going failure, while the saturated sample exhibits inclined cracks at an angle 

to the vertical direction, indicative of shear failure. This suggests that saturation alters the 

mechanical properties of the samples, resulting in different fracture characteristics during true 

triaxial loading failure. 

The impact of water pressure on the failure characteristics of the samples is primarily 

reflected in the density of cracks and the degree of fracture. Taking the natural sample as an 

example, when the water pressure is at 1 MPa, the distribution of cracks in the σ₁ and σ₂ 

directions is relatively balanced. However, as the water pressure increases, a denser network of 

shear cracks gradually forms in the 𝜎1 direction, while the crack density in the σ₂ direction 

significantly decreases, with a more pronounced fracture zone in the σ₃ direction. This 

observation is consistent with the previous analysis of the deformation characteristics of the 

samples. Increased water pressure elevates the effective stress on the samples, amplifying the 

difference between 𝜎1 and 𝜎2, thereby diminishing the influence of the intermediate principal 

stress on the mechanical and failure characteristics of the samples. 

5.2.3 Damage and seepage evolution of saturated shale after cyclic disturbance during 

true triaxial loading 

5.2.3.1 Development patterns of the plastic zone in samples under different water 

pressure and saturation duration conditions 

The 3D discrete element software was used to conduct true triaxial loading and unloading tests 

on samples under various conditions to analyze their deformation and failure characteristics. 

The established model is shown in Figure 5.23 (Wang et al., 2023). This model consists of 

seven parts: one sample and six loading platens. The loading platens are composed of a 

rectangular prism and a trapezoidal body, with the dimensions of the rectangular prism being 

100 × 100 × 40 mm³. The height of the trapezoidal body is 10 mm, with contact surface 

dimensions of 100 × 100 mm² with the rectangular prism and 90 × 90 mm² with the sample. 

The dimensions of the sample are 100 × 100 × 100 mm³. The loading platens are assumed to 

have linear elastic constitutive behavior and are isotropic, meaning they do not undergo sliding 

or tensile damage. 

The sample dimensions are set at 20 × 20 × 20 mm, maintaining a scale ratio of 1:5 

compared to the laboratory sample size. The sample is defined using the Mohr-Coulomb 

constitutive model. 
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Fig. 5.23 Model diagram based on 3DEC (Wang et al., 2023) 

The boundary conditions for the model are set as follows: 

1) The tangential displacement of each loading platen is fixed at 0 (to prevent tangential 

displacement during the loading and unloading process). 

2) The normal boundary stress for each loading platen is set according to the in-situ stress 

state of the rock: 𝜎1 = 5 MPa, 𝜎2 = 7.5 MPa, 𝜎3 = 15.5 MPa. 

3) The initial stress within the sample is set to be the same as the normal boundary stresses. 

After establishing the boundary conditions, equilibrium is first calculated, and then the 

loading and unloading tests on the sample are conducted using Fish language. The specific 

method involves changing the boundary condition in the σ₁ direction from stress constraint to 

displacement (rate) constraint, controlling the loading platen in the 𝜎1  direction to apply 

loading at a rate of -0.002 mm/s; simultaneously, unloading in the 𝜎3 direction is conducted 

at a rate of 0.2 kN/s (with compression defined as negative). During the loading process, the 

stress in the σ₁ direction is monitored, and loading is stopped when a downward trend is 

observed. 

The physical and mechanical parameters of the samples after fatigue loading under 

different saturation durations are presented in Table 3.2. By substituting the parameters from 

Table 3.2 into the aforementioned model and varying the sample parameters and water pressure, 

the development patterns of the plastic zone under true triaxial conditions are obtained, as 

shown in Table 5.8. 

Table. 5.8 Plastic zone development of samples under different water pressure and water saturation 

duration 

Directions T=0 h; P= 1 MPa. T=0 h; P= 3 MPa. T=36 h; P= 1 MPa. 
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The 𝜎1 

direction 

   

The 𝜎2 

direction 

   

The 𝜎3 

direction 

   

From Table 5.8, it can be observed that the fracture morphology of the samples obtained 

from numerical simulations differs slightly from that observed in laboratory experiments. 

However, the evolutionary patterns of the fracture characteristics under different saturation and 

water pressure conditions are quite similar. 

Analyzing the impact of water pressure on the fracture characteristics of the samples, it is 

evident that at a water pressure of 3 MPa, the surface of the sample in the σ₁ direction exhibits 

multiple parallel fracture zones, with a higher crack density compared to the condition at 1 MPa. 

The density of cracks in the 𝜎2 and 𝜎3 directions is also greater at 3 MPa than at 1 MPa, 

which is consistent with the results from CT scans. This indicates that higher water pressure 

results in more pronounced fracture characteristics of the samples under true triaxial loading 

and unloading conditions. 

Regarding the influence of saturation on the fracture characteristics of the samples, it is 

observed that at a water pressure of 1 MPa, the natural sample has more concentrated cracks on 

the surface in the σ₁ direction, with the plastic zone primarily located on the right side of that 

surface, forming a distinct through-going fracture zone. In contrast, the cracks on the surface 

of the saturated sample display a more dispersed characteristic, with the cracks being uniformly 

distributed across the σ₁ direction surface and lacking a significant through-going fracture zone. 

Additionally, in the 𝜎2 and 𝜎3 directions, the distribution range of the plastic zone in the 

saturated sample is smaller than that in the natural sample. This suggests that saturation reduces 
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the brittleness of the samples, leading to a transition in the failure mode from brittle fracture to 

overall plastic failure. 

5.2.3.2 Development of plastic zones in samples during loading 

Tables 5.9–5.11 present the damage evolution characteristics of specimens under true triaxial 

loading conditions. As shown in Table 5.9, when T=0 h and P=1 MPa, cracks in the 𝜎1 

direction initially appear sporadically in the lower-middle region of the 𝜎1 plane. As strain 

increases, these cracks gradually develop, expand, and eventually coalesce, leading to specimen 

failure. In the 𝜎3 direction, cracks are primarily distributed on the right side of the plane, with 

crack density increasing as the applied stress increases. 

Table 5.9 Damage evolution of the sample under true triaxial loading when T=0 h and P= 1 MPa 

 ε1=0.25% ε1=0.50% ε1=0.75% ε1=1.00% ε1=1.25% ε1=1.50% 

The 𝜎1 

directio

n 
      

The 𝜎2 

directio

n 
      

The 𝜎3 

directio

n 
      

As shown in Table 5.10, when T=0 h and P=3 MPa, the degree of specimen failure during 

loading is more severe compared to P=1 MPa. In the 𝜎1 direction, the crack density at the 

bottom of the plane is higher and more concentrated than that observed at P=1 MPa. After 

failure, the central crack zone expands further and connects with the bottom cracks, forming a 

continuous failure region. In the 𝜎3 direction, in addition to cracks appearing on the right side, 

dispersed fracture zones also develop in the middle, indicating more pronounced shear failure 

compared to the case at P=1 MPa. 

This phenomenon occurs because the increase in water pressure alters the internal stress 

state of the rock, particularly affecting crack propagation paths and stress concentration at crack 

tips. Higher water pressure increases the internal pore water pressure of the rock, thereby 

changing the effective stress. Elevated water pressure reduces the contact stress between rock 

grains, decreasing both shear strength and tensile strength, making cracks more likely to initiate 

and propagate under lower stress conditions. This explains the increased crack density and more 

severe shear failure observed at P=3 MPa. 

Furthermore, crack development is influenced by the stress state. In true triaxial tests, due 

to the higher stress in the 𝜎1 direction, the increased water pressure leads to more concentrated 
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crack propagation along 𝜎1. Water pressure not only raises the pore water pressure and affects 

rock strength but also enhances water penetration, altering the rock failure mode by guiding 

crack propagation along stress concentration zones. 

Table 5.10 Damage evolution of the sample under true triaxial loading when T=0 h and P= 3 MPa  

The 𝜎1 

direction 
ε1=0.25% ε1=0.50% ε1=0.75% ε1=1.00% ε1=1.25% ε1=1.50% 

The 𝜎2 

direction 

      

The 𝜎3 

direction 

      

The 𝜎1 

direction 

      

According to Table 5.11, when T=36 h and P=1 MPa, the crack development pattern during 

loading differs significantly from that of natural specimens as the saturation time increases. 

Before failure, the damage in the 𝜎1 and 𝜎3 directions is minimal, mainly occurring at the 

tops of both planes. However, after failure, cracks rapidly develop and expand, forming 

complex shear and tensile failure zones. This indicates that saturation has a significant impact 

on the crack evolution pattern, altering the timing, nature, and distribution characteristics of 

crack development during loading. 

This phenomenon is closely related to the influence of saturation time on the rock's pore 

structure and crack propagation mode. The infiltration and accumulation of water inside the 

rock may lead to further changes in pore pressure, interacting with the mechanical properties 

of the rock. As the saturation time increases, water gradually penetrates microcracks, causing 

their progressive expansion. Prolonged saturation may induce a "hydration expansion" effect, 

where water entering the gaps between mineral grains leads to expansion, increasing the internal 

cracking pressure. This results in a slower crack development rate during early loading, but 

once a critical crack propagation threshold is reached, the crack growth rate accelerates sharply, 

manifesting as rapid crack expansion after failure, forming complex shear and tensile failure 

zones. 

Additionally, saturation affects the strength characteristics of the rock. The presence of 

water may lead to mineral dissolution, expansion, or slippage, reducing both compressive and 

tensile strength. When the saturation duration is long, crack propagation during loading is often 

accompanied by increased permeability and greater complexity in crack interweaving. This 
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contrasts sharply with the case of shorter saturation times, where cracks are primarily 

concentrated at the top and remain relatively scattered. 

Table 5.11 Damage evolution of the sample under true triaxial loading when T=36 h and P= 1 MPa 

 ε1=0.25% ε1=0.50% ε1=0.75% ε1=1.00% ε1=1.25% ε1=1.50% 

The 𝜎1 

direction 

      

The 𝜎2 

direction 

      

The 𝜎3 

direction 

      

Furthermore, a comprehensive analysis of Tables 5.9–5.11 reveals that in the 𝜎2 direction, 

crack evolution occurs more rapidly, with numerous shear and tensile failure zones forming 

during the early stages of loading. In contrast, cracks in the σ1\sigma_1 and σ3\sigma_3 

directions develop more slowly in the initial loading phase, accelerating only after the specimen 

yields or fails. 

This differs significantly from our previous numerical simulations of true triaxial loading 

tests on coal specimens. In earlier studies, we found that during loading, damage evolution in 

coal specimens primarily occurred in the 𝜎1  and 𝜎3  directions, while damage in the 𝜎2 

direction was relatively minor (Wang et al., 2023). This discrepancy may stem from the higher 

plasticity of coal compared to the greater brittleness of shale. 

Tables 5.9 and 5.10 also illustrate significant variations in failure characteristics under 

different water pressure conditions. To further investigate the underlying mechanisms of these 

variations, we analyzed the distribution patterns of pore water pressure within the specimens at 

different water pressure levels. Figure 5.24 presents a schematic of the applied water pressure, 

while Table 5.12 summarizes the evolution of pore water pressure during the true triaxial 

loading–unloading process. 
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Fig. 5.24 Schematic diagram of water pressure application in true triaxial loading-unloading test 

According to Table 5.12, when the water pressure is 1 MPa, the relatively low pressure 

allows the water to seep primarily along the 𝜎1 direction while also extending into the 𝜎2 and 

𝜎3 directions. Since both the applied water pressure and the 𝜎1 direction are parallel to the 

bedding planes, the seepage rate is higher along 𝜎1. 

When the water pressure increases to 3 MPa, the higher pressure causes the initial seepage 

to predominantly propagate along 𝜎1. After penetrating a certain distance inside the specimen, 

the water then extends into the 𝜎2  and 𝜎3  directions. During the true triaxial loading–

unloading process, the increased water pressure raises the effective stress in the 𝜎1 direction, 

leading to a higher crack density and more severe damage along 𝜎1. Additionally, the water 

pressure alters the internal seepage direction and pressure distribution, which in turn affects the 

specimen’s damage and failure characteristics (Table 5.3). 

The coupling effect of water pressure and saturation duration on shale specimens indicates 

that their influence on crack evolution is not linear but rather interactive. For instance, under 

T=36 h and P=1 MPa conditions, prolonged water infiltration may generate high hydration 

pressure inside the rock, further accelerating the expansion of surface and internal cracks. In 

this case, crack development exhibits nonlinear behavior, especially as long-term hydration 

enhances the propagation of microcracks, forming complex shear bands and tensile zones. 

Under such conditions, the combined effect of water pressure and saturation duration 

significantly alters the distribution and morphology of cracks, shifting from localized expansion 

to overall connectivity, ultimately leading to the formation of a failure zone. 

Table 5.12 Evolution of pore water pressure of samples under loading-unloading test 

 Initial compaction stage Elastic stage Failure stage 

Water pressure P=1, 2, 3 MPa

Bedding direction
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P=1 

MPa 
 

P=3 

MPa 
 

Water pressure and saturation duration also influence the failure characteristics of shale 

specimens, leading to changes in failure modes. Under short saturation durations and low water 

pressure, cracks primarily develop locally and exhibit a relatively linear expansion pattern. 

However, as water pressure increases and saturation time extends, crack propagation becomes 

more nonlinear, with a pronounced tendency toward shear failure. 

Hydration effects and water pressure alter the pore structure of the rock, transforming 

initially localized microcracks into macroscopic shear bands and tensile zones. This explains 

the formation of complex failure zones under prolonged saturation. As a typical brittle rock, 

shale's crack propagation is primarily triggered by stress concentration points. Therefore, water 

pressure and saturation duration significantly impact the brittle failure of shale. 

With increased water infiltration, shale's brittleness decreases, making cracks more likely 

to propagate in multiple directions, ultimately leading to the formation of macroscopic failure 

zones. Compared to coal, which exhibits higher plasticity, shale’s inherent brittleness results in 

more intense crack propagation and failure phenomena under the influence of water pressure 

and saturation duration. 

