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A constitutive model based on damage mechanics and statistical strength theory for sandstone under water-rock coupling is
proposed and verified by laboratory tests and numerical tests. The damage mechanism of sandstone under the coupling action
of water and force is clarified based on the microscopic test of sandstone under the coupling action of water and rock in this
paper. The stress state of sandstone is determined by analyzing the results of laboratory tests. Based on the energy theory
method, the strength criterion of sandstone under the interaction of water and rock is obtained, which is introduced into the
statistical damage constitutive model of sandstone considering the interaction of water and rock; thus, a relatively perfect
damage constitutive model of sandstone considering the interaction of water and rock is established. Finally, the influence of
the number of cycles on the model parameters was further analyzed by analyzing the model parameters and the water-rock
coupling test. Compared with the existing test results, the model established in this paper can perfectly reflect the deterioration
characteristics of sandstone under the coupling action of water and rock.

1. Introduction

As a geological body widely existing in nature, rock often
exists in a two-phase medium, that is, solid mineral crystal
particles and pore (crack) water between crystals. The inter-
action between the granular crystal and crack water often
leads to the destruction of rock mass materials. The coupling
relationship between them is the key factor restricting the
strength of rock mass. In the seepage field of rock mass, on
the one hand, the distribution of the internal stress field of
the rock mass is changed due to the load applied on the rock
mass, thus resulting in the change of the action intensity,
action range, and action form of water in the rock mass.
On the other hand, due to the external hydraulic conditions,
the percolation field of disturbed water in turn acts on the
rock mass and ultimately affects the stability of the rock
mass. It can be seen that there is an obvious interaction
between the rock mass and fissure water, that is, water-
rock coupling. The water-rock under the coupling action of
the rock mass deformation and failure regularity study

involved resource mining, underground cavern excavation,
nuclear waste storage, and a series of key areas; therefore,
clear water-rock under the action of coupling of the degrada-
tion mechanism of the rock mass proposes that the corre-
sponding constitutive model of rock under the action of
water-rock is the key problem that needs to be urgently
solved in the rock mechanics field (Rutqvist and Stephans-
son [1]; Rahman et al. [2]; Li et al. [3]; Wu [4]; and Chen
and Li [5]).

The mechanical properties of rock have been studied by
scholars (Healy et al. [6]; Hossain and Rahman [7]; Sukumar
et al. [8]; and Karami and Stead [9]). Dougill [10] was the
first to take the damage theory as the theoretical basis for
exploring rock, thus laying a foundation for the development
of rock mechanics. In order to study the effect of water-rock
coupling on rock strength degradation mechanism, some
scholars carried out laboratory experimental research. Liu
et al. [11] used laboratory tests to simulate the strength char-
acteristics of dry-wet rock at the edge of a reservoir affected
by the fluctuation of the reservoir water and obtained the
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strength-weakening law of sandstone soaked by the reservoir
water cycle, which became a beneficial basis for analyzing
the stability of the rock mass around water conservancy pro-
jects. You et al. [12] determined the water-rock coupling
mechanism of sandstone through laboratory tests with the
confining pressure and pore pressure as research factors.
Deng et al. [13] conducted a cyclic loading and unloading
damage test to discuss the strength law of damaged sand-
stone. Jeng et al. [14] studied the wetting degradation mech-
anism (strength and deformation characteristics) of
sandstone (Tertiary in Taiwan, with quartz content greater
than 75%) and obtained that uniaxial compressive strength
decreased by 40%~60% and deformation modulus
decreased by about 50% in the saturated state. Among clay
minerals contained in sandstone (illite, kaolinite, and chlo-
rite), chlorite is the most easily soluble in water and leached,
which leads to a significant increase in porosity, and the
strength of MS1 sandstone decreases after 60 cycles of wet-
ting and drying. Sumner and Loubser [15] studied the mass
loss and differences in mechanical properties of four groups
of sandstone specimens with differing moisture content and
studied the weathering mechanism and controlling factors of
sandstone. Xue and Zhang [16] conducted compressional
wave velocity and uniaxial compression tests on sandstones
with two different mineral compositions with the number
of dry-wet cycles n = 0, 1, 2, 4, 6, 8, and 10. The results show
that the p-wave velocity and peak strength of the no. I sand-
stone (the cements are hydromica and calcite) decrease non-
linearly with the number of cycles, and the no. II rock
sample (the cements are sericite and chlorite) is stable due
to the chemical properties of crystalline sericite. Therefore,
the change of p-wave velocity and peak intensity is not obvi-
ous with the number of cycles. The above studies mainly
analyze the strength and deformation of rock under the
action of hydraulic coupling through the form of tests, which
is conducive to better clarify the mechanism of water-rock
coupling, but in practical engineering, an appropriate consti-
tutive model is needed to determine the rock deformation
under the action of water-rock coupling more simply and
effectively. Based on this, some scholars established a rock
constitutive model considering water-rock coupling on the
basis of statistical theory. Fu [17] deduced and established
a statistical damage model of sandstone under the dry-wet
cycle through a dry-wet cycle test of complete sandstone.
Zhu [18] established a statistical model considering the ini-
tial damage of cyclic loading and unloading and the coupling
damage effect of the air-dry-soaking cycle. Gao et al. [19]
divided the fractured rock mass into numerous microele-
ment cubes. The strength of the microelement cube is related
to the degree of rock fracture, and the strength of each cube
is randomly distributed. Therefore, the strength can reflect
the degree of fracture of the fractured rock mass. In addition,
it is assumed that the strength distribution of the cube obeys
the Weibull distribution and the stress level satisfies the
Hoek-Brown criterion. The constitutive model of the frac-
tured rock mass of argillaceous sandstone is established
based on the test result. Based on the damage mechanics/
probability statistics method and the effective stress princi-
ple, Wang et al. [20] assumed that the microelement

