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ABSTRACT
Sandstone is a typical sedimentary rock. Chemical corrosion can accelerate 
the development of damage and reduce the strength of sandstone. An 
elastoplastic damage model considering the coupled chemo-mechanical 
damage is proposed to describe short-term mechanical behaviour of 
sandstone after immersing in the chemical solution. In the first part, the 
coupled damage variable is defined based on the analysis of chemical damage 
mechanism. In the second part, based on the framework of irreversible 
thermodynamics, the general formulation of the phenomenological model is 
presented. The model considers the effect of initial chemical damage on the 
evolution of mechanical damage. It can also describe the coupling between 
plastic deformation and mechanical damage. Meanwhile, a non-associated 
rule is chosen in order to describe the compression–dilatation transition 
of volumetric deformation. Comparisons between numerical simulations 
and experimental data show that the model is able to describe the main 
mechanical behaviour of sandstone under chemical corrosion.

1. Introduction

As an active component in the geological environment, water has a quite important influence on the 
safety of rock engineering. In practical rock engineering, the water that interacts with rock is actually a 
hydro-chemical solution with complicated ionic composition and different existing states. This kind of 
chemical solution has different chemical compositions, ion concentrations, pHs and flow states. It can 
change the mechanical behaviour of rock mass. On the one hand, water can change the pore-water 
pressure in the rock mass medium, which affects the strength and deformation of rock (Wang, Xu, 
& Shao, 2014). On the other hand, chemical solution has a physical (Scouring, lubrication, softening 
and sliming, etc.) and chemical effects (Hydrolysis, dissolution, adsorption and precipitation and ion 
exchanging, etc.) on rock mass medium. The research object of this paper is red sandstone with a large 
number of clay minerals and oxides. Red sandstone is a type of sedimentary rock generally characterised 
by a loose structure, relatively low mechanical strength and high permeability (Feucht & Logan, 1990; 
Seto, Nag, Vutukuri, & Katsuyama, 1997), and water-chemical environment can make the mechanical 
properties of red sandstone change significantly (Dunning, Douglas, Miller, & McDonald, 1994; Feng, 
Li, & Chen, 2004). The chemical damage can reduce the strength of red sandstones and have an impact 
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on the evolution of mechanical damage. Therefore, the effect of initial chemical damage cannot be 
neglected in establishing the elastoplastic constitutive model of red sandstone.

In recent years, more and more attentions have been paid to the study on the influence of chemical 
corrosion on the mechanical properties and the fracture mechanism of rock by researchers. The research 
on M-C coupling of rock mainly focused on the experimental study of chemical corrosion on rock 
mechanical properties. Whether in micro-mechanical tests or macro-mechanical test studies, a series 
of research results have been achieved. Haneef, Johnson, Thompson, and Wood (1993); Feng, Chen, 
and Zhou (2004) studied the degradation of different rocks in acid environment by Electron probe, X 
ray microscopic analysis, scanning electron microscope and other analytical techniques. Lawn (1975) 
systemically studied the effect of stress corrosion on the surface chemistry from the point of view of 
molecular structure, and concluded that the fracture time of rock can be determined by the rate of 
chemical reaction and the rate of expansion of aqueous chemical solution. Xie, Shao, and Burlion (2008) 
studied the influence of chemical corrosion on the instantaneous strength, friction coefficient, shear 
modulus, elastic modulus, fracture toughness and other mechanical parameters by carrying out the 
macroscopic tests. In addition, Wang (2015) analysed the effect of chemical corrosion on the long-term 
strength of rock through the relevant experimental research.

Concerning the coupled M-C modelling of rock, the preliminary progress on constitutive model of 
rock under the chemical corrosion have been obtained based on the macroscopic and microscopic 
experimental research results. Kuhl, Bangert, and Meschke (2004) put forward a phenomenological 
damage model by analysing the interaction of calcium leaching and mechanical damage in cemen-
titious materials. Pietruszczak, Lydzba, and Shao (2006) established a micro-based damage model of 
chalk through micro-mechanical analysis. The models are constructed from the phenomenological or 
micro-based damage theories. In terms of the phenomenological damage model, the damage crite-
rion is built based on the macroscopic mechanical properties of materials. These models can describe 
the macroscopic mechanics behaviour of rock very well and the parameter determination is relatively 
simple. In addition, it is relatively easy to realise numerical calculation. In terms of the micro-based 
damage model, although these models are complex and have difficulty in numerical calculation, they 
provide a good description for the process of crack generation and propagation on the microscopic 
scale (Zhu & Shao, 2015; Zhu, Shao, & Kondo, 2011).