5.3 Model and analysis of mechanical degradation of shale under 

water-force coupling 

5.3.1 Deterioration model of mechanical properties of samples under the coupling action 

of water pressure, saturated water and cyclic stress 

The mathematical model is a mathematical structure that is generally expressed in mathematical 

language with reference to the characteristics of a certain system of things. According to our 

previous research, the degradation mechanism of the mechanical properties of samples after 

fatigue loading was closely related to the fatigue characteristics during fatigue loading. 
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Therefore, to further analyze the coupling mechanism of each factor on the mechanical 

properties of samples under true triaxial loading, the test phenomena (strength characteristics, 

deformation characteristics, damage characteristics, seepage characteristics, etc.) under the 

conditions of multiple factors (water saturation duration, water pressure, fatigue loading) can 

be systematically analyzed by establishing a mathematical model.  

First, the mechanical parameters of samples before, during, and after fatigue loading were 

counted, as shown in Table 5.13. According to Table 5.13, we first analyzed the influence of 

water saturation duration and water pressure on the damage characteristics and seepage 

characteristics of the sample during fatigue loading. The scatter diagram between the 

cumulative Acoustic Emission parameters and total water flow, water saturation duration T and 

water pressure P was drawn, and the Parabola2D function was used to fit the three spatial 

functions {𝐶𝑅−𝑑
′ (𝑇, 𝑃), 𝐶𝐸

′ (𝑇, 𝑃), 𝑉′(𝑇, 𝑃)}, as shown in Figure 5.25.  

 

(a)                                (b)  

 
(c)  

Fig. 5.25 Fitting diagram of fatigue loading parameters subject to different water saturation duration and 

water pressure. (a) Cumulative Ringing count. (b) Cumulative Energy. (c) Water flux. 
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Fig. 5.13 Mechanical parameters of samples with different water saturation duration under fatigue stress with different water pressures 

T 

(h) 

P 

(MPa) 

Parameters during fatigue loading Parameters after fatigue loading 

Cumulative R-d 

count 

Cumulative 

Energy (mV·mS) 
Water flow (L) 𝜏𝑜𝑐𝑡 (MPa) Cumulative R-d count 

Cumulative Energy 

(mV·mS) 
𝜀3 𝑚𝑎𝑥  (10-3) 

Actual 

value 

Rate of 

change 

Actual 

value 

Rate of 

change 

Actual 

value 

Rate of 

change 

Before 

fatigue 

loading 

After 

fatigue 

loading 

Actual 

value 

Rate 

of 

change 

After 

fatigue 

loading 

Rate of 

change 

Actual 

value 

Rate 

of 

change 

Rate of 

change 

Before 

fatigue 

loading 

Actual 

value 

Rate of 

change 

0 1 2210 0 3762 0 0.486 0 41.5 29 -30.1% 11.5 6.4 -44.3% -4.84 -0.14 -97.1% -10.4 -0.23 -97.8% 

0 2 2790 26.2% 4939.7 31.3% 0.698 43.6% 46.1 23.9 -48.2% 7.41 6.8 -8.2% -0.33 -0.14 -57.6% -3.74 -0.27 -92.8% 

0 3 3204 45.0% 5438.3 44.6% 0.732 50.6% 45.5 23.7 -47.9% 14.5 8.2 -43.4% -0.13 -0.38 192.3% -7.1 -1.75 -75.4% 

12 1 1890 -14.5% 2941.9 -21.8% 0.269 -44.7% 51.2 29.5 -42.4% 10.4 11.2 7.7% -3.51 -1.25 -64.4% -9.21 -1.81 -80.3% 

12 2 1985 -10.2% 3156.1 -16.1% 0.359 -26.1% 55.1 30.3 -45.0% 3.64 2.26 -37.9% -1.56 -0.76 -51.3% -3.07 -1.51 -50.8% 

12 3 2064 -6.6% 3349.5 -11.0% 0.492 1.2% 56.1 29.4 -47.6% 11.2 7.91 -29.4% -1.21 -0.16 -86.8% -10.4 -5.94 -42.9% 

24 1 1592 -28.0% 2036.9 -45.9% 0.263 -45.9% 59 30.9 -47.6% 7.31 6.8 -7.0% -3.49 -0.15 -95.7% -7.23 -0.31 -95.7% 

24 2 1756 -20.5% 2264.1 -39.8% 0.301 -38.1% 56.3 28.9 -48.7% 7.16 7.84 9.5% -0.95 -0.53 -44.2% -5.64 -4.94 -12.4% 

24 3 1921 -13.1% 2648.2 -29.6% 0.345 -29.0% 60.1 28.6 -52.4% 7.64 7.71 0.9% -2.46 0.041 -102% -6.12 -5.46 -10.8% 

36 1 1348 -39.0% 1821.9 -51.6% 0.28 -42.4% 52.5 28.1 -46.5% 11.1 3.54 -68.1% -2.64 0.046 -102% -9.34 -1.1 -88.2% 

36 2 1604 -27.4% 1984.3 -47.3% 0.312 -35.8% 55.9 29.5 -47.2% 6.48 2.18 -66.4% -0.79 -0.15 -81.0% -5.19 -2.01 -61.3% 

36 3 1656 -25.1% 2013.8 -46.5% 0.354 -27.2% 59.2 30.1 -49.2% 6.92 2.31 -66.6% -0.82 0.097 -112% -6.24 -1.94 -68.9% 
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In Figure 5.25, 𝐶𝑅−𝑑
′  (%) indicates the growth rate of the cumulative ringing count of the 

specimen relative to the natural specimen when {T=[0,36], P=[1,3]}. The same holds for 

𝐶𝐸
′ (𝑇, 𝑃) and 𝑉′(𝑇, 𝑃). The functional expressions of each parameter after fitting are: 

{

𝐶𝑅−𝑑
′ = −0.052 − 0.03𝑇 + 0.19𝑃 − 0.022𝑃2

𝐶𝐸
′ = −0.018 − 0.04𝑇 + 0.19𝑃 − 0.023𝑃2

𝑉′ = −0.12 − 0.054𝑇 + 0.28𝑃 − 0.03𝑃2
             (5.19) 

It can be seen from Figure 5.25 that the damage characteristics of the sample represented 

by Acoustic Emission ringing count and energy parameters are like the variation trend of water 

pressure and water saturation duration. With the increase of water pressure and water saturation 

duration, the damage characteristics of the sample during fatigue loading gradually increase. 

Water flow was positively correlated with water pressure and negatively correlated with water 

saturation duration. Moreover, the influence of water saturation duration on water flow will 

gradually decrease with the increase of water saturation duration. 

The curve of the mechanical parameters of the sample in the fatigue loading is shown in 

Figure 5.26. The function expression after fitting is as follows: 

 

(a)                                    (b) 

 

(c)                                   (d) 

Fig. 5.26 Mechanical parameter curve of the samples under fatigue loading under different water pressure 

and water saturation duration. (a)𝜏′𝑜𝑐𝑡. (b) 𝜀′1 𝑚𝑎𝑥. (c) 𝜀′2 𝑚𝑎𝑥. (d) 𝜀′3 𝑚𝑎𝑥. 

0

10

20

30

40

1

2

3

-0.50

-0.45

-0.40

-0.35

P (M
Pa)

τ'
o

c
t (%

)

T (h)

τ'oct=-0.28-0.0048T-0.11P+0.018P2

R2=0.62

0

10

20

30

40

1

2

3
-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

P (M
Pa)

ε
'
1  

m
a

x

T (h)

ε'1 max=-0.49+0.043T+0.19P-0.0014T2-0.0055P2

R2=0.63

0

10

20

30

40

1

2

3
-1.0

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

P (M
Pa)

ε
'
3  

m
a

x  (%
)

T (h)

ε'3 max=-1.84+0.045T+0.83P-0.16P2

R2=0.76

0

10

20

30

40

1

2

3

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

P (M
Pa)

ε
'
2  

m
a

x  (%
)

T (h)

ε'2 max=-1.95+0.018T+1.41P-0.37P2

R2=0.89

Outlier



5 Mechanics and seepage evolution of saturated shale under cyclic stress disturbance of variable hydraulic pressure 

128 

{
 
 

 
 𝜏′𝑜𝑐𝑡 = −0.28 − 0.0048𝑇 − 0.11𝑃 + 0.018𝑃

2

𝜀′1 𝑚𝑎𝑥 = −0.49 + 0.043𝑇 + 0.19𝑃 − 0.0014𝑇
2 − 0.0055𝑃2

𝜀′2 𝑚𝑎𝑥 = −1.95 + 0.018𝑇 + 1.41𝑃 − 0.37𝑃
2

𝜀′3 𝑚𝑎𝑥 = −1.84 + 0.045𝑇 + 0.83𝑃 − 0.16𝑃
2

      (5.20) 

As can be seen from Figure 5.26, after fatigue loading, the strength of the sample is 

significantly negatively correlated with the water pressure and water saturation duration. With 

the increase of water pressure and water saturation duration, the shear stress peak value of the 

sample decreases significantly after fatigue loading. The deformation characteristics of the 

sample showed a quadratic relationship with the water pressure and the water saturation 

duration, that is, the change rate of the deformation parameters of the sample increased first and 

then decreased with the increase of the water pressure and the water saturation duration. 

By combining the peak shear stress data of the sample after fatigue loading with the 

damage characteristics and water flow characteristics during fatigue loading, a three-

dimensional scatter diagram was drawn, as shown in Figure 5.27. It can be seen from Figure 

5.27 that the damage degree of fatigue loading is roughly positively correlated with the rate of 

water flow. However, the strength of the sample under fatigue loading is negatively correlated 

with both. 

 

 

Fig. 5.27 Relationship between shear stress, water flow, and acoustic emission cumulative damage 

To further analyze the deterioration mechanism of the mechanical properties of the sample 

under the coupling action of water pressure and water saturated, the fatigue damage function 𝜆 

of the sample was established by combining the fatigue loading parameters with the mechanical 

parameters after fatigue loading: 

𝜆 ∝ 𝑓(𝐶𝑅−𝑑
′ , 𝐶𝐸

′ , 𝑉′, 𝜏′𝑜𝑐𝑡, 𝜀
′
1 𝑚𝑎𝑥, 𝜀

′
2 𝑚𝑎𝑥, 𝜀

′
3 𝑚𝑎𝑥)             (5.20) 

In Formula (5.20), 𝐶𝑅−𝑑
′ , 𝐶𝐸

′  and 𝑉′ are the parameters in the process of fatigue loading, 

𝜏′𝑜𝑐𝑡, 𝜀
′
1 𝑚𝑎𝑥, 𝜀

′
2 𝑚𝑎𝑥 and 𝜀′3 𝑚𝑎𝑥 are the parameters after fatigue loading, both are not in the 

same field parameters. To make the formula more scientific, the imaginary part j is introduced, 

i.e.: 

1 2 3 4 5
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𝜆 ∝ {𝑓(𝐶𝑅−𝑑
′ , 𝐶𝐸

′ , 𝑉′) + 𝑗 · 𝑔(𝜏′𝑜𝑐𝑡, 𝜀
′
1 𝑚𝑎𝑥, 𝜀

′
2 𝑚𝑎𝑥 , 𝜀

′
3 𝑚𝑎𝑥)}         (5.21) 

The increase of cumulative Acoustic Emission parameters and water flow both represent 

the increase of sample damage, so: 

𝜆 ∝ {𝐶𝑅−𝑑
′ , 𝐶𝐸

′ , 𝑉′}                         (5.22) 

Therefore, the real part function can be constructed as: 

𝑓(𝐶𝑅−𝑑
′ , 𝐶𝐸

′ , 𝑉′) = 𝐶𝑅−𝑑
′ + 𝐶𝐸

′ + 𝑉′                  (5.23) 

By substituting Formula (5.19) into Formula (5.23), we get: 

𝑓(𝐶𝑅−𝑑
′ , 𝐶𝐸

′ , 𝑉′) = −0.19 − 0.124𝑇 + 0.66𝑃 − 0.075𝑃2        (5.24) 

The decrease of shear strength means the increase of sample damage, and the decrease of 

peak deformation means the decrease of sample deformation resistance. Therefore: 

{
𝜆 ∝

1

𝜏′𝑜𝑐𝑡

𝜆 ∝ {𝜀′1 𝑚𝑎𝑥, 𝜀
′
2 𝑚𝑎𝑥, 𝜀

′
3 𝑚𝑎𝑥} 

                  (5.25) 

Therefore, the imaginary part function can be constructed as: 

𝑔(𝜏′𝑜𝑐𝑡, 𝜀
′
1 𝑚𝑎𝑥, 𝜀

′
2 𝑚𝑎𝑥, 𝜀

′
3 𝑚𝑎𝑥) =

𝜀′1 𝑚𝑎𝑥+𝜀
′
2 𝑚𝑎𝑥+𝜀

′
3 𝑚𝑎𝑥

𝜏′𝑜𝑐𝑡
        (5.26) 

By substituting Formula (5.20) into Formula (5.26), we get: 

𝑔(𝜏′𝑜𝑐𝑡, 𝜀
′
1 𝑚𝑎𝑥, 𝜀

′
2 𝑚𝑎𝑥, 𝜀

′
3 𝑚𝑎𝑥) =

4.28−0.106𝑇−2.16𝑃+0.0014𝑇2+0.5175𝑃2

0.28+0.0048𝑇+0.11𝑃−0.018𝑃2
  (5.27) 

Therefore, the expression of the fatigue damage function is: 

𝜆 = −0.19 − 0.124𝑇 + 0.66𝑃 − 0.075𝑃2 + 𝑗 ·
4.28−0.106𝑇−2.16𝑃+0.0014𝑇2+0.5175𝑃2

0.28+0.0048𝑇+0.11𝑃−0.018𝑃2
 (5.28) 

where P∈{1, 2, 3}, T∈{0, 12, 24, 36}. 