strength followed the lognormal distribution by using the
M-C strength criterion, revised the relationship expression
between the parameters of the model and the pore water
pressure, and established a constitutive model that could
reflect the damage state of saturated fine-grained sandstone
more objectively. Zhou et al. [21] proposed an isotropic
coupled model for hydraulic damage evolution analysis of
brittle rocks based on the fine macromethod. Du et al. [22]
took the internal stress as a variable to describe the deforma-
tion evolution mechanism of rock structure during the creep
process and concluded that the creep deformation was
affected by both strain hardening and recovery strain after
analyzing the creep test results of salt rock. Li et al. [23] sum-
marized the progress of the study on the mechanism of rock
seepage, deformation, and failure and summarized the anal-
ysis model and numerical calculation of the process of
water-rock coupling. The above proposed constitutive
models greatly promote the development of water-rock cou-
pling constitutive models, but most of the above models are
calculated based on the existing rock strength criteria. It is
well known that rocks exhibit significantly weaker strength
than normal rocks under the influence of long-term water
action. Therefore, the influence of hydraulic coupling must
be considered in the strength criterion used in the constitu-
tive model of sandstone.

The above research work has laid a good experimental
and theoretical foundation for correctly understanding the
mechanical properties of rock mass under the action of
water-rock coupling. However, the research on the degrada-
tion mechanism and constitutive model of the rock mass
under the action of water-rock coupling is not perfect yet.
Therefore, based on the microscopic test of sandstone, the
damage mechanism of sandstone is clarified in this paper.
The stress state of sandstone is determined by analyzing
the results of laboratory tests. The strength criterion of sand-
stone under the interaction of water and rock is obtained,
which is introduced into the statistical damage model of
sandstone considering the interaction of water and rock;
thus, a relatively perfect damage constitutive model of sand-
stone considering the interaction of water and rock is estab-
lished. The strength criterion proposed in this paper,
compared with the common strength criterion, can better
reflect the influence of water-rock coupling on the strength
of sandstone, and only one parameter is added, which is
more convenient for engineering application. Finally, the
influence of the number of cycles on the model parameters
was further analyzed. Compared with the existing test
results, the model established can perfectly reflect the deteri-
oration characteristics of sandstone under the water-rock
coupling.

2. Analysis of Rock Degradation
Mechanism under Water-Rock Coupling

Rocks are rich in fissures and pores that are usually filled
with fluids, including liquid and gas phases such as water,
oil, air, and natural gas. The rock (body) will deform under
external loading and internal fluid pore pressure changes,
as shown in Figure 1. In order to describe the mechanism
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of rock strength deterioration under the coupling action of
water and rock, it has become a new way to proceed from
the microscopical view. To study the deterioration charac-
teristics of mudstone and sandstone under water-rock inter-
action in the Jianghuai area, Tang et al. [24] conducted shear
and compressive strength tests and scanning electron
microscopy tests on mudstone and sandstone samples taken
from shallow buried strata of the Hexu Expressway. The cor-
responding relationship between the pore structure and
strength softening of rock under different water-loss cycles
and their mutual reflection law are revealed from the macro-
scopic and microscopic perspectives. The microscopic
experimental results are shown in Figure 2. For mudstone
(Figures 2(a)–2(c)), when the number of cycles is 1, the sec-
tion of the rock sample in the delineated area is not smooth,
and layered peeling is found locally. There are large pores
with a diameter of about 20μm and a certain number of
small pores with a diameter of less than 10μm. Fractures
are not developed, and the overall connectivity of the pores
is poor. The size and shape of granular aggregates are differ-
ent, and the intergranular cements are dense and have
strong mechanical properties. When the number of cycles
is 3, the microstructure of the rock changes significantly,
the aggregate of particles gradually dissolves, and a large
number of new cracks are formed, which are mostly formed
on the contact surface of different mineral particles. The par-
ticles fall off obviously, the overall structure is very loose, the
cementation deteriorates seriously, and some small pores are
formed. After 8 cycles of saturation and water loss, the
degree of cementation between mudstone particles is quite
poor, the fullness of particles is very high, and the particles
are arranged in a turbulent shape. The initial microcracks
are fully developed, and many tiny pores run through to
form microcracks, forming a quite loose mesostructure.
For sandstone, by comparing the microstructure picture of
sandstone with 8 cycles (Figure 2(f)) and that of sandstone

with 1 cycle (Figure 2(d)), it can be found that the water-
saturation cycle has a very important influence on the
microstructure of sandstone. After 8 cycles, the fractures of
sandstone are obviously developed, the degree of cementa-
tion between grains is quite poor, the particles are obviously
detached, the number of pores is obviously increased, the
overall structure is very loose, and the mechanical properties
of sandstone are sharply reduced. The long-term water-rock
coupling will have a significant negative impact on rock
strength.

