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This study investigates the thermal-hydro-mechanical (THM) coupled damage behavior of deep coal 
rocks from the Benxi Formation in the Ordos Basin. By conceptualizing coal rock as a dual-porosity 
medium comprising fractures and matrix, a damage constitutive model was developed through 
the integration of the Lemaitre strain equivalence hypothesis, continuum damage mechanics, and 
thermodynamic principles. The model introduces damage variables and correction coefficients to 
characterize the synergistic effects of confining pressure, temperature, and drilling fluid infiltration. 
Experimental validation was performed using a custom-designed multi-field coupled triaxial testing 
system, with triaxial compression tests conducted across varying confining pressures, temperatures, 
and moisture content conditions. The results show that: (1)The proposed constitutive model 
successfully quantifies damage evolution under HTM coupling, where parameter q governs residual 
deformation characteristics and parameter n modulates post-peak stress degradation trends; (2)
Drilling fluid immersion induces time-dependent mechanical deterioration, significantly reducing peak 
stress and elastic modulus, with increasing moisture content exacerbating nonlinear degradation 
effects; (3)Macroscopic failure modes transition from tensile-shear conjugate patterns to single shear 
planes as confining pressure decreases and moisture content increases; (4)Theoretical stress-strain 
curves demonstrate strong consistency with experimental data, validating the model’s capability to 
simulate deformation laws and damage accumulation processes. The research establishes a theoretical 
framework for analyzing wellbore instability mechanisms in deep coalbed methane reservoirs, 
providing critical insights for drilling fluid optimization and geomechanically risk mitigation strategies.
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The exploration and development targets for coalbed methane in China are mainly shallow (depth < 1000 m) 
and deep (depth < 2000 m). With the increase in energy demand and development level, the number of coal 
seam methane blocks that can be efficiently exploited on a large scale is gradually decreasing. The exploration 
and development goals also include expanding from shallow coal seam methane to medium shallow coal seam 
methane and deep (burial depth > 2000 m) coal rock methane1,2. With the substantial investment of China’s major 
oil and gas companies, deep coal rock gas has become the main battlefield of China’s fossil energy exploration 
and development. The main exploration and development areas are mainly distributed in the Ordos Basin, the 
Junggar Basin, and the Qinshui Basin3,4. Damage is an effective measure of the degree of rock deformation and 
failure. In recent years, scholars at home and abroad have made significant achievements in studying coal rock 
damage theory.

In terms of coal rock damage experiments, Yin et al.5 conducted deformation characteristics and compressive 
strength tests on gas-containing coal samples under varying confining pressures and gas pressures. Yu et al.6 
investigated the acoustic emission and damage evolution characteristics of coal rocks under different confining 
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pressures. Lai et al.7 studied the softening effects and multi-scale damage evolution of coal under hydraulic 
coupling. Similarly, Yu et al.8 explored the impact of drilling fluid on the compressive strength, elastic modulus, 
and deformation characteristics of coal rocks. Li et al.9–11 focused on the evolution of coal rock damage and 
mechanical properties under varying water contents, confining pressures, gas pressures, and temperatures. 
Gao et al.12 conducted experiments to assess the effects of temperature, confining pressure, and gas pressure 
on coal rock mechanics. Yu et al.13 performed X-Ray Diffraction (XRD) analysis on coal samples saturated at 
varying water pressures. They also utilized Scanning Electron Microscopy (SEM), Nuclear Magnetic Resonance 
(NMR), Acoustic Emission (AE), and conventional triaxial tests to explore the internal water migration patterns 
and mechanical damage characteristics of coal samples under different water contents. Fu and Han et al.14,15 
studied the internal mechanisms of coal rock damage under various pressure and immersion conditions. These 
investigations provide valuable insights into the factors influencing the damage process of coal rock. However, 
existing research results mainly focus on shallow coal rocks, lacking research on the mechanical properties 
and damage mechanisms of deep coal rocks with a burial depth greater than 2000 m. When characterizing the 
damage and failure process of deep coal rocks, it is necessary to consider the combined effects of temperature, 
stress, and drilling fluid immersion on the degradation of coal rock damage.

In terms of constitutive models for coal rock damage, Dai et al.16 obtained damage constitutive models 
and damage evolution equations for coal rock at different damage stages. Yi et al.17–19 introduced endochronic 
theory and anisotropic damage factors in their damage constitutive models for gas-containing coal rock. Zhang 
et al.20 proposed a coupled damage-fluid mechanics model that accounts for stress, damage, and permeability 
in coal deformation. In addition, other models, such as those by Hu et al.21 and Li et al.10consider the effects of 
gas expansion, moisture content, and hydro-mechanical coupling on coal rock’s damage evolution. Zhu et al.22 
developed a segmented damage-permeability model for coal rock. Similarly, Ding et al.23 formulated a damage 
evolution equation and a mechanical constitutive model for gas-bearing coal rock, incorporating factors such as 
initial porosity, matrix expansion due to adsorbed gas, the softening effect of gas migration, and the true triaxial 
stress state. Fan et al.24 proposed a nonlinear (non-Darcy) thermal-hydro-mechanical damage model based on 
equivalent matrix scale and dynamic diffusion (EDN-THMD). Deng et al.25 introduced a temperature-stress-
time coupled damage variable, employing a time-varying negative exponential function. Du et al.26 developed 
a dynamic damage equation for raw coal samples under uniaxial compression, establishing a quantitative 
relationship between the damage variable and volumetric strain energy under true triaxial stress conditions. 
Fu et al.14 derived a statistical damage constitutive model characterizing the overall stress-strain relationship of 
coal rock. Han et al.15 proposed a damage constitutive model describing the entire deformation process of coal 
samples under long-term water immersion. Ye et al.27 derived a three-coupling damage variable considering pore, 
crack, and thermal damage and established a damage-permeability model for dual-porosity coal under thermal-
mechanical coupling. Shen et al.28 derived a dissipative energy evolution equation based on a logistic function, 
developing a three-dimensional damage constitutive model for coal that incorporates residual strength. These 
contributions highlight the need for comprehensive models that consider multiple factors affecting coal rock 
behavior under complex conditions. However, existing modeling methods mainly focus on single temperature 
effects or stress damage, often neglecting the impact of drilling fluid immersion on coal rocks. In addition, the 
damage mechanism under the coupling effect of the three factors has not been fully studied and needs further 
exploration.