In Formula (5.28), the function of the real part represents the change of fatigue 

characteristics of the sample, the function of the imaginary part represents the change of 

mechanical properties of the sample after fatigue loading, and the module |λ| of the function 

represents the overall change degree of the sample under different water pressure and water 

saturation duration. 

|𝜆| = √(0.19 + 0.124𝑇 − 0.66𝑃 + 0.075𝑃2)2 + (
4.28−0.106𝑇−2.16𝑃+0.0014𝑇2+0.5175𝑃2

0.28+0.0048𝑇+0.11𝑃−0.018𝑃2
) (5.29) 

To plot the fatigue damage function in two dimensions, we introduce the function Date 

(n), defined as a function arranged in the order {TT×P}. Where T is a one-dimensional matrix 

[0, 12, 24, 36], and P is a one-dimensional matrix [1, 2, 3], namely: 

{

Date (1) = 0, 1
Date (2) = 0, 2

…
Date (12) = 36,1

                        (5.30) 

Substituting Date (n) into Equation (12) to replace the variables T and P allows for the 

plotting of the fatigue damage function of the samples in the complex plane, as illustrated in 

Figure 5.28. It can be clearly seen from Figure 5.25 that natural samples are most affected by 

water pressure. With the increase of fatigue damage during loading (the change of real part in 
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Figure 5.28), the mechanical properties of samples deteriorate sharply after fatigue damage, 

and the degree of deterioration of mechanical properties of natural samples is positively 

correlated with the degree of fatigue damage. The fatigue characteristics of the water saturated 

samples are also positively correlated with the water pressure, but the damage degree of samples 

during cyclic loading increases first and then decreases with the increase of water saturation 

duration. This shows that under true triaxial fatigue loading, the deterioration degree of 

mechanical properties of water saturated specimens is not linearly correlated with the fatigue 

damage characteristics of specimens during fatigue loading. 

 

 

Fig. 5.28 Fatigue damage function of samples based on complex plane 

5.3.2 Damage model extension based on neural network 

In Section 5.4.1, the effects of water saturation duration and water pressure on the fatigue 

characteristics and the deterioration mechanism of the mechanical properties of the samples 

were analyzed in the complex plane, and the corresponding mathematical model was 

established. To increase the practicability of the model and further verify the accuracy of its 

results, this section adopts the neural network method to construct the model concretized based 

on Section 5.4.1. Figure 5.29 shows the neural network model based on multi-layer perceptron. 

In Figure 5.29, the activation function of the model's hidden layer is the hyperbolic tangent 

(tanh x), and the weight calculation method for each input layer is detailed in Equations (4.1)-

(4.9). Following these steps, the weights of all synapses in the model are determined. The model 

is then used to compute the mechanical parameters of the samples under different conditions 

after fatigue loading, as shown in Figure 5.30.  
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Fig. 5.29 A neural network model representing the relationship between {water saturation, water pressure}, 

{fatigue loading characteristics} and {post-fatigue mechanical properties} 

From Figure 5.30, it can be observed that the overall error between the predicted values 

output by the model and the actual values is relatively small. Except for the significant error at 

date (1), the average error for the shear strength data points is approximately 1%, indicating 

good training performance. The prediction accuracy for strain is slightly lower than that for 

strength; however, with the exception of the two marked outlier points in the figure, the 

prediction accuracy for other values is high. These results demonstrate that the established 

neural network model exhibits good reliability. 

 

  

(a)                                   (b)  

Fig. 5.30 The error between the actual value of the mechanical parameters of the sample and the predicted 

value of the neural network. (a) 𝜏′𝑜𝑐𝑡 and 𝜀
′
1 𝑚𝑎𝑥. (b) 𝜀′2 𝑚𝑎𝑥 and 𝜀

′
3 𝑚𝑎𝑥. 

Using the established neural network model, the variables in the input layer are 

continuously processed by expanding the domain of the Date(n) function, introducing a new 
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function, New_Date(n), defined as the ordered arrangement of the {NTT×P} function. Here, 

NT is a one-dimensional matrix [0,1,2,3, … ,36], and P is a one-dimensional matrix [1,2,3]. 

Thus, New_Date(n) can be expressed as follows: 

{
 
 

 
 

New_Date (1) = 0, 1
New_Date (2) = 0, 2
New_Date (3) = 0, 3
New_Date (4) = 1,1

…
New_Date (108) = 36,3

                        (5.31) 

By substituting the New_Date(n) function into the input layer and using the neural network 

model for predictive calculations, the complex plane representation of the influence coefficient 

λ is obtained, as illustrated in Figure 5.31. 

Figure 5.31 shows that as the data becomes denser, the projections of the model's real and 

imaginary parts on the complex plane gradually approach a quadratic negative correlation. This 

method allows the patterns derived from limited laboratory experiments to be extended into a 

continuous domain space, thereby enhancing the practical utility of the model. 

 

 

Fig. 5.31 Fatigue damage evolution model of sample based on neural network. 

5.3.3 Model visualization based on Visual Basic 

Visual Basic (VB) is an object-oriented programming language that features a graphical 

user interface and a rapid application development system. It allows for database connections 

using DAO, RDO, and ADO, enabling the generation of object-oriented applications. By 

programming the neural network model in VB, visualization of the established model can be 

achieved, allowing it to run directly on a computer for inputting experimental parameters and 

outputting results. 

1) The first step involves data importation. A matrix D[i,3] is created to store the values 

of three input vectors{C'R-d, C'E, V'}. Experimental data is imported into these matrices, and the 
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values of the matrices are sequentially input into the corresponding vectors within the program. 

Algorithm 1 provides the pseudocode for this method. 

Algorithm 1. Data import 

Input: C'R-d, C'E, V', Input matrix G, Number of data 𝑛 

Output: Group s0 

1: α←0 and β←0 

2: for i←0 to n-1 do 

3:     for j←0 to 2 do 

4:         if G [i, j] is null then 

5:             Jump out of this loop 

6:         else 

7:             C'R-d[i] ←D [i, j] 

8:             C'E [i]←D [i, j] 

9:             V'[i] ←D [i, j] 

10:        end if 

11:    end for 

12: end for 

13: return s0 

2) After the data is imported, the model is trained for weights according to equations (3.1)-

(3.9). Algorithm 2 provides a weight training method using τoct as an example. 

Algorithm 2. Model training 

Input: C'R-d, C'E, V', τ'oct, Training number N 

Output: Weight 𝑤1, 𝑤2, 𝑤3 

1: 𝑤1←0.1, 𝑤2←0.1, 𝑤3←0.1  

2: for i←0 to N-1 do 

3:     S←𝑤1C'R-d[i]+𝑤2C'E[i]+𝑤3V'[i] 

4:     Y←(1-Exp(-2S))/ (1+Exp(-2S))     

5:     r←0.1 (1-Y2)·(τoct[i]-Y) 

6:     𝑤1←𝑤1+r·C'R-d[i] 

7:     𝑤2←𝑤2+r·C'E[i] 

8:     𝑤3←𝑤3+ r·V'[i] 

9: end for     

10: return s0 

3) After the model training is completed, the densified parameter data is imported into 

the program for prediction, with the data import method referenced in Algorithm 1. 

Figure 5.32 shows a program that can run on the Windows system, visualizing the neural 

network model from Section 5.2.2 and adding functionalities for batch data import and export. 

It enables rapid input of parameters (saturation duration, water pressure) and fatigue 

characteristic parameters (𝐶𝑅−𝑑
′ , 𝐶𝐸

′ , 𝑉′), and allows for quick output of the prediction results to 

a [.txt] format file. This significantly enhances the efficiency of the model's application and 

promotion. 
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(a) 

 

(b) 

Fig. 5.32 Fatigue damage characteristic prediction software based on Visual Basic. (a) Software Interface. 

(b) Running Results. 

5.3.4 Discussion of fatigue damage model results 

From the results of the model shown in Figure 5.25, it is evident that under the same fatigue 

stress, the degradation mechanisms of the mechanical properties of natural samples and 

saturated water samples exhibit different trends. As illustrated in Figure 5.28, as the data 

volume increases, the real and imaginary parts of the model gradually approach a quadratic 

negative correlation in the complex plane, indicating that the mechanical performance 

degradation of saturated water samples initially increases and then decreases with the increase 

in fatigue damage. Here, we attempt to discuss the underlying reasons for this phenomenon 

from the perspective of the testing methods. 

Compared to previous fatigue loading studies, the first advantage of this experimental 

method is that it measures the in-situ geostress at the sampling site through field tests, utilizes 

a true triaxial testing machine to apply loading to the geostress state, and then conducts fatigue 

loading tests. This approach better replicates the actual stress state compared to traditional 

uniaxial fatigue tests. According to previous research findings, the strength of samples 
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significantly decreases after water saturation under uniaxial compression [152]. However, 

under true triaxial conditions, although water saturation can lead to the deterioration of the 

mechanical properties of the samples, the presence of confining pressure prevents water from 

rapidly exuding from the sample surface after it fills the internal cracks, thereby enhancing the 

mechanical properties of the sample to varying degrees. Therefore, the sensitivity of peak 

strength to water saturation under true triaxial conditions is reduced [50]. 

The second advantage of this experimental method is that through multiple true triaxial 

fatigue tests and loading-unloading tests, it explores the mechanisms of mechanical 

performance degradation of samples under the combined effects of water saturation, water 

pressure, and fatigue stress. The mechanical properties of unsaturated samples (natural samples) 

are significantly correlated with fatigue damage characteristics. The greater the damage to the 

samples during the fatigue loading process, the poorer their mechanical properties post-fatigue 

loading [153, 154]. However, the water-saturated samples exhibit different phenomena. Based 

on experimental observations and the established mathematical model, the degree of damage 

during fatigue loading varies with different water saturation times. As T increases, the damage 

to the samples during fatigue loading first increases and then decreases. This indicates that 

water saturation damage and fatigue damage are not independent of each other, which is also 

the reason why the mathematical model results show that "the mechanical properties of the 

samples post-fatigue loading exhibit a trend of first weakening and then increasing with the 

increase in fatigue damage level." Considering the roles of water saturation and water pressure, 

the degree of damage from fatigue loading is no longer the sole factor determining the 

mechanical properties of the samples. Although the water saturation tests were completed 

before the fatigue loading tests, the influence of saturated water on the fatigue characteristics 

and mechanical properties of the samples persists. 

The degradation curve of peak shear stress of the samples post-fatigue loading is illustrated 

in Figure 5.33. It can be seen that when T=24 h, the degree of degradation of the mechanical 

properties of the samples is maximized. This leads to the conclusion of a "maximum damage 

point" under the coupled effects of fatigue damage and water saturation damage, indicating that 

when T=24 h, the joint degradation effects of water saturation damage and fatigue damage on 

the mechanical properties of the samples are most pronounced. When T ≠ 24 h, the joint 

degrading effect of water saturation on fatigue damage diminishes. 

Simultaneously, the influence of water pressure on the mechanical properties of the 

samples is also affected by the water saturation time. Figure 5.33 shows that the mechanical 

properties of natural samples are positively correlated with significant water pressure damage 

characteristics during fatigue loading. The higher the water pressure, the greater the fatigue 

damage to the samples, which is consistent with previous results [50, 155]. However, while the 

degree of fatigue damage to the samples after water saturation is positively correlated with 

water pressure, the mechanical properties of the samples post-fatigue loading initially increase 
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and then decrease with the rise in water pressure. The above results indicate that the degradation 

mechanisms of the mechanical properties of the samples due to water saturation, water pressure, 

and fatigue loading are complex and interrelated. When exploring the fatigue characteristics of 

samples under the influence of water, it is essential to fully consider the coupling effects of 

various factors, rather than the mechanisms of a single factor on the mechanical properties of 

the samples. The findings are of significant reference value for studying the stability of water-

rich surrounding rock under fatigue stress. 

 

 

Fig. 5.33 The degradation curve of the peak shear stress of samples after fatigue loading 

5.4 Summary  

This chapter systematically reveals the mechanical response and permeability evolution of 

water-saturated shale under the coupled effects of hydraulic pressure and stress through true 

triaxial cyclic loading and seepage experiments. By integrating acoustic emission monitoring 

and neural network modeling, a multi-field coupling damage evaluation system is established. 

The main conclusions are as follows: 

1. Regulation Mechanism of Water-Rock Interaction on Mechanical and Seepage 

Properties: The stress-strain curves of natural and water-saturated specimens exhibit significant 

differences. The localized expansion effect in water-saturated specimens enhances curve 

fluctuations, while the overall compression state after failure restricts the instantaneous increase 

in water flow. An increase in hydraulic pressure enhances the effective stress in the σ1 direction, 

intensifies crack propagation, and reduces crack density in the σ2 direction, thereby weakening 

the mechanical regulation effect of the intermediate principal stress. The permeability critical 
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point gradually disappears with prolonged water saturation time, indicating that water molecule 

infiltration reconstructs the fluid flow pathways within the fracture network. 

2. Damage Evolution and Evaluation Methods under Cyclic Loading: During cyclic 

loading, the rate at which the hysteresis loop shifts to the right decreases with increasing water 

saturation time, reflecting the lubricating effect of water molecules in suppressing fatigue 

damage accumulation. Damage assessment based on cumulative acoustic emission counts 

indicates a positive correlation between hydraulic pressure and damage severity, while water 

saturation time is negatively correlated with damage severity. However, conventional formula-

based methods have limitations in characterizing damage in water-saturated specimens. Pore 

water pressure evolution analysis shows that increasing hydraulic pressure elevates crack 

density in the σ1 direction and alters the spatial distribution of fluid seepage pathways. 

3. Failure Mode Transition under Multi-Field Coupling Effects: Natural specimens exhibit 

a distinct permeability threshold, with stress parameters increasing sharply after yielding. In 

contrast, water-saturated specimens experience mechanical degradation, leading to a wave-like 

fluctuation in the stress-time curve, with water flux variations lagging behind the yield point. 

Under true triaxial conditions, hydraulic pressure accelerates the transition into the steady strain 

phase while inducing repeated expansion-compression effects, ultimately causing a nonlinear 

surge in post-failure water flow. 

4. Development of an Intelligent Damage Model and Engineering Applications: A fatigue 

damage model based on the complex plane is established, where the real part (fatigue damage) 

and the imaginary part (mechanical properties) exhibit a secondary negative correlation. By 

integrating neural network algorithms, the model is materialized. A developed visualization 

software (Windows platform) processes continuous variables to predict the mechanical 

parameter evolution under various hydraulic pressure-water saturation conditions, providing 

theoretical guidance for tunneling support in water-rich shale formations. 
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Chapter 6 

Stability analysis and support scheme 

optimization of tunnels with saturated 

surrounding rock under cyclic stress 

disturbance 
 

 

 

 

 
Chapter 4 and Chapter 5 analyze the impact of cyclic stress on the mechanical properties and 

permeability characteristics of saturated shale under both non-hydraulic and hydraulic 

conditions using laboratory experiments, theoretical analysis, and model development. To 

apply the laboratory experimental results to field scenarios and provide guidance for field 

construction, this chapter uses a Finite Difference 3D numerical model built with the FLAC3D 

software to simulate the excavation process of tunnels (Moysey et al., 2005; Zhang et al., 2017). 