Starting from analysing chemical damage mechanism, we obtained a chemical damage variable 
considering initial pH value and time by quantitative analysis on the microscopic level, and the initial 
chemical damage of sandstone after immersing in the chemical solution for a certain period of time can 
be calculated. Then, the initial chemical damage was introduced into the coupled chemo-mechanical 
damage. Based on the framework of irreversible thermodynamics, we proposed a damage evolution 
law and plasticity equation considering the coupled chemo-mechanical damage. Finally, the phenom-
enological elastoplastic damage model of sandstone was established. This model not only considered 
the influence of initial chemical damage on the evolution of mechanical damage, but also took the 
coupling of plasticity and damage into consideration. Comparisons between numerical simulations 
and test data show that the model is able to describe the main mechanical behaviour of sandstone 
under the chemical corrosion.

It should be pointed out that the water–rock interaction is assumed to be in equilibrium after a 
long-term physico-chemical reaction on rocks in natural environment. When the rocks are subjected 
to sudden loading, chemical damage is considered to be approximately invariant, which only affects 
the evolution of mechanical damage. The research in this paper is based on this consideration.

2. Damage analysis

2.1. Definition of the coupled chemo-mechanical damage

The damage development of rocks actually refers to the process from initial generation to gradual 
expansion of micro cracks and porosity in rocks. The microstructure of the rock immersing in the 
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chemical solution changes, especially the pores in the rock are enlarged and the micro cracks are grad-
ually expanded due to the dissolution of some detritus and cementation material in rocks. Therefore, 
the chemical damage occurs. Meanwhile, the rock engineering under hydro-chemical environment also 
generates mechanical damage induced by the stress loading. In order to consider the coupling between 
chemical damage and mechanical damage, the comprehensive damage of the rock is expressed as 
follows:
 

where Dch and Dm are chemical damage and mechanical damage, respectively. Assuming that the 
stiffness degradation is isotropic, the chemical damage and mechanical damage in this paper are both 
isotropic. Moreover, the chemical damage can be obtained by quantitative calculation and the evolution 
of the mechanical damage is based on the theory of thermodynamics.

2.2. The establishment of chemical damage

In order to calculate the chemical damage of the rock sample after immersion in chemical solution for 
a period of time, a quantitative analysis formula on the microscopic level was proposed in this section. 
The chemical damage in this paper is based on the assumption that the damage is uniformly distributed 
within the sample of rocks.

In fact, the structure and composition of the rock are extremely complex, and it can be considered 
ideally to be the stones with porosity made of the soluble cementing material and insoluble material 
(Figure 1). The hydro-chemical action can lead to the loss of the soluble cementing material and reduce 
the contact between the insoluble particles, which will finally affect the macroscopic deformation 
properties of the rock. Therefore, in this paper, the loss of soluble cement in sandstone is taken as the 
fundamental cause of the deterioration of mechanical properties of rock under water-chemical cor-
rosion. According to Li Ning’s previous research, a chemical damage variable based on microstructure 
can be expressed as follows (Li, Zhu, Su, & Gunter, 2003).

 

(1)D = 1 − (1 − Dm)(1 − Dch)

(2)Dch =
ΔSd

(Sd)0
=

[
Δ�

d

(�
d
)0

] 2

3

Figure 1. ideal material distribution of rock.
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where (Sd)0 and (ωd)0 are the effective bearing area and the mole number of soluble material at initial 
time without corrosion, respectively; ΔSd and Δωd are the decrements of the effective bearing area and 
the decrements of the mole number of the soluble cementing material during the chemical corrosion, 
respectively. Δωd can be obtained according to the following Equations (10–12). (ωd)0 can be calculated 
based on the mineral composition of rocks.