This paper takes deep coal rocks in the Ordos Basin as the research object. Firstly, assuming that deep coal rocks 
are a dual medium combination of fractures and matrix, based on the Lemaitre strain equivalence hypothesis, 
continuous damage mechanics, and thermodynamics, the damage variables of coal rocks under the coupling of 
thermal-hydro-mechanical are derived, and a deep coal rock damage constitutive model is finally established. 
Then, with the help of a self-developed multi-field coupling triaxial testing system, triaxial compression tests 
were conducted under different confining pressures, temperatures, and moisture contents, and the stress-strain 
characteristics, mechanical characteristics, and failure characteristics of deep coal rocks were obtained. Finally, 
relying on the experimental results, the rationality and reliability of the model were verified, and a sensitivity 
analysis of model parameters and a study on damage evolution laws was conducted. The research results deepen 
the understanding of the mechanical behavior characteristics of deep coal rocks, providing theoretical support 
and experimental reference for the prevention of wall instability in deep coal gas horizontal wells.

Damage constitutive model
Damage variable of coal rock drilling fluid effect
In the environment of drilling fluid immersion, under the continuous action of degradation mechanisms such as 
hydration reaction, weak surface structures such as micro-cracks in coal rock continue to expand and propagate, 
mechanical properties deteriorate, and damage accumulates gradually. The water-soaked weakening process of 
coal rock usually includes two states: unsaturated weakening and saturated weakening, and its water content 
determines the mechanical properties. Assuming that the damage of coal rock with a water content of 0% is 0, 
according to the elastic modulus method proposed in continuum mechanics, the damage variable of coal rock 
under different water contents can be defined as10,15

	
DW = 1 − EW

E0
� (1)

Where DW is the damage variable with a moisture content of W; E0 is the elastic modulus of coal rock with a 
moisture content of 0%; EW is the elastic modulus with a moisture content of W.

The following formula can express the elastic modulus at different moisture contents
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Ew = iEws + jEwt,

{
i = 1, j = 0, if unsaturation
i = 0, j = 1, if saturation � (2)

Where Ews is the elastic modulus of the coal sample at saturation S; Ewt is the elastic modulus of the saturated coal 
sample with a soaking time of t; i and j are saturation parameters; When the coal sample is in the unsaturated 
state, the value of j is 0, and the value of i is 1; When the coal sample is in saturation state, the value of j is 1, and 
the value of i is 0.

Damage variable of coal rock under temperature effect
Under the action of temperature, thermal stress is generated inside the coal rock, causing the expansion and 
mutual extrusion of coal rock mineral particles and the continuous expansion and connection of micro-cracks 
such as cleats, destroying mechanical properties. Assuming that the rock does not undergo thermal damage at 
25 °C, and based on macroscopic damage mechanics theory, the rock damage variable under temperature action 
(DT) can be defined by introducing the macroscopic mechanical parameter elastic modulus29which is

	
DT = 1 − ET

E25
� (3)

Where ET is the elastic modulus at temperature T; E25 is the elastic modulus at 25℃.

Damage variable of coal rock under load
The Lemaitre strain equivalence hypothesis states that the effective stress acting on a damaged material can 
be represented by the nominal stress acting on a non-damaged material, and the constitutive relationship of 
damaged coal rock can be expressed as follows9

	 [σ∗] = [σ]/ (1 − DM ) = [C][ε]/ (1 − DM )� (4)

Where [σ*] is the effective stress tensor; [σ] is the nominal stress tensor; [ε] is the strain tensor; [C] is the elastic 
modulus tensor; DM is the damage variable of rock.

Considering the residual strength after the failure of coal rock, a damage correction factor (q) is introduced 
to correct the effective stress of coal rock10,30

	 [σ∗] = [σ]/ (1 − qDM ) = [C][ε]/ (1 − qDM )� (5)

The coal rock structure is heterogeneous, with a large number of primary pores and fractures randomly 
distributed within it, and these pores and fractures continue to sprout, extend, and accumulate as the load is 
applied. The mechanical properties of coal rock vary depending on the distribution characteristics of pores 
and fractures. Dividing coal rock into sufficiently small microelements, as the rock’s stress state changes, the 
microelements’ destruction is random31,32. The brittle characteristics of coal rock are relatively obvious, and 
the deformation of coal rock under external load conditions in the pre-peak stage is considered to be elastic 
deformation with unclear plastic deformation characteristics. Therefore, the traditional Weibull probability 
distribution model cannot accurately describe coal rock’s damage and failure characteristics10. Based on the 
principles of elastic damage mechanics, this paper assumes that the initial strain of coal rock changes linearly 
and describes the damage variables of microelements under load in segments

	
DM =

{
0 ε1 < εp

1 − (εp/ε1)n εp ≤ ε1 ≤ εcr
1 − λεp/ε1 ε1 ≥ εcr

� (6)

Where εp is the strain at peak stress; εcr is the compressive strain at residual compressive strength; ε1 is the axial 
strain; λ is the residual strength coefficient; n is the damage constitutive coefficient.

Total damage variable of coal rock under hydro-mechanical-thermal coupling effect
Assuming that the damage caused by temperature and drilling fluid to coal rock has been completed before the 
load is applied, the sum of the damage caused by temperature and drilling fluid to coal rock is defined as external 
damage (DN), expressed as

	 DN = DT + DW � (7)

Based on the external damage of coal rock, further loading causes load damage to coal rock. There is a certain 
coupling relationship between load damage and external damage, and the total damage of coal rock is not simply 
a simple superposition of the two. Considering the residual strain damage correction factor, the total damage of 
coal rock (D) should be expressed as

	 D = DN + qDM − qDM DN � (8)

Constitutive equation of coal-rock damage under hydro-mechanical-thermal coupling
Assuming that coal rock is an isotropic material, and the elastic phase of the stress-strain relationship of coal 
rock conforms to the generalized Hooke’s law, according to the Lemaitre strain equivalence hypothesis30the 
constitutive relationship of coal damage can be expressed as:
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	 σ1 = Eε1 (1 − qDM ) + 2uσ3� (9)

Where σ1 and σ3 are axial pressure and confining pressure, respectively; E is the elastic modulus; µ is the Poisson’s 
ratio of coal rock.