The goal is to investigate the roof settlement, deformation of the tunnel walls, and the evolution 

of pore water pressure during excavation, and to provide support recommendations for saturated 

tunnels under cyclic stress disturbances. 

Figure 6.1 shows the stress state of the surrounding rock during the tunnel excavation 

process, while Figure 6.2 presents the research roadmap for stability analysis and support 

scheme optimization of saturated surrounding rock under cyclic stress disturbances. As seen in 

Figure 6.2, the chapter first analyzes the stability of the tunnel excavation under natural 

conditions. Based on the results of the natural state analysis, the findings from Chapters 3 and 

4 are incorporated into the model to analyze the excavation stability of both undrained and 

drained tunnels. Additionally, attempts are made to adjust the length and spacing of the anchor 

bolts to propose the most suitable support scheme for saturated tunnels under hydraulic 

disturbance. 
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Fig. 6.1 Stress state of surrounding rock during tunnel excavation 

 

Fig. 6.2 Research roadmap of stability analysis and support scheme optimization of tunnel with saturated 

surrounding rock under cyclic stress disturbance 

6.1 Establishment of tunnel excavation model and parameter 

determination 

6.1.1 Basic principles of FLAC3D 

FLAC3D software is primarily used for analyses and calculations related to underground 

engineering excavation, capable of simulating the stress and deformation processes of 

engineering structures within three-dimensional geological materials and other media. It is 

suitable for elastic-plastic analysis of materials, rheological predictions, and the simulation of 

geotechnical construction processes. In rapid Lagrangian analysis, FLAC3D employs a mixed 

discrete analysis method, dividing continuous media into hexahedral elements, with forces 
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concentrated at each node. During the computation, the stress and strain values of the 

hexahedral elements are obtained by volume-weighted averaging of their internal tetrahedra. 

For a tetrahedron with any point inside having a velocity component of 𝑢𝑖
0 , the Gaussian 

formula gives: 

{
∭ 𝑢𝑖,𝑗

0 𝑑𝑉
 

𝑉
= ∯ 𝑢𝑖

0𝑛𝑗𝑑𝑆
 

𝑆

𝑢𝑖,𝑗
 = −

1

3𝑉
∑ 𝑢𝑖

𝑙𝑛𝑗
(𝑙)𝑆 

(𝑙)4
𝑙=1

                      (6.1) 

where V is the volume of the tetrahedron, S is the surface area of the tetrahedron, 𝑛𝑗 is the unit 

normal vector component of the outer surface, 𝑢𝑖
0 represents linear distribution, and 𝑛𝑗  is 

constant on each face. The variable l is an index, with the superscript l indicating the variable 

at node l, and the superscript (l) indicating the variable at face l. 

The three-dimensional rapid Lagrangian method focuses on nodes as computational 

objects, concentrating both force and mass at the nodes, and solving the motion equations in 

the time domain. The motion equation of the nodes can be expressed as follows: 

𝜕𝑢𝑖
𝑙

𝜕𝑡
=

𝐹𝑖
𝑙(𝑡)

𝑚𝑙                               (6.2) 

where 𝐹𝑖
𝑙(𝑡) represents the unbalanced force component in the iii direction at node l at time t, 

and 𝑚𝑙 is the concentrated mass at node l. For dynamic problems, concentrated mass is used, 

while for static problems, a virtual mass is applied to ensure numerical stability. For each 

tetrahedron, the virtual mass of its nodes is given by: 

𝑚𝑙 =
𝑎1

9𝑉
max {[𝑛𝑖

(𝑖)𝑆(𝑙)]
2
, 𝑖 = 1,3}                    (6.3) 

where 𝑎1 = 𝐾 +
4

3𝐺
, Ks the bulk modulus and G is the shear modulus. 

6.1.2 Anchor structure unit parameters 

In FLAC3D software, the function of anchors is to provide localized resistance along joint 

surfaces, thereby preventing further expansion of separation [182]. The software includes a 

built-in Cable structure unit, which can generate shear resistance along its length, simulating 

the mechanical behavior of anchors in surrounding rock. The mechanical properties of the Cable 

structure unit are primarily influenced by factors such as its geometry and material. 

The performance of the anchoring agent, as a critical element in the Cable structure unit, 

has a significant impact on the selection of parameters in numerical calculations and the 

resulting simulation outcomes. The main parameters include the bonding strength per unit 

length of the anchoring agent (cg) and the stiffness per unit length of the agent (kg). Based on 

the principles of the Cable structure unit, these two parameters can be calculated using equation 

(6.4): 

{
𝑘𝑔 =

2𝜋𝐺

10 ln(1+
2𝑙

𝐷
)

𝑐𝑔 = 𝜋(𝐷 + 2𝑙)𝜏𝑝𝑒𝑎𝑘

                      (6.4) 
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where 𝑘𝑔 is the stiffness of the anchoring agent per unit length (N/m2); G is the shear modulus 

of the anchoring agent (GPa); 𝐷 is the diameter of the anchor rod (m); l is the thickness of the 

anchoring agent (m), and 𝜏𝑝𝑒𝑎𝑘 is the peak pull-out force (N) from the pull-out test. 

In this study, the diameter of the anchor rod is 22 mm, with a maximum tensile breaking 

force of approximately 190 kN. According to field data and in-situ tests, when the anchorage 

length is 700 mm, the anchoring force is 168 kN, the elastic modulus of the anchoring agent is 

13.5 GPa, the Poisson's ratio is 0.25, and the bonding strength per unit length of the anchoring 

agent is 2.5×105 N/m2. 

6.1.3 Introduction of water-force boundary condition and degradation model 

The excavation of the tunnel is divided into two stages. The first stage introduces only the 

concepts of water saturation and cyclic stress. The implementation method is as follows: First, 

FISH language programming is used to define the function va_1, which incorporates a loop 

statement. Cyclic stress is applied to the roof of the first excavation stage, and the mechanical 

parameters of the water-saturated sample are imported into the first-stage model to achieve the 

combined effects of water saturation and cyclic stress. After the first-stage excavation is 

completed, a gradient water pressure (varying from 1–3 MPa, corresponding to Chapter 4) is 

applied to the rock mass above the second-stage excavation to realize the coupled effects of 

water saturation and cyclic stress under variable water pressure. The pseudocode for the FISH 

language is shown in Algorithm 5.1. 

Algorithm 5.1 

𝑧𝑜𝑛𝑒 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 {𝐸1, 𝑐1, 𝜑1, 𝑒𝑡𝑐. } 𝑟𝑎𝑛𝑔𝑒 𝑧 @𝑧1−𝑠, 𝑧1−𝑒   

𝑧𝑜𝑛𝑒 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 {𝐸2, 𝑐2, 𝜑2, 𝑒𝑡𝑐. } 𝑟𝑎𝑛𝑔𝑒 𝑧 @𝑧2−𝑠, 𝑧2−𝑒   

bound stress 0,P,0,0,∇,0 range 𝑧 @𝑧2−𝑠, 𝑧2−𝑒 y @𝑦𝑧𝑜𝑛𝑒  

zone gridpoint initialize pore-pressure @𝑃 range 𝑧 @𝑧2−𝑠, 𝑧2−𝑒 y @𝑦𝑧𝑜𝑛𝑒  

define va_1 

β=0 

𝜎𝑐𝑦𝑐𝑙𝑒=𝜎𝑏𝑎𝑠𝑖𝑐·math.sin(β·math.degrad) 

loop while β < 360 

command 

bound stress 0,@𝜎𝑐𝑦𝑐𝑙𝑒,0,0,0,0 range y @𝑦𝑧𝑜𝑛𝑒  

model cycle 10 

endcommand 

β=β+10  

endloop 

end 

@ va_1 

In Algorithm 5.1, 𝑧𝑛−𝑠  (n=1,2) denotes the start of the nth stage, 𝑧𝑛−𝑒  (n=1,2) denotes 

the end of the nth stage, 𝜎𝑐𝑦𝑐𝑙𝑒  is the cyclic stress, 𝑦𝑧𝑜𝑛𝑒  is the range of cyclic stress 
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application, and P is the water pressure. The water pressure is applied with a gradient, i.e., 𝑃 =

𝜌𝑔𝑑𝑧, which changes with excavation distance. 

After introducing the hydro-mechanical boundary conditions, the FISH language is used 

to integrate the mechanical degradation model obtained in Chapter 4 into FLAC3D. The 

relationship between fatigue damage and the degradation of surrounding rock mechanical 

properties is utilized to determine the mechanical parameters of the surrounding rock. As shown 

in Figure 4.28, the fatigue characteristics of water-saturated samples are positively correlated 

with water pressure, but the damage degree during cyclic loading initially increases and then 

decreases with prolonged saturation. This indicates that water saturation and cyclic loading not 

only affect the mechanical properties of the sample but also influence each other’s degradation 

effects. Under saturated conditions, the degradation of mechanical performance and fatigue 

damage are nonlinearly correlated. Therefore, the FISH language is employed to import the 

model results into FLAC3D, with specific details provided in Algorithm 5.2. 

Algorithm 5.2 

𝑧𝑜𝑛𝑒 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 {𝑐0, 𝜑0, 𝑒𝑡𝑐. } 𝑟𝑎𝑛𝑔𝑒 𝑧 @𝑧1, 𝑧2  

define va_2 

α=1 

loop while α<=n 

𝑐1 = 𝜆𝛼𝑐0, 𝜑1 = 𝜆
𝛼𝜑0  

[va_1]: (𝑏𝑜𝑢𝑛𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 𝜎𝑐𝑦𝑐𝑙𝑒)  

command 

𝑧𝑜𝑛𝑒 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 {𝑐1, 𝜑1, 𝑒𝑡𝑐. } 𝑟𝑎𝑛𝑔𝑒 𝑧 @𝑧1, 𝑧2  

endcommand 

α=α+1 

endloop 

end 

@ va_2 

In Algorithm 5.2, λ is the degradation model exponent for shale, α is the number of 

cyclic loading cycles, n is the upper limit of cyclic loading cycles, and [va_1] refers to the 

cyclic stress application procedure in Algorithm 5.1. By combining Algorithm 5.1 and 

Algorithm 5.2, cyclic stress, water pressure, and the established degradation model can 

be integrated into FLAC3D to calculate the stability of the excavated tunnel.6.1.4 

Establishment of tunnel excavation model based on FLAC3D 

Based on the actual conditions of a mine site in Kunyang, a FLAC3D model was 

established to simulate the excavation process of a specific tunnel in the mine. The model 

monitors the evolution of the plastic zone in the surrounding rock and the settlement of the roof 

during excavation, as shown in Figure 6.3. 

In Fig. 6.3, the total dimensions of the model are 50 × 20 × 20 m3, and the tunnel width is 

4 m. The bottom of the model is constrained by normal displacement, while the sides and top 
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are free boundaries. The model uses the Mohr-Coulomb criterion, and the excavation direction 

in the model is from right to left. According to the distribution of the mine's ore layers, the first 

section is set to be excavated horizontally, and the second section is excavated at a 15° angle to 

the horizontal. Anchor support is applied promptly after excavation, with a default spacing of 

1.2 m between anchors along the excavation direction. 

 

 

(a)  

 

(b)  

Fig. 6.3 Tunnel excavation model and bolt support diagram based on FLAC3D. (a) Model and bolt support 

scheme. (b) rock division and water-rich area. 

Water-rich region

Excavation direction

Pore water pressure
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6.1.5 Determination of mechanical parameters of the ore layer 

Before model calculation, the mechanical parameters of the ore layer under natural and 

saturated conditions (vacuum-saturated for 48 hours) need to be determined. Figure 6.4 presents 

the conventional triaxial compression test stress-strain curves for phosphorite rock samples 

from the ore layer. 

As shown in Figure 6.4, under all confining pressures, the strength of the natural samples 

is greater than that of the saturated samples, and the peak strain (the strain corresponding to 

peak strength) of the natural samples is also greater than that of the saturated samples. This 

indicates that after saturation, both the strength and deformation resistance of the samples 

significantly decrease. 

 

 

 (a)                                   (b) 

Fig. 6.4 Stress-strain curves of tunnel roof and floor samples under conventional triaxial compression test. 

(a) Natural samples.(b) Water saturated samples. 

Both the peak strength and peak strain of the natural and saturated samples in triaxial 

compression show a clear positive correlation with confining pressure, consistent with the 

Mohr-Coulomb strength criterion. A scatter plot of peak strength versus confining pressure was 

obtained through regression, as shown in Figure 6.6. By substituting the intercept (uniaxial 

strength) and slope (confining pressure coefficient) from the fitted curve in Figure 6.5 into 

equations (3.12)–(3.15), the cohesion and internal friction angle of each set of samples were 

calculated. 

{
𝑐 = 4.86 MPa, 𝜑 = 40.1° (Nature)

𝑐 = 5.21 𝑀𝑃𝑎, 𝜑 = 21.2° (Water saturated)
               (6.5) 

According to the Mohr-Coulomb criterion, the relationship between the sample strength 

parameters is as follows: 

{
𝜎𝑐 =

2𝑐 𝑐𝑜𝑠𝜑

1−𝑠𝑖𝑛𝜑

𝜎𝑡 =
2𝑐 𝑐𝑜𝑠𝜑

1+𝑠𝑖𝑛𝜑

                             (6.6) 
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According to equation (6.6), the mechanical parameters of the samples under different 

conditions can be obtained, as shown in Table 6.1. 

Table 6.1 Mechanical parameters of tunnel roof and floor samples 

Group ρ (kg/m3) c (MPa) φ (°) 𝜎𝑐  (MPa) 𝜎𝑡 (MPa) 

Natural samples 2850 4.86 40.1 20.9 4.51 

Water saturated 

samples 
2960 7.14 21.2 30.3 7.14 

 

  (a)                                    (b)  

Fig. 6.5 Relationship between peak strength and confining pressure of samples. (a) Natural samples. (b) 

Water saturated samples. 

6.1.6 Determination of mechanical parameters of shale in roof and floor under different 

conditions 

Using the Mogi-Coulomb criterion, regression analysis was performed on the data from true 

triaxial tests in Chapter 4 to obtain the model parameters under natural, saturated, and 

"saturated + fatigue loading" conditions. In laboratory tests, true triaxial tests better simulate 

the process of rock mass transitioning from an in-situ stress state to post-failure under loading 

while considering the influence of the intermediate principal stress, yielding more accurate 

results than conventional triaxial tests. The Mogi-Coulomb criterion is used to calculate the 

mechanical parameters of samples under the coupling effect of saturation and fatigue stress, 

providing more precise mechanical parameters for numerical models. 

