
Research Article
The Determination of a Damage Model for Mudstone under
Uniaxial Loading in Acidic Conditions

K. Cao,1,2 L. Ma ,1 Y. Wu,2 A. J. S. (Sam) Spearing,1Naseer Muhammad Khan,1,3 and Y. Xie4

1School of Mines, China University of Mining and Technology, Xuzhou, 221116 Jiangsu, China
2State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Xuzhou,
221116 Jiangsu, China
3Department of Mining Engineering, Balochistan University of Information Technology Engineering and Management Sciences,
Quetta, Pakistan
4Xutuan Mine, Huaibei Coal Mining Group Co., Ltd., Mengcheng, 233500 Anhui, China

Correspondence should be addressed to L. Ma; ckma@cumt.edu.cn

Received 29 March 2020; Revised 26 August 2020; Accepted 5 September 2020; Published 8 October 2020

Academic Editor: Wen-Dong Wang

Copyright © 2020 K. Cao et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The influence of acid solutions was investigated on the mechanical properties of mudstone. Uniaxial compression tests on
mudstone samples were conducted to determine the variations of relative mass, porosity, deformation, and strength
characteristics of mudstone subjected to acidic solutions with different pH values. The change of pH, relative mass, and porosity
of mudstone in the process of acid solution immersion was monitored during soaking. The mechanism of hydrochemical
corrosion of mudstone samples was preliminarily discussed. The damage parameter was introduced based on the porosity rate.
The results show that with increased solution acidity, the peak stress and elastic modulus decreased to different levels, while the
peak strain increases in the rock samples. The increased chemical damage parameters reduce the mechanical parameters and
increased the deformation parameters. On the basis of the mechanical test, considering the stress-strain relationship of rock in
the compaction stage, a segmented damage constitutive model of rock based on chemical damage parameters is established, and
the test results are verified. The results show that the correlation coefficient between the theoretical curve and the experimental
data is as high as 0.98, and the model is suitable for the analysis of chemically corroded rock under the uniaxial compression
test. The results provide a reference for the analysis and design of coal-bed methane wells where the rocks frequently become
acidic during the production of methane.

1. Introduction

Coal-bed methane (CBM) is a clean and efficient energy
source associated with coal seams [1–3]. More than 50% of
China’s coal seams are rich in coal-bed methane, with a total
of 35 trillion m3 of coal-bed methane in the mines, which is
the third largest coal-bed methane storage in any country
after Russia and Canada. During the process of coal-bed
methane well drainage and gas production, the groundwater
continuously changes into acidic or alkaline water [4–7]. The
coal and rock of the reservoir are affected due to this corro-
sion. The hydrochemical solution produces pore water
pressure, which reduces the effective stress that the rock
skeleton can bear, thus reducing the effective strength of the

rock. Furthermore, a hydrochemical solution has certain
adverse chemical effects on the mineral composition of the
rock and the cementing properties between the mineral par-
ticles. This chemical effect plays a significant role in changing
the original structure of the rock and can even produce new
minerals [8–11]. This in turn affects the process of desorp-
tion, diffusion, and seepage interaction of coal-bed methane
in the reservoir. Whether coal-bed methane can produce
gas and whether it can produce high productive yield
depends on the degree and range of desorption of coal-bed
methane [4]. Therefore, it is of great significance to study
the physical and mechanical properties of the rock corroded
by chemical water in order to ensure the efficient exploitation
of coal-bed methane.
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In recent years, much progress has been made in under-
standing the influence of hydrochemical solutions on rock
mechanical properties. Tang et al. [12] studied the rock
mechanics and environmental effects under the action of
hydrochemistry and obtained the results of a three-point
bending test and uniaxial rock compression test under the
action of different hydrochemistry solutions. Feng and Ding
[13] studied the characteristics of crack propagation of
prefabricated rock samples under various chemical solution
corrosion and uniaxial compression conditions by using the
independently developed stress-percolation-chemical cou-
pling mechanics system. Wang et al. [11] carried out corro-
sion tests on sandstone under the action of different pH
aqueous chemical solutions. The type and degree of water-
rock chemical interaction in different aqueous chemical
environments are different, which leads to different changes
in the microstructure of rock. The neutral solution loss of
cementing materials in rock and large-size mineral
aggregates in the acid solution would also undergo a lot of
dissolution. Ding et al. [14] carried out dissolution kinetic
experiments and analysis on rocks soaked in different aque-
ous chemical solutions, analyzed the dissolution characteris-
tics of rocks in different aqueous chemical solutions, and
obtained the corresponding erosion dissolution kinetics
equations. Li et al. [15] and Xu et al. [16] conducted shear
tests on the mudstone corroded by chemical solution. They
studied the influence of hydrochemical solution on the shear
strength of mudstone, established the relationship between
porosity and shear strength index, and obtained the influ-
enced role of chemical solution corrosion on the crack open-
ing, failure, and expansion direction of mudstone. Han et al.
[17] carried out wave velocity tests and conventional triaxial
compression tests on mudstones corroded by aqueous chem-
ical solution with different electrolyte pH values, composi-
tions, and varying concentrations of calcium and
magnesium ions in the solution. He concluded that the
decrease of mechanical properties of mudstones after chem-
ical corrosion was closely related to the change of porosity.

