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1. Introduction 

 

Rocks are natural material which mechanical properties 

exert a pivotal influence on construction and production 

activities. Nevertheless, the mechanical properties of rocks 

are shaped not only by internal factors, including mineral 

composition, microstructure, and the type of bonding 

between rock grains (Mousavi et al. 2020a, Wu et al. 2020, 

He et al. 2019, Peng 2018, Sun et al. 2023), but also by 

external  environmental factors, most notably the impact of 

groundwater (Yang et al. 2011). Water can affect the 

deformation and strength characteristics of rocks, leading to 

a certain degree of weakening of their mechanical 

performance (Li et al. 2015), which is a causative factor in 

various geological disasters, such as landslides (Miao et al. 

2022) and mine collapse (Ma et al. 2018). In recent years, 

the study of the strength failure mechanism of rock under 

water-bearing conditions has become a hot topic (Xie et al. 

2022). Previous research has thoroughly demonstrated that 

the compressive strength of rocks will exhibit varying 

degrees of decline under the influence of water (Kim et al. 

2017, Mousavi et al. 2020b). Furthermore, Pan et al. (2022) 

and Qi et al. (2022) have also elucidated that water can alter 

the chemical composition of rocks and influence their 

microstructure, thereby changing their properties.  
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Therefore, a comprehensive understanding of the impact of 

water on rocks is crucial for assessing their durability and 

strength. (Bian et al. 2019). 

Numerous scholars have investigated the impact of 

water-weakening on rocks(Liu et al. 2023, Huang et al. 

2008, Zhang et al. 2013, Wang et al. 2020, Shi et al. 2016, 

Olena 2019, Zhang et al. 2023, Cai et al. 2019, Zhang et al. 

2022), discovering that the degree of rock strength 

degradation caused by water is influenced by the physical 

characteristics, initial condition, water content, density, and 

stress status of the rock, as well as environmental factors, 

such as freeze-thaw conditions (Seyed et al. 2020, Mousavi 

and M 2022, Zhai et al. 2022). Moreover, there is also a 

significant correlation with the type of rock There are 

significant differences between various rock classes 

(Wasantha and Ranjith 2014). 

When rocks are subjected to external forces (including 

water-induced weakening), microcracks gradually nucleate 

and propagate, eventually leading to the formation of 

macroscopic cracks and ultimately, rock failure. This 

process is a cumulative damage process that ultimately 

culminates in rock failure, hence the introduction of damage 

mechanics. The investigation of rock damage mechanics 

mainly entails investigating damage mechanisms, 

developing damage models, and analyzing the complete 

progression of damage development: from micro-scale 

fracture to macro-scale fracture. The establishment of the 

rock's constitutive equation and the exploration of its 

damage mechanisms are the primary concerns of the 

damage theory(Jean Lemaitre and Chunhu 1996). 
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Abstract.  The weakening effect of water on rocks is one of the main factors inducing deformation and failure in rock 

engineering. To clarify this weakening effect, immersion tests and post-immersion triaxial compression tests were conducted on 

sandstone and mudstone. The results showed that the strength of water-immersed sandstone decreases with increasing 

immersion time, exhibiting an exponential relationship. Similarly, the strength of water-immersed mudstone decreases with 

increasing environmental humidity, also following an exponential relationship. Subsequently, a statistical damage model for 

water-weakened rocks was proposed, changes in elastic modulus to describe the weakening effect of water. The model 

effectively simulated the stress-strain relationships of water-affected sandstone and mudstone under compression. The R² values 

between the theoretical and experimental peak values ranged from 0.962 to 0.996, and the MAPE values fell between 3.589% 

and 9.166%, demonstrating the model's effectiveness and reliability. The damage process of water-saturated rocks corresponds 

to five stages: compaction stage - no damage, elastic stage - minor damage, crack development stage - rapid damage increase, 

post-peak residual stage - continuous damage increase, and sliding stage - damage completion. This study provides a 

foundational reference for researching the fracture characteristics of overlying strata during coal mining under complex 

hydrogeological conditions. 
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Researchers establish the damage equation and determine 

the degree of damage to predict the remaining life of rocks 

or evaluate the stability of the medium. Presently, statistical 

damage mechanics offers innovative ideas and approaches 

to explore the mechanical properties of rock materials and 

engineering (Qin 2001), and the statistical damage master 

equation is widely recognized as an effective tool for 

analyzing rock damage processes. 