In general, the mechanism of rock under water-rock
coupling is shown as follows. When a rock encounters water,
the water first slowly seeps into the rock’s initial cracks and
pores. Because different components of rock have different
expansion coefficients, under the action of water, the rock
will produce uneven stress due to the uneven expansion of
material, so that the state of internal stress balance of the
rock is broken. The initial fissures of the rock will continue
to expand under the action of uneven stress, and new fis-
sures will be generated, resulting in the increase of the num-
ber and total area of rock fissures. With the increase of cycle
indexes, water continues to flow in the rock, and the initial
fracture pores are connected with the new pore fractures,
so that the area and diameter of the maximum pore also
show an upward trend. Furthermore, the change of pore
structure in the rock caused by the water-loss cycle allows
water to further penetrate into the rock and interact with
it. The seepage of water in the rock will weaken the relation-
ship between rock particles, resulting in reduced friction
resistance on the joint surface inside the rock. At the same
time, complex physical and chemical reactions occur
between the water and rock, which further aggravates the
damage and deterioration of the rock caused by the water-
loss cycle. The deterioration of the rock caused by the water
saturation-water loss cycle will directly affect the strength of
the rock and the stability of engineering.
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Figure 1: Deformation characteristics of rock mass under hydraulic coupling.
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3. Sandstone Failure Criterion Based on
Energy Principle

3.1. Strength Criterion. According to the study of Liu et al.
[25] and Xie et al. [26] under the condition of the triaxial
compression of rock, the energy release is proportional to
the releasable elastic strain energy stored in the rock element
when the overall failure occurs. In addition, it is distributed
according to the size of the minimum compressive stress dif-
ference, and the maximum rock energy release rate is along
the direction of the minimum principal stress, namely, the
maximum rock energy release rate G3 is

G3 = K3 σ1 − σ3ð ÞUe, ð1Þ

where K3 is the material parameters of rock mass, Ue is
the elastic energy, namely (Liu et al. [25]),

Ue = 1
2E σ21 + σ22 + σ23 − 2ν σ1σ2 + σ1σ3 + σ2σ3ð Þ� �

, ð2Þ

where E is the elastic modulus; ν is Poisson’s ratio; and σ1,
σ2, and σ3 are the maximum principal stress, intermediate
principal stress, and minimum principal stress, respectively.

(a) The 1 cycle (b) The 3 cycles

(c) The 8 cycles (d) The 1 cycle

(e) The 3 cycles (f) The 8 cycles

Figure 2: SEM test results of mudstone and sandstone under different water-rock coupling degrees (Tang et al. [24]).
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Since pore water pressure under the coupling action of
water and rock weakens various mechanical parameters of
the rock, compression tests of the rock under different pore
water pressures and confining pressures are carried out.
Therefore, a parameter about pore water pressure λ is intro-
duced to modify Equation (1). Thus, the maximum energy
release rate of rock under water and rock coupling of G3 is

G3 = λK3 σ1 − σ3ð ÞUe: ð3Þ

Under uniaxial compression (λ = 1), the critical release
rate Gc and the maximum energy release rate reached by
rock unit failure G3 are the same. Further, the critical release
rate of rock can be expressed as (Liu et al. [25])

Gc = K3
σ3
c

2E0
, ð4Þ

where σc is the triaxial compressive strength of rock and
E0 is the critical elastic modulus of rock unit failure.

Combined with Equations (3) and (4), the rock failure
criterion under the triaxial compression stress can be
obtained:

σ1 − σ3ð Þ σ21 + σ22 + σ23 − 2ν σ1σ2 + σ1σ3 + σ2σ3ð Þ� �
= σ3c

λ
:

ð5Þ

3.2. Hydraulic Parameter λ Evolution Law. You et al. [12]
carried out the mechanical property test of sandstone under
water-rock coupling. Through the analysis of the test results,
it is found that the effect of water-rock coupling on Poisson’s
ratio of sandstone is not obvious, so it can be considered that
the water-rock coupling has no effect on Poisson’s ratio. Due
to the introduction of parameter λ reflecting the pore pres-
sure in the above derivation process, it is the premise to
establish the strength criterion to clarify the evolution law
of different confining pressures and pore pressure pw. Since
the research object in this paper is the saturated rock mass,
equation (5) can be further expressed as follows according
to the effective stress principle of Terzaghi:

σ1′ − σ3′
� �

σ′21 + σ′22 + σ′23 − 2ν σ1′σ2′ + σ1′σ3′ + σ2′σ3′
� �h i

= σ3c
λ
:

