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Abstract: Mudstone, a common complex medium in oil and gas reservoirs and with widely dis-
tributed micro-pore and micro-fissures, is liable to produce significant damage evolution and plastic
deformation under high buried depth stress environments. Based on the analysis of the physical
characteristics, the elastoplastic damage coupling mechanical characteristics of mudstone in a high
buried depth reservoir for oil and gas engineering are discussed. Firstly, conventional triaxial com-
pression tests under different confining pressures were performed to calculate the damage variable
and obtain the damage evolution. The damage evolution included the elastic damage stage, the
plastic-dominated elastoplastic damage coupling stage and the damage-dominated elastoplastic dam-
age coupling stage. Secondly, a coupled elastoplastic damage mechanical model for mudstone was
proposed, which was based on the degradation of the damage stiffness and plastic flow caused by the
plastic and damage internal variables and considered the elastic damage coupling and elastoplastic
damage coupling during the loading process. Thirdly, the elastoplastic damage coupling mechanical
characteristics of mudstone were simulated. The simulation results are in good agreement with
the experimental results, which reflects well the mechanical characteristics of mudstone, including
the transition from volume compression to expansion, plastic hardening, damage softening and
residual strength, etc. Finally, based on the relevant research results, a permeability evolution model
of mudstone based on the damage was proposed, and the secondary development was carried out
based on ABAQUS. UMAT and USFLD subroutines were compiled, and seepage–stress coupling
simulation verification was carried out. The relevant results provide a reliable basis for engineering
theory research and stability analysis of deep mudstone reservoirs.

Keywords: rock mechanics; reservoir mudstone; damage evolution; elastoplastic characteristics;
permeability change

1. Introduction

Mudstone reservoirs are the new key research objectives of oilfield exploration and
development. As a source rock solidified by mud, clay and gypsum, the mudstone min-
erals in the reservoir are microcrystalline, with a complex internal structure and a wide
distribution of micropores and fissures and are rich in organic matter [1,2]. Under the
action of deep high ground stress, the micro-pores and fissures in mudstone are easy to
expand and penetrate, and the damage evolution and plastic deformation of the structure
occur. The mechanical properties deteriorate which leads to a significant decrease in the
strength of the reservoir and plays a controlling role in casing damage [3,4]. Therefore,
mudstone is the key research object of oil and gas exploitation engineering in high buried
depth environments.

Damage evolution is the process of rock micro-defect expansion and coalescence under
external load and the environment. It can reflect the degree of the deterioration of rock
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properties [5] and is also the basis for the construction of models of damage mechanics.
Conil et al. [6] used the strain equivalence principle to consider the coupling relationship
between plastic deformation and damage and proposed the thermodynamic model of
plastic damage. Zhou et al. [7] developed an elastoplastic damage constitutive model
with double yield surfaces based on the irreversible thermodynamics theory and damage
mechanics theory for saturated soft rock. Zhou [8] developed a micro-mechanics-based
model to investigate the micro-crack damage mechanism of the four stages of brittle
rock under rotation of the principal stress axes. Zhao et al. [9] developed a damage-
based constitutive formula for an overstress model which can be appropriately applied
to the analysis of full dynamic stress–strain curves. Unteregger et al. [10] presented a
constitutive model for describing the non-linear mechanical behavior of different types
of intact rock subjected to complex 3D stress states, which is formulated on the basis of
a combination of plasticity theory and the theory of damage mechanics along the lines
of a damage plastic model for concrete. Liu et al. [11] proposed a damage constitutive
model to describe the deformation and strength characteristics of intermittent jointed rocks
under cyclic uniaxial compression, which can reflect the coupled damage induced by
micro-flaws and macro-joints. Wu et al. [12] developed a damage evolution model with
respect to the volumetric strain and a differential elastoplastic constitutive equation based
on the relationship between the evolving permeability and porosity and the volumetric
strain. Zhang et al. [13] described damage evolution using the Kachanov damage theory
and obtained the damage evolution equation and the constitutive model of rock mass
under multi-stage creep load considering the initial damage. Wu et al. [14] established a
continuous damage constitutive model based on the framework of continuum damage
mechanics and a strain equivalence hypothesis. The above achievements are mostly for
brittle rocks and only consider the impact of elastic or plastic deformation on damage,
without considering the coupling effect. The damage evolution of rock structure causes the
friction sliding of fractures or joint surfaces, which forms the coupling effect of elastoplastic
deformation and damage evolution. Therefore, it is of great theoretical significance to carry
out the study of an elastoplastic damage coupling mechanical model.