Since Krajcinovic and Silva (1982) proposed the 

concept of a statistical  damage intrinsic model for rocks, 

and Rabotnov (1963) and Kachanov introduced the concept 

of damage and damage factors, scholars have conducted 

extensive research on damage constitutive models, 

achieving numerous breakthroughs, such as the temperature 

damage model(Wang et al. 2022, Zhang et al. 2022, Liu et 

al. 2021) and the freeze-thaw damage model( Chen et al. 

2021, Yang and Jiang 2022, Mousavi et al. 2019). However, 

research on the destructive effect of water on rocks is 

currently very limited (Ma et al. 2016). He et al. (2019) put 

forward a statistical damage model for rocks under water 

pressure based on the Hoek-Brown strength criterion, which 

is modified to reflect the deformation characteristics of 

rocks under water pressure. Xtfa et al. (2001) conducted 

experiments to investigate the  deterioration of granite’s 

mechanical properties caused by water chemical corrosion. 

The study yielded a set of damage variables and 

corresponding constitutive relationships for the rock. 

However, these analyses only demonstrate the pressure 

effect of water, the deformation characteristics of rocks, and 

the impact of hydrochemical processes on rocks, failing to 

effectively address the comprehensive weakening effects of 

water on rocks and neglecting to validate the entire process 

of water induced damage. In this context, establishing a 

statistical damage constitutive model that considers the 

water weakening effect will provide a new avenue for 

analyzing the impact of water-induced damage on the 

mechanical behavior of rocks. 

To accurately determine the changes in rock mechanical 

parameters during the water-rock interaction process, rock 

mechanical experiments are an indispensable method. For 

instance, Bian et al. (2019) proposed a damage constitutive 

model for a rock exposed to water-weakening effects 

(soaking rock) through indoor experiments; however, the 

model is considered unsuitable for disaggregated rock, such 

as mudstone. Moreover, many scholars have investigated 

the effects of water chemical corrosion on rocks, such as 

Zhou et al. (2017), who conducted uniaxial and triaxial 

compression tests to examine the strength softening and 

deformation of gypsum rock under natural and saturated 

conditions. Similarly, Li et al. (2020) studied the impact of 

mineral components on rock-water interaction through X-

ray diffraction and water absorption tests under dry, wet, 

and saturated states of shale. However, their research on the 

combined effects of chemical corrosion, water, and 

confining pressure on rock damage is insufficient, 

particularly in terms of constitutive modeling. 

Based on the aforementioned research, this study first 

investigates the variation patterns of mechanical properties 

of sandstone and mudstone under different soaking times 

and environmental humidity conditions through triaxial 

compression tests. Building on the Lemaitre strain 

equivalence hypothesis, the D-P criterion, and damage 

mechanics theory, a rock damage model is established that 

accounts for the water weakening effect and triaxial 

loading. The theoretical curves exhibit good agreement with 

the experimental data, accurately reflecting the stress-strain 

characteristics and strength variation patterns of rocks, 

thereby validating the rationality and feasibility of the 

model. 
 
 

2 Establishment of statistical damage constitutive 
model 

 
2.1 Statistical damage evolution equation based on 

statistical strength theory 
 

It is assumed that Ni is the number of failed 

microelements of the rock under a certain load; Nni is the 

number of unfailed (no damage) microelements, and the N 

is the total number of microelements. Then the statistical 

damage variable is defined as D, which is the ratio of the 

number of failed microelements to the total number of 

microelements, i.e. 

i

i ni+N

N
D

N
  (1) 

where D=0, corresponds to the no damage state, D=1 is 

corresponding to the complete damage (fracture state), 0 < 

D < 1 is corresponding to different degrees of damage state. 