ð6Þ

By integrating the test results and referring to Equation

(6), the constant parameters can be determined as σc =
38:02MPa and ν = 0:235. As a macroscopic description of
the rock under the water-rock coupling, hydraulic parame-
ters λ can reasonably describe the strength evolution of the
rock under the action of water-rock. Therefore, by further
sorting out the test results in the literature, surrounding rock
parameters under different water and force conditions can
be obtained, as shown in Table 1. Under triaxial stress, the
influence factors of rock strength under water-rock coupling
are mainly reflected in confining pressure and pore pressure.
Therefore, the influence of water-rock coupling on rock
strength can be better reflected only by establishing the
quantitative relationship among the three. It is found that
the relation among the three can approximate satisfy the
relation of the binary polynomial by analyzing the experi-
mental results of You et al. [12], that is,

λ = a + bpw + cσ3′ + dp2w + eσ′23, ð7Þ

where a, b, c, d, and e are the fitting parameters. Figure 3
shows the fitting results of parameters under different water
and force conditions. As can be seen from the figure, the fit-
ting results are highly close to the experimental data, so it
can be considered that the binary polynomial fitting can
more greatly reflect the relationship between pore pressure,
confining pressure, and hydraulic parameters.

4. Rock Damage Constitutive Model

According to the theory of statistical damage mechanics, the
damage variable is defined as the ratio of broken microele-
ments Nb in rock to the total number of microelements N ,
and the formula is as follows (Xie [27]):

D = Nb
N

: ð8Þ

The internal microelement failure distribution of rock
under the action of external forces is random. The microel-
ement failure probability of the test rock is related to the
stress and strain state of rock, so the random variation distri-
bution variable of rock microelement strength based on the
theory of statistical damage mechanics can better reflect
the change of the stress state. The distribution variable of
the rock strength was selected, and the distribution function
of the microelement failure probability density was set, so

Table 1: The parameter λ under different water and force conditions.

Porewater pressurepw (MPa)
The parameter λ

Confining pressure
10MPa

Confining pressure
20MPa

Confining pressure
30MPa

Confining pressure
40MPa

2 3.05 2.33 1.90 1.65

4 2.91 2.25 1.86 1.63

6 2.79 2.09 1.79 1.6

8 2.7 1.99 1.73 1.56

5Geofluids



the damage variable was expressed as

D =
ðF
0
P xð Þdx: ð9Þ

Rock is a heterogeneous and incomplete continuous
multiphase structure. Its internal structure is relatively com-
plex, containing a large number of irregular cracks, joints, or
faults, so the mechanical characteristics of each element in
the rock are also different. Under normal conditions, rocks
obey the generalized Hooke’s law before failure; that is, they
have linear elastic properties. The strength obeys Weibull
random distribution, and its probability density distribution
function can be expressed as

P Fð Þ = m
F0

F
F0

� �m−1
exp −

F
F0

� �m� �
, ð10Þ

where m and F0 are distribution parameters related to
mechanical properties of rock materials.

Combining Equations (8)–(10), the expression of the
damage variable is as follows:

D = N 1 − exp − F/F0ð Þmð Þ½ �
N

= 1 − exp −
F
F0

� �m� �
: ð11Þ

According to the strain equivalence hypothesis, if the
strain before and after deformation is equivalent, the damage
constitutive relation of the rock is

σ∗½ � = σ½ �
1 −D

= C½ � ε½ �
1 −D

, ð12Þ

where ½σ∗� is the effective stress matrix of rock, ½σ� is the
nominal stress matrix of rock, D is the damage variable of
rock, ½C� is the elastic matrix, and ½ε� is the strain matrix of
rock (Lemaitre and Chaboche [28]).

To consider the mechanical characteristics under the
water-rock coupling, the original stress state is changed to
effective stress. The axial stress σ1′ and axial strain ξ1 under
equal confining pressure can be expressed as

σ1′ = Eξ1 1 −Dð Þ + 2νσ3′ = Eξ1 exp −
F
F0

� �m� �
+ 2νσ3′:

ð13Þ

Further adjusting Equation (12), it can be obtained as

ξ1 =
1
E

σ1′ − 2νσ3′
� �

= σ1′ − 2νσ3′
E exp − F/F0ð Þmð Þ : ð14Þ

The strength criterion shown in Equation (7) is put into
Equation (11), and the expression of the damage variable of
sandstone considering water-rock coupling under constant
confining stress is as follows:

D = 1 − exp −
σ1′ − σ3′
� �

σ′21 + 2σ′23 − 2ν 2σ1′σ3′ + σ′23
� �h i

− σ3
c/λ3

F0

0
@

1
A

m0
@

1
A:

ð15Þ

The above equation is the damage evolution of rock, and
the rock constitutive equation based on statistical damage
mechanics can be obtained by combining Equations (7)
and (14):

ξ1 =
σ1′ − 2νσ3′

E exp − σ1′ − σ3′
� �

σ′21 + 2σ′23 − 2ν 2σ1′σ3′ + σ′23
� �h i

− σ3
c/λ3

� �
/F0

� �m� � :
ð16Þ

5. Determination of Parameters of
Model for Sandstone

The key to the establishment of the above constitutive rela-
tion is to determine the Weibull distribution parameters.
At present, there are mainly two ways to solve the above
parameters using the statistical model: one is to use the data
fitting method to solve the parameters and the other is to
determine the derivative characteristics of the peak point of
the rock stress-strain curve. Although the direct solution
method has strict significance, the solution process is com-
plicated, the fitting solution method is simple, and the fitting
effect is better but cannot strictly meet the solution condi-
tions. Therefore, this paper proposes the idea of a model
solution for the above solution methods.