The study of the mechanical properties of rock can pro-
vide a basis for the design of rock excavations, while the con-
struction of the constitutive rock model can provide a
theoretical basis for the prediction of the stability of the rock.
In terms of the constitutive rock model, Kang [18] analyzed
the influence of water on rock strength and deformation
based on damage mechanics. They used the volume change
caused by rock dilitancy to characterize damage variables
and established the evolution equation of damage variables
for saturated rock. Hu et al. [19] analyzed the influence of
water on the mechanical properties of rock under uniaxial
compression and deduced the statistical model of rock dam-
age considering the influence of water content. Based on the
Weibull distribution, Zhang et al. [20] established a statistical
damage constitutive model that can reflect multiple test
curves by using the relationship between peak strength and
elastic modulus in addition to the relationship between water
content and rock damage constitutive model parameters.
Chen et al. [21] based on the principle of effective stress
assumed that the damage of rock was caused by the effective
stress of particles and the effective stress of body structure.

According to the condition of stress balance, the stress rela-
tion equation under the two effective stresses is obtained,
and on this basis, the damage evolution equation of saturated
rock under uniaxial compression is established.

The constitutive damage models of rock established in
the past however only consider the influence of water con-
tent, and the constitutive damage model of rock after chem-
ical solution corrosion was seldom reported. Due to the
corrosion of a chemical solution, the initial compaction stage
of the rock stress-strain curve is more significant. The com-
paction stage of stress-strain curve drawn by the traditional
statistical damage constitutive model is quite different from
the experimental curve. In this paper, the mechanical proper-
ties of mudstone after chemical corrosion were analyzed.
Chemical damage parameters were introduced to quantita-
tively characterize the mechanical parameters of rocks, and
the compaction stage and subsequent stage were innovatively
expressed separately. This allowed a rock segmental damage
statistical constitutive model with chemical damage parame-
ter interface to be built. The research results are expected to
enrich the rock mechanics theory of underground engineer-
ing and provide a theoretical reference for the more efficient
mining of coal-bed methane.

2. Experimental Design

2.1. Preparation of Acidic Solutions. The complex composi-
tion of water ions in nature makes it impossible to consider
the effects of all the various ions on rocks. Considering the
high content of Na+, K+, and Cl- ions typically found in
groundwater therefore, a solution of NaCl and KCl was
selected as the electrolyte solute to configure the hydroche-
mical solution [11]. The mine water collected from the rock
is mainly acidic, with a pH range of 2.0-6.5; therefore, this
research considers mostly the influence of the acidity of the
solution on the rock characteristics and properties. The inter-
action between water and rock is a slow process in situ, so due
to time constraints, four different acidic solutions with high
solution concentration and increasing the pH value were
selected. This was to reflect the water chemistry and solution
corrosion effect in a relatively short time on the mudstone
samples. The chemical solutions prepared for this research
are shown in Table 1. Electrolyte solutions with pH values
of 1.3, 3.3, 5.3, and 7.3 with a concentration of 0.1mol/L
NaCl and KCl were used in this research experiment. The
pH value of the acid solution was adjusted by adding 68%
HNO3 into the mix. The procedure was first to add NaCl
and KCl into the distilled water, stir with a glass rod to make
it fully dissolved, then take 68% HNO3, dilute with 100ml
distilled water, and add it to the electrolyte solution drop by
drop. During the gradual acid introduction, a pH meter was
used to monitor the pH change of the solution in real time
until the predetermined pH value was reached.

2.2. Sample Preparation. The representative sandy mudstone
samples collected from a coal mine in Shandong Province,
China, were used in this research study. The X-ray diffrac-
tometer was used for the mineralogical composition of repre-
sentative samples. The result shows quartz (35.7%), feldspar
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(16.3%), calcite (6.4%), dolomite (4.2%), mica (3.4%), and
clay mineral content (34%). The main mineral composition
was kaolinite, illite, chlorite, and carbonate.

The rock samples were collected from the mine at the
same location. The core was extracted from the same block
of mudstone to keep similar and uniformed mechanical
properties and minimize any mineralogical and size effect.
The prepared rectangular-sized specimens had precise
dimensions of 50 × 50 × 100mm. The edge angles were kept
strictly at 90° to ensure that the lateral pressure could be
loaded smoothly and evenly on the rock sample sides. The
nonparallelism of the two ends of the test piece was less than
0.005mm, and the grinding flatness of the end face was less
than 0.02mm. A total of 20 samples were prepared and
divided into five groups: A, B, C, D, and E. E group samples
were kept completely dry as a control.