Considering the effects of drilling fluid immersion and temperature on coal rock damage, the elastic modulus 
of coal rock after combined degradation is defined as , and its expression is

	 E = (1 − DN )E0� (10)

By combining Eqs. (1), (2), and (10), we obtain

	 E = E0 (1 − Dw) (1 − DT )� (11)

Under the combined action of thermal-hydro-mechanical coupling, coal rock exhibits different damage 
characteristics. Substituting Eq. (11) into Eq. (9) yields

	 σ1 = E0ε1 (1 − Dw) (1 − DT ) (1 − qDM ) + 2uσ3� (12)

By combining Eqs. (7), (8), and (12), we can derive the constitutive model for segmented damage of coal rock 
under the coupling of thermal-hydro-mechanical

	
σ1 =

{
E0ε1 (1 − Dw) (1 − DT ) (1 − qDM ) + 2uσ3 ε1 < εco

E0ε1 (1 − Dw) (1 − DT ) [1 − q + q (εp/ε1)n] + 2uσ3 εc0 ≤ ε1 ≤ εcr
E0ε1 (1 − Dw) (1 − DT ) (1 − q − qλεp/ε) + 2uσ3 ε1 ≥ εcr

� (13)

Experimental work
Selection and preparation of coal samples
The coal samples used in the experiment were taken from the Benxi Formation in the Ordos Basin, as shown in 
Fig. 1. Table 1 shows the industrial and elemental analysis results of the coal seams to which the experimental 
coal samples belong. The industrial analysis shows that the moisture content of the coal sample is 1.68%, the ash 
content is 7.62%, the volatile content is 14.15%, and the fixed carbon is 76.55%. It has the characteristics of low 
moisture, ultra-low ash, and low volatility. The industrial analysis shows that the coal sample contains 0.28% 

Sample

Industrial analysis/% Element analysis/%

Mad Aad Vad FCad S O C H N

Coal sample 1.68 7.62 14.15 76.55 0.28 7.63 83.14 4.58 4.34

Table 1.  Experimental results of the basic physical characteristics in coals (M: moisture content; A: Ash 
content; V: volatile matter; FC: fixed carbon; ad: air drying basis; S: sulfur; O: oxygen; C: carbon; H: hydrogen; 
N: Nitrogen).

 

Fig. 1.  Specimen position and structure; (a) locations of the Ordos basin; (b) locations of the gas field from 
which the coal samples were obtained; (c) photos of coal samples; (d) coal’s dual-porosity structure.
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sulfur, 7.63% oxygen, 83.14% carbon, 4.58% hydrogen, and 4.34% nitrogen, which has the characteristics of 
ultra-low sulfur. Figure 2 shows the XRD mineral composition test results of coal samples. It can be seen that the 
main whole rock mineral components and their mass fractions of coal samples are clay minerals (41%~53%), 
amorphous minerals (27%~33%), dolomite (2%~6%), calcite (9%~17%), and quartz (3%~6%); the clay mineral 
components and mass fractions are kaolinite (20–36%), ammonium illite (40%~55%), and illite (15%~31%). 
Figure 3 shows the coal sample’s SEM micrograph. It can be seen that the coal sample has developed cracks and 
pores, with faceted and end cleats interlaced and cut in a dendritic and reticulated structure, providing channels 
for drilling fluid leakage and easily causing wellbore instability.

It can be seen that the coal sample surface is dense, with internal cracks and pores developed, and the surface 
and end cleats are interlaced and cut, distributed in a dendritic and reticulated structure. Due to the particularity 
of its structure and properties, it is difficult to coring coal rock. Therefore, the coring position should be arranged 
reasonably to avoid primary weak surfaces such as bedding and natural fractures. The original coal sample 

Fig. 3.  Schematic diagram of scanning electron microscope.

 

Fig. 2.  Test results of mineral components.
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obtained from coring is drilled along the vertical bedding plane direction using a coring machine. Then multiple 
standard cylindrical samples with a size of Φ50mm×100  mm are cut using a wire cutting machine. Use a 
polishing machine to polish the cross sections of both ends of the sample, ensuring that the parallelism error of 
the end faces is less than 0.05 mm, the smoothness error is less than 0.02 mm, and the diameter error is less than 
0.3 mm. To reduce the influence of material heterogeneity, coal cores were selected based on similar physical 
properties. Specifically, samples with a density ranging from 1.35 to 1.40 g/cm³ and acoustic velocity between 
2473 and 2772 m/s were retained. A total of 11 cores were excluded due to significant deviations from these 
criteria. This screening process ensured that the selected specimens were representative of the Benxi Formation 
deep coal and suitable for reliable mechanical testing.

Place the preferred coal sample in an oven with a constant temperature of 80 °C, dry it until the sample mass 
no longer changes, and then remove it. After the coal sample cools to room temperature, weigh it and record 
it as M0. Soak the coal rock sample in a closed vacuum container filled with on-site drilling fluid, continuously 
record the mass of the coal sample under different water content states, MS, and calculate the water content of 
the coal sample to obtain three groups of coal samples with different water contents. The water content W can 
be expressed as

	
W = Ms − M0

M0
× 100% � (14)

Experimental apparatus and process
This experiment used a multi-field coupled triaxial testing system to explore the mechanical properties and 
damage evolution of deep coal rock under the coupling of thermal-hydro-mechanical forces. The maximum axial 
pressure of the device is 150 MPa, the maximum confining pressure is 15 MPa, and the maximum temperature 
is 150℃. The schematic diagram of the experimental device is shown in Fig. 4. The device can automatically 
and intelligently apply confining and axial pressure and can achieve closed-loop servo control for real-time 
monitoring of temperature and pressure, real-time data processing, and data collection.