( , )wdD E w t  (2) 

Notably, the damage variable affected by water, E(w, t), 

pertains to the water content and immersion time of the 

rock. Based on the rock’s physical properties and damage 

characteristics, this paper establishes the damage model 

making the following assumptions:  

(1) the rock damage is elastic and plastic damage is not 

considered; 

(2) Rock damage is concentrated in the axial direction; 

(3) The damage evolution equation is a function of the 

stress-strain state.  

The guidelines on D-P strength can be summarized as 

follows 

0S F   (3) 

where S is the stress level and F is a constant, which 

indicates the material strength. When the stress level S in a 

micro-element reaches its strength F, the micro-element 

fails.  
Assuming that each micro-element’s strength F follows 

some probability distribution, the maximum value that the 
stress level S in each micro-element can reach also follows 
this same probability distribution. This relationship can be 
expressed as 

( )F P x  (4) 

where P is the density function of the probability 

distribution satisfied by the microelement strength F and x 

represents the microelement strength of the rock. 
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2.2 Damage principal structure equation based on 
continuum damage mechanics 

 
If the undamaged rock is a linear elastic material, then 

replacing the principal stress σi in Hooke’s law of linear 

elasticity with the effective principal stress σi
∗ can obtain 

*(1 )i i D    (5) 

* * * *

1 2 3

1
[(1 ) ( )(1 )

1,2,3

i iv v D
E

i

         



， 
(6) 

where εi is the principal strain, E is the modulus of 

elasticity, and ν is the Poisson’s ratio. 
Eq. (6) expresses the principal strains in three directions. 

In triaxial compression tests, the axial principal strain ε1 is 
highly important and straightforward to measure, so this 
paper takes the free index i in Eq. (6) always as 1. 
Furthermore, when the second principal stress σ2 is equal to 
the third principal stress σ3, such as in triaxial compression 
tests of rocks, the circumferential pressures also become 
equal,meaning that σ2 is equal to σ3 (i.e., σ2 =σ3). 

Combining Eqs. (5) and (6), the axial principal strain 

can be obtained as 

1 32

(1 )
i

v

E D

 






 (7) 

Therefore, the expression of the damage variable is 

1 3

1

2
1

v
D

E

 




   (8) 

As the development of micro-defects within the rock 

follows a random distribution pattern, it is crucial to 

consider the statistical damage theory to study this 

phenomenon. And the probability distributions are Weibull 

distribution, power function distribution, normal 

distribution, etc. Among them, Weibull distribution has 

achieved good results (Xu and Wei 2002, Cao et al. 1998). 

Therefore, the Weibull distribution is chosen, and its density 

function and distribution function are respectively 

1( ) exp[ ( ) ]m mm x x
P x

n n n

 （ ）  (9) 

1 exp[ ( ) ]mx
P x

n
  （ ）  (10) 

where, m and n are statistical parameters. 

Due to the inability of the M-C criterion to describe 

complete and hard homogeneous rock blocks, the D-P 

strength criterion is used in this paper to describe the 

strength of micro-elements and the expression of the D-P 

criterion is as follows 

* * *

2 1( )S f J I     (11) 

where I1
∗ is the first invariant of stress, and J2

∗is the second 

invariant of stressbias. For the triaxial compression test, the 

equivalent relation is σ2
∗= σ3

∗, which can be deduced as 

* * * * 1 1 3
1 1 2 3

1 3

( 2 )
I

2

E v

v

  
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 


   


 (12) 

*

2 1 1 3 1 3J ( ) / 3( 2 )E v        (13) 

σi
∗ is the effective principal stress, and ν is the Poisson’s 

ratio. From Eqs. (3), (6), (11), (12), and (13), it follows that 

1
1 3 1 3

1 3

1
[ ( ) ( 2 )]

2 3

E
S

v


    

 
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
 

(14) 

Several methods exist for determining the material 

parameter α. In the π-plane, the Mohr-Coulomb (M-C) 

criterion envelope has a hexagonal shape, while the D-P 

criterion envelope is circular. There are various methods for 

calculating the material parameter α. If the preset D-P 

criterion envelope and M-C criterion both qual areas(Wong 

2013), the following equation can be used to calculate the 

parameter 

2

2

4 3 sin

2 (9 sin )




 



 (15) 