In oil and gas exploration and development engineering, the reservoir will generate
stress concentration under outside construction disturbance, and then the reservoir rock will
generate elastic–plastic deformation and damage evolution. The mechanical properties of
high buried depth reservoirs have high particularity and complexity [15]. With the increase
in formation pressure, the strain borne by the reservoir rocks gradually increases, the
damage evolution characteristics are more obvious, and the elastoplastic damage coupling
effect is more obvious, showing the special mechanical properties of the brittle–ductile
transformation that are different from shallow rocks [16]. At present, there is little research
on the elastic–plastic damage coupling mechanical properties of rock under high buried
depth environments. The only part of the research is mainly focused on granite and salt
rock, with underground energy storage and nuclear waste disposal sites as the application
target [17–20]. The research on the elastic–plastic damage coupling mechanical properties
of mudstone in oil and gas reservoir engineering is basically blank. However, the coupling
and superposition of the long-term high temperature and high pressure in high buried
depth environments make the rock deformation and skeleton failure become particularly
complex, and the coupling mechanical response of the elastoplastic damage becomes an
urgent problem to be studied.

In actual petroleum engineering, mudstone is filled with pore fluid. Under the action
of the external load, the stress field of mudstone changes, causing plastic deformation and
damage of the rock mass. The internal microstructure changes, the skeleton particles are
rearranged, and the primary pores and cracks gradually develop and penetrate, resulting in
changes in material porosity and permeability. At the same time, the change in pore water
pressure inside the deformed rock mass affects the mechanical parameters of mudstone.
Therefore, the oil and gas exploitation process of mudstone reservoirs is a complex seepage–
stress coupling process.
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Based on this, this paper takes the mudstone of high buried depth reservoirs in
oil and gas reservoir engineering as the research object. On the basis of a conventional
triaxial compression test, damage evolution is discussed. Combined with Clausius–Duhan
inequality in thermodynamics theory, the elastic–plastic damage coupling mechanical
model was built, and then the simulation verification was carried out. Then, based on
the relevant research results, the permeability evolution model of mudstone based on the
damage was proposed, and the secondary development was carried out based on the
finite element software ABAQUS. UMAT and USFLD subroutines were compiled, and the
seepage–stress coupling simulation verification was carried out. The relevant results have
important guiding significance for deep oil and gas exploitation engineering.

2. Conventional Triaxial Test of Mudstone
2.1. Lithology and Test Scheme

Mudstone belongs to soft rock, has good integrity (Figure 1), a gray color, no obvious
lamination and a soft texture. It shows the phenomenon of weak consolidation, local loss
of plasticity, no recrystallization and no immediate expansion in water. The related tests in
this paper were performed using the rock automatic triaxial rheological servo instrument
(Figure 2). The mudstone samples were taken from a Pushen block, Henan Province, China.
The buried depth of the research reservoir mudstone is about 2.5–3.5 km, and the tested
samples were cored in the vertical orientation of the bedding planes. The mudstone samples
were prepared as cylindrical samples with a diameter of 25 mm and a height of 50 mm.
Based on the geo-stress data in the sampling area, the conventional triaxial compression
tests under the confining pressure of 10 MPa, 20 MPa and 30 MPa were carried out, and the
axial stress loading rate was 0.75 MPa/min.
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Figure 1. Typical deep oil reservoir mudstone samples.
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Figure 2. The rock automatic triaxial rheological servo instrument. (a) Triaxial pressure cell. (b) Strain
measurement. (c) Data acquisition.
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2.2. Conventional Triaxial Compression Test

The conventional triaxial compression test results show that the deformation behavior
of the mudstone rock samples under different confining pressures is similar, and the
homogeneity is good (Figure 3). The samples also show brittle failure characteristics under
low confining pressure and large plastic compression and lateral expansion under high
confining pressure.
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When the confining pressure is low, the plastic deformation is small before the peak
stress, and the plastic hardening is not obvious. After the peak stress, the stress begins to
decrease, and the rock sample shows rapid brittle failure. With the increase in confining
pressure, the peak stress also increases. Before the peak stress, the damage evolution is
slow, plastic deformation is dominant, and the plastic hardening phenomenon is obvious
(Table 1). After the peak stress, the damage evolution gradually dominates, and the stress
shows a downward trend. Frictional sliding between the cracks intensifies, and plastic
deformation continues to grow. Meanwhile, the internal cracks of the rock sample begin to
penetrate, and the volume gradually expands at the macro scale, and the stress reaches the
residual strength, which is carried by the friction force of the internal crack surface.

Table 1. Mechanical parameters of mudstone under triaxial compression.