Water–rock interaction is widespread in nature. During the historical development, the interaction 
process is relatively long and its mechanism is complex. The complex interaction mechanism mainly 
involves the following aspects: (1) Due to the flow of water in the rock mass, the soluble cement in 
sandstone migrates along with it. (2) Some soluble cements can dissolve into the water as solutes. (3) 
The chemical solution can react with the soluble cement in the rock. Chemical reaction between rock 
and water plays a decisive role in this process of the complex interaction. Considering the relative static 
immersion condition in laboratory and the slow flow of water in the natural rock mass, the proposed 
chemical damage model has neglected the chemical damage caused by the water transfer, and only 
takes the solute dissolution and chemical reaction as the main cause of chemical damage.

There are various rocks in nature, some are acidic, some are alkaline. As an alkaline rock, the chemi-
cal corrosion of sandstone is mainly discussed under acidic condition in this paper. The loss of soluble 
cement is divided into three parts, which are the chemical reaction with hydrogen ions and water, direct 
dissolution in water, and then they were analysed by quantitative methods.

On the one hand, n soluble cements in the rock react with H+ in the chemical solution, and the 
general chemical reaction is expressed as follows:

 

where Ai and H+ are reactants, Bi and Ci represent products, mi, ni, pi and qi are both balancing coeffi-
cients of chemical equation.

In order to predict the damage caused by chemical reaction with H+, reactant loss of the soluble 
cements should be known. According to the chemical kinetic theory, the velocity of each chemical 
reaction expressed by concentration change rate of H+ is shown as follows:

 

where vi(H+
) is the rate of reaction of H+ with Ai, and c(H+) and c(Ai) denote the instantaneous concen-

trations of H+ and reactant Ai, respectively. The proportional constant k is the rate parameter, xi and yi 
are the concentration parameters of the reactants, respectively.

Reactant Ai is hardly soluble in water and its concentration is considered as a constant. Due to the 
existence of multiple reactions, the reaction mechanism is complex, and the reaction rate of H+ can be 
used to reflect the comprehensive speed of all reactions. The reaction rate of H+ is simplified as follows:

 

The following equations can be obtained by the above formula:
 

According to the solution to a first-order linear differential equation and the initial concentration of H+, 
the relationship between the H+ concentration and the time can be obtained as follows:
 

The formula reflecting the relationship between the pH value and H+ concentration of solution is 
expressed as follows:
 

(3)miAi + niH
+
→ piBi + qiCi

(4)vi(H+
) = kcxi (H+

)cyi (Ai)

(5)vH+ = �cx(H+
)

(6)−
dc(H+

)

dt
= �cx(H+

)

(7)CH+ (t) = ((C0

H+ )
1−x

− (1 − x)�t)
1

1−x

(8)pH = −lgc(H+
)



EUROPEAN JOURNAL OF ENVIRONMENTAL AND CIVIL ENGINEERING  5

By substituting Equation (7) into (8), we can get the relationship between pH value of the chemical 
solution and immersion time as follows:
 

where pH(t) and pH0 represent the pH value of the chemical solution at a certain time and the initial 
pH value of the chemical solution.

From the Equation (3) and the relationship between the content of each reactant, the loss of mole 
number of soluble cement caused by reacting with H+ at a certain time can be deduced as follows:

 

where Vch is the volume of the immersion solution, αi is the percentage of mole number of reactant Ai 
to the total mole number of all reactants which react with H+.

On the other hand, the water in the chemical solution can react with m related substances Di in 
the rock. Because of sufficient amount of water, the reaction is complete in a short time, and the time 
effect can be ignored. Therefore, the loss of mole number of the soluble cement can be quantitatively 
expressed as follows:

 

where mDi and Mi are the mass and molar mass of the soluble cement Di, respectively.
Finally, water as a solvent can dissolve some of the soluble cement, such as sulphate and halide salt 

in rocks. The amount of soluble cement dissolved in water is mainly related to the crystal grains of the 
crystalline rock, the structural type and the primary porosity of the rock as well as the temperature of the 
environment and the speed of water flow, so it is difficult to obtain by quantitative calculation. However, 
the solution can be measured by some apparatus such as an ultrasonic concentration analyser to obtain 
the concentration of the soluble cement dissolved in water. Assuming that the molar concentration 
of k soluble solids dissolved in water is determined as Ci, the loss of the mole number of the soluble 
cement due to dissolution is expressed as follows:

 

By combining Equations (2), (10–12), we can get the final expression of chemical damage as follows:
 

3. Constitutive laws

Based on the experimental results of sandstone after immersing in the chemical solution, an elasto-
plastic model is used to describe the non-linear mechanical behaviour and damage evolution process 
of sandstone by introducing the coupled chemo-mechanical damage into the plastic yielding and 
failure surface function. This model can describe not only the plastic hardening but also the post-peak 
softening behaviour.