 
2.3 Statistical damage principal structure model  
 

From Eqs. (3), (4), (8), (10) and (14), the statistical damage 

intrinsic model can be obtained as 

1
1 3 1 3

1 3

1

1 3

1
[ ( ) 2

( 2 )exp 3

( 2 )]

m
E

v
n v

E


   

 


  

  
   

    
      

 
(16) 

The collation and simplification gives 

1
1 3 1 3

1 3

1 3

1

1
ln [ ( ) ( 2 )]

( 2 ) 3

2
ln ln

E
m

n v

v

E


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 

 



 
   

 

 
  

 

 
(17) 

Regarding the stress-strain curves of rock under 

compression, the peak point, or the compressive strength, is 

the most prominent feature. The peak point method 

necessitates that the statistical damage principal equation’s 

curve, derived from the measured stresses and strains, 

intersects the triaxial compression test curve of the rock at 

the highest point, which means that the highest points of the 

two curves should coincide at the same strain value. 

According to the shape of the stress-strain curve, the 

stress and strain at the peak point of the curve satisfy the 

following relationship. 

1

1

1

0

p 










 (18) 

1 1,p p      (19) 

The axial stress σp and axial strain εp are denoted at the 

peak point. The current study employs the peak point 

method to resolve the n and m parameters in Eq. (16). To 

accomplish this, two equations are established based on the 

peak condition Eq. (18) and Eq. (19), which are then 

utilized to deduce the values of the parameters n and m. For 
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a concise expression, the following substitutions are 

utilized. 

1 3
1 1

1

1 1 3

2
( , )

( )

v
f

E

g

 
 


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 
 


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

 
(20) 

Substituting Eq. (20) into Eq. (17) yields 

 

1 1 1

1 11 1

1 1

( ) 3 2 ( )

( , )3 ( , )
ln

ln ln ( , )

g g

ff
m

n

f
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
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 
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 

 
 
 
 

   

 
(21) 

Then the stress σ1 on both sides of Eq. (21) is found as 

the first order differential partial derivative of ε1 to obtain 

Eq. (22). 

 

2
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1
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m
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f
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


 

 
 

 
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(22) 

According to Eq. (18), the both sides of the equation are 

simplied as 

 

1 3 1 3

1 1 3 1 3

1 1 1

3( ) 3 ( 2 )

3( ) 3 ( 2 )

1 1

ln ( , )

m

f

    
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  

  


  
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 (23) 

Combining Eq. (19) with Eq. (23), It can seen that the 

value of m is 

 1 1 3

1 1

ln ( , ) 2
ln

p

p

m
f v

E

   



   
 
 
  

 

(24) 

Combining Eq. (17) with Eqs. (18) and (24), the value 

of n is 

2 2

3 32
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      

 
(25) 

3. Experiment and model validation  
 
3.1 Experimental apparatus  
 
The experiment employed the MTS 815 2.0 electro- 

hydraulic servo rock mechanics testing system. This study 

based on the test results, solved for the parameters m and n in 

the model, which were ultimately used to validate the damage 

constitutive model. 

As shown in Fig. 1, this experiment selected two types of 

rock samples with different properties, namely sandstone and 

mudstone, from the Chen Silou Coal Mine in Yongcheng, 

Henan Province, China, for testing and analysis. Obtain rock 

specimens by coring, and fabricate them into cylindrical 

samples with dimensions of 50 mm×100 mm, which are then 

subjected to triaxial compression tests under equal confining 

pressure. 

 

3.2 Preparation of sandstone samples and validation 
of results  

 
3.2.1 Specific steps of the sandstone test program 
Below are the steps entailed in conducting a triaxial 

compression experiment of sandstone: 

(1) Drying rock cores: The cores were dried at 35◦C for 72 

hours, and then cooled in a desiccator with silica gel at the 

bottom.  

(2) The length, diameter and mass of the rock samples are 

measured with a digital vernier calipers and numbered. 

(3) The rock samples are submerged in water for varying 

intervals, i.e., 1 week, 5 months, 7 months, 1 year, and the 

surface cracks on the samples are continuously  monitored 

under all four immersion environments. 