The Mogi-Coulomb criterion describes a monotonically increasing relationship between 

octahedral shear stress and effective mean normal stress: 
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{

𝜏𝑜𝑐𝑡 = 𝑎 + 𝑏𝜎𝑚,2

𝜏𝑜𝑐𝑡 =
1

3
√(𝜎1 − 𝜎3)

2 + (𝜎1 − 𝜎2)
2 + (𝜎2 − 𝜎3)

2

𝜎𝑚,2 =
𝜎1+𝜎3

2

            (6.7) 

where 𝜏𝑜𝑐𝑡 is the octahedral shear stress, 𝜎𝑚,2 is the effective mean normal stress, a is the 

intercept of the Mogi-Coulomb criterion fitting line, and b is the slope of the line. 

Equation (6.7) is used to calculate the values of 𝜏𝑜𝑐𝑡  and 𝜎𝑚,2  for samples under 

different conditions. A linear fitting method is used to derive the Mogi-Coulomb criterion 

equation for the samples, as shown in Figure 6.6. 

 

 

(a)                               (b) 

Fig. 6.6 Mogi-Coulomb criteria were used to fit the curves of samples under different conditions. (a) Water 

saturated. (b) Water saturated + fatigue loading. 

In Figure 6.6, the Mogi-Coulomb fitting equations for saturated and fatigue-saturated 

samples are: 

{
𝜏𝑜𝑐𝑡 = 0.677 + 1.249𝜎𝑚,2 (饱水)

𝜏𝑜𝑐𝑡 = 0.230 + 0.777𝜎𝑚,2 (疲劳饱水)
               (6.8) 

For the saturated samples, the Mogi-Coulomb parameters are {a=0.677, b=1.249} , and 

for the fatigue-saturated samples, the parameters are {a=0.230, b=0.777}. 

The conversion formulas between the Mogi-Coulomb parameters and Mohr-Coulomb 

parameters are: 

{
𝑎 =

2√2

3
𝑐𝑐𝑜𝑠𝜑

𝑏 =
2√3

3
𝑠𝑖𝑛𝜑

                          (6.9) 

Substituting the Mogi-Coulomb parameters into Equation (6.9), the Mohr-Coulomb 

mechanical parameters for the two sets of samples are obtained as: 

{
𝑐 = 1.64 MPa, 𝜑 = 35.87° (𝑊𝑎𝑡𝑒𝑟 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛)

𝑐 = 0.84 MPa, 𝜑 = 11.50° (𝑊𝑎𝑡𝑒𝑟 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑓𝑎𝑡𝑖𝑔𝑢𝑒 𝑙𝑜𝑎𝑑𝑖𝑛𝑔)
  (6.10) 
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Similarly, according to the Mohr-Coulomb criterion, the relationship between the strength 

parameters is: 

{
𝜎𝑐 =

2𝑐 𝑐𝑜𝑠𝜑

1−𝑠𝑖𝑛𝜑

𝜎𝑡 =
2𝑐 𝑐𝑜𝑠𝜑

1+𝑠𝑖𝑛𝜑

                           (6.11) 

By substituting Equation (6.10) into Equation (6.11), the uniaxial compressive strength 

and tensile strength parameters for the samples are obtained, as shown in Table 6.2. 

Table 6.2 Mechanical parameters of shale under natural, water saturation and " water saturation + fatigue 

loading" conditions 

Group ρ (kg/m3) c (MPa) φ (°) 𝜎𝑐  (MPa) 𝜎𝑡 (MPa) 

Natural [50] 2679 15.3 34.9 58.6 16.0 

Water saturated 2784 1.64 35.9 6.42 1.68 

Water saturated + 

Fatigue loading 
2784 0.84 11.5 2.05 1.37 

6.2 Stability analysis of excavated tunnels under natural conditions 

The mechanical parameters of the rock layers in their natural state from Tables 6.1 and 6.2 are 

imported into the model shown in Figure 6.3. The roof settlement and plastic zone 

characteristics of the excavated tunnel are calculated for two scenarios: without anchor support 

and with anchor support (with a bolt diameter of 22 mm, a length of 1800 mm, and a spacing 

of 1.2 m along the excavation direction), as illustrated in Figure 6.7 and Table 6.3. 

 

 

(a)                                 (b)  

Fig. 6.7 Roof settlement during the excavation of the first segment of the tunnel under natural conditions. 

(a) Without Support. (b) With Support. 

As shown in Figure 6.7, without the use of anchor bolt support, the maximum roof 

settlement during the excavation of the first section of the tunnel under natural conditions is 

1.020 mm. When anchor bolts are used for support, the maximum settlement is reduced to 0.568 

mm, resulting in a 44.3% reduction in roof settlement. According to Table 6.3, without support, 

after the excavation of the first section under natural conditions, significant plastic zones appear 
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at section 1 of the tunnel, primarily manifested as shear failure. After the excavation of the 

second section, the plastic zones at section 2 develop more clearly, with shear failure extending 

from the sidewalls to the floor. After the completion of the second section excavation, the 

plastic failure area at section 3 further increases, extending from the sidewalls to the roof and 

floor of the tunnel. However, with anchor bolt support, the plastic zone in the sidewalls at the 

three sections is significantly reduced, and the stability of the sidewalls and roof is greatly 

improved. 

This phenomenon indicates that the anchor bolts effectively control the deformation of the 

surrounding rock, reducing plastic failure, particularly in the sidewalls and roof areas. The 

anchor bolt support strengthens the surrounding rock, improving its shear resistance, inhibiting 

the expansion of the plastic zone, and ensuring the stability of the surrounding rock after 

excavation, thus reducing the extent of plastic failure during the excavation process. Based on 

the results from Figure 6.7 and Table 6.3, the anchor bolt support with a spacing of 1.2 meters 

plays a crucial role in the stability of the tunnel surrounding rock. Particularly in the early stages 

of excavation, the anchor bolt support helps ensure the stability of the surrounding rock by 

suppressing stress concentration and surrounding rock deformation. 

Table 6.3 Plastic zone of surrounding rock during tunnel excavation under natural conditions 

 Section 3 Section 2 Section 1 

Unsupported 

   

Supported 
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Cross-

Section 

Schematic 

 

6.3 Stability analysis of fatigue-saturated tunnels 

6.3.1 Stability analysis of fatigue-saturated tunnels without drainage 

Figures 6.8 and 6.9 illustrate the roof settlement and plastic zone characteristics of the excavated 

tunnel before drainage. From Figure 6.8, it is evident that, without drainage, the maximum roof 

settlement during the excavation of the first segment of the fatigue-saturated tunnel reaches 

5.009 mm, an increase of 3.989 mm compared to the natural tunnel (1.020 mm), representing a 

391% increase. Figure 6.9 shows that under undrained conditions, significant plastic zones 

develop in the tunnel cross-section at all excavation stages. The fractured zones are uniformly 

and continuously distributed across the roof, floor, and walls of the tunnel, and under the 

influence of water pressure, numerous plastic damage regions also appear in the upper area of 

the tunnel. 

 

 

Fig. 6.8 Subsidence of roof during excavation of the first section of tunnel  

 

(a)                  (b)                   (c)               (d) 

First stage Second stage 
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Fig. 6.9 Plastic Zone Characteristics of the Surrounding Rock after Excavation of the Fatigue-Saturated 

Tunnel before Drainage. (a) Legend. (b) Section 3. (c) Section 2. (d) Section 1. 

Figure 6.10 displays the evolution characteristics of pore water pressure in the water-rich 

zone above the second segment of the excavated tunnel before drainage. It can be observed 

from Figure 6.10 that after the excavation of both segments of the tunnel, the substantial 

subsidence of the roof causes the water in the water-rich zone to gradually extend downward 

with the excavation. The pore water pressure concentrates in the first segment and the front of 

the second segment of the tunnel, reaching a maximum value of approximately 1.5 MPa, 

indicating significant water pressure on the roof. 

The above results indicate that the water pressure above the tunnel has a significant impact 

on the roof settlement and the development of plastic zones in the surrounding rock during 

excavation. To ensure the stability of the surrounding rock during the excavation process, it is 

necessary to conduct drainage of the tunnel roof before excavation. 

 

Fig. 6.10 Distribution of pore water pressure in rock mass after excavation of fatigued water-saturated 

tunnel before drainage. 

6.3.2 Stability analysis of fatigue-saturated tunnels after drainage 

As previously analyzed, the mechanical properties of the surrounding rock under fatigue-

saturated conditions deteriorate, leading to a reduction in the stability of the surrounding rock 

after tunnel excavation. To maintain stability during excavation under fatigue-saturated 

conditions, drainage holes are first drilled in the tunnel roof, followed by the optimization of 

the support scheme in an attempt to propose a support solution suitable for fatigue-saturated 

tunnels. 

The mechanical parameters of the surrounding rock in a fatigue-saturated state from Table 

6.2 were incorporated into the model shown in Figure 6.3. Different support schemes were 

applied (with anchor lengths of 1800 mm, 2000 mm, and 2200 mm; and anchor spacings of 1.2 

m, 1 m, and 0.8 m) to support the excavated tunnel, as illustrated in Figure 6.11. 
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(a)                                       (b)  

Fig. 6.11 Bolt layout of tunnel under different bolt length and spacing schemes. (a) bolt length. (b) bolt 

spacing. 

6.3.2.1 Influence of anchor length on tunnel stability 

First, the impact of anchor length on the stability of the surrounding rock is analyzed. Figure 

6.12 presents the development patterns of the plastic zones in the excavated tunnel sections for 

anchor lengths of 1800 mm, 2000 mm, and 2200 mm (with an anchor spacing of 1.2 m along 

the excavation direction). Figure 6.13 illustrates the roof settlement of the fatigue-saturated 

tunnel under different anchor lengths. 

    

(a)               (b)                   (c)                  (d) 

Figure 6.12 Plastic zone characteristics of surrounding rock of water-saturated tunnel under different bolt 

length. (a) Legend. (b) Bolt length: 1800 mm. (c) bolt length: 2000 mm. (d) bolt length: 2200 mm. 

1.2 m

1 m

0.8 m

1800 mm

2000 mm

2200 mm
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(a)                              (b) 

 

(c) 

Fig. 6.13 Roof settlement of fatigue-saturated tunnel under different bolt length. (a) Bolt length: 1800 mm. 

(b) bolt length: 2000 mm. (c) bolt length: 2200 mm. 

From Figures 6.12 and 6.13, it can be seen that when the anchor bolt length is 1800 mm, 

after the excavation of the tunnel, the plastic zone of the sidewalls and roof/floor is relatively 

large. The fracture zone of the sidewalls extends deeper into the sidewalls and the overlying 

rock layers, with an increasing affected area. The maximum settlement at the top of the tunnel 

reaches 1.43 mm. When the anchor bolt length is increased to 2000 mm and 2200 mm, the 

plastic zone of the sidewalls and roof/floor is significantly reduced after excavation. No 

significant plastic deformation is observed at the tunnel roof, and the maximum settlement at 

the top of the tunnel decreases to 1.20 mm and 1.18 mm, representing a reduction of 16.1% and 

17.5%, respectively, compared to the 1800 mm anchor bolt length. This is because the main 

function of the anchor bolt is to provide tensile and shear resistance by restraining and 

supporting the surrounding rock, preventing excessive deformation. Shorter anchor bolts (such 

as 1800 mm) are unable to provide enough support force after excavation, leading to ineffective 

stress distribution and the expansion of the plastic zone and deformation. However, as the 

anchor bolt length increases, it can penetrate deeper into the surrounding rock and form 

effective contact, improving the surrounding rock’s resistance to deformation and limiting the 

expansion of the plastic zone. Additionally, longer anchor bolts provide stronger support, 

effectively transmitting the localized stress generated during excavation to deeper surrounding 

rock, thereby alleviating stress concentration. By extending the length of the anchor bolts, the 
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overall stability of the surrounding rock is enhanced, and the plastic zone is reduced, especially 

in the roof and sidewall areas, where deformation is effectively controlled. 

Figure 6.14 shows the evolution of pore water pressure in the water-rich zone above the 

second section of the saturated tunnel under cyclic stress disturbance for different anchor bolt 

lengths. From Figure 6.14, it is evident that with an anchor bolt length of 1800 mm, after 

excavation of the saturated fatigue tunnel, localized pore water pressure concentration zones 

appear above the roof of both the first and second sections of the tunnel, with a maximum pore 

water pressure of 0.67 MPa. When the anchor bolt length is 2000 mm, the pore water pressure 

concentration zone above the first section of the tunnel disappears, and the concentration zone 

above the second section is significantly reduced. With an anchor bolt length of 2200 mm, the 

pore water pressure distribution above the tunnel roof becomes more uniform, and the pore 

water pressure concentration zones above both sections of the tunnel disappear. The maximum 

pore water pressure decreases to approximately 0.5 MPa. 

After excavation, the deformation of the surrounding rock causes water to infiltrate into 

the excavation face, forming pressure concentration zones in localized areas. Shorter anchor 

bolts (such as 1800 mm) fail to effectively suppress this water pressure concentration, resulting 

in higher and unevenly distributed pore water pressure. As the anchor bolt length increases, the 

stability of the surrounding rock is enhanced, and the infiltration path of the water is effectively 

restrained, leading to a more uniform distribution of pore water pressure. Particularly with 2200 

mm anchor bolt support, the concentration of pore water pressure disappears, indicating that 

longer anchor bolts can effectively prevent water pressure concentration and reduce potential 

water-related hazards. 
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Fig. 6.14 Pore water pressure distribution of roof after excavation of fatigue-saturated tunnel under 

different bolt lengths. 

After comprehensively comparing the distribution patterns of pore water pressure on the 

tunnel roof, roof settlement, and characteristics of the plastic zones, the support scheme with 

an anchor length of 2200 mm is selected for further analysis.  

6.3.2.2 The impact of anchor spacing on tunnel stability during excavation 

After setting the anchor length to 2000 mm, the development patterns of the plastic zones in the 

tunnel walls, roof, and floor were analyzed with anchor spacings of 1.2, 1, and 0.8 m. The 

findings are summarized in Table 6.4 and illustrated in Figure 6.15. 