The specific experimental steps are as follows: (1) Apply silicone rubber evenly to the surface of the coal 
sample after soaking in drilling fluid, and place the coal sample at the bottom of the triaxial pressure chamber 
after drying. A cylindrical heat-shrink tube is used to cover the coal sample tightly, and it is secured with 
metal hoops at the upper and lower ends to ensure the test piece’s air tightness. Finally, connect the remaining 
auxiliary equipment in order according to the installation sequence; (2) Check the air tightness of the triaxial 
pressure chamber and various pipelines, and then perform vacuum degassing on the device; (3) Slowly adjust 
the inlet valve and inject the collected coal rock gas into the triaxial pressure chamber. After the pore pressure 
reaches 2 MPa, maintain the valve opening and fully adsorb for 48 h until the coal sample reaches adsorption 
equilibrium; (4) Set the experimental temperature and pressure conditions according to the actual temperature 
and pressure environment downhole; (5) Triaxial compression failure experiments were conducted under 
predefined conditions of temperature, confining pressure, pore pressure, and axial pressure. Axial loading was 
applied continuously at a constant rate of 0.1 mm/min. Throughout the loading process, the axial pressure was 
maintained higher than the confining pressure. The experiment automatically terminated upon complete failure 

Fig. 4.  Structure diagram of multi-field coupling triaxial test system.
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of the coal rock, during which all experimental data were recorded and collected; (6) Replace the coal sample, 
reset the temperature, and confining pressure, and repeat the above operations.

Table 2 is a table of experimental parameters to ensure that the triaxial test covers the interaction between 
temperature, water content, and confining pressure, while meeting the mechanical parameters required for the 
THM damage constitutive model.

Considering the operational limits of the experimental apparatus and the practical relevance to field conditions, 
the temperature and confining pressure ranges adopted in this study were selected based on representative values 
observed in typical deep coalbed methane reservoirs in China. While not reaching the maximum values at 
depths > 2000 m, these conditions are sufficient to simulate the dominant thermos-hydro-mechanical coupling 
effects encountered in deep formations. The results obtained under these conditions provide a reliable basis 
for developing and validating the proposed damage model. Furthermore, the proposed damage model exhibits 
parameter scalability, allowing the experimental results to reasonably reflect the mechanical responses and 
damage evolution of deep coal rocks under coupled THM conditions.

Experimental results
Stress-strain characteristics
Based on the selected experimental data, a schematic diagram of the stress-strain curve is drawn, as shown in 
Fig. 5. The stress-strain curve of triaxial compression can be divided into five stages: compaction stage, elastic 
deformation stage, plastic deformation stage, post-peak stress drop stage, and residual strength stage33,34. Under 
axial compression loading, the primary fractures and pores of the rock mass are subjected to certain compaction, 
resulting in an upward trend in the stress-strain curve, which is called the compaction stage. When the primary 
fractures and pores in the rock mass are fully compacted, the stress-strain enters the elastic deformation stage, 
during which the coal rock has elastic deformation characteristics and obeys the Hock law. As the axial stress 
is loaded, the volumetric strain of the rock mass slowly increases, but the elastic modulus slowly decreases, 
causing the development and expansion of micro-cracks. This stage is called the plastic deformation stage. The 

Fig. 5.  Stage division diagram of stress-strain curve.

 

No. σ3/MPa T/℃ W/%

1 0 25 0

2 5 25 0

3 10 25 0

4 15 25 0

5 0 25 0

6 0 60 0

7 0 90 0

8 0 120 0

9 0 25 0

10 0 25 2

11 0 25 4

12 0 25 6

Table 2.  Experimental parameters.
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compaction stage, elastic deformation stage, and plastic deformation stage are collectively referred to as the 
pre-peak stage. During this stage, the stress-strain curve is approximately linear, and the rock mass has the 
characteristics of elastic deformation. The micro-cracks further expand and extend until they interpenetrate 
to form macroscopic fractures, resulting in maximum cumulative damage. The rock mass is subjected to shear 
failure, releasing elastic energy, and the axial stress drops significantly, resulting in a stress drop phenomenon. 
This stage is called the post-peak stress drop stage. The damaged coal rock still has a certain bearing capacity, and 
its internal structural concave and convex parts continue to wear or shear, with cracks compacted and closed, 
resulting in a significant deformation after reaching residual strength. This stage is called the residual strength 
stage.

Figure  6 shows the stress-strain curves of coal rocks under different confining pressures, temperatures, 
and moisture contents. As shown in Fig. 6(a), comparing the stress-strain curves of coal rocks under different 
confining pressures, it can be found that there are some differences in the characteristics of deformation and 
failure laws of coal rocks under different confining pressures. As the confining pressure increases, the peak 
strength increases, and the corresponding curve in the pre-peak stage becomes steeper, which means that 
the compressive strength and elastic modulus increase. The presence of confining pressure can compact the 
original fractures and pores in the rock mass, hindering their initiation, expansion, and extension. Therefore, 
the increase in confining pressure will enhance the ability of coal rocks to resist deformation and failure, and the 
peak strength and elastic modulus of the rock mass will increase accordingly.

As shown in Fig. 6(b), comparing the stress-strain curves of coal rock at different temperatures, it can be 
found that temperature significantly impacts the stress-strain characteristics of coal rock. As the temperature 
increases, the peak strength decreases, and thermal expansion and thermal cracking reduce the bearing capacity 
of coal rock, which gradually exhibits certain ductile characteristics. The thermal stress generated by temperature 
is greater than the external stress, and the expansion of coal matrix leads to a reduction in pore and fracture 
space. However, as the temperature increases, the microscopic cracks inside the coal rock continue to sprout and 
expand, and the elastic modulus of coal rock decreases.