(4) The rock sample is placed on the loading platform and 

subjected to a 1kN force to fix it in place, and then a hoop 

strain gage is placed in the center of the sample and connected 

to the strain gage and the test equipment.  

(5) Operating and controlling the equipment: The 

circumferential pressure is applied to 10 MPa at a rate of 0.02 

MPa/s, after which the displacement is zeroed.  

The stress-strain curves of sandstone subjected to triaxial 

compression tests with different immersion times are shown in 

Fig. 2. It can be seen from Fig. 2, the yield strength of 

sandstone decreases significantly with the increase of water 

immersion time. The yield strength of the dry rock sample is 

126.3 MPa, and the yield strength of the sandstone after one 

week of water immersion decreases to 102.6 MPa, with a 

strength reduction rate of 18.8%. After five months of 

immersion, the yield strength decreased to 66.42 MPa, with 

a strength reduction rate of 47.4%. After seven months of 

immersion, the yield strength of the sandstone decreased to 

57.4 MPa, with a strength reduction rate of 54.5%. After 

one year of immersion, the yield strength reached 42.6 

MPa, with a strength reduction rate of 66.2%. It can be seen 

that the weakening effect of water on the rock is non-

negligible, so it is necessary to consider the damage formed 

by water on the rock in the damage constitutive model. 

The water content of the rock is a crucial factor 

influencing the compressive strength index of rocks (Dyke 

and Dobereiner 1991), but the water content of the rock is  
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Fig. 2 Stress-strain curve of triaxial compression test for 

sandstone after different immersion times 

 

 

not easy to determine, and it is not possible to cause 

significant damage to the rock in a short period of water 

contact, thereby yielding results that inadequately capture 

the true circumstances. 

Therefore, in order to verify the weakening effect of 

water on the rock to soak the rock treatment, the effect of 

the rock water content on the strength of the rock can be 

ignored. The focus was solely on the changes in the elastic 

modulus of the stress-strain curve during the elastic phase 

relative to the immersion time. The elastic modulus and 

yield strength of the rock exhibit a destructive variation 

with soaking time, as shown in Fig. 3 The results are all 

exponential functions, with Eq. (26) representing the elastic 

modulus expression and Eq. (27) representing the yield 

strength expression, where t denotes the soaking time 

2
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Fig. 3 Fitting curve of elastic modulus and yield strength 

of sandstone 

 

 

3.2.2 Damage evolution process of sandstone 
Eqs. (24) and (25) were used to fit the sandstone test 

data shown in Fig. 2 for different confining pressures. Fig. 4 

illustrates the fitting parameters of the damage constitutive 

model for sandstone at different times, with the expressions 

for parameters m and n being respectively represented by 

Eqs. (28) and (29). 

- 3.31 14.68 / (1 exp(( 0.018) / 0.001))sand mY t     (28) 

2

- 58.428 40.052 3.171sand nY t t    (29) 

Fig. 5 illustrates the comparative stress-strain curves of 

experimental results and model-based predictions under 

various soaking times, demonstrating a strong agreement 

between the proposed model and experimental data across 

different soaking times. Fig. 6 depicts the evolution of total 

damage variables of sandstone under triaxial loading at 

different soaking times. As shown, during the initial loading 

stage, the inherent spatial defects of the rock material are  

SandstoneMudstone

Compressive 

test

Soak

Water 

weakening
Location of rock 

samples

China

 

Fig. 1 Equipment and sample preparation (Modified from Wu et al. 2020) 
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gradually compacted, and the original cracks are closed, 

with no internal damage occurring. As the load increases, 

the rock enters the elastic phase, exhibiting elastic 

deformation; subsequently, microcracks emerge and 

continually expand, leading to the appearance of 

macroscopic cracks; finally, the rock undergoes sudden 

failure. Furthermore, during the experimental process, the 

sandstone subjected to one-year soaking exhibits more rapid 

damage than those soaked for five and seven months, due to 

the excessive weakening effect of water. 

Fig. 7 provides a detailed illustration of the damage 

evolution curve for sandstone soaked for one week. The 

damage process of water-saturated sandstone can be divided 

into the following five stages: no damage stage (OA), minor 

damage increment stage (AB), rapid damage growth stage 

(BC), rock failure stage (CD), and rock sliding stage (DE).  