Confining Pressure
/MPa

Elastic Modulus
/GPa Poisson Ratio Peak Strength

/MPa
Residual Strength

/MPa

10 12.46 0.281 69.11 61.48
20 13.78 0.383 75.49 73.12
30 15.83 0.374 87.28 81.43

2.3. Damage Evolution

The damage variable can quantitatively describe the deterioration degree of rock
material properties [21]. Based on the existing damage variable calculation method [22], the
damage variable of mudstone is obtained using a stress–strain curve (Figure 4). According
to the inflection point E after the peak stress, the damage variable calculation is divided into
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two parts: before the inflection point E, the elastic modulus without damage is obtained
based on the straight line ‘OK’, and thus, the damage variable at point I is as follows:

εI
e =

σI

E
(1)

ωI = 1− εI
e
εI (2)

where ω is the damage variable, ε is the total strain, εe is the elastic strain, and σ is the
axial stress.
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However, this method has some limitations. The calculated damage variable rapidly
increases after the peak strength and exponentially increases in the residual strength stage.
However, acoustic emission technology is used to monitor the whole process of the triaxial
test [23], and it was found that an acoustic emission signal is not active after rock failure.
Therefore, the above method is improved, and the damage variable is calculated according
to the above method before the inflection point E in the post-peak stage. After the inflection
point E, the damage variable of point F is as follows:

ωF = ωE +

(
1− σF

σE

)
(3)

The damage evolution variation of mudstone under different confining pressures is
obtained (Figure 5):

(1) Elastic damage stage ‘OA’ (corresponding to the initial straight section of the stress–
strain curve in Figure 4): mudstone is in the elastic stage, showing small damage and slow
development;

(2) Plastic-dominated elastoplastic damage coupling stage ‘AB’ (corresponding to the
curve section before point E of the stress–strain curve in Figure 4): mudstone presents
plastic deformation characteristics, and damage occurs and rapidly accumulates;

(3) Damage-dominated elastoplastic damage coupling stage ‘BC’ (corresponding to the
curve segment after point E of the stress–strain curve in Figure 4): the damage accumulates
and controls, and the stress gradually decreases.
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3. Elastoplastic Damage Coupling Mechanical Model
3.1. Elastoplastic Damage Coupling

Assuming that mudstone is a small strain and isotropic material, the total strain
increment

.
ε is composed of an elastic strain increment

.
ε

e and a plastic strain increment
.
ε

p:

.
ε =

.
ε

e
+

.
ε

p (4)

Under the condition of an isothermal and static load, the Helmhotz free energy ϕ is
composed of elastic free energy ϕe and plastic free energy ϕp [24]:

ϕ
(
εe, γp,ω

)
= ϕe(εe, ω) + ϕp(γp, ω

)
(5)

where εe is the second-order elastic strain tensor, and γp and ω are the plastic internal
variable and the damage internal variable, respectively. Based on the Clausius–Duhan
inequality of thermodynamics, the entropy increment

.
η is as follows:

.
η = σ :

.
ε− .

ϕ ≥ 0 (6)

where σ is the second-order stress tensor. Bringing dϕ into Equation (6):(
σ− ∂ϕe

∂εe

)
:

.
ε

e
+

(
σ :

.
ε

p − ∂ϕp

∂γp

.
γp

)
− ∂ϕ

∂ω

.
ω ≥ 0 (7)

The total equation of the stress–strain relation is obtained:

σ =
∂ϕe

∂εe (8)

The damage driving forces related to plasticity and damage are:

K = −∂ϕp

∂γp
(9)

Y = − ∂ϕ

∂ω
(10)
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It is assumed that the plastic potential function gp and the damage potential function
gω are both functions of the damage driving force and the damage variable, and the
plastic strain εp is closely related to stress, so the plastic potential function gp is also a
function of stress:

gp = gp(σ, K;ω) (11)

gω = gω(Y;ω) (12)

The increment of the plastic internal variable
.

γp and the increment of the damage
internal variable

.
ω are as follows:

.
γp = f

( .
ε

p
)

,
.
ε

p
=

.
λ

∂gp

∂σ
(13)

.
ω =

.
µ

∂gω

∂Y
(14)

where
.
λ and

.
µ are a non-negative plastic factor and a damage factor, respectively. Combin-

ing the consistency conditions of the yield surface equation f p = f p(σ, K; ω) and damage
evolution equation f ω = f ω(Y; ω), it can be found that:

.
f

p
=

∂ f p

∂σ
:

.
σ+

∂ f p

∂K
:

.
K +

∂ f p

∂ω

.
ω = 0 (15)

.
f
ω

=
∂ fω

∂Y
:

.
Y +

∂ fω

∂ω

.
ω = 0 (16)

The plastic internal variable γp and damage internal variable ω can be determined,
and the elastoplastic damage coupling calculation of mudstone can be realized.