(9)pH(t) = − lg
[
10pH0(x−1) + (x − 1)�t

] 1

1−x

(10)Δ�
d
1 =

n∑
i=1

mi�i

ni

(CH+ (t) − C0

H+ )Vch

(11)Δ�
d
2 =

m∑
i=1

mDi

Mi

(12)Δ�
d
3 =

k∑
i=1

CiVch

(13)Dch =

⎡⎢⎢⎢⎢⎣

n∑
i=1

mi�i

ni

(10−pH0 − 10−pH(t))Vch +
m∑
i=1

mDi

Mi

+
k∑
i=1

CiVch

�
�

d
�
0

⎤⎥⎥⎥⎥⎦

2

3
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In order to facilitate the theoretical derivation, the research in this paper is based on the hypothesis 
of small deformation. In classical plastic mechanics, the total strain of the rock is divided into elastic 
part and plastic part as follows:

 

3.1. Framework of thermodynamics

Houlsby and Puzrin (2000) studied the plasticity constitutive model of dissipative materials based on 
free energy, and considered that free energy is the core of the constitutive problem. The free energy 
of rock is closely related to its damage evolution, stress–strain relationship and plastic flow rule. In this 
paper, the free energy of rocks is divided into elastic free energy and plastic dissipative potential, and 
the free energy potential function is expressed as follows:
 

where the first part on the right-hand side indicates the elastic free energy of the rock which can be 
recovered when the stress is relieved, the second part ψp is plastic dissipative potential reflecting the 
hardening internal variable γp.

According to the free energy of system, the thermodynamic parameter related to plastic hardening 
and post-peak softening behaviour of rocks can be determined as follows:

 

Since the chemical damage occurs during rock soaking phase, its value will remain stable after removal 
from the soaking solution. The loading during the triaxial compression test only affects the evolution 
of mechanical damage and don’t affect the chemical damage. Through taking a derivative of the free 
energy potential function with respect to mechanical damage Dm, the driving force of mechanical 
damage is obtained as follows:
 

where Ċ(D) = 𝜕C(D)

𝜕DmAccording to Equation (14) and taking a derivative of Equation (15) with respect to �e, the macro-
scopic stress–strain relationship is expressed as follows:

 

Assuming that the rock is isotropic, the effective elasticity tensor takes the classic form 
C = 3k(D)J + 2�(D)K , and k(D), �(D) are the bulk and shear modulus of the rock, respectively. The 
tetradic J and K  are denoted as follows:
 

3.2. Plastic formulation

A large number of experimental studies show that most of yield surfaces of rock have non-linear char-
acteristics with confining pressure. Therefore, based on the previous research (Shao, Zhu, & Su, 2003), 
the following quadratic function is used to describe the plastic yielding and failure surface:
 

(14)�ij = �
e
ij + �

p

ij
, d�ij = d�eij + d�

p

ij

(15)� = �e + �p =
1

2
(� − �

p
):C(D):(� − �

p
) + �p(�p,Dm)

(16)�p =
��

��p
=

��p(�p,Dm)

��p

(17)Yd = −
𝜕𝜓

𝜕Dm

= −
1

2
(� − �

p
):Ċ(D):(� − �

p
) −

𝜕𝜓p(𝛾p,Dm)

𝜕Dm

(18)� =
��

��
e = C(D):(� − �

p
)

(19)Jijkl =
�ij�kl

3
, Kijkl =

�ik�jl + �il�jk

2
−

�ij�kl

2

(20)fs(�, �p,Dm) = q2 + Ah(�)�p(p − C0)p0
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where
 

p and q denote the mean stress and deviatoric stress, respectively. C0 is the initial material cohesion, 
A represents frictional angle of the failure surface. p0 is used to keep the parameter A dimensionless, 
and its value is defined as 1 MPa. h(θ) is the function of Lode angle θ. Under the condition of triaxial 
compression, we take h(θ) as 1 for simplification. αp denotes yield function related to plastic hardening 
and post-peak softening behaviour of rocks, which is related to plastic shear strain γp. Based on previous 
study (Liu, Xu, Zhao, Zhu, & Wang, 2016), αp increases with the increase of plastic shear strain γp, and 
decreases with the increase of damage D. It is expressed as follows:
 

where
 

B is a parameter determining plastic hardening rate, and the term (1 – Dch)(1 – Dm) indicates that the 
initial chemical damage and mechanical damage have effects on the plastic hardening law. As an initial 
value of yield function �0

p represents the location of initial plastic surface.
According to Equations (16) and (22), the expression of plastic dissipative potential considering 

chemical damage can be calculated as follows:
 