As shown in Fig. 6(c), comparing the stress-strain curves of coal rocks under different moisture contents, it 
can be found that there are significant differences in the stress-strain characteristics under different moisture 
contents. Under the same immersion system, the increase in moisture content causes the corresponding 
compression stage interval of the stress-strain curve of coal rocks to increase, while the elastic deformation stage 
shrinks and the peak strength decreases. The post-peak characteristics of the stress-strain curves of coal rocks 
with different moisture contents are different, and their failure trends mainly include three types: steady decline, 
linear decline, and stepwise decline. As the moisture content increases, the post-peak curve characteristics 
gradually change from approximately vertical linear decline to stepwise decline, and then gradually transition 

Fig. 6.  Stress-strain curves under different experimental conditions.
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to steady decline. The main reasons for this phenomenon are as follows: (1) The invasion of drilling fluid filtrate 
into rock fractures weakens the cohesion between matrix particles and between matrix and clay minerals, 
reducing the peak strength and elastic modulus of the rock mass and deteriorating its mechanical properties. (2) 
The continuous expansion of clay minerals and the gradual dissolution of soluble salts weaken the cementation 
effect of weak-surface structures, resulting in a decrease in the bearing capacity of the rock mass and an increase 
in plastic deformation of coal rocks.

Mechanical characteristics analysis
In the triaxial compression test, the deformation and failure process of coal rock is usually divided by crack 
closure stress, crack initiation stress, crack damage stress and peak stress15,35. The crack closure stress is the stress 
corresponding to the compaction stage, and the crack initiation stress represents the stress at the beginning of the 
microcrack, which is the termination stress of the compaction stage and the initial stress of the elastic deformation 
stage. The crack damage stress is the termination stress of the elastic deformation stage and the initial stress of 
the plastic deformation stage. The peak stress is the termination stress during the plastic deformation stage, and 
also the stress corresponding to the highest point of the stress-strain curve. Figure 7 shows the variation patterns 
of peak stress and crack closure stress of coal rock with increasing confining pressure, temperature, and water 
content. Figure 8 shows the variation of the elastic modulus and initial deformation modulus of coal rock with 
increasing confining pressure, temperature, and moisture content. The initial deformation modulus refers to 
the elastic modulus of coal rock at the onset of deformation, before the initiation of any significant damage or 
microcrack development, and is defined as the slope of the line connecting the origin to the first data point on 
the stress–strain curve.

As the confining pressure increases, the primary fractures and pores within the coal rock close, enhancing the 
resistance of the coal rock to deformation to some extent. As shown in Fig. 7(a), the peak stress and crack closure 
stress of the coal rock increase exponentially with the increase in confining pressure. The closure stress and peak 
stress of the coal rock under no confining pressure are 4.80 MPa and 11.70 MPa, respectively. Under confining 
pressures of 0, 5, 10, and 15 MPa, the crack closure stress of the coal rock increases by 7.41%, 16.57%, 35.09%, 
and 59.04%, respectively, and the peak stress increases by 5.98%, 11.97%, 29.06%, and 43.59%, respectively. As 
shown in Fig. 8(a), the elastic modulus and initial deformation modulus of the coal rock increase exponentially 
with the increase in confining pressure. Under no confining pressure, the initial deformation modulus and 
elastic modulus of the coal rock are 1.34 GPa and 3.60 GPa, respectively. Under confining pressures of 0, 5, 10, 
and 15 MPa, the initial deformation modulus of the coal rock increases by 4.48%, 5.97%, 10.45%, and 20.90%, 
respectively, and the elastic modulus increases by 2.22%, 2.78%, 4.167%, and 8.06%, respectively.

Fig. 7.  Variation of peak stress and crack closure stress.
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As the temperature increases, thermal expansion and thermal cracking cause thermal damage to coal rock 
under temperature effects, resulting in changes in mechanical properties. As shown in Fig. 7(b), the peak stress 
decreases exponentially with increasing moisture content, while the crack closure stress decreases linearly with 
increasing moisture content. At 25 °C, the closure stress and peak stress of coal rock are 6.69 MPa and 13.67 MPa, 
respectively. At 60 °C, 90 °C, and 120 °C, the crack closure stress of coal rock decreases by 5.99%, 15.37%, and 
18.74%, respectively, while the peak stress decreases by 3.45%, 8.57%, and 21.36%, respectively. As shown in 
Fig. 8(b), the elastic modulus and initial deformation modulus of coal rock decrease linearly and exponentially 
with increasing temperature. At 25 °C, the initial deformation modulus and elastic modulus of coal rock are 
1.52 GPa and 3.42 GPa, respectively. At 60 °C, 90 °C, and 120 °C, the initial deformation modulus of coal rock 
decreases by 1.28%, 6.58%, and 13.16%, respectively, while the elastic modulus decreases by 2.05%, 3.22%, and 
5.26%, respectively.

With the increase of moisture content, the clay minerals and soluble salts in coal rock dissolve, hydrate 
and expand, and micro-pores and cracks continue to sprout and expand, resulting in serious deterioration 
of mechanical properties. As shown in Fig. 7(c), the peak stress decreases exponentially with the increase of 
moisture content, and the crack closure stress decreases linearly with the increase of moisture content. The crack 
closure stress and peak stress of dry coal rock are 5.65 MPa and 12.87 MPa, respectively. Under the conditions 
of moisture content of 2%, 4%, and 6%, the crack closure stress of coal rock decreases by 8.92%, 16.21%, and 
24.34%, respectively, and the peak stress decreases by 19.84%, 31.19%, and 36.15%, respectively. As shown in 
Fig. 8(c), the elastic modulus and initial deformation modulus of coal rock decrease linearly and exponentially 
with the increase of moisture content. The initial deformation modulus and elastic modulus of dry coal rock are 
1.39 GPa and 5.52 GPa, respectively. Under the conditions of moisture content of 2%, 4%, and 6%, the initial 
deformation modulus of coal rock decreases by 6.87%, 10.25%, and 23.66%, respectively, and the elastic modulus 
decreases by 15.94%, 24.28%, and 34.42%, respectively.