Table 6.4 Plastic zone characteristics of surrounding rock of water-saturated tunnel under different bolt 

layout spacing 

 Section 3 Section 2 Section 1 

Anchor rod 

spacing: 1.2 

m 

   

(c) Bolt length: 2200 mm

(d) Legend

(b) Bolt length: 2000 mm

(a) Bolt length: 1800mm
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Anchor rod 

spacing: 1 m 

   

Anchor rod 

spacing: 0.8 

m 

   

From Table 6.4, it can be observed that with an anchor bolt spacing of 1.2 m, after the 

excavation of the first section of the tunnel, a distinct plastic zone appears at Section 1, 

manifesting as shear failure. After the excavation of the second section, the plastic zone at 

Section 2 gradually extends deeper into the sidewalls and overlying rock layers, with the 

affected area continuously expanding. After the completion of the second section excavation, 

the plastic zone at Section 3 further extends from the sidewalls to the roof and floor of the tunnel, 

gradually connecting, and the stability of the surrounding rock decreases further. This indicates 

that the support scheme with a 1.2 m anchor bolt spacing can no longer support the excavation 

stability of the saturated tunnel under cyclic stress disturbance. As the anchor bolt spacing 

decreases, the extent of the plastic zone at each section gradually becomes smaller, especially 

when the anchor bolt spacing is 0.8 m, where the plastic zone at the sidewalls of the excavated 

tunnel almost disappears, and the stability of the surrounding rock is significantly improved. 

 

 (a)                               (b) 
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(c) 

Fig. 6.15 Roof settlement of fatigue-saturated tunnel under different bolt layout spacing. (a) bolt spacing: 

1.2 m. (b) bolt spacing: 1 m. (c) bolt spacing: 0.8 m. 

At the same time, as shown in Figure 6.15, with an anchor bolt spacing of 1.2 m, the 

maximum settlement of the roof after the excavation of the first section is 1.196 mm. When the 

anchor bolt spacing is 1 m and 0.8 m, the settlement of the tunnel roof is reduced to 0.874 mm 

and 0.519 mm, representing a decrease of 26.9% and 56.6%, respectively. This demonstrates 

that as the anchor bolt spacing is reduced, the settlement of the tunnel roof decreases 

significantly. 

The main function of the anchor bolt is to reinforce the surrounding rock, reducing 

deformation and preventing the expansion of the plastic zone. When the anchor bolt spacing is 

1.2 m, the influence range of a single anchor bolt is relatively large, leading to insufficient 

support for the surrounding rock after excavation. Stress easily concentrates in localized areas, 

causing the expansion of the plastic zone. At this point, due to insufficient support force from 

the anchor bolts, the deformation of the surrounding rock is significant, leading to extensive 

shear failure in the sidewalls and roof/floor. When the anchor bolt spacing is reduced to 1 m 

and 0.8 m, the influence range of a single anchor bolt decreases, and the supporting force is 

enhanced. This allows better control over the deformation of the local surrounding rock, 

improving the overall stability of the surrounding rock and significantly reducing the extent of 

the plastic zone. Especially with a 0.8 m anchor bolt spacing, the plastic zone in the surrounding 

rock nearly disappears, showing a better support effect. 

Figure 6.16 illustrates the evolution of pore water pressure in the water-rich zone above 

the second section of the tunnel for different anchor bolt spacings. From Figure 6.16, it is 

evident that compared to an anchor bolt spacing of 1.2 m (length: 2200 mm), when the spacing 

is reduced to 1 m, the pore water pressure above the roof of the first section of the tunnel 

decreases further, reducing to approximately 0.5 MPa. The region of concentrated pore water 

pressure above the second section also diminishes. When the anchor bolt spacing is reduced to 

0.8 m, the pore water pressure decreases further after excavation, and with the continued 

reduction of the roof settlement and the further reduction in the development range of the plastic 
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zone, the pore water pressure above both sections of the tunnel reduces to approximately 0.4 

MPa. 

 

Fig. 6.16 Pore water pressure distribution of roof after excavation of fatigue-saturated tunnel with different 

bolt spacing 

The distribution of pore water pressure is closely related to the stability of the surrounding 

rock. Larger pore water pressure typically indicates strong water infiltration or water 

accumulation in the surrounding rock, which can lead to the instability of the surrounding rock. 

When the anchor bolt spacing is large, the support force distribution is sparse, and the pore 

water pressure in the surrounding rock is prone to concentrate in certain areas, causing localized 

pressure anomalies. As the anchor bolt spacing decreases, the support density increases, 

enabling a more uniform distribution of support force, inhibiting water accumulation, and 

making the pore water pressure distribution more uniform after excavation. The pressure value 

is significantly reduced. 

Based on the analysis of the pore water pressure distribution, the surrounding plastic zone, 

and roof settlement, it can be concluded that the support scheme with a 0.8 m anchor bolt 

spacing is more suitable for the excavation support of a saturated tunnel under cyclic stress 

disturbance. 

(a) Bolt spacing: 1.2 m

(b) Bolt spacing: 1 m

(d) Legend

(c) Bolt spacing: 0.8 m
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6.4 Evolution of pore water pressure and roof settlement during tunnel 

excavation 

6.4.1 Evolution of pore water pressure in the roof during tunnel excavation 

Figure 6.17 presents the evolution characteristics of pore water pressure in the roof during the 

excavation of a saturated tunnel under cyclic stress disturbance. From Figure 6.17, it can be 

observed that after applying the recommended support scheme (anchor bolt length of 2200 mm 

and spacing of 0.8 m), the evolution of pore water pressure in the roof gradually extends and 

concentrates towards the excavation direction, eventually spreading and dissipating. 

In the early stages of the first section excavation, as the roof settlement increases, the 

original equilibrium of pore water pressure above the roof is disrupted. Water begins to infiltrate 

in the direction of the excavation, and the water pressure gradually extends towards the 

excavation, forming localized pressure concentration areas (see Excavation Phase 1-3). This 

occurs because, before excavation, the water above the roof is in a state of hydrostatic 

equilibrium, with the pore water pressure evenly distributed. After excavation, the settlement 

of the roof causes the imbalance of the original pore water pressure. The volume contraction of 

the rock skeleton increases the water pressure in the pore space near the excavation, leading to 

pressure concentration. After the completion of the first section excavation, due to the improved 

anchor bolt support scheme, the roof settlement rate is suppressed, and the range of water 

pressure concentration starts to decrease. After the model calculation reaches equilibrium, the 

water pressure distribution above the first section roof gradually becomes more uniform (see 

Excavation Phase 1-4). 

After the excavation of the second section, the water pressure concentration areas above 

the roofs of both sections gradually split into two parts. As the second section continues to be 

excavated, the roof settlement displacement shifts mainly from the first section to the second 

section, causing the range of abnormal water pressure above the first section roof to gradually 

disappear (see Excavation Phase 2-1 to 3). As the roof settlement in the second section increases, 

the water in the saturated zone gradually infiltrates downward, and the pore water pressure is 

gradually released. After the completion of the second section excavation, due to the support 

effect, the roof settlement rate decreases, and after the model calculation reaches equilibrium, 

the stress concentration phenomenon in the roof disappears. The pore water pressure in the roof 

further decreases, and the abnormal pressure range above the roof also dissipates (see 

Excavation Phase 2-4 to 6). This phenomenon can be explained by the "stress-hydraulic 

coupling effect." As the second section is excavated, the settlement of the top rock mass in the 

second section induces a new stress concentration zone, causing the water pressure anomalies 

that were initially present in the first section to gradually disappear and form a new water 

pressure concentration zone in the second section.  
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(a) Legend and initial pore pressure 

 

(b) Excavation of the first section 
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(c) Excavation of the second section 

Fig. 6.17 Evolution of pore pressure in roof during tunnel excavation 

The roof of Section 1 

is gradually stabilized
The roof of Section 1 

is gradually stabilized

Abnormal range of water 

pressure disappeared

The concentration range of water pressure gradually decreases

Roof pore water pressure gradually stabilized

The concentration of water pressure has almost disappeared

Excavate section 1-1 Excavate section 1-1

Excavate section 1-1 Excavate section 1-1

Excavate section 1-1 Excavate section 1-1

Roof of Excavate section 2  
Roof of Excavate section 2  
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The water gradually infiltrates downward from the saturated zone, and the release of pore 

water pressure causes the pressure concentration zone to expand. At the same time, as the 

support effect strengthens, the roof settlement rate decreases, the water pressure concentration 

phenomenon gradually disappears, and the pore water pressure further decreases. 

This indicates that the support scheme for a saturated tunnel under cyclic stress disturbance 

not only reduces roof settlement but also effectively alleviates the water pressure concentration 

in the roof, maintaining the stability of the surrounding rock. Particularly in the later stages of 

excavation, the support effect ensures the stability of the roof pore water pressure, reducing the 

potential risk of damage due to pressure concentration. 

The advantage of this support scheme also lies in its long-term stability. As the tunnel is 

gradually excavated, the deformation of the surrounding rock and the distribution of water 

pressure tend to stabilize, avoiding roof instability or crack development caused by excessive 

water pressure in the short term. This provides a more stable working environment for 

subsequent mining operations. 

6.4.2 Settlement patterns of the roof during tunnel excavation 

The support scheme using anchor bolts with a length of 2200 mm and a spacing of 0.8 m was 

applied to the excavation support of the saturated fatigue tunnel. Additionally, measurement 

points were arranged at the middle of both the first and second sections of the tunnel to monitor 

the roof settlement at these two locations in order to analyze the overall settlement variation 

pattern of the roof after the excavation of both sections in the "saturated fatigue" tunnel. The 

locations of the two measurement points and their corresponding roof settlement variation 

curves are shown in Figure 6.18. 

From Figure 6.18, it can be seen that the roof settlement variation at Measurement Point 1 

can be roughly divided into three stages: 

1) From the beginning of the first section excavation to the excavation reaching 

Measurement Point 1: In this stage, as the tunnel is gradually excavated, the roof at 

Measurement Point 1 begins to settle gradually, with the settlement increasing as the excavation 

approaches. This is because, as the tunnel is excavated, the surrounding rock, which was 

previously compressed, begins to release stress, causing the roof rock mass to subside. During 

this process, the settlement rate of the roof is relatively slow, mainly because the surrounding 

rock has not yet reached the critical stage of large-scale deformation. 

2) From the excavation reaching Measurement Point 1 to the completion of the first section 

excavation: In this stage, as the excavation progresses at Measurement Point 1, the roof 

settlement rapidly increases. As the tunnel nears Measurement Point 1, the deformation of the 

surrounding rock becomes more concentrated, especially at the roof, where the stress becomes 

more focused, leading to an acceleration of roof settlement. The intensified settlement in this 

stage indicates that the stress concentration effect ahead of the tunnel starts to take effect, and 
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the surrounding rock in the roof area may be in a critical state of elastic-plastic transition, 

leading to a rapid increase in settlement. 

3) From the completion of the first section excavation to the completion of the second 

section excavation: In this stage, as the excavation of the tunnel gradually reaches equilibrium, 

the roof deformation gradually increases and tends to stabilize. By the end of the second section 

excavation, the maximum settlement at Measurement Point 1 reaches a peak of 0.519 mm. The 

stabilization of settlement in this stage indicates that the surrounding rock of the tunnel has 

undergone a certain degree of adaptive deformation. Through support measures such as anchor 

bolts, the settlement of the tunnel roof has been effectively controlled, and the deformation of 

the surrounding rock gradually stabilized. 

 

 

Fig. 6.18 The layout of the two measuring points and the monitoring curve of the roof settlement 

The settlement variation at Measurement Point 2 is similar to that at Measurement Point 

1, and can also be divided into the initial slow growth, rapid increase as the excavation reaches 

the point, and finally stabilization. The maximum roof settlement at Measurement Point 2 is 

0.845 mm. This indicates that after the second section excavation, the settlement of the roof is 

mainly concentrated in the central part of the second section. Therefore, it is necessary to 

strengthen the monitoring and support of this section of the tunnel to ensure that the support 

structure can effectively control the settlement and deformation in this area. 
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6.5 Summary  

This chapter reveals the evolution of surrounding rock stability in water-saturated tunnels under 

cyclic stress disturbance through numerical simulation. By integrating support parameter 

optimization and pore water pressure monitoring, an engineering prevention and control system 

under hydro-mechanical coupling is established. The key conclusions are as follows: 

1. Differentiated Impact of Support Schemes on Surrounding Rock Stability: The default 

support scheme (Bolt diameter is 22 mm, length is 1800 mm, spacing along the excavation 

direction is 1.2 m) significantly improves the stability of natural tunnels, as evidenced by a 

substantial reduction in roof settlement and a noticeable shrinkage of the plastic zone on both 

sides. However, under undrained water-saturated conditions, cyclic stress disturbance leads to 

a sharp increase in roof settlement, a significant rise in peak pore water pressure, and the 

formation of a continuously distributed plastic damage zone around the tunnel. These findings 

confirm the necessity of pre-drainage measures to mitigate the disaster-inducing effects of water 

pressure. 

2. Synergistic Optimization Effect of Drainage and Support: After drainage, pore water 

pressure decreases significantly. When combined with an optimized support scheme featuring 

increased bolt length and reduced spacing, both roof settlement and the extent of the plastic 

zone are substantially reduced, greatly enhancing surrounding rock stability. The results 

indicate that a "long anchoring + dense support" strategy can effectively suppress secondary 

damage induced by water pressure redistribution, providing a theoretical basis for the support 

design of water-saturated tunnels. 

3. Spatiotemporal Evolution of Water Pressure and Deformation: The evolution of pore 

water pressure exhibits a pattern of convergence toward the excavation face, followed by 

gradient diffusion. The roof settlement process demonstrates a three-stage dynamic response: 

initial slow growth, rapid increase during excavation, and gradual stabilization in the later stage. 