During the OA stage, the initial stage of triaxial 

compression, the pore volume inside the sandstone sample 

gradually decreases, and the original microfractures close. 

Therefore, no new cracks form or extend, resulting in no 

damage. In the AB stage, the rock undergoes elastic 

deformation. The initial microcracks expand slowly and 

steadily, resulting in slow damage growth. 
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Fig. 6 Damage evolution curve of sandstone under 

different water immersion conditions 

 

 

The BC stage is after the stress reaches a certain value. 

As microcracks continue to expand and connect, the 

damage accumulates and grows rapidly. In the CD stage, as 

the strain exceeds the peak, the cracks expand, the rock 

undergoes lateral movement, and the damage continues to  
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Fig. 4 Fitting parameters of the damage constitutive model for sandstone under different soaking times 
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Fig. 5 Comparison of stress-strain curves for experimental and theoretical results at different immersion 
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Fig. 7 Curves of D,σ1−ε1, E evolution process of 

sandstone; water-saturated sandstone for one week 

 

 

Fig. 8 Evolution of crack development in mudstone under 

soaking (Modified from Wu et al. 2020) 

 

 

increase. During this stage, the rock absorbs a large amount 

of water, which is squeezed out but remains around the 

rock, resulting in a slight decrease in damage, followed by 

continued increase. In the DE stage, the damage gradually 

approaches the critical value of 1, which indicates that the 

rock is completely damaged from a macro perspective. 

 

3.3 Preparation of mudstone samples and 
validation of results 

 
3.3.1 Specific steps of the mudstone test project 
A complete rock sample is selected and then immersed 

in water for one month, and its fracture development was 

observedas shown in Fig. 8. The results show that the 

mudstone cracks are well developed on the surface of the 

rock sample, and the number of swelling fractures in the 

rock sample is predominant, and the rock becomes more 

easily broken after soaking in water, making it essential to 

investigate the damaging effects of water on mudstone. 

The experiment utilized a temperature and humidity 

environmental test chamber to simulate the weakening 

effect of water on mudstone. The test is divided into four 

steps: 1) sample preparation, drying, and measurement, 

following the same method described in 3.2.1; 2)The 

temperature and humidity environmental chamber is 

calibrated, wherein the relative humidity is set to 80%, 

60%, 40%, 20% and 0%, respectively, with a temperature of 

35◦C, after which the sample is placed inside the chamber 

and maintained in this environment for 24 hours; 3) Design 

the test procedure and commission the test equipment; 4) 

Upon completion of all experiments, the data are collated 

and the test results obtained. 

A total of 20 rock samples were prepared for the 

experiment, comprising 15 test specimens (3 rock samples  
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Fig. 9 Stress-strain curves of triaxial compression tests on 

mudstone under different humidity environments 
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Fig. 10 Fitting curve of elastic modulus and yield 

strength of mudstone 

 

 

per group) and 5 backup samples. During testing, rock 

samples were placed in the environmental box for 24 hours, 

and the test equipment used was the MTS 815.02 with the 

confining pressure setting for the test is 5 MPa, Fig. 9 

presents the findings of the test. 

As can be seen in Fig. 9, the weakening effect of water 

on mudstone is remarkably pronounced. As humidity levels 

rise, the yield strength of mudstone progressively declines: 

at 0% humidity, the yield strength is 75.6 MPa, dropping to 

66.1 MPa (a reduction of 12.5%) at 20% humidity, further 

decreasing to 62.8 MPa (a reduction of 16.9%) at 40% 

humidity, and to 53.6 MPa (a reduction of 29.1%) at 60% 

humidity. Finally, at 80% humidity, the minimum yield 

strength of mudstone is 41.7 MPa, repre- senting a 

reduction of 44.8%. The relationship between the two can 

be represented by the following function 

Fig. 10 indicating a significant reduction in mudstone's 

elastic modulus. This suggests that water has a profound 

impact on mudstone's elastoplasticity. The functional 

relationships between the rock's elastic modulus, yield  
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strength, and environmental humidity are expressed by Eqs. 

(30) and (31), where h denotes the environmental humidity. 