The size and weight of the finished samples were
recorded after vacuumed and dried for 48 hrs at 108°C. The
rock sample from groups A, B, C, and D was soaked in each
chemical solution, as described in Table 1. In order to reduce
the dispersion of experimental data, and the peak strength of
each group of rock samples is removed from the one that
deviates from the average value. Therefore, a total of 15 rock
samples left having three specimens from each group were
used for subsequent data analysis.

2.3. Experimental Procedure. In this research, the previous
experimental research procedure was followed [11]. 1.5 litres
of each pH solution was used for each sample. It was found
that the H+ in the solution having pH 3.3 and 5.3 was con-
sumed by chemical reaction with the minerals in the rock,
after the rock sample was soaked for about 30 days. There-
fore, all rock samples were soaked for 30 days in a full immer-
sion solution container in an open environment. The samples
were immersed in the solution and regularly agitated to
reflect the real occurrence environment of rock. During the
soaking of the samples, the solution pH and rock samples’
mass and porosity samples’ change were noted. The pH of
the solution and rock mass were measured every two hours
in the early stage and once daily when it reached a stable
stage. During the soaking process, the measurement interval
was based on the change rate of the pH value of the solution.
It is considered that the water-rock interaction reached a
steady state when the change of the pH value remained stable

for a period of time. All rock samples were tested using the
conventional uniaxial loading method with the displacement
rate of 0.1mm/min, after soaking.

3. Experiment Results

3.1. Interaction between the Hydrochemical Solution
and Mudstone

3.1.1. pH Change of Solution. The pH value of the solution
was monitored over time during the experiment, as shown
in Figure 1. With the neutral solution having pH = 7:3, the
pH value increased slowly with soaking time and then
remained constant. With the acidic solution having pH =
5:3, pH showed a trend of rapid increase, slow growth, and
stable with the increase of soaking time. The pH value began
to increase to 6.8 from 0 to 115 hours, and then slowly
increased to 7.7 from 115 to 591 hours, and then became sta-
ble and remained constant. With the solution having pH =
3:3, the pH value increased with the increase of soaking time
and reached pH value to 7.4 maximum, and the solution was
stable with soaking time 720 hours. The pH value of the solu-
tion with pH = 1:3 had almost no change with the increase of
immersion time, because the content of H+ in the solution
with pH = 1:3 was more, and only a small proportion of H+

is consumed when a chemical reaction occurs with rocks.
When the pH is 3.3 and 5.3 solutions begin to soak, the pH
shows a rapid growth trend. This is because the concentra-
tion of H+ in the initial stage of rock soaking was high, and
the chemical reaction rate was fast. With the increase of soak-
ing time, the concentration of H+ decreases, resulting in the
slow chemical reaction rate.

3.1.2. Change of Masses of Mudstone Samples. In the process
of soaking, the samples were taken out every day; sample sur-
face water was wiped with a cotton cloth to make it free of
surface liquid. The sample was placed in a dry location for
5 minutes to ensure that the liquid on the surface of the sam-
ple volatilizes completely and then weighed on an electronic
scale. According to the difference between the measured
mass and the initial mass of the sample, the relative mass
change rate of the sample at different times is [11, 17]

ω = m −mNS
mNS

× 100%, ð1Þ

where mNS and m are the mass of the sample in the initial
state and after soaking condition, respectively.

Figure 2 shows the curve of the change rate of the relative
mass of the sample with the immersion time, which indi-
rectly reflects the degree of water-rock interaction. As
observed from Figure 2, the relative mass change rate of the
soaked samples in the solution with pH = 7:3, pH = 5:3, pH
= 3:3, and pH = 1:3 increases rapidly at the initial stage of
immersion. Thus, the water absorption on the rock surface
at the initial stage of immersion is much higher than the min-
eral consumption due to chemical reaction. After a pro-
longed soaking time, samples in an acid solution having pH
5.3, 3.3, and 1.3 show a decreased trend while samples having
pH = 7:3 show an increasing trend due to the neutral

Table 1: Preparation of chemical solutions.

Group
Solution
type

Solution
composition

Solution
concentration

(Mol/L)

pH
value

A
Acidic
solution

NaCl, KCl 0.1 1.3

B
Acidic
solution

NaCl, KCl 0.1 3.3

C
Acidic
solution

NaCl, KCl 0.1 5.3

D
Neutral
solution

NaCl, KCl 0.1 7.3
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solution; no chemical reaction occurred with rock mineral.
Initially, during the soaking of samples, solution diffusion
was dominant in the acid rock reaction, and water absorption
increased the mass of the samples. During prolonged soak-
ing, the rock samples are saturated, and chemical corrosion
plays an active role. The mudstone mineral components are
hydrolyzed and dissolved, which decreased the mass of the
sample. The relative mass change rate of samples in pH =
5:3, 3.3, and 1.3 solutions show a downward trend, and the
lower the pH value is, the faster the decline speed. The trends
show that the stronger the acidity of the solution, the stronger
the reaction between the sample and the solution, and the
faster the corrosion rate.