During the second excavation phase, the central region of the roof shows a disproportionately 

high settlement ratio, highlighting the need for targeted monitoring and enhanced support 

measures. 
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Chapter 7 

Field application of excavation and support 

optimization of water-filled tunnel 
 

 

 

 

 
The optimized support scheme from Chapter 6 was applied to the excavation of the tunnel for 

testing. After the completion of the tunnel excavation support, multi-point displacement meters 

and roof separation meters were used to monitor the deformation of the tunnel sides and roof 

settlement. Pore water pressure was monitored to assess the pore water pressure of the tunnel 

roof and sides, aiming to investigate the stability of the surrounding rock and the evolution of 

pore water pressure during the excavation of a saturated tunnel under the recommended support 

scheme. Figure 6.1 shows the layout of the multi-point displacement meters, roof separation 

meters, and pore water pressure gauges in the excavated tunnel, while Figure 6.2 presents the 

equipment and structural diagrams. 

 

 

Fig. 7.1 Layout diagram of roof separation meter, multipoint displacement meter, and pore water pressure 

meter 

 

Pore water pressure gauge
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Multipoint displacement 
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(a)                         (b)                          (c)  

Fig. 7.2 Field monitoring equipment and its structure diagram. (a) Multipoint displacement meter. (b) Roof 

separation instrument. (c) Pore water pressure gauge. 

7.1 Deformation monitoring of tunnel sidewalls 

7.1.1 Principles and usage of multipoint displacement meters 

A multipoint displacement meter is an instrument used to measure displacement signals through 

sensors placed on the object being monitored. When the object experiences displacement, the 

sensor detects the change and converts it into an electrical signal, which is transmitted to the 

data acquisition unit. Additionally, it enhances measurement accuracy and stability through 

signal amplification and filtering. The installation and usage of the multipoint displacement 

meter used in this study are as follows: 

1) Drilling: According to the requirements of the multipoint displacement meter, first, a 

large hole of φ150×600 mm is drilled at the designated location, followed by drilling a smaller 

hole at the bottom of the larger one using a 100 mm diameter drill bit. The depth of the small 

hole should be 1 meter deeper than the deepest anchor head. The allowable error for the hole's 

position on the plane is 50 mm, with an angular deviation not exceeding ±1°. 

2) Inserting the Measuring Rod: Place the assembled measuring rod of the multipoint 

displacement meter into the hole, install the analog sensor on the base sensor’s fixing rod, 

position the base according to the corresponding hole location, and reserve grouting and 

ventilation holes for grouting. 

3) Grouting: After grouting, remove the analog sensor, install the multipoint displacement 

meter sensor on the base sensor’s fixing rod, and record the sensor’s corresponding rod number 

and anchor head position. 

4) Data Collection: Connect the compatible data collector to the displacement meter's 

wire, take initial readings, and install the hole protection device. 

After the installation of the multipoint displacement meter following these steps, the data 

collector is connected to the displacement meter's output cable, and the collector is used to read 

the frequency or modulus of the displacement meter. The method for calculating the data is as 

follows: 
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{
𝐿1 = 𝐾(𝑓0

2 − 𝑓𝑥
2)

𝐿2 = 𝐾(𝑓0 − 𝑓𝑥)
                         (7.1) 

where 𝐿1  represents the displacement (frequency), 𝐿2  represents the displacement 

(frequency modulus), 𝐾 is the coefficient (provided by the manufacturer), f0 is the initial value, 

and fx is the real-time value. 

7.1.2 Analysis of monitoring results of drift wall displacement 

The JM-910 series multipoint displacement meter was used to monitor the sidewall 

displacement of the excavated tunnel after drainage. Four monitoring points were installed in 

the test section, numbered M1 to M4. The field arrangement of the multipoint displacement 

meter is shown in Figure 7.3. 

 

  

(a)                                (b)  

Fig. 7.3 Field arrangement and monitoring of multi-point displacement meter. (a) Field arrangement. (b) 

Field observation. 

The monitoring data from the multipoint displacement meters were observed and 

recorded using a data collector. The deformation of the surrounding rock at different depths 

from each monitoring point was statistically analyzed, as shown in Table 7.1. Based on Table 

7.1, the deformation curves for each monitoring point were plotted, as shown in Figure 7.4. 

Table 7.1 The roof settlement of the tunnel 

Time 
M1 (mm) M2 (mm) M3 (mm) M4 (mm) 

1.5 m 1.2 m 1.0 m 1.5 m 1.2 m 1.0 m 1.5 m 1.2 m 1.0 m 1.5 m 1.2 m 1.0 m 

0 0 0 0 0 0 0 0 0 0 0 0 0 

1 0.034 0.042 0.053 0.027 0.034 0.042 0.02 0.025 0.032 0.027 0.036 0.044 

3 0.082 0.103 0.134 0.065 0.082 0.107 0.042 0.052 0.061 0.068 0.081 0.092 
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13 0.173 0.198 0.212 0.134 0.157 0.17 0.094 0.112 0.117 0.141 0.158 0.165 

14 0.189 0.206 0.218 0.152 0.165 0.174 0.118 0.125 0.13 0.152 0.168 0.174 

16 0.201 0.212 0.221 0.154 0.166 0.174 0.121 0.127 0.131 0.153 0.169 0.175 

 

(a) 

 

(b) 

 

(c)  
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(d)  

Fig. 7.4 Multi-point displacement meter monitoring results. (a) M1. (b) M2. (c) M3. (d) M4. 

As shown in Figure 7.4, at a depth of 1 meter in the tunnel sidewall, the maximum 

deformation of the four monitoring points within 16 days was 0.221 mm, 0.174 mm, 0.131 mm, 

and 0.175 mm, with an average value of 0.173 mm. The average maximum deformation at 

depths of 1.2 meters and 1.5 meters was 0.169 mm and 0.157 mm, respectively. This indicates 

that as the monitoring depth increases, the deformation of the surrounding rock in the tunnel 

sidewall decreases. Additionally, as the monitoring period progresses, the rate of deformation 

increase at different depths gradually slows down, and the surrounding rock of the sidewall 

tends to stabilize. This demonstrates that the new support scheme effectively maintains the 

stability of the tunnel sidewall during excavation. 

7.2 Roof subsidence monitoring 

7.2.1 Principles and usage of the roof separation meter 

The roof separation meter monitors and records roof subsidence by tracking changes in multiple 

fixed points within roof boreholes, allowing the assessment of roof stability and the 

effectiveness of the rock bolt support. The roof separation meter has two measurement points 

(as shown in Figure 7.1d): one fixed to the stable deep rock layer (deep base point) and the 

other fixed to the surrounding rock at the same depth as the rock bolt end (shallow base point). 

By measuring the relative displacement between the two base points and the roof surface, the 

total roof separation value can be obtained. The specific installation method of the roof 

separation meter is as follows: 

1) Use a 28 mm diameter rock bolt drill to create an 8-meter deep borehole in the roof. 

2) Open the anchor claws on the roof separation meter and use the installation rod to push 

the deep base anchor claw to the bottom of the hole; the installation depths for the shallow base 

anchor claws are 1 m, 1.5 m, 2.0 m, 2.5 m, and 3 m, respectively. 

3) Push the anchor claws of the base anchor heads into the borehole, and fix the steel wire 

rope to the valves on both sides of the roof separation meter using fixing screws. Install the 

casing and firmly connect the lower end of the casing to the waterproof board, with the bottom 
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edge of the waterproof board approximately 35 mm from the roof. Then, connect the deep 

anchor head measuring rope to the inner tube, and the shallow anchor head measuring rope to 

the outer measuring tube. Align the zero point of the outer measuring tube with the bottom edge 

of the casing, and align the zero point of the inner measuring tube with the bottom edge of the 

outer measuring tube. 

After installing the roof separation meter according to the above method, record the 

readings of the outer measuring tube scale on the roof bolt at regular intervals, and perform 

statistical analysis. The roof subsidence at the monitoring point can be calculated using the 

following formula: 

𝑆 = 𝑆1 + 𝑆2                             (7.2) 

where S is the total roof separation value, 𝑆1 is the reading of the roof separation meter inner 

measuring tube within the rock bolt anchor range, and 𝑆2 is the reading of the roof separation 

meter outer measuring tube within the rock bolt anchor range. 

7.2.2 Analysis of roof subsidence results 

The roof subsidence of the excavated tunnel after drainage was monitored using the roof 

separation meter, as shown in Figure 7.5. 

 

   

(a)                        (b)                        (c)  

Fig. 7.5 The installation process of the roof separation instrument. (a) Drilling. (b) Installation. (c) Post-

installation effect diagram. 

Four monitoring points were arranged along the tunnel, with shallow reference points 

installed at depths of 1 m, 1.5 m, 2.0 m, 2.5 m, and 3 m at each monitoring location to observe 

the separation of shallow rock layers at different depths. The monitoring data from the roof 

separation meters were observed and recorded, as shown in Table 7.2. 

 

Table 7.2 The roof settlement of the tunnel 

时

间 

M1 M2 M3 M4 

𝑆1 

(mm) 

𝑆2 

(mm) 

𝑆 

(mm) 

𝑆1 

(mm) 

𝑆2 

(mm) 

𝑆 

(mm) 

𝑆1 

(mm) 

𝑆2 

(mm) 

𝑆 

(mm) 

𝑆1 

(mm) 

𝑆2 

(mm) 

𝑆 

(mm) 
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1 0.2 0 0.2 0.2 0 0.2 0 0 0 0 0 0 

3 0.3 0.1 0.4 0.3 0.1 0.4 0.1 0 0.1 0.1 0 0.1 

13 0.5 0.1 0.6 0.3 0.1 0.4 0.1 0.1 0.2 0.3 0.1 0.4 

14 0.5 0.1 0.6 0.3 0.2 0.5 0.2 0.1 0.3 0.3 0.2 0.5 

16 0.6 0.1 0.7 0.3 0.2 0.5 0.2 0.1 0.3 0.3 0.2 0.5 

Using equation (7.2), the monitoring data from the roof separation meter were calculated, 

and the variation in roof subsidence over the monitoring period was plotted, as shown in Figure 

7.6. 

 

 

Fig. 7.6 Monitoring results of tunnel roof settlement 

From Figure 7.6, it can be seen that the maximum roof subsidence at the four monitoring 

points within 16 days was 0.7 mm, 0.3 mm, 0.3 mm, and 0.5 mm, with an average value of 0.45 

mm, which is slightly smaller than the numerical simulation results. Additionally, except for 

M1, the monitoring results for the other points stabilized by day 14. This indicates that the new 

support scheme has a good stabilizing effect on the water-saturated tunnel. 

7.3 Pore water pressure monitoring 

7.3.1 Principles and usage of the pore water pressure gauge 

1) Drill a hole at the location where the pore water pressure gauge is to be installed. Mark 

the cable according to the predetermined installation depth of the pressure gauge, and then 

embed the top end of the installation rod into the bottom of the drill rod. 
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2) Place the pre-boiled pressure gauge into the protective tube, ensuring that the threading 

holes in the protective tube align with the opening on the installation rod. Then, insert the 

protective tube into the installation rod. 

3) Pass the installation rope through the threading hole and fix it to the end of the protective 

tube. Lower the drill rod at a constant speed, ensuring that the pore water pressure gauge is 

lowered at a steady rate under the protection of the installation rod until it reaches the 

predetermined depth in the borehole. 

After installing the pore water pressure gauge according to the above method, the 

measured pore water pressure is calculated using the following formula: 

𝑃 = 𝐾 × (𝐹𝑥2 − 𝐹02)                    (7.3) 

where, P is the measured pore water pressure value (MPa); K is the sensitivity coefficient of 

the pore water pressure gauge; 𝐹𝑥 is the working frequency value of the pore water pressure 

gauge; 𝐹0 is the initial frequency value of the pore water pressure gauge. 

7.3.2 Analysis of pore water pressure results 

Pore water pressure in the roof and sidewalls of the tunnel after drainage was monitored 

using the pore water pressure gauges. Four monitoring points were arranged along the tunnel, 

with the pore water pressure gauges in the roof numbered X1 and X2, and those in the sidewalls 

numbered X3 and X4, as shown in Figure 7.7. The monitoring data from the pore water pressure 

gauges were observed and recorded, as shown in Tables 7.3-7.4. 

 

  

(a)                     (b) 

Fig.7.7 Layout and field monitoring of pore water pressure gauges. (a) Arrangement. (b) Data Monitoring. 

The variation in pore water pressure at different monitoring points in the tunnel roof and 

sidewalls over time was plotted based on Tables 7.3-7.4, as shown in Figure 7.8. 
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(a)                                  (b)  

Fig. 7.8 Monitoring results of pore water pressure in roof and two sides of tunnel. (a) Roof. (b) Sidewalls. 

From Figure 7.8, it can be observed that the absolute values of pore water pressure at the 

four monitoring points exhibit a decreasing trend over time. This indicates that during the 

excavation of the tunnel, as water is discharged from the sidewalls, the pore water pressure in 

the sidewalls gradually decreases and tends toward stability. On day 16, the absolute values of 

pore water pressure at the four monitoring points were 0.302 MPa, 0.307 MPa, 0.048 MPa, and 

0.091 MPa, all of which were less than 0.5 MPa. This suggests that the new support scheme not 

only maintains the stability of the surrounding rock in the water-saturated tunnel but also 

effectively alleviates the concentration of water pressure in the tunnel roof and sidewalls. 

Table 7.3 Statistics of monitoring results of pore water pressure at X1 and X2 measuring points 

Measurement 

Point 
Time (d) K (Coefficient) F0 (Initial Value) Fx (Real-time Value) P (MPa) 

X1 

1 6.78E-07 1788 1641.5 -0.341 

3 6.78E-07 1788 1655.8 -0.309 

14 6.78E-07 1788 1657.3 -0.305 

16 6.78E-07 1788 1658.9 -0.302 

X2 

1 7.52E-07 1778 1650.2 -0.329 

3 7.52E-07 1778 1656.7 -0.313 

14 7.52E-07 1778 1658.1 -0.310 

16 7.52E-07 1778 1659.4 -0.307 

 

Table. 7.4 Statistics of monitoring results of pore water pressure at X3 and X4 measuring points 

Measurement 

Point 
Time (d) K (Coefficient) 

F0 (Initial 

Value) 

Fx (Real-time 

Value) 
P (MPa) 

1 3 14 16

-0.35

-0.34

-0.33

-0.32

-0.31

-0.30

P
 (

M
P

a)

t (d)

 X1

 X2

1 3 14 16

-0.12

-0.10

-0.08

-0.06

-0.04

P
 (

M
P

a)

t (d)

 X3

 X4
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X3 

1 7.16E-07 1779 1753.1 -0.066 

3 7.16E-07 1779 1758.3 -0.052 

14 7.16E-07 1779 1759.6 -0.049 

16 7.16E-07 1779 1760.2 -0.048 

X4 

1 8.34E-07 1780 1744.2 -0.105 

3 8.34E-07 1780 1747.8 -0.095 

14 8.34E-07 1780 1748.3 -0.093 

16 8.34E-07 1780 1749.1 -0.091 

 

 

7.4 Summary  

This chapter systematically evaluates the engineering effectiveness of a new support scheme in 

controlling the stability of water-saturated tunnel surrounding rock through field monitoring 

and data analysis. By integrating multi-point displacement meters, roof separation monitors, 

and pore water pressure gauges, the regulatory mechanism of the support system on hydro-

mechanical coupling is revealed. The main conclusions are as follows: 

1. Spatiotemporal Evolution of Surrounding Rock Deformation: The deformation of 

tunnel sidewalls exhibits a gradient decrease with increasing monitoring depth (0.173 mm at 1 

m depth → 0.157 mm at 1.5 m depth), and the deformation rate gradually converges over time, 

indicating that the support structure effectively inhibits the propagation of shallow rock mass 

damage. The roof settlement stabilizes at 0.45 mm during the 16-day monitoring period, 

entering a deformation stagnation phase after the 14th day, confirming the support system's role 

in preventing roof separation development. 