With the increase of axial stress, there is a transition of volumetric compression to dilatation. In addition, 
the expansion tendency of volume deformation becomes less and less obvious with the increase of 
confining pressure. The associated plastic flow rule cannot describe well these properties for most of 
rock materials. Therefore, a non-associated rule is chosen in order to describe the compression–dilata-
tion transition with the increasing deviatoric stress. Based on the previous study by Pietruszczak, Jiang, 
and Mirza (1988), we propose a plastic potential equation as follows:
 

where I0 is the intersection between plastic potential surface and mean stress p-axis. This plastic poten-
tial divides the stress space into two parts: compression and dilation. If the boundary is approximately 
a straight line, then η is the slope of the boundary line.

3.3. Damage evolution law

Within the theory of thermodynamics, the mechanical damage is generated and gradually developed 
under the driving force of mechanical damage. Moreover, the evolution of mechanical damage of rock 
after corrosion by chemical solution is related to the initial chemical damage. Therefore, the driving 
force of mechanical damage should take the influence of the initial chemical damage into considera-
tion. Under the condition of triaxial compression, the cracks in rock are mostly closed fissures, and the 
mechanical damage is mainly due to the slip between cracks, which is mainly controlled by plastic shear-
ing mechanism. Based on the above considerations, it is assumed that the driving force of mechanical 
damage is only related to the release rate of plastic dissipative potential, and the small part of damage 

(21)
p =

�kk

3
, q =

√
3J2, J2 =

1

2
SijSij

Sij = �ij −
�kk

3
�ij

(22)�p = (1 − Dch)(1 − Dm)(�
0
p + (1 − �

0
p)

�p

B + �p
)

(23)�p = ∫
√

2

3
de

p

ij
de

p

ij
, e

p

ij
= �

p

ij
−

1

3
tr(�p)�ij

(24)�p = (1 − Dch)(1 − Dm)

(
�p −

(
1 − �

0
p

)
B ln

(
B + �p

B

))

(25)g = q + A(1 − Dch)(1 − Dm)�h(�)(p − C0) ln(
p − C0

I0
)
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driving force associated with the elastic free energy release rate is neglected. Finally, the driving force 
of mechanical damage is expressed as follows according to the assumption and Equation (17):
 

Based on the damage criterion proposed by Mazars (1986), the mechanical damage evolution consid-
ering the chemical corrosion can be expressed as follows:
 

where Dmr is the maximum threshold of the mechanical damage variable Dm and Bd is the parameter 
controlling the evolution rate of mechanical damage.

3.4. Consistency conditions

Under the general loading conditions, plastic flow and mechanical damage evolution are a coupling 
process. Therefore, the plastic multiplier and mechanical damage multiplier should be simultaneously 
determined by applying consistency conditions of plastic deformation and mechanical damage in a 
coupled system.

Based on the non-associated flow rule and the evolution rule of mechanical damage, the following 
expressions can be obtained:

 

where �s and �d are the plastic multiplier and mechanical damage multiplier, which can be determined 
through the consistency conditions of plastic deformation and mechanical damage. The consistency 
conditions are listed as follows:
 

By solving the Equation (29), we can get �s and �d as following:
 

where: H =
�fs

��ij

ℂ
0
ijkl

�g

��kl

−
�fs

��p
+

�fs

�Dm

⋅

�fd

�Yd
⋅

�fd

��p

/
�fd

�Dm

⋅

�fd

�Yd

4. Numerical applications

4.1. Numerical calculation process of the model

After the mechanical model is established, the non-elastic strain and damage variable are calculated 
according to the loading criterion. Based on the known values of the variable (�k−1, �k−1, �k−1p , �k−1p ,Dk−1

m , d�k) 
at step k–1, the corresponding variable at step k can be calculated by strain loading. The flow chart of 
calculation process is shown in Figure 2