3.1.3. Porosity. Mudstone is a porous medium with micro-
cracks and pores. The porosity of the sample in this experi-
ment is its total porosity (including two parts of open and
closed pores), and the calculation formula is [17]

n = 1 −
ρg
ρ

� �
× 100%, ð2Þ

where n is the total porosity of the specimen, ρg is the bulk
density of the specimen, and ρ is the particle density of the
specimen.

The bulk density is determined by the following formula:

ρg = ρV × m0
m1 −m2

, ð3Þ

where m0 is the mass of the dry sample in air (g), m1 is the
mass of the saturated sample in air (g), m2 is the mass of
the saturated sample in water (g), and ρv is the density of
water at room temperature (g/cm3).

When testing the total porosity before corrosion, the
dried rock samples of groups A-D were tested in the air first
and then soaked in water for 14 days to test the mass of rock
samples in the air and water, respectively. Finally, the rock
samples of groups A-D are baked in a dryer for 48 hours,
cooled naturally to room temperature, and soaked in chemi-
cal solution.

The particle density is determined by the following
formula:

ρ = ρV × m3
m4 +m3 −m5

, ð4Þ

where m3 is the mass of rock powder in the air (g), m4 is the
mass of a density bottle containing distilled water (g), andm5
is the mass of a density bottle containing rock powder and
water (g).

Three parts of rock powder are produced by rolling the
fragments of dry rock samples under uniaxial loading, and
the average of the three parts of rock powder particle density
is taken as the particle density of rock.

In this paper, the porosity rate reflects the variations of
porosity in the mudstone specimens; the calculating formula
is [17]

η = nt − n0
n0

× 100%, ð5Þ

where n0 and nt is the total porosity of the specimen before
and after corrosion, respectively.

Table 2 shows the statistics of porosity and porosity
change rate of mudstone before and after corrosion. The
porosity change rate of group A is 7.77%, group B is 6.27%,
group C is 4.38%, and group D is 1.89%. Furthermore, the
rate of porosity increased with acidity, which shows porosity
is strongly influenced by acidity. The porosity change rate of
group A is 4.11 times than that of group D.

3.2. Mechanical Properties. The comparison of the results of
the parallel tests revealed that the prepeak stress-strain curves
of each group of three tests have a good similarity. The post-
peak stress-strain curves of the three tests are different due to
the differences of the individual samples, showing a particu-
larly distinct type. The main mechanical parameters of rock
samples are determined by the stress-strain prepeak curve,
so it can be considered that the uniaxial loading test of mud-
stone soaked by acid water is repeatable.
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The stress-strain curve of mudstone after soaking in acid
water is shown in Figure 3. It includes the loading processes
of all rock samples’ progress through four stages: compac-
tion, elastic, plastic (stable crack propagation and unstable
crack propagation), and postpeak. As the acidity of the solu-
tion increases, the range of the stress-strain curve in the com-
paction stage increases, the range of the elastic stage
decreases, and the plastic stage becomes more significant.
In this paper, “axial stress method” is used to analyze the pro-
portion of the compression stage of the specimen after
immersion in acid water from the stress-strain curve before
peak stress. Several points are selected in the straight-line sec-
tion (linear elastic deformation stage) of the stress-strain
curve, and the best fitting straight line of the linear elastic
deformation stage is obtained. Since the slopes of the com-
paction stage and the elastic stage are different, the bifurca-
tion point of the fitting line and the stress-strain curve is
defined as the endpoint of the compaction stage as shown
in Figure 4, and the corresponding stress value is the compac-
tion stress [22]. The crack initiation stress and crack damage
stress are determined by the crack volume strain curve and
the volume strain curve, respectively [23–25]; the volumetric
strain calculation formula is as follows:

εv = ε1 + 2ε2, ð6Þ

where εv is the volumetric strain, ε1 is the axial strain, and ε2
is the lateral strain.

The crack volume strain of the rock will change due to the
crack deformation in the process of the primary microcrack
closing and expanding and then new crack initiation and
development. For rock under uniaxial loading, the formula
of crack volume strain can be expressed as follows:

εve = εv −
1 − 2μ
E

σ1, ð7Þ

where εve is the crack volume strain, σ1 is the axial stress, μ is
the Poisson ratio, and E is the elastic modulus.

Figure 4 shows the evolution curve of rock volume strain
and crack volume strain, in which the turning point of the
crack volume strain from rising to horizontal is the end point
of compaction stage, the turning point from horizontal to
falling is the crack initiation point, and the turning point of
volume strain curve from rising to falling is the crack damage
point.

The ratio of compaction stress to peak stress of each spec-
imen is shown in Table 3. According to Table 3, the ratio of
the rock compaction stress to peak stress decreases with the
increase of pH. The average ratio of compaction stress to
peak stress in groups: A is 0.378, B is 0.333, C is 0.314, D is
0.305, and E (control group) is 0.253. The results revealed
that acidity significantly increases the proportion of rock
compaction stage.