2. Dynamic Response Characteristics of Pore Water Pressure: The pore water pressure in 

the tunnel roof and sidewalls continuously decreases as excavation progresses, and the 

phenomenon of water pressure concentration is significantly alleviated after support 

implementation. Monitoring data indicate a positive correlation between the rate of water 

pressure attenuation and the drainage efficiency of the tunnel, validating the optimization effect 

of the support-drainage synergy on seepage pathways. 

3. Comprehensive Performance Evaluation of the Support System: Coupled analysis of 

deformation and water pressure monitoring data reveals that the new support scheme achieves 

a synergistic mechanism of rigid support (suppressing deformation) and flexible water 
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conduction (reducing water pressure), enabling the water-saturated tunnel surrounding rock to 

reach a dual stability state of mechanics and seepage within 16 days. This provides empirical 

evidence for similar engineering applications. 
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Chapter 8 

Conclusions and outlook 
 

 

 

 

 

 

8.1 Summary of the main conclusions 

This study focused on a water-rich tunnel in a phosphate mine in Yunnan, employing in-situ 

experiments, laboratory tests, model construction, numerical simulations, and field monitoring. 

Field tests were conducted to investigate the water pressures and the geostatic stresses at the 

site. Thanks to the collection of samples of shale, standard cylindrical and cubic specimens 

were prepared for laboratory testing. Based on the stress and hydrological environment during 

the excavation of the tunnel, research was carried out on the damage characteristics of water-

saturated shale under cyclic stress disturbance and the mechanical-seepage coupling 

characteristics. The effects of saturation, water pressure, and cyclic stresses on the mechanical 

properties and permeability of the samples were explored, leading to the identification of the 

degradation mechanism of the mechanical properties and the evolution law of permeability 

under hydro-mechanical coupling. Based on this, a 3D Finite Difference numerical model was 

used to simulate the excavation process of the water-saturated tunnel under cyclic stress 

disturbance, analyzing the deformation and pore water pressure evolution of the excavated 

tunnel under different support schemes after drainage, followed by field monitoring and 

verification. The main research conclusions can be summarised as follows. 

1) Determination of the engineering geological characteristics of the rock mass 

surrounding the water-saturated tunnel. Based on engineering geological field surveys 

and stressmeter testing, the engineering geological characteristics and geostatic stress 

field distribution of the target mining area in the Yunnan phosphate mine were 

systematically revealed. The surrounding rock is of poor rock mass quality. Transient 

electromagnetic detection revealed three zones of low-resistance anomalies ahead of the 

working face: a water-rich anomaly body developed within a 0-8 m range, and fractured 

water channel anomalies were detected in the 25-40 m range on both sides. Water 

pressure monitoring indicated that the pore water pressure stabilized after the 14th day 

of excavation (average 1.42 MPa, fluctuation < 4.2%). Geostatic stress testing data 

showed that the maximum principal stress (σ1 = 15.68 MPa) and the intermediate 

principal stress (σ2 = 7.32 MPa) were nearly horizontal, while the minimum principal 
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stress (σ3 = 4.98 MPa) was close to vertical. The water pressure and geostatic stress test 

results provide a basis for the formulation of true triaxial test plans. 

2) Damage characteristics of water-saturated shale under cyclic stress disturbance. 

Through water saturation and cyclic loading experiments, the mechanical response 

characteristics of shale under the coupled effects of water saturation duration and cyclic 

stress were systematically investigated. Combining acoustic emission monitoring and 

damage variable analysis, the synergistic degradation mechanism of water-rock 

interaction and fatigue damage was revealed. Cyclic loading promotes the expansion of 

primary fractures and the initiation of new cracks, while long-term vacuum saturation 

exacerbates the softening effect of cracks through moisture penetration. This leads to 

multiple fluctuations in the stress-strain curve of the "cyclic loading + water saturation" 

group after the peak, with significant enhancement of plastic characteristics. The failure 

mode of the specimen evolves from shear failure in the natural state to heavy shear or 

through-failure, with a multi-stage fracture zone expansion pattern. As the water 

saturation time increases, the compressive strength of the specimens decreases by 11.0% 

to 46.1%, and the stress-strain curve transitions from smooth brittle elasticity to stepped 

plasticity. The cyclic stress degradation effect exhibits nonlinear decay with increased 

water saturation time, indicating a significant dynamic coupling relationship. The 

damage variable-time curve shows a high correlation with stress evolution during the 

compaction and elastic stages, with a higher contribution rate of damage during the 

initial cyclic loading stage. The level of acoustic emission response is positively 

correlated with the accumulated plastic strain, and after water saturation, the acoustic 

emission response during the loading process gradually decreases, indicating that 

moisture penetration inhibits the rapid expansion of new cracks. A fatigue damage 

model revealed a coupling threshold point (tw = 24 h), with fatigue damage dominating 

the mechanical degradation when tw < 24 h. After tw > 24 h, water-rock chemical 

interactions become the dominant factor, reducing the specimen’s sensitivity to cyclic 

stress. The model predicts changes in the mechanical parameters of water-saturated 

samples after cyclic loading using acoustic emission parameters and plastic strain as 

dual indicators. 

3) Mechanical-seepage coupling characteristics and model construction of water-saturated 

shale under cyclic stress disturbance. Through coupled cyclic loading and seepage 

experiments, the mechanical response and permeability evolution of water-saturated 

shale under water pressure-stress synergy were systematically revealed. Combining 

acoustic emission monitoring and neural network modeling, a multi-field coupled 

damage evaluation system was established. The stress-strain curves of natural and 

water-saturated samples show significant differences. The water-saturated samples 

experience enhanced curve fluctuations due to local expansion effects, and after failure, 
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the overall compression state limits the instantaneous increase in water flow. An 

increase in water pressure raises the effective stress in the σ1 direction, exacerbating 

crack propagation and reducing crack density in the σ2 direction, while weakening the 

mechanical regulation of the intermediate principal stress. The critical permeability 

point gradually disappears with increasing water saturation time, indicating that 

moisture penetration restructures the flow paths in the fracture network. During cyclic 

loading, longer water saturation time causes a decrease in the rate of rightward shifting 

of the hysteresis loop, reflecting the moisture lubrication effect that suppresses fatigue 

damage accumulation. Damage assessment based on accumulated acoustic emission 

counts shows a positive correlation between water pressure and damage extent and a 

negative correlation between saturation time and damage extent. However, the formula 

method for characterizing the damage of water-saturated samples has limitations. The 

evolution of pore water pressure analysis shows that an increase in water pressure leads 

to higher crack density in the σ1 direction and alters the distribution of the seepage 

direction of water. Natural samples have a clear permeability point, with stress 

parameters sharply increasing after yielding, whereas water-saturated samples exhibit a 

wave-like fluctuation in the stress-time curve due to mechanical degradation, and water 

flux changes lag behind the yield point. Under true triaxial conditions, water pressure 

accelerates the specimen’s entry into the stable strain phase, inducing repeated 

expansion-compression effects, leading to a nonlinear surge in total water flow after 

failure. A mechanical-seepage coupling model based on the complex plane reveals that 

the real part (fatigue damage) and imaginary part (mechanical performance) are 

secondarily negatively correlated, and the model is realized using a neural network 

algorithm. The developed visualization software (Windows platform) can predict the 

evolution of mechanical parameters under different water pressure-saturation conditions, 

providing theoretical reference for excavation and support in water-rich shale tunnels. 

4) Stability analysis of the water-saturated rock mass surrounding the tunnel under cyclic 

stress disturbance. Three dimensional numerical simulations conducted revealed that 

the stability evolution of water-saturated rock mass surrounding the tunnel under cyclic 

stress disturbance is significantly improved by the default support scheme (Bolt 

diameter is 22 mm, length is 1800 mm, spacing along the excavation direction is 1.2 m), 

as evidenced by a large reduction in roof settlement and a noticeable reduction in the 

extent of plastic zones on both sides. However, under unsaturated water conditions, 

cyclic stress disturbance leads to a sharp increase in roof settlement and a significant 

rise in pore water pressures, generating a continuously distributed plastic damage zone 

around the tunnel. This confirms the need for pre-drainage measures to control water 

pressure-induced damages. After drainage, the pore water pressure decreases 

significantly, and an optimized scheme combining increased anchor length and reduced 
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spacing greatly reduces roof settlement and the extent of plastic zones, significantly 

improving the surrounding rock stability conditions. The results show that the "long 

anchorage + dense support" strategy can effectively inhibit secondary damage induced 

by water pressure redistribution, providing a theoretical basis for the design of supports 

in water-saturated tunnels. The spatiotemporal evolution of water pressure-deformation 

during excavation reveals that pore water pressure evolves with a characteristic gradient 

diffusion towards the excavation face, and the roof settlement process displays a three-

phase dynamic response: initial slow growth, rapid increase during excavation, and 

gradual stabilization in the later stages. During the second excavation phase, the 

settlement of the roof's central area is prominent, requiring targeted monitoring and 

support. 

5) Mining pressure monitoring and engineering application in water-saturated tunnels. 

Through field monitoring and data analysis, the engineering effectiveness of a new 

support scheme for controlling the stability of surrounding rock in water-saturated 

tunnels was systematically evaluated. Sidewall deformation decreases with monitoring 

depth, showing a gradient reduction (0.173 mm at 1 m → 0.157 mm at 1.5 m depth), 

and the deformation rate gradually converges over time, indicating that the support 

structure effectively suppresses the propagation of shallow rock mass damage. Roof 

settlement stabilized at 0.45 mm during the 16-day monitoring period, entering a 

deformation stagnation phase after the 14th day, confirming the support system's ability 

to prevent roof separation development. The pore water pressure in the tunnel roof and 

sidewalls decreases continuously with excavation, and the phenomenon of water 

pressure concentration was significantly alleviated after the support was implemented. 

Monitoring data show that the rate of water pressure attenuation is positively correlated 

with the drainage efficiency of the tunnel, validating the optimization effect of the 

support-drainage synergy on seepage pathways. Coupled analysis of deformation and 

water pressure monitoring data shows that the new support scheme achieves a dual 

stability state of mechanics and seepage in the water-saturated surrounding rock within 

16 days, providing empirical evidence for similar engineering applications. 

8.2 Main innovations 

The main innovations can be summarised as follows. 

1) Multi-field Coupling Damage Threshold Model and Intelligent Prediction Technology. 

A dual-parameter coupling model based on the complex plane theory ("fatigue damage-

mechanical properties") has been established. By introducing a dynamic correlation 

mechanism between acoustic emission signals and plastic strain rate, the model predicts 

the attenuation of mechanical parameters of water-saturated shale under cyclic stress 

disturbance. 
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2) Fracture Water Pressure-Stress Coupling Damage Mechanism. Multi-scale experiments 

reveal the coupling damage mechanism of "cyclic stress disturbance-water corrosion-

water pressure effect" in water-saturated shale. A critical water saturation threshold (tw 

= 24 hours) is identified, explaining the mechanism of stress corrosion at the crack tip 

caused by water molecule infiltration, providing theoretical reference for deep water-

rich tunnel stability research. 

3) Water-Pressure Synergistic Control Support Optimization System. A graded prevention 

and control technology of "pre-drainage-long anchoring-dense support" is proposed, 

along with dynamic support sequencing standards. Through the optimization of anchor 

bolt parameters and the synergistic effect of pre-drainage, the stability of the water-

saturated tunnel is effectively maintained, overcoming the problem of traditional 

support failure in a seepage-stress coupling environment. The spatial and temporal 

evolution of pore water pressure from "convergence to excavation face → gradient 

diffusion" is revealed, providing a theoretical basis for the support of surrounding rock 

in water-rich tunnels. 

8.3 Outlook 

This study has achieved staged results in the water-pressure coupling damage mechanism and 

stability control of surrounding rock in water-saturated shale tunnels. However, due to 

limitations in experimental conditions, theoretical depth, and engineering complexity, future 

research can be expanded in the following directions. 

1) Expansion of Experimental Methods and Multi-field Coupling Effects 

The current research focuses on water pressure-stress dual-field coupling. Future studies 

can introduce additional physical fields, such as temperature fields (geothermal 

gradients) and chemical fields (ion migration in groundwater), to reveal the rock mass 

damage evolution under the synergistic effects of thermal-water-pressure-chemical 

coupling. Simulating complex deep mining environments, the enhanced effect of clay 

mineral hydration expansion on fracture propagation under high-temperature conditions 

can also be explored. 

2) Upgrading of Intelligent Models and Dynamic Control Technologies 

Although the complex plane damage model has been established and visualization 

software has been developed, there is still room for improvement in real-time prediction 

and adaptive control. Future research could integrate digital twin technology to create 

an integrated platform for dynamic monitoring, simulation, and early warning of tunnel 

surrounding rock stability. This would incorporate fiber-optic sensing, micro-seismic 

monitoring, and machine learning algorithms to achieve minute-level dynamic inversion 

of damage evolution. Additionally, exploring engineering data-sharing mechanisms 
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based on blockchain technology could facilitate the universal validation of models 

across different mines and geological conditions. 
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