Failure characteristics
Figure  9 shows the final macroscopic failure photos of coal rocks under different confining pressures, 
temperatures, and moisture contents. The red lines represent the macroscopic cracks on the surface of the coal 
rock, while the green lines represent the secondary cracks on the surface of the coal rock. It can be seen that 
as the confining pressure, temperature, and moisture content increase, the type and number of cracks on the 
surface of the coal rock change significantly.

Under the action of confining pressure, the ability of coal rock to resist deformation and failure is optimized, 
and their mechanical properties are improved. As shown in Fig.  9(a), under the action of four confining 
pressures, the surface of coal rock has obvious shear cracks running through the entire rock mass. Under the 

Fig. 8.  The variation law of elastic modulus and initial deformation modulus.
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action of 4 MPa confining pressure, the appearance of coal rock is complete, with no obvious matrix collapse 
phenomenon, and the failure mode presents tensile-shear conjugate failure; under the action of 3 MPa confining 
pressure, the surface of coal rock develops tensile cracks approximately parallel to the axis, and the failure mode 
is still tensile-shear conjugate failure; under the action of 2 MPa confining pressure, the failure characteristics of 
coal rock change from tensile-shear conjugate failure to single shear failure; under the action of 1 MPa confining 
pressure, there are two shear cracks that are perpendicular to each other and have obvious development, and the 
number of tensile cracks decreases.

Based on the previous analysis, it can be seen that temperature has a small but non-negligible effect on 
thermal damage to coal rock. An increase in temperature can lead to a certain degree of strength deterioration 
and an increased risk of instability. As shown in Fig. 9(b), with the increase in temperature, shear cracks gradually 
develop on the surface of coal rock, and local matrix collapse occurs. When the temperature is 120 °C, significant 
shear cracks appear on the surface of coal rock, penetrating throughout the entire rock mass, and tensile cracks 
connect and penetrate, resulting in the destruction of the overall structure.

Under the action of drilling fluid, the mechanical properties of coal rock weaken, leading to severe instability 
and failure of coal rock. As shown in Fig. 9(c), there are several tensile main fractures running through the 
matrix and approximately parallel to the axis in dry coal rock, which exhibit prominent single tensile failure 
characteristics. The coal rock produces local matrix shedding, and the shedding coal matrix is relatively 
fragmented. As the moisture content increases, the failure characteristics of coal samples shift towards tensile-
shear conjugate failure, with a decrease in the number and length of tensile main fractures, an increase in the 
number, length, and inclination of shear secondary fractures distributed around them, and a more complete 
shedding of coal matrix. The shear failure trend gradually increases. When the failure characteristics of coal 
rock completely transform into single shear failure, with the increase of moisture content, the number of shear 
fractures running through the coal body continues to decrease, and the coal sample is relatively complete, with 
no obvious shedding of coal matrix.

Specifically, increasing temperature, moisture content, and decreasing confining pressure respectively lead 
to increases in the thermal damage variable (DT), moisture-induced damage variable (Dw), and mechanical 
damage variable (DM). These increases jointly contribute to the rise in the total damage variable (D), which 

Fig. 9.  Macroscopic failure photos of coal rock under different experimental conditions: (a) Different 
confining pressures; (b) Different temperatures; (c) Different water content.
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results in a notable reduction in the structural stiffness and tensile strength of the coal rock. As a consequence, 
the number of cracks increases, and crack propagation becomes more localized, ultimately driving a transition 
in macroscopic failure mode from tensile-shear conjugate failure to predominantly shear failure. This observed 
trend is consistent with the fracture patterns under different conditions in Fig. 9, confirming that the damage 
variables in our model effectively capture the evolution of failure mechanisms under varying thermal-hydro-
mechanical conditions.

Model validations and discussion
Model validations
To comprehensively evaluate the accuracy and applicability of the proposed damage constitutive model, the 
following comparison and error analysis were conducted. Given the fundamental differences in environmental 
conditions and damage mechanisms, particularly the influence of drilling fluid immersion, a direct comparison 
with existing water-based damage models was not conducted; instead, the proposed model was quantitatively 
validated against experimental data obtained under the specific conditions of this study. The obtained damage 
statistical parameters were substituted into the damage variable expression (8) and the damage constitutive 
Eq.  (13), and the stress-strain relationships under different confining pressures, temperatures, and moisture 
contents were fitted, and compared with the conventional triaxial compression experimental curves. Table 3 
shows the parameter values taken for the coal rock damage constitutive model. Figure 10 ~ 12 are schematic 
diagrams of the comparison between the deep coal rock damage constitutive model under thermal-hydro-
mechanical coupling and the experimental curves.

From the graph, it can be seen that during the initial application of axial stress, the pores and cracks inside 
the coal rock slowly close, and the damage variable gradually decreases. However, this compaction effect is 
considered a reversible physical process and is therefore not reflected as a decrease in the damage variable in our 
model. As a result, the damage curve begins with a slow increase rather than an initial reduction. When the pores 
and fractures are completely closed, the coal rock transforms from a primary porous and high porosity rock 
mass to a dense rock mass, and the damage variable is approximately 0. Then, in the process of axial compression 
loading, the primary cracks and pores of coal rock began to expand, and the new micro cracks began to sprout, 
expand and split. The damage of coal rock rapidly accumulated, and the damage variable continued to increase. 
Primary cracks, pores, and newly formed micro cracks continue to expand, split, and connect until penetrating 
macro cracks are formed, causing damage to the macroscopic structure of coal rock. When the coal rock is 
completely destroyed, the cumulative damage variable is approximately 1.

For the pre-peak stage, the theoretical curves and experimental curves for the compaction stage and plastic 
deformation stage are basically in complete agreement, while there are some differences between the theoretical 
curves and experimental curves for the elastic deformation stage, but the curve trends have excellent matching. 
The axial strain increases linearly with the increase of stress, and the peak stress and peak strain values are 
basically consistent. For the post-peak stress drop stage and residual stress stage, as the axial stress increases, 
both the theoretical curves and experimental curves show a rapid downward bending and extension trend after 
reaching the peak, with a lower fitting accuracy compared to the pre-peak stage, but the trends are basically 
consistent.