The three kinds of mechanical parameters of mudstone
soaked in acid water were obtained from the uniaxial com-
pressive test data. These parameters were peak stress, elastic
modulus, and peak strain. The trend of peak stress, peak
strain, and modulus of elasticity of rock with pH is shown
in Figures 5–7. The peak stress and elastic modulus linearly
have a positive correlation with pH variation, while peak
strain and pH have a linearly negative correlation. When
pH increased by 1, the peak stress and elastic modulus
increased by 2.21MPa and the 0.96GPa, respectively, while
the peak strain decreased by 0.0016.

The mechanical properties of mudstone change with the
changes in the pH value of the acid solution. At the same
time, the acid solution will also affect the macroscopic failure
pattern of mudstone. The failure patterns of mudstone sam-
ples were recorded by photographing, and the failure pat-
terns were sketched. Due to the space limitation, a typical
rock sample was selected for analysis in each group.
Figure 8 shows the failure pattern and sketch of mudstone
under uniaxial loading after soaking in acid solution. As
shown in Figure 8, rock samples C2 and D1 were damaged
by a single tensile crack. Two main tensile cracks appeared
on the surface of the rock sample A3, with the bifurcation
cracks distributed in the area near the main crack, and shear
cracks appeared in the upper area of the rock sample. The
rock sample B2 is shear failure, and two tensile cracks

Table 2: Rock porosity and chemical damage parameters.

Sample
number

Initial
porosity
(%)

Porosity after
corrosion

(%)

Rate of
porosity

change (%)

Chemical
damage

parameter (%)

A1 15.74 16.95 7.69 1.44

A2 16.01 17.24 7.68 1.47

A3 15.88 17.14 7.94 1.50

B1 16.33 17.38 6.43 1.25

B2 15.92 16.92 6.28 1.19

B3 16.04 17.02 6.11 1.17

C1 16.21 16.93 4.44 0.85

C2 15.85 16.56 4.48 0.84

C3 16.08 16.76 4.23 0.81

D1 15.77 16.07 1.90 0.36

D2 15.80 16.12 2.03 0.38

D3 16.17 16.45 1.73 0.33

0.000

St
re

ss
 (M

Pa
)

0.005 0.010 0.015 0.020
0

8

16

24

32

40

Strain

pH = 1.3
pH = 3.3

pH = 5.3
pH = 7.3

Figure 3: Stress strain of rock after soaking at different pH.
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appeared near the main shear crack. In other words, the
number of cracks in the process of rock failure increases with
the increase of acidity, and the failure pattern tends to be
complex. This is due to the stress concentration that occurred
around the pores and microcracks during the crack stable
development stage of rock, which will cause the pores and
microcracks to generate new cracks and stably expand. The
acid solution will increase the porosity of mudstone and then
promote the formation of more new cracks and stable prop-
agation of microcracks. In the crack unstable development
stage of rock, more microcracks will expand irregularly, and
the deformation will be more complex and severe. When
the microcracks gather to form the local weakening of macro
critical scale, more microcracks will be generated on the rock
surface. Therefore, with the increase of acidity, the number of
cracks after rock failure increases and hence, the failure mor-
phology tends to be more complex, and the peak strain
increases.

4. Constitutive Model Development

4.1. Chemical Corrosion. The mudstone damage caused by
chemical corrosion is mainly due to the dissolution of soluble
cementitious materials and chemical reactions within the
mineral composition. The chemical corrosion correspond-
ingly changes the microstructure of mudstone continuously
and causes damage, which reduces the mechanical properties
of mudstone. In this paper, porosity is selected as a parameter
representing damage. Porosity reflects the corrosion damage
degree of solution chemical corrosion to mudstone. The
selected chemical damage parameter,Dch, is calculated as fol-
lows [17]:

Dch = 1 − 1 − nt
1 − n0

� �
× 100%, ð8Þ

where nt is the porosity after chemical corrosion and n0 is the
porosity before chemical corrosion.

The microstructure and mineral composition of mud-
stone samples were changed to different degrees after cor-
roded by an aqueous chemical solution. The corrosion
caused damage to the samples and resulted in the macro-
scopic mechanical parameters of the samples to decrease.
According to Equation (8), the corresponding chemical dam-
age variable Dch of mudstone samples after corrosion by an
acidic solution is calculated, and the relationship between
Dch and physical mechanical parameters of mudstone sam-
ples is obtained. The fitting curve results are shown in
Figures 9–11.

The peak strength and elastic modulus of mudstone sam-
ples decreased with the increase of damage variables, while
the peak strain increases with the increase of damage vari-
ables. Furthermore, acidity affects the macroscopic physical
and mechanical parameters of mudstone samples and
decreases with the increase of acidity. The deformation
parameters however increased with the increase of acidity.
Based on the results, therefore, the relationships between
peak strength, peak strain, elastic modulus, and chemical
damage parameter were fitted by using the first-order
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Table 3: Rock mechanical parameters.