2

mod exp(9.75 0.22 0.003 )mudE h h     (30) 

2

- =74.491-24.864 -19.107mud modY h h  (31) 

 

3.3.2 Evolution process of mudstone damage 
Fig. 11 illustrates the fitting curves of the damage 

constitutive model parameters for mudstone under different 

environmental humidity conditions, with the expressions for 

m and n being respectively represented by Eqs. (32) and 

(33). 

= 19.158 122.445 30.465 0.00013h

mud mY h      (32) 

m 39.68 26.1mudY h    (33) 

Fig. 12 illustrates the comparative analysis between 

theoretical and experimental curves. In general, the  

 

 

 

theoretical stress-strain curves derived from the statistical 

damage constitutive equation exhibit good agreement with 

the experimentally measured stress-strain curves obtained 

from the uniaxial compression tests on rocks. Fig. 13 

displays the damage evolution curves of the mudstone 

under various environmental humidity conditions. As  

depictedin the figure, the damage evolution trend of 

mudstone can be observed. 

As evident from Fig. 14, the damage evolution process 

of the water-immersed mudstone can also be divided into 

five distinct stages. During the OA stage, as the rock begins 

to bear the load, internal cracks are closed, and no damage 

is incurred. In the AB stage, the load increases gradually, 

resulting in minor damage to the rock sample. In the BC 

stage, the damage accelerates rapidly as the stress 

approaches the yield point. In the CD stage, due to the 

properties of the mudstone, the stress decreases rapidly 

upon reaching the peak value, while the damage continues 

to increase. In the DE stage, the damage continues to 

increase until the rock breaks. 
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Fig. 11 Fitting parameters of the damage constitutive model for mudstone under different environmental humidity 

conditions 
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Fig. 12 Comparison of stress-strain curves for experimental and theoretical results at different environmental humidity 
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Fig. 13 Damage evolution curve of mudstone 

 

 

 

 

Fig. 14 Evolutionary curves of D, σ1-ε1, and E for 

mudstone  

 

 

 
 
4. Results and discussion 

 
4.1 Analysis of results 
 

To accurately assess the reliability of a model, a multi-

index comprehensive evaluation approach can be employed, 

involving a systematic analysis of the model's results in terms 

at different ambient humidity of fitting degree, predictive 

error, and precision. Specifically, a range of statistical 

parameters, such as coefficient of determination (R²), mean 

absolute percentage error (MAPE), root mean squared error 

(RMSE), mean squared error (MSE), and mean absolute 

error (MAE), can be utilized to comprehensively evaluate 

the performance of a model or algorithm. R² can be used to 

assess the model's fitting degree to the data, measuring its 

explanatory and predictive capabilities; MAPE can be 

employed to evaluate the model's predictive error, measuring 

its predictive accuracy; while MSE, RMSE, and MAE can be 

used to assess the model's predictive error, measuring its 

predictive accuracy and stability. Due to data issues, only R2 

before the peak of the theoretical and experimental curves was 

calculated in this study.The formula for calculating the 

assessment indicators is shown in Table 1. 

As evident from Fig. 15, a strong correlation exists 

between the experimental and theoretical data, with R² values 

spanning 0.962 to 0.996, indicative of a high degree of 

consistency between the experimental results and theoretical 

calculations.MAPE values lie within the range of 3.589% to 

9.166%, suggesting a relatively modest error magnitude. 

MAE, RMSE and MSE are all relatively small, 

underscoring a strong fit between the experimental data and 

theoretical calculations. Moreover, the analysis reveals that the 

computational model is capable of accurately capturing the 

behavior of rocks under varying soaking times and humidity 

conditions, thereby demonstrating its efficacy and reliability in 

predicting rock behavior under diverse soaking times and 

environmental humidity. 

 

Table 1 Assessment indicators 

evaluating indicator  Calculation formula evaluation criteria 
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4.2 Discussion 
 

To further elucidate the model's performance, a 

comparative analysis with other studies is conducted, yielding 

the following results: 

Song et al. (2024) investigated the damage evolution  

characteristics of muddy siltstone in different water content 

states, and Sun et al. (2023) observed the weakening effect of 

different water contents on sandstone through triaxial 

compression tests, and the damage curves are shown in Fig.  