(1)  It is assumed that the mechanical damage Dk
m and �kp at step k is equal to the mechanical damage 

Dk−1
m  and �k−1p  at step k–1, respectively. According to Equation (1), the damage Dk at step k can 

(26)Yd = −
��p

�Dm

= (1 − Dch)(�p − (1 − �
0
p)B ln(

B + �p

B
))

(27)fd(Yd ,Dm) = (1 − (1 − Dch)(1 − Dmr)) tanh(BdYd) − Dm

(28)d�p = �
s �g

��
, dDm = �

d
�fd

�Yd

(29)

⎧⎪⎨⎪⎩

dfs =
�fs

��ij

d�ij +
�fs

��p
d�p +

�fs

�Dm

dDm = 0

dfd =
�fd

��p
d�p +

�fd

�Dm

dDm = 0

(30)

⎧⎪⎨⎪⎩

�
d
= −

�fd

��p
�
s
�

�fd

�Dm

⋅

�fd

�Yd

�
s
=

�fs

��ij

ℂ
0
ijkld�kl

�
H



EUROPEAN JOURNAL OF ENVIRONMENTAL AND CIVIL ENGINEERING  9

be calculated, and then the material stiffness matrix C(Dk) considering both chemical damage 
and stress damage is obtained.

(2)  Subsequently, by adding dɛk to ɛk–1, we can obtain the estimated value of strain ɛk at step k. 
Based on the stress–strain relationship: �k

tri = C(Dk
):(�k − �

k
p), the estimated value of macro 

stress �k
tri can be calculated.

(3)  Verify whether the stress state crosses the plastic yield surface. If fs(𝜎
k
tri) > 0, the param-

eter of plastic multiplier �s is calculated according to Equation (30), and then the variable 
(d�kp, �

k
p, �

k
p , Y

k
d , �

k
) is updated. If fs(�

k
tri) ≤ 0, the stress is updated only according to the strain.

(4)  The damage yield function is used to judge whether or not further mechanical damage occurs. 
If fd(Y

k
d ,D

k
m) > 0, calculate the mechanical damage increment dDk

m at step k according to dam-
age evolution criterion. Then, update the mechanical damage variable Dk

m. If fd(Y
k
d ,D

k
m) ≤ 0, the 

mechanical damage Dk
m at step k is equal to the mechanical damage Dk−1

m at step k–1.
(5)  The damage Dk at step k can be obtained according to Equation (1) and the material stiffness 

matrix C(Dk) is renewed. Finally, the variable (�k , �k , �kp, �
k
p ,D

k
m, Y

k
d ) at step k is updated.

Figure 2. flow chart for numerical calculation.
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4.2. Identification of model’s parameters

All the parameters except Dch included in this elastoplastic damage model can be determined by the 
results of triaxial compression tests of sandstones without chemical corrosion, and the experimental 
data used for parameter determination and simulation are extracted from the work by Wang (2015). The 
determination methods of the main parameters of the constitutive model are introduced as follows:

The initial chemical damage Dch of sandstone after soaking in two different chemical solutions can 
be calculated according to Equation (13). The values of x and � in Equation (13) can be obtained by 
fitting the relationship curves of pH values with rock soaking time (Figure 3).

It can be seen from Figure 3 that the deduced pH formula can well simulate the trend of pH value 
of solution. According to the fitting results, x and � are equal to 1.3 and 8.7 when the initial pH value of 
soaking solution is three, and the values of x and � are about 1.68 and 6458 when the initial pH value 
of soaking solution is 4. Besides, the mineral composition of the red sandstone for calculating Dch is 
shown in Table 1.