Furthermore, the error between the experimental results and the theoretical values calculated by the model 
is analyzed. The last two columns of the table provide the detailed percentage errors, as shown in Table  4. 
According to the error percentages, all calculated errors of the proposed model are within 10%, demonstrating 
a high level of accuracy.

In summary, the deep coal damage constitutive model established in this paper, which considers the coupling 
effects of thermal-hydro-mechanical, has good rationality and feasibility, and can better reflect the strength 
variation characteristics, deformation failure characteristics, and damage evolution characteristics of coal under 
different temperatures, confining pressures, and moisture contents.

σ3/MPa T/℃ W/% E/GPa λ u q n εp/% σp/MPa εcr/%

0 25 0 3.68 0.32 0.20 0.8 6 0.47 12.4 0.54

5 25 0 3.71 0.25 0.25 0.8 5 0.49 13.2 0.56

10 25 0 3.77 0.40 0.30 0.8 4 0.48 15.3 0.55

15 25 0 3.88 0.31 0.35 0.8 5 0.42 16.8 0.56

0 25 0 3.39 0.30 0.20 0.8 6 0.60 13.7 0.77

0 60 0 3.30 0.28 0.25 0.8 7 0.62 13.1 0.72

0 90 0 3.28 0.35 0.30 0.8 4 0.74 12.4 0.81

0 120 0 3.24 0.40 0.35 0.8 6 0.73 10.8 0.78

0 25 0 5.00 0.34 0.20 0.8 5 0.54 19.3 0.60

0 25 2 4.71 0.29 0.25 0.8 8 0.58 16.1 0.64

0 25 4 4.20 0.31 0.30 0.8 6 0.47 13.3 0.53

0 25 6 3.61 0.38 0.35 0.8 4 0.43 12.6 0.64

Table 3.  Parameter values of coal rock damage constitutive model.
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Fig. 11.  Comparison of stress-strain experimental curves and theoretical curves of coal rock at different 
temperatures; (a) T = 25°C; (b) T = 60°C; (c) T = 90°C; (d) T = 120°C.

 

Fig. 10.  Comparison of stress-strain experimental curves and theoretical curves of coal rock under different 
confining pressures; (a)σ3 = 0 MPa; (b) σ3 = 5 MPa; (c) σ3 = 10 MPa; (d) σ3 = 15 MPa.
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Discussion
Model parameter analysis
To further verify the feasibility and rationality of the model, the model parameters were analyzed. When the 
other parameters remain unchanged, the influence of parameters q and n on the mechanical response is shown 
in Fig. 13, and the influence on the damage variable is shown in Fig. 14. When the other parameters remain 
unchanged, parameter q mainly affects the shape of the post-peak curve by affecting the magnitude of residual 
stress, and also has a certain impact on peak strength. As parameter q decreases, the residual stress increases, 
and the post-peak curve shows a trend of slowing down before steepening, indicating a slower stress drop 
rate, reflecting the stress characteristics during the residual strain stage. When the other parameters remain 
unchanged, parameter n affects the shape of the post-peak stress drop curve by affecting the post-peak stress 
drop rate, reflecting the degree of deterioration of post-peak stress, with a small impact on peak strength, initial 
deformation modulus, and elastic modulus.

No.

Experimental 
results

Theoretical 
calculation 
results

Relative 
error/%

εp/% σp/MPa εp/% σp/MPa εp/% σp/MPa

1 0.47 12.4 0.43 12.5 8.51 0.81

2 0.49 13.2 0.45 13.5 8.16 2.27

3 0.48 15.3 0.44 15.6 8.33 1.96

4 0.42 16.8 0.40 17.4 4.76 3.57

5 0.60 13.7 0.57 14.2 5.00 3.65

6 0.62 13.1 0.57 12.6 8.06 3.82

7 0.74 12.4 0.67 12.3 9.46 0.81

8 0.73 10.8 0.67 11.8 8.22 9.26

9 0.54 19.3 0.50 19.9 7.41 3.11

10 0.58 16.1 0.53 16.9 8.62 4.97

11 0.47 13.3 0.43 14.1 8.51 6.02

12 0.43 12.6 0.39 13.6 9.30 7.94

Table 4.  Comparison of experimental curve fitting results.

 

Fig. 12.  Comparison of stress-strain experimental curve and theoretical curve of coal rock under different 
water content; (a) W = 0%; (b) W = 2%; (c) W = 4%; (d) W = 6%.
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In terms of physical interpretation, parameter q reflects the residual strength retention capacity of coal 
rock after peak stress. It is associated with the degree of matrix cohesion, mineral bonding strength, and 
macrostructural completeness, which collectively determine how much mechanical integrity the coal retains in 
the residual deformation stage. A lower q value corresponds to a higher residual stress and a more gradual stress 
drop, indicative of ductile behavior. Parameter n, on the other hand, governs the rate of damage accumulation 
during the post-peak stage. It reflects the sensitivity of the material to stress-induced microcrack propagation 
and is influenced by the heterogeneity of the coal matrix, the density and distribution of cleats, and the initial 
microfracture structure. A higher n implies a more brittle response, where damage localizes rapidly and stress 
drops sharply after reaching the peak. Together, these parameters not only control the shape of the stress-strain 
and damage evolution curves but also encapsulate key physical properties of the coal such as brittleness, and 
microstructural damage evolution behavior under complex loading conditions.