Sample
number

Peak
stress
(MPa)

Peak
strain

Compressive
stress (MPa)

Ratio
Elastic
Modulus
(GPa)

A1 17.33 0.0146 6.92 0.399 2.11

A2 18.61 0.0177 6.91 0.371 2.31

A3 17.51 0.0153 6.37 0.364 1.92

B1 21.59 0.0119 7.99 0.370 3.64

B2 21.54 0.0118 7.09 0.329 3.06

B3 22.11 0.0123 6.61 0.299 3.40

C1 26.87 0.00896 9.30 0.346 5.69

C2 27.01 0.0090 8.18 0.303 4.60

C3 26.25 0.00896 7.69 0.293 4.79

D1 30.41 0.00613 8.48 0.279 8.07

D2 31.70 0.00638 10.4 0.328 7.68

D3 30.77 0.00609 9.48 0.308 8.22

E1 50.14 0.00498 10.6 0.211 10.5

E2 43.28 0.00537 12.5 0.288 9.87

E3 46.97 0.00521 12.2 0.259 9.93
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Figure 5: Variation trend of peak stress with pH.
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function relationship, and all of them had a good fitting
degree with a correlation coefficient from 0.92 to 0.97. The
expressions of mudstone peak strength, peak strain, elastic

modulus, and chemical damage parameters Dch after soaking
in acid water are as follows:

σc = a − bDch,
εc = c + dDch,
E = e − f Dch:

8>><
>>: ð9Þ

4.2. Damage Variables under Stress. According to the equiv-
alent strain hypothesis proposed by Lemaitre [26], the effec-
tive stress is equal to the deformation of the damaged
material; that is, the strain caused by the stress of rock is
equivalent to the strain caused by the effective stress of rock
without damage. It is only necessary to replace the nominal
stress with the effective stress, and the constitutive damage
equation of the rock is

σ½ � = σ∗½ � I − D½ �ð Þ = H½ � ε½ � I − D½ �ð Þ, ð10Þ

where ½σ� and ½σ ∗� are nominal stress and effective stress,
respectively, I is the identity matrix, ½D� is the damage vari-
able matrix, ½H� is the elastic modulus matrix, ½ε� is the strain
matrix. Assuming that rock damage is isotropic, the one-
dimensional damage constitutive relation of rock can be
expressed as

σ = σ∗ 1 −Dð Þ = Eε 1 −Dð Þ, ð11Þ

where D is the damage variable.
From the above, the compaction stage of uniaxial stress-

strain curve of rock under acid water immersion can be
clearly identified, and the proportion of compaction
increases with the increase of acidity. The traditional contin-
uous damage constitutive model does not consider the com-
paction stage of rock. Therefore, in this paper, the uniaxial
compressive stress-strain curve of rock soaked in acid water
is divided into the compaction stage and subsequent damage
expansion stage, and therefore, a separate damage constitu-
tive model is established.
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It is assumed that the pores and fissures of the rock are
compacted in the compaction stage without damage expan-
sion, and continuous damage occurs in the elastic (linear),
plastic, and postpeak stages. According to the results of Lu’s
research [27], the stress-strain relationship in the rock com-
paction stage can be expressed as

σ = σA
ε

εA

� �2
, ð12Þ

where σ is stress and ε is strain, in the process of uniaxial
loading, while σA is the maximum stress and εA is the maxi-
mum strain in the compaction stage.

The rock material is heterogeneous and contains a variety
of defects, which greatly affect mechanical properties. The
distribution of defects is random, so the resuling damage is
also distributed randomly in the rock material. It can there-
fore be considered that the rock strength is a random vari-
able. Weibull distribution is used to describe the law of
random statistical distribution of rock strength, so the prob-
ability density function of the failure of microelements of
rock material is [28, 29]

P Fð Þ = m
F

ε

F

� �m−1
exp −

ε

F

� �mh i
, ð13Þ

wherem and F are two constants, characterizing the brit-
tleness (nonuniformity) of materials, reflecting the different
response characteristics of rock materials to external loads,
and both are nonnegative numbers. F is the random distribu-
tion variable of the microelement intensity, m is the shape
factor of the distribution function. If the damage variable D
is defined as the ratio of Nf of material damage to the total
number of elements N , the range is 0~1. Then, the damage
variable of rock material is

D =
Nf

N
= N

Ð ε
0 m/Fð Þ x/Fð Þm−1 exp − x/Fð Þm½ �dx

N

= 1 − exp −
ε

F

� �mh i
:

ð14Þ

Substituting Equation (14) into Equation (11), the stress-
strain relationship under uniaxial loading of mudstone can
be obtained as