16. In this study, the damage evolution curve shows a “Z” 

shape, as shown in Fig. 10, compared with Fig. 16(b), 

considering the compaction stage of the rock, the internal 

cracks are closed, no damage occurs, and the damage is 

initially zero, and this paper establishes a complete damage 

evolution process by considering the sliding stage of rock 

damage (compared with Fig. 16(a)). The evolution curve is 

more telling because it shows the complete damage evolution 

within the rock. 

Numerous researchers have investigated the weakening 

rules of rocks under water-rock interaction through water 

content studies (Meng et al. 2009, jiang et al. 2009), and their 

research findings have deepened our under- standing of the 

influence of water content and water state on the physical and 

mechanical parameters of rocks. However, determining the 

water content of rocks is a complex task, and therefore, this 

study adopts soaking time and environmental humidity as 

variables to investigate the weakening effect of water on rocks. 

 

  

 

Previous studies on the damaging effects of water on rocks 

have focused on the weakening effects of water content (Li et 

al. 2023), wet and dry cycles (Deng et al. 2017), etc. on rocks. 

However, in engineering practice, the rock layer in direct 

contact with the aquifer will always be in a water-bearing 

environment, or the coal seam mining leads to the development 

of fissure zones into the aquifer, which makes the rock be 

soaked by water for a long time. Therefore, this paper adopts 

the method of different soaking time for sandstone and 

different environmental humidity for mudstone to study the 

weakening effect of water on rock, which is more in line with 

the mining engineering background. 

 

 

5. Conclusions 
 

To address rock instability and failure caused by water 

weakening, the weakening mechanism of water on rock is 

discussed, and a statistical damage constitutive equation is 

established in this study. The main conclusions drawn are as 

follows: 

The rock's compressive strength relationship with soaking 

time follows an exponential function form. After one year of 

water immersion, the strength of sandstone decreases by 66%, 

and the strength of mudstone decreases by 44.8% after 24 

hours in an 80% humidity environment. Moreover, the rock's 

elastic modulus displays a nonlinear decay trend with 

increasing soaking time and environmental humidity. 
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Fig. 15 Radar chart of assessment indicators 

0.0 0.2 0.4 0.6 0.8

0.0

0.2

0.4

0.6

0.8

1.0

D

strain/%

0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

D

Moisture content/%

 D
 D10

 D20

 D30

(a) (b)
Data sourced from Song et al(2024) Data sourced from Sun et al(2023)

 

Fig. 16 Damage evolution curve of other papers 
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A statistical damage model for water-weakened rocks was 

proposed, which employed the Weibull distribution function to 

describe the discrete mechanical properties of rock elements 

and the D-P yield criterion to describe the strength of rock 

elements. The theoretical calculation results for sandstone and 

mudstone exhibit a good fit, with R² values ranging from 0.962 

to 0.996. Moreover, the MAPE,MAE, MSE, and RMSE values 

are also relatively low, indicating that the model possesses high 

accuracy and reliability. 

The damage evolution curve can be roughly divided into 

five different stages. I satge: the pore volume decreases, the 

original microcracks are sealed, and no damage occurs. II 

stage: as the load gradually increases, the damage 

progressively intensifies, which aligns with the evolution of the 

elastic modulus, with only minor damage. III stage: as the 

stress approaches the yield point, the accumulation of damage 

accelerates until rock failure ensues. IV stage: After reaching 

the peak point, the damage continues to increase, with cracks 

further expanding. V stage: the damage continues to 

accumulate until the rock is completely destroyed. The 

macroscopic crack network and microscopic cracks are visible. 

This study has made a preliminary attempt to develop a 

rock constitutive model that takes into account the weakening 

effect of water, with results indicating a good fit between 

experimental and theoretical curves. However, the research still 

has certain limitations. The proposed model may lack accuracy 

in engineering applications due to the complex stress state and 

loading process of in-situ rocks, including effects of separate 

layers of water, water pressure, and temperature changes. 

Future research should consider these factors to develop a 

more realistic and applicable model for mining engineering. 
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