Characteristics of damage evolution
Based on experimental data, the total damage evolution curve of coal rock under different confining pressures, 
temperatures, and moisture contents was obtained through the calculation of a coupled thermal-hydro-
mechanical deep coal rock damage constitutive model, as shown in Fig. 15. It can be seen that the variation 
trend of coal rock damage variables under different confining pressures, temperatures, and moisture contents 
is basically consistent, and the damage curve generally shows an “S-shaped” growth. The damage process of 
coal rock is similar to its stress-strain characteristics, and can also be divided into five stages: compaction stage, 
elastic deformation stage, plastic deformation stage, post-peak stress drop stage, and residual strength stage11,36. 
Figure 16 illustrates the schematic diagram of the coal rock damage evolution stages. Compaction and Elastic 
Deformation Stage: This corresponds to the nearly horizontal segment at the beginning of the damage evolution 
curve, where the damage variable remains almost constant. At this stage, rock fractures are compacted and closed 
without propagation, and the rock micro-elements undergo elastic deformation. Plastic Deformation Stage: This 
corresponds to the concave upward portion of the damage evolution curve, where the damage variable increases 
rapidly. During this stage, fractures begin to propagate at an accelerating rate, and the rock undergoes plastic 
yielding. Post-Peak Stress Drop Stage: This corresponds to the convex upward segment of the damage evolution 
curve, where the slope gradually decreases. Fractures continue to expand and coalesce, leading to a gradual loss 
of rock strength. Residual Deformation Stage: At this stage, macroscopic fracture surfaces form within the rock, 
resulting in complete structural failure. The damage variable approaches 1 and remains constant thereafter.

Fig. 14.  The influence of model parameters on damage evolution.

 

Fig. 13.  The influence of model parameters on the stress-strain curve.
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As shown in Fig. 15(a), the damage evolution curve of coal rock under different confining pressures also 
exhibits an S-shaped shape and gradually increases. As the confining pressure increases, the internal pores and 
fractures of coal rock close, the porosity of coal rock decreases, the resistance to deformation increases, and the 
damage deformation of coal rock decreases.

As shown in Fig. 15(b), the damage variable of coal rock at different temperatures increases with the increase 
of temperature, and the internal skeleton of coal rock expands, and the pores and cracks expand and extend. 
The higher the temperature, the more serious the damage to coal rock. Compared with confining pressure and 
moisture content, temperature has a more minor impact on coal rock damage, so it is recommended to weaken 
the role of temperature when studying coal rock damage under non-high temperature conditions.

As shown in Fig. 15(c), the initial damage of coal rock varies with different moisture contents. The higher 
the moisture content, the greater the initial damage. The initial damage of coal rock at four moisture contents 
of 0%, 2%, 4%, and 6% is 0.44, 0.46, 0.55, and 0.64, respectively. The crack initiation strain and initial damage 
variables of coal rock at the four moisture contents are basically equal, mainly due to the fact that during the 
compaction stage and elastic deformation stage, the coal rock mainly undergoes elastic deformation, and the 

Fig. 16.  Schematic diagram of coal rock damage evolution stages.

 

Fig. 15.  Damage evolution curve.
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pores and fractures of the coal rock are in a closed state. When the external load reaches the crack initiation 
stress, the pores and fractures begin to extend and develop, and mechanical damage occurs in the rock mass. As 
the external load increases, mechanical damage continues to act on the coal body, and the amount of damage 
accumulates continuously, eventually reaching the final damage amount of 1. During mechanical damage to 
coal rock, as the moisture content increases, the strain gradually increases, the time required to reach the total 
damage amount increases, the plastic properties increase, and the total damage amount gradually decreases.

It is worth noting that the initial total damage value (D) ranges from 0.44 to 0.64, even under conditions of 
0% moisture and low strain. This phenomenon does not contradict the model assumption that DM = 0 for dry 
conditions. In our framework, DM specifically denotes loading-induced mechanical damage, which is assumed 
to initiate after external stress application. However, the observed initial damage primarily originates from the 
intrinsic microstructural heterogeneity of the coal, including pre-existing pores, cleats, and microcracks, which 
exist prior to loading and are independent of both mechanical and moisture effects. Therefore, the initial damage 
state is incorporated into the model as a baseline condition reflecting inherent weakness of the material.

Conclusion
This paper takes the deep coal rock of the Benxi Formation in the Ordos Basin as the research object and, 
through multi-field coupled triaxial compression experiments under different temperatures, stress states, 
and moisture content conditions, studies the stress-strain characteristics, mechanical properties, and failure 
characteristics of deep coal rock under the coupling of thermal-hydro-mechanical forces. It also discusses the 
effects of temperature, stress state, and moisture content on the mechanical properties and damage characteristics 
of deep coal rock. Based on the Lemaitre strain equivalence hypothesis, a constitutive model containing the 
thermal-hydro-mechanical coupling damage evolution equation of deep coal rock is established, and the main 
conclusions are as follows:

(1) Based on the Lemaitre strain equivalence hypothesis, continuum damage mechanics, and thermodynamics, 
the damage constitutive coefficient, and damage correction coefficient are introduced as variables for 
investigation. The damage variables of deep coal rock under the action of confining pressure, temperature, and 
drilling fluid are defined, and a damage constitutive model for deep coal rock under the coupling of thermal-
hydro-mechanical forces is established.

(2) Triaxial compression experiments on coal rock were conducted using a multi-field coupled triaxial testing 
system to investigate the stress-strain characteristics, mechanical properties, and failure characteristics during 
the failure process of coal rock. Drilling fluid immersion significantly degrades mechanical parameters such 
as peak stress and elastic modulus of coal rock, with certain time effects and non-uniformity. As the moisture 
content increases, the peak stress and elastic modulus of coal rock decrease to varying degrees, and the overall 
degree of deterioration increases, but the deterioration effect continues to weaken. The macroscopic failure 
mode of coal rock is mainly brittle failure dominated by shear and tension. As the confining pressure decreases 
and the moisture content increases, the failure mode of coal rock during loading changes from tensile-shear 
conjugate failure to single-shear failure.

(3) Through comparative analysis of the values of parameters q and n in the damage constitutive model 
established in this paper, parameter q reflects the residual deformation characteristics of coal rock after 
compression failure, while parameter n reflects the degree of weakening in the post-peak stage of the stress-
strain curve. Therefore, the shape and trend of the damage evolution curve obtained from this model are mainly 
determined by q and n together.

(4) The final theoretical calculation curve of the model established in this paper is in good agreement with 
the experimental curve, which verifies the validity, rationality, and reliability of the model. The model can better 
reflect the deformation law, damage evolution characteristics, and instability failure mechanism of the deep coal 
rock stress-strain process with changes in confining pressure, temperature, and moisture content.

Data availability
All data, models, and code generated or used during the study appear in the submitted article.
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