σ = Eε exp −
ε

F

� �mh i
: ð15Þ

The m and F of the damage statistical constitutive model
can be determined by the peak strength point (εc, σc) of the
stress-strain curve under the uniaxial loading of mudstone
after soaking in acid water. The slope at the peak strength
point (εc, σc) is 0. When ε = εc, there are

dσ
dε

= E 1 −m
εc
F

� �mh i
exp −

εc
F

� �mh i
= 0: ð16Þ

Meanwhile, the peak intensity point (εc, σc) satisfies

σc = Eεc exp −
εc
F

� �mh i
: ð17Þ

According to Equations (16) and (17), the following can
be obtained:

m = ln Eεc/σcð Þ½ �−1, ð18Þ

F = εc ln Eεc/σcð Þ½ �m: ð19Þ
In combination with Equations (12) and (15), we can

obtain the constitutive damage model of mudstone soaked
by segmental acid water:

σ =
σA ε/εAð Þ2 ε ≤ εAð Þ,

σA + E ε − εAð Þ exp −
ε − εA
F

� �mh i
ε ≥ εAð Þ:

8<
: ð20Þ

The authors used formula (20) to do the model curve and
found that the peak strength of all rock samples was lower
than the experiment value. Thus, the damage variable is
defined based on the fact that all the bearing capacity of the
rock is lost after the failure. In fact, although the bearing
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capacity of the rock after the failure is reduced, it can still bear
part of compressive stress and shear stress; that is, the rock
still has residual strength after the failure. For this reason,
some scholars put forward a modified damage variable char-
acterized by critical damage value [30]:

D′ =Du ·D, ð21Þ

where Du is the critical loss value and D′ is the modified
damage variable.

Du = 1 − σp/σc, ð22Þ

where σp is the residual strength.
It can be seen from Equation (14) that the damage vari-

able of rock is actually related to exp ½−ðε/FÞm�. If Equation
(21) is used to deduce the damage constitutive model of rock,
the derivation process and the final expression will be com-
plicated. In order to make the curve drawn by the model con-
sistent with the experiment curve and simplify the damage
constitutive model of rock. In this paper, the reciprocal of
the critical damage value is substituted into Equation (17),
and the revised statistical damage model of rock is

σc = Eεc
1
Du

exp −
εc
F

� �mh i
: ð23Þ

The damage constitutive model of mudstone after acidic
water corrosion can be obtained by combining Equations
(12), (19), and (23):

σ =
σA ε/εAð Þ2 ε ≤ εAð Þ,

σA + E
1
Du

ε − εAð Þ exp −
1
m

ε − εA
εc − εA

� �m� �
ε ≥ εAð Þ:

8><
>:

ð24Þ

Equation (9) of compressive strength, peak strain, elastic
modulus, and chemical damage parameters of mudstone

soaked in acid water is substituted into Equation (18), Equa-
tions (9) and (22) are substituted into Equation (24), and the
segmented damage constitutive model of mudstone soaked
in acid water characterized by chemical damage parameters
is obtained:

m = ln e − f Dchð Þ c + dDchð Þ/ a − bDchð Þ½ �f g−1, ð25Þ

σ =
σA ε/εAð Þ2 ε ≤ εAð Þ,

σA +
a − bDch

a − bDch − σp
e − f Dchð Þ ε − εAð Þ exp −

1
m

ε − εA
εc − εA

� �m� �
ε ≥ εAð Þ:

8><
>:

ð26Þ
5. Model Verification

Based on the results of the uniaxial loading tests and the
above theoretical assumptions, a piecewise statistical consti-
tutive damage model of mudstone soaked in acid water is
established in this paper. In order to further verify the ratio-
nality of the model, the fitting curve data was used for analy-
sis. This included the maximum stress σA and maximum
strain εA in the compaction stage, peak strain, and residual
strength of mudstone soaked in acid water that can be
obtained from the measured test data. According to
Figures 9-11, parameters a = 35:65, b = 1175, c = 0:00265, d
= 0:839, e = 9:67, and f = 522. The statistical constitutive
parameter m is calculated from Equation (25). By taking
the above parameters into Equation (26), the constitutive
model of piecewise statistical damage of mudstone after acid
water corrosion can be calculated.

Taking rock sample A1 as an example to illustrate how to
do the curve of the model, the residual strength of rock sam-
ple A1 after failure is 5.13MPa, the peak strain is 0.0146, the
compressive stress and strain are 6.92MPa and 0.00852,
respectively, and the chemical damage parameter is 0.0144.
The above parameters were substituted into Equation (25)
to obtain the value of m which is 1.74, and then, all parame-
ters were substituted into Equation (26) to obtain the piece-
work damage constitutive model of rock sample A1 which is

After that, the strain data obtained by the test were
substituted into Equation (27) to obtain the corresponding
stress value, so as to determine the stress-strain curve of the
model. Other rock samples are similar to drawing model
curves. Figure 12 shows the experiment curve and model
curve of the uniaxial loading of rock after soaking in acidic

water. The model curve in this paper is consistent with the
experimental curve, and the correlation coefficient is as high
as 0.98 before the peak stress.