The parameters A and C0 can be determined based on the locus of the peak strength of the rocks 
under different confining pressures. �0

p is determined by the initial plastic yield surface which corre-
sponds to the stress surface when non-linear deformation occurs. The evolution rule of the variable γp 
and the plastic deformation can be obtained by the loading and unloading test, and then the parameter 
B can be determined by fitting the plastic hardening curve presented by Equation (22). The correspond-
ing stress values when the volumetric strain is close to zero under different confining pressures can 
be easily determined. Then the stress values are expressed on the p-q plan. According to these stress 
points, a straight line representing the boundary between compression and dilation can be obtained. 
Finally, the value of parameter η can be determined, which is the slope of boundary line. The parameter 
Dmr is the threshold of mechanical damage and is related to confining pressure. It can be determined 
according to the reduction ratio of the residual strength to the peak strength, and the mean value of 
the reduction ratio under different confining pressures is used as the Parameter Dch for simplicity. The 
parameter Bd controlling the evolution rate of mechanical damage can be determined according to 
the relationship between the mechanical damage variable and the driving force of mechanical dam-
age. The elastic parameters E and v are determined from the elastic part of the stress–strain curves of 
sandstones without chemical corrosion under different confining pressures. Based on the conventional 
mechanical test data of red sandstone, the parameters of the model are determined, shown in Table 2.

(a) Initial value of pH with 3 (b) Initial value of pH with 4
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Figure 3. Comparison between pH model prediction and test result.
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4.3. Simulation of triaxial compression tests for sandstones

The proposed elastoplastic damage model is used to simulate two sets of experimental data of sand-
stone after immersion in solutions with initial pH values of 3 and 4 (Wang, 2015) under three differ-
ent confining pressures. The comparisons between stress–strain curves generated by the model and 
experimental data under two different pH values are shown in Figures 4 and 5. Generally, the numerical 
results agree well with the experimental data of sandstones under the chemical corrosion. The model 
can describe various features of mechanical behaviour of sandstones, including elastic deformation, 
plastic deformation, peak strength and volumetric dilatancy. Moreover, post-peak softening behaviour 
of sandstones is also well simulated in this model.

Table 1. mineral compositions of red sandstone.

Mineral SiO2/% K(NaAlSi3O8)/% Fe2O3/% CaO/% Others/%
proportion 72 25 1.8 .4 .8

Table 2. parameters of the proposed model for simulation.

σ3/MPa E (Gpa) v �
0

p
η A B Bd C0 Dmr Dch

2 2.4 .260 .021 .032 60 .003 50 12 .90 .368 (pH = 3)
4 3.8 .255 .335 (pH = 4)
6 5.2 .247

(a) Confining pressure with 2MPa  (b) Confining pressure with 4MPa 

(c) Confining pressure with 6MPa 

Figure 4. Simulation of conventional triaxial compression tests on sandstones under pH = 3.
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5. Conclusions

Through the study of conventional triaxial test results of red sandstone after chemical corrosion, it 
is shown that the initial chemical damage can accelerate the development of mechanical damage 
during loading progress. Based on the experimental results, an elastoplastic damage model was pro-
posed within the framework of irreversible thermodynamics and applied to simulate the instantaneous 
mechanical behaviour of sandstones. The following conclusions are drawn:

(1)  Based on the chemical kinetic theory of water–rock chemical interaction, the loss of the soluble 
cement in red sandstone is taken as the basic reason for the deterioration of rock mechanical 
properties under chemical corrosion. From the analysis of chemical damage mechanism, a 
chemical damage variable considering the initial pH value and time is proposed by quantitative 
analysis on the microscopic level.

(2)  The numerical simulations are in good agreement with experimental data for both axial and 
lateral strains under different confining pressures, which shows that the proposed coupled 
elastoplastic damage model is feasible to describe the short-term mechanical properties of 
sandstone after chemical corrosion. The basic mechanical properties of sandstone under triaxial 
compression are well described by numerical simulation.

(3)  In particular, by introducing the initial chemical damage and mechanical damage variable into 
the plastic yield and failure surfaces, the coupling mechanism between plasticity and damage 
can be well reflected. Moreover, in the construction of damage evolution equation, the influ-
ence of initial chemical damage on the evolution of mechanical damage is considered. This 

(a) Confining pressure with 2MPa (b) Confining pressure with 4MPa 

(c) Confining pressure with 6MPa  

Figure 5. Simulation of conventional triaxial compression tests on sandstones under pH = 4.
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consideration in consistent to reality makes the proposed model to describe the behaviour of 
plastic hardening and post-peak stress softening of sandstones.

(4)  In this study, chemical damage is assumed constant under triaxial compression. A numerical 
example with a temporary evolution of chemical damage in material and its consequences on 
mechanical responses will be studied in the future.
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