3.2. Construction of the Mechanical Model

Based on the existing research [25], the elastic free energy ϕe and plastic free energy
ϕp of Helmholtz are, respectively:

ϕe =
1
2
εe : D(ω) : εe (17)

ϕp = (1−ω)A
[

γp − b
(

1− α0
p

)
ln

γp + b
b

]
(18)

where D(ω) is the fourth-order elastic stiffness tensor after material damage, and the
bulk modulus K and shear modulus G can be expressed as the function of the damage
variable ω [26]:

K(ω) = (1−ω)K0 , G(ω) = (1−ω)G0 (19)

where K0 and G0 are the volume modulus and shear modulus of the material without
damage, respectively. The damage driving force is obtained:

Y = − ∂ϕ

∂ω
= Ye + Yp (20)

Ye = −1
2
εe : D′(ω) : εe (21)

Yp = A
[

γp − b
(

1− α0
p

)
ln

γp + b
b

]
(22)

where D′(ω) = ∂D(ω)/∂ω. Based on the damage evolution of mudstone, the damage
evolution equation of mudstone is defined as [27]:

f ω = Ye +
Yp

Yp + 1
−
(

mω+ Y0
)
= 0 (23)
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where m is the damage parameter, which is related to the damage evolution, and Y0 is the
damage threshold, which is related to the damage starting time. This paper takes Y0 = 0,
which means deformation and damage simultaneously occur.

When f ω < 0, there is no damage. When f ω = 0, damage occurs, and the damage
evolution satisfies the consistency condition:

.
f ω =

∂Ye

∂εe :
.
εe +

∂ f ω

∂Yp
∂Yp

∂γp

.
γp +

∂ f ω

∂ω

.
ω = 0 (24)

The average stress p and deviatoric stress q are used to describe the limit yield state.
The failure of mudstone conforms to non-linear yield characteristics (Figure 6), and the
non-linear plastic yield function corresponding to mudstone is obtained:

f p = q2 + Aαp(p− C0)p0 = 0
p = σkk

3 , q =
√

3J2
J2 = 1

2 SijSij , Sij = σij − σkk
3 δij

 (25)

where A is the internal friction coefficient, C0 is the cohesive coefficient, and αp is the
hardening function, which can be expressed as a power function monotonically increasing
with the plastic internal variables γp:

αp = (1−ω)
[
α0

p −
(

α0
p − 1

)
γp

b+γp

]
γp =

√
2
3 ep

ije
p
ij , ep

ij = ε
p
ij −

ε
p
kk
3 δij

 (26)

where αp is the initial value of the hardening function, and b is the hardening rate parameter.
The variation of the yield surface with plastic deformation and damage evolution can be
described by αp: before the peak stress, the yield surface expands with the increase in
plastic deformation, showing hardening characteristics; after the peak stress, the yield
surface decreases with the increase in damage, showing softening characteristics; and when
the damage increases to the maximum, the mudstone reaches the residual strength.

Sustainability 2021, 13, x FOR PEER REVIEW 8 of 17 
 

When 𝑓ఠ < 0, there is no damage. When 𝑓ఠ = 0, damage occurs, and the damage 
evolution satisfies the consistency condition: 𝑓ఠሶ = 𝜕𝑌௘𝜕𝜺௘ : 𝜺௘ሶ + 𝜕𝑓ఠ𝜕𝑌௣ 𝜕𝑌௣𝜕𝛾௣ 𝛾௣ሶ + 𝜕𝑓ఠ𝜕𝜔 𝜔ሶ = 0 (24)

The average stress p and deviatoric stress q are used to describe the limit yield state. 
The failure of mudstone conforms to non-linear yield characteristics (Figure 6), and the 
non-linear plastic yield function corresponding to mudstone is obtained: 𝑓௣ = 𝑞ଶ + 𝐴𝛼௣(𝑝 − 𝐶଴)𝑝଴ = 0𝑝 = 𝜎௞௞3  , 𝑞 = ඥ3𝐽ଶ𝐽ଶ = 12 𝑆௜௝𝑆௜௝ , 𝑆௜௝ = 𝜎௜௝ − 𝜎௞௞3 𝛿௜௝⎭⎪⎬

⎪⎫  (25)

where A is the internal friction coefficient, 𝐶଴ is the cohesive coefficient, and 𝛼௣ is the 
hardening function, which can be expressed as a power function monotonically increasing 
with the plastic internal variables 𝛾௣: 𝛼௣ = (1 − ω) ቈ𝛼௣଴ − ൫𝛼௣଴ − 1൯ 𝛾௣𝑏 + 𝛾௣቉

𝛾௣ = ඨ23 𝑒௜௝௣ 𝑒௜௝௣  , 𝑒௜௝௣ = 𝜀௜௝௣ − 𝜀௞௞௣3 𝛿௜௝⎭⎪⎬
⎪⎫

 (26)

where 𝛼௣ is the initial value of the hardening function, and b is the hardening rate pa-
rameter. The variation of the yield surface with plastic deformation and damage evolution 
can be described by 𝛼௣: before the peak stress, the yield surface expands with the increase 
in plastic deformation, showing hardening characteristics; after the peak stress, the yield 
surface decreases with the increase