Transposition of Equation (14) can be obtained:

ln σ1′ − 2νσ3′
Eξ1

 !
= −

F
F0

� �m

: ð17Þ

Taking the logarithm of both sides of Equation (16), it
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Figure 3: Fitting results of parameters under different water and
force conditions.
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can be obtained:

ln −ln σ1′ − 2νσ3′
Eξ1

 !" #
=m ln F −m ln F0: ð18Þ

For Equation (18), assume the following:

y = ln −ln σ1′ − 2νσ3′
Eξ1

 !" #

x = ln F

t =m

n = −m ln F0

9>>>>>>>>=
>>>>>>>>;
, ð19Þ

where t is the slope and n is the intercept.
Equation (18) is equivalent to the linear equation, which

is

y = tx + n: ð20Þ

The data of the water-rock coupling sandstone stress-
strain test are substituted into the first two equations of
Equation (18) to obtain a set of data of (x,y). The slope t
and intercept n of the linear fitting line are obtained, and
then, the parameters m and F0 are obtained by backward
derivation according to the last two equations of Equation
(19).

The above is the specific idea of the first fitting to solve
the Weibull distribution function, and the second numerical
method will be described below. Assuming that the stress
and strain at the peak point of rock are, respectively,σp
andξp, according to the derivative characteristics of the rock
stress-strain curve at the extreme point, the geometric condi-
tions of the sandstone stress-strain model curve are as fol-
lows:

σp′ = σ1′

dσ
dξp

= 0

9>=
>;: ð21Þ

In combination with Equations (14) and (21), the
parameters m and F0 of the constitutive model under the
water-rock coupling strength criterion can be obtained.

6. Model Validation

When calculating rock failure strength, the Mohr-Coulomb
(M-C) failure criterion, Drucker-Prager (D-P) failure crite-
rion, or Hoek-Brown (H-B) failure criterion derived from
engineering experience are generally used to judge whether
the rock has been destroyed. To better reflect the failure
mechanism of rock water-rock coupling and reflect the fail-
ure criterion related to rock material and stress state, a fail-
ure criterion suitable for sandstone under the action of
water-rock coupling is deduced. Equation (6) is an energy
failure criterion applicable to sandstone under water-rock

coupling, as well as a parameter related to rock material
and stress state. To verify the correctness of the criterion,
the theoretical failure strength of sandstone under different
water-rock coupling conditions is calculated by Equation
(6) and compared with the test results. The accuracy of this
criterion is compared with that of Mohr-Coulomb equal
area circle D-P criterion in reflecting the water-rock cou-
pling strength criterion. The revised D-P criterion expres-
sion is

F = αI1 +
ffiffiffiffi
J2

p
= k,

I1 = σ1′ + σ2′ + σ3′ ,ffiffiffiffi
J2

p
=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
6 σ1′ − σ2′
� �2

+ σ2′ − σ3′
� �2

+ σ1′ − σ3′
� �2h ir

,

α = 2
ffiffiffi
3

p
sin φffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
ffiffiffi
3

p
π 9 − sin2φð Þ

q ,

k = 6
ffiffiffi
3

p
c cos φffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2
ffiffiffi
3

p
π 9 − sin2φð Þ

q :

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

ð22Þ

The strength parameters c and φ required by the D-P
failure criterion are calculated, c = 11:86MPa and φ =
33:94°, respectively. The comparison results are shown in
Figure 4. The results show that under the action of different
confining pressures and pore water pressures, the peak
strength test value and theoretical calculation value of rock
in the triaxial compression test are compared and analyzed.
The results show that the theoretical calculated failure
strength of the rock failure criterion and the D-P and H-B
failure criteria under water-rock coupling are all smaller
than the experimental failure strength.

To specifically analyze the calculation effect of the
model, the model deviation is analyzed here, and the calcu-
lation formula is as follows:

δ = ∑n′
i=1 σ

th
i − σte

i

		 		
n′

, ð23Þ

where δ is the relative error,σthi is the theoretical stress
under the same strain, σtei is the laboratory test stress, and
n′ is the number of data points. For simplicity, only pore
water pressure pw of 2MPa is taken as an example here,
and the results are shown in Table 2. Comparatively speak-
ing, the error of the failure criterion used in this paper is
within 5% compared with the actual test value. The other
two failure criteria are far less than the test values, and the
maximum error values are 35.34% and 37.11%, respectively,
while the minimum error of the failure criteria in this paper
is 0.35%. Therefore, the failure criterion based on the energy
principle can basically reflect the real situation of rock as the
failure criterion of rock under water coupling.
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Figure 4: Continued.
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Figure 4: Comparison between different failure criteria and test results.

Table 2: Model-relative error results.

Failure criterion
The parameterλ

Confining pressure
10MPa

Confining pressure
20MPa

Confining pressure
30MPa

Confining pressure
40MPa

Water-rock coupling 0.95 -2.5 -0.53 0.77

D-P 17.14 18.82 22.49 22.79

H-B 16.32 17.92 21.42 21.7
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Figure 5: Comparison of preexperimental results of model-predicted values.
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The stress-strain curves of sandstone samples under the
water-rock coupling action are fitted and solved according
to the above process method, and the corresponding m
and F0 of the curves can be obtained. Combined with Equa-
tion (16), the stress-strain relationship of sandstone is pre-
dicted. As seen from Figure 5, the constitutive equation of
the fractured rock mass of argillaceous sandstone proposed
in this paper can well reflect the actual mechanical behaviour
of the fractured rock mass of argillaceous sandstone. The ini-
tial deformation modulus and peak strength of the fractured
rock mass are roughly the same as those of the test, and the
model curve is basically consistent with the test results.
When the confining pressure is low, the difference between
the theoretical strain value of the model and the actual strain
value of the same stress value is large, but with the increase
of the confining pressure, the difference becomes smaller,
and the simulation accuracy of the model curve to the test
results increases with the increase of the confining pressure.

7. Model Parameter Analysis

The parametersmandF0in the above damage models of rock
deformation are as shown in Figure 6. Thus, it can be seen
that its characteristics are as follows:

(1) The peak value of the stress-strain curve increases
with the increase of m and F0, but the change of m
and F0 does not change the linear deformation curve
before the peak value

(2) The influence of m and F0 on the nonlinear defor-
mation of the stress-strain curve, especially after
the peak value, is obvious, and the shape of the curve
can be changed

The above characteristics reflect the impact of m and F0
on the stress-strain curve of rock. The physical significance
of parameter m can be understood as an indicator of the
brittleness degree of rock. The larger the value of m is, the

stronger the brittleness degree is. The physical significance
of parameter F0 can be understood as an indicator of the
macroscopic average strength of rock (Wu and Zhang
[29]). Liu [30] carried out stress-strain characteristics under
different cycling conditions through triaxial compression
tests of rocks under different dry-wet cycling conditions.
To vividly show the effect of the water-rock cyclic action
on lithology deterioration, m and F0 are taken as the vertical
coordinates and the number of water-rock cyclic action (N)
as the horizontal coordinates, as shown in Figure 6. Accord-
ing to the distribution characteristics of the test data points
in the figure above, the relationship between N −m and N
− F0 is fitted. Finally, the relationship between the m and
F0 values of sandstone and the number of water-rock cyclic
action (N) is obtained as

m = a1 − b1 ∗ c1
N , ð24Þ

F0 = a2 ∗ eN/b2 + c2, ð25Þ
where m and F0 are the model parameters of water-

saturated sandstone after N cycles.
From Equations (24) and (25), the model parameter m

value of sandstone after water-rock cycling is a function of
m0 and N, namely, m = f ðm0,NÞ; F0 is a function of F00
and N , that is, F0 = f ðF00,NÞ.

According to Figure 6, as well as Equations (24) and
(25), the shear strength of sandstone is degraded by the
water-rock cycle, and the mechanical properties gradually
decline with the increase of the water-rock cycle. Table 3
shows the deterioration analysis results of model parameter
m of sandstone under the water-rock coupling action. In
the table, the total deterioration is Di = ðc0 − ciÞ/c0 × 100%,
the stage deterioration is ΔDi = ðDi −Di−1Þ, and the single
cycle deterioration within the stage is ΔDi/ðNi −Ni−1Þ.

The degradation of model parameter m is nearly 17.08%
after a single water-rock cycle. With the increase of the num-
ber of water-rock cycles, the degradation of model parameter
M is gradually deepened; for example, it has reached 42.35%
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Figure 6: The change of constitutive equation parameters under different conditions of wetting and drying cycles.
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after 15 cycles. However, the degradation of the single cycle
gradually decreased from 17.08%/time to 1.50%/time. It can
be concluded that in the early stage of the water-rock cycle,
the physical and chemical damage of sandstone caused by
water-rock interaction is great, the model parameters are
obviously affected, and their changes show a rapid and
greatly decreasing trend. With the increase of the number
of action and the extension of the action time, the physical
and chemical damage effect of water-rock action on rock
decreases, the influence of model parameters decreases,
and the variation tends to be gentle.

According to geological knowledge, rock or rock mass in
nature that is repeatedly soaked by the water-drying cycle
will eventually decompose into soil or silt. At the same time,
according to the stress-strain relationship of sandstone, the
curve shape becomes steeper with the increase of m, and
the postpeak stress-strain process and fracture velocity are
relatively intensified, indicating that the brittleness of the
material is enhanced. According to the fitting Equation
(24), with the increase of the number of cyclic actions, m
gradually decreases, which is consistent with its influence
on the stress-strain curve.

Table 4 shows the deterioration analysis results of
model parameter F0 of sandstone under the water-rock
coupling action. In the table, the total deterioration is Di
= ðc0 − ciÞ/c0 × 100%, the stage deterioration is ΔDi = ðDi
−Di−1Þ, and the single cycle deterioration within the stage
is ΔDi/ðNi −Ni−1Þ. After one water-rock cycle, the model
parameter F0 decreased slightly, and the degradation of
F0 was 1.03% after a single cycle. With the increase of
the number of the water-rock cycle, the degradation of
the model parameter F0 gradually deepened; for example,
it reached 2.49% after 15 cycles. However, the degradation
of the single cycle gradually decreased from 1.03%/time to
0.11%/time. Therefore, with the increase of the number of
action and the extension of the action time, the physical
and chemical damage effect of the water-rock action on
rock decreases, the model parameter F0 is less affected,
and its change basically remains flat.

8. Conclusions

(1) Through the analysis of the rock microtest results, it
is found that the long-term water-rock coupling
leads to the obvious development of fractures in
the rock mass, the poor degree of cementation
between particles, the obvious detachment of parti-
cles, and the loose overall structure, which have a
significant negative impact on the rock strength

(2) A strength criterion considering the influence of
water-force coupling parameters was proposed and
compared with the experimental results; the superi-
ority of the strength criterion proposed in this paper
compared with the H-B and D-P strength criteria in
simulating sandstone hydraulic coupling was verified

(3) The damage statistical model of sandstone considering
the water-rock coupling is in consistent with the test
curve, indicating that the analysis idea of considering
the influence of the water-rock interaction process
on the rock stress strain curve is reasonable and feasi-
ble and can well reflect the deterioration damage effect
of circulating water-rock interaction on sandstone

(4) By establishing the quantitative relationship between
hydraulic pressure cycle times and model parameters,
the deterioration mechanism of sandstone strength
caused by water-rock coupling is further clarified from
a macroscopic perspective. As the number of cycles
increases, the model parameters m and F0 decrease.
This reflects the mechanical properties of sandstone
under water-rock coupling, which is consistent with
the actual deformation and failure characteristics of
sandstone under water-rock coupling

Data Availability

The experimental data used to support the findings of this
study are included within the article.

Table 4: Analysis of the deterioration of the parameter F0 of sandstone under the effect of water-rock interaction.

Cycle index
N

Parameter
F0

Test stage no.
i

Total degree of degradation
Di

Stage deterioration degree
ΔDi

Degree of single cycle
deterioration

0 185.0 0 0 0.00 0.00

1 183.1 1 1.03 1.03 1.03

5 182.5 2 1.35 0.32 0.08

15 180.4 3 2.49 1.14 0.11

Table 3: Analysis of the deterioration of the parameter m of sandstone under the effect of water-rock interaction.

Cycle index
N

Parameter
m

Test stage no.
i

Total degree of degradation
Di

Stage deterioration degree Δ
Di

Degree of single cycle
deterioration

0 2.81 0 0.00 0.00 0.00

1 2.33 1 17.08 17.08 17.08

5 2.04 2 27.40 10.32 2.58

15 1.62 3 42.35 14.95 1.50

11Geofluids



Conflicts of Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] J. Rutqvist and O. Stephansson, “The role of hydromechanical
coupling in fractured rock engineering,”Hydrogeology Journal,
vol. 11, no. 1, pp. 7–40, 2003.

[2] M. K. Rahman, Y. A. Suarez, Z. Chen, and S. S. Rahman,
“Unsuccessful hydraulic fracturing cases in Australia: investi-
gation into causes of failures and their remedies,” Journal of
Petroleum Science and Engineering, vol. 57, no. 1-2, pp. 70–
81, 2007.

[3] L. I. Tianyi, X. U. Jin, W. A. N. G. Lu, and R. A. N. Jie, “Exper-
imental study on mechanical properties of rock mass under
weak pore water pressure,” Chinese Journal of Rock Mechanics
and Engineering, vol. 31, no. S2, pp. 3936–3941, 2012.

[4] W. U. Yanqing, Rock and Soil Hydraulics, Science Press, Bei-
jing, 2009.

[5] C. Xiutong and L. Lu, “Experimental study on mechanical
properties of rock under high confining pressure and high
water pressure,” Chinese Journal of Rock Mechanics and Engi-
neering, vol. 27, no. S1, pp. 2694–2694, 2008.

[6] D. Healy, R. R. Jones, and R. E. Holdsworth, “Three-dimen-
sional brittle shear fracturing by tensile crack interaction,”
Nature, vol. 439, no. 7072, pp. 64–67, 2006.

[7] M. M. Hossain and M. K. Rahman, “Numerical simulation of
complex fracture growth during tight reservoir stimulation
by hydraulic fracturing,” Journal of Petroleum Science and
Engineering, vol. 60, no. 2, pp. 86–104, 2008.

[8] N. Sukumar, D. J. Srolovitz, T. J. Baker, and J. H. Prévost,
“Brittle fracture in polycrystalline microstructures with the
extended finite element method,” International Journal for
Numerical Methods in Engineering, vol. 56, no. 14, pp. 2015–
2037, 2003.

[9] A. Karami and D. Stead, “Asperity degradation and damage in
the direct shear test: a hybrid FEM/DEM approach,” Rock
Mechanics and Rock Engineering, vol. 41, no. 2, pp. 229–266,
2008.

[10] J. W. Dougill, “On stable progressively fracturing solids,” Jour-
nal of AppliedMathematics and Physics, vol. 27, no. 4, pp. 423–
437, 1976.

[11] X. Liu, Y. Fu, Y. X. Wang, L. W. Huang, and X. Y. Qin, “Dete-
rioration rules of shear strength of sand rock under water-rock
interaction of reservoir,” Chinese Journal of Geotechnical Engi-
neering, vol. 9, pp. 1298–1302, 2008.

[12] S. You, X. Ming, and Q. Hu, “Study on failure criterion of
sandstone under water-rock coupling based on energy princi-
ple,”Mining Research and Development, vol. 38, no. 8, pp. 56–
61, 2018.

[13] H. F. Deng, A. Hu, J. Li et al., “Statistical damage constitutive
model of sandstone under water-rock interaction,” Rock and
Soil Mechanics, vol. 38, no. 3, pp. 631–639, 2017.

[14] F. S. Jeng, M. L. Lin, and T. H. Huang, “Wetting deterioration
of soft sandstone-microscopic insights, ISRM International
Symposium,” International Society for Rock Mechanics,
vol. 525, 2000.

[15] P. D. Sumner and M. J. Loubser, “Experimental sandstone
weathering using different wetting and drying moisture ampli-
tudes,” Earth Surface Processes and Landforms, vol. 33, no. 6,
pp. 985–990, 2008.

[16] J. Xue and Z. Zhang, “Experimental study on the relationship
between strength and wave velocity of sandstone in alternate
wetting and drying,” Journal of China Three Gorges Universi-
ty(Natural Sciences), vol. 33, no. 3, pp. 51–54, 2011.

[17] Y. Fu, Study on water-rock interaction with the cyclic drying-
wetting effect on rock, [Ph.D. thesis], Chongqing University,
Chongqing, 2010.

[18] M. Zhu, Research on mechanical properties of damage sand-
stone under “air dry-immersion” circulation function, [Ph.D.
thesis], Three Gorges University, Yichang, 2013.

[19] W. Gao, C. Hu, T. He, X. Chen, C. Zhou, and S. Cui, “Study on
constitutive model of fractured rock mass based on statistical
strength theory,” Rock and Soil Mechanics, vol. 41, no. 7,
pp. 2179–2188, 2020.

[20] L. Wang, T. Zeng, and Q. Weng, “Study on the constitutive
model of saturated fine-grained sandstone based on statistical
damage theory,” Materials Reports, vol. 33, no. 11, pp. 3727–
3731, 2019.

[21] J. J. Zhou, J. F. Shao, and W. Y. Xu, “Coupled modeling of
damage growth and permeability variation in brittle rocks,”
Mechanics Research Communications, vol. 33, no. 4, pp. 450–
459, 2006.

[22] C. Du, C. H. Yang, H. L. Ma, X. L. Shi, and J. Chen, “Study of
creep characteristics of deep rock salt,” Rock and Soil Mechan-
ics, vol. 33, no. 8, pp. 2451–2456+2520, 2012.

[23] L. I. Gen, T. A. N. G. Chunan, and L. I. Lianchong, “Advances
in rock deformation and failure process under water-rock cou-
pling,” Advances in Mechanics, vol. 42, no. 5, pp. 593–619,
2012.

[24] T. A. N. G. Xiaolin, G. U. Zhenghong, X. I. A. Weiwei, and
G. A. O. Xiaojun, “Experimental study of rock deterioration
characteristics under saturated-loss cycles,” Journal of Water
Resources & Water Engineering, vol. 28, no. 1, pp. 208–
213+219, 2017.

[25] X. Liu, J. Guo, J. Wang, P. Li, and Q. Zhang, “Investigation on
mechanical properties and failure criterion of salt rock based
on energy principles,” Rock and Soil Mechanics, vol. 34,
no. 2, pp. 305–310+315, 2013.

[26] H. Xie, F. Gao, and Y. Ju, “Research and development of rock
mechanics in deep ground engineering,” Chinese Journal of
Rock Mechanics and Engineering, vol. 34, no. 11, pp. 2161–
2178, 2015.

[27] X. I. E. Heping, Damage mechanics of rock concrete, [M.S. the-
sis], China University of Mining and Technology Press, Bei-
jing, 1990.

[28] J. Lemaitre and J. L. Chaboche, Mechanics of solid materials,
[M.S. thesis], Cambridge University Press, Cambridge, 2012.

[29] Z.Wu and C. Zhang, “Investigation of rock damage model and
its mechanical behaviour,” Chinese Journal of Rock Mechanics
and Engineering, vol. 15, no. 1, pp. 55–61, 1990.

[30] J. Liu, “Rock damage model of hydropower station slope con-
sidering coupling effect water-rock interaction,” Water Con-
servancy Science and Technology and Economy, vol. 23, no. 2,
pp. 74–78, 2017.

12 Geofluids


	The Damage Constitutive Model of Sandstone under Water-Rock Coupling
	1. Introduction
	2. Analysis of Rock Degradation Mechanism under Water-Rock Coupling
	3. Sandstone Failure Criterion Based on Energy Principle
	3.1. Strength Criterion
	3.2. Hydraulic Parameter λ Evolution Law

	4. Rock Damage Constitutive Model
	5. Determination of Parameters of Model for Sandstone
	6. Model Validation
	7. Model Parameter Analysis
	8. Conclusions
	Data Availability
	Conflicts of Interest