The traditional continuous damage constitutive model,
due to the significant deviation in the initial compaction
stage, leads to the poor fitting between the estimated curve

σ =

6:92 ε/0:00852ð Þ2 ε ≤ 0:00852ð Þ,

6:92 + 35:65 − 1175 ∗ 0:0144
35:65 − 1175 ∗ 0:0144 − 5:13 9:67 − 522 ∗ 0:0144ð Þ ∗ 1000∗,

ε − 0:00852ð Þ exp −
1

1:74
ε − 0:00852

0:0146 − 0:00852

� �1:74
" #

ε ≥ 0:00852ð Þ:

8>>>>>>><
>>>>>>>:

ð27Þ
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and the rock stress-strain curve. The segmented statistical
constitutive model of rock damage is expressed in the com-
paction stage and the subsequent stage separately. The
advantages of the rock damage model from the elastic (lin-
ear) stage overcome the problem of a large deviation of the
estimated curve from the experiment curve. Furthermore,
the degree of the fitting is high and is more suitable for the
analysis of rock uniaxial compression stress-strain after
chemical solution corrosion.

6. Corrosion Mechanism of Acid Water
on Mudstone

In acidic solutions, the initial H+ content of the solution is
relatively high. In the early stage of soaking, the water-rock
chemistry is mainly the ion exchange reaction between H+

and mineral components. The reaction causes the replace-
ment of the cation of mineral crystals, dissolution, and dete-
rioration of mineral components. As consumption of H+ and
hence its depletion occurs, the water-rock chemical reaction
gradually changed to mineral hydrolysis and the reaction rate
slowed down. The chemical interaction between water and
rock caused both physical and chemical changes in the rock
specimens. In terms of physical action, the dissolution of
water on the rock leads to the decrease of interparticle relay
and friction and thus produces a splitting action on the
micropores. In terms of chemical action, the chemical action
of water and rock not only causes the change of rock mineral
composition but also leads to the change of fine microstruc-
ture such as particle size and shape, pore, and fissure mor-
phology. The combined action of these two affects finally
leads to the change of physical and mechanical properties
of rock. The solubility of clay mineral in the acidic solution
will also be greatly increased. Feldspar solubility in the acidic
solution will greatly increase, and the solubility increases
with the decrease of pH. The corrosion degree of calcite,
dolomite, and other carbonate minerals increased signifi-
cantly at normal pressure and temperature. During different
hydrochemical solutions, minerals such as feldspar, calcite,

mica, and dolomite in mudstone have the following series
of chemical reactions with the H+ ions in the sultions:

KAlSiO8 feldsparð Þ + 4H+ + 4H2O→ K+ + Al3+ + 3H4SiO4:

KAlSiO8 + 8H2O→ K+ + Al OHð Þ4− + 3H4SiO4:

CaCO3 calciteð Þ + 2H+→ Ca2+ + H2O + CO2↑:
KAl3Si3O10 OHð Þ2 micað Þ + 10H+ → K+ + 3Al3+ + 3H4SiO4:

CaMg CO3ð Þ2 dolomiteð Þ + 4H+ → Ca2+ +Mg2+ + 2H2O + 2CO2↑:
ð28Þ

In addition to the above chemical reactions, there is also
dissolution in the solution. Some minerals in the mudstone
are easily soluble in the chemical solution, such as some chlo-
rides and some oxides (iron, aluminum oxides, etc.), which
are lost along with the chemical corrosion. This results in
the increase of porosity of the rock and the softening of the
rock structure. After the above series of hydrochemical reac-
tions occurring between water and rocks, the reaction prod-
ucts were lost with the solution, resulting in the increase of
porosity and softening of the sample, and some particles on
the sample surface were detached. From the microscopic
view, the corrosion of the hydrochemical solution to the
mudstone sample causes changes in its composition and
structure, which leads to an increase in its porosity. On the
macro level, it is the deterioration of the mechanical charac-
teristics of mudstone samples, which is closely related to
porosity. From the analysis of the test results, it is concluded
that in the process of chemical corrosion, the greater relative
mass change and porosity change rate of mudstone samples,
the greater the deterioration degree of rock.

7. Conclusions

The following are the conclusions of the research:

(1) The peak stress and elastic modulus of rock samples
decrease to different degrees with the increases of
solution acidity, but the peak strain increases with
the increase of solution acidity, and the proportion
of compaction stage increases with the increase of
acidity

(2) There is a close relationship between the physical
parameters of mudstone and its chemical parameters
after chemical corrosion. The greater the chemical
damage parameter, the greater the reduction of its
mechanical parameters, and the stronger the soften-
ing effect of deformation parameters

(3) A segmental rock damage statistical constitutive
model based on chemical damage parameters has
been developed. This overcomes the problem of large
deviation between the fitting curve and the test curve
before the peak, with the correlation coefficient as
high as 0.98, which is suitable for the analysis of the
uniaxial compressive stress-strain problem of rock
soaked in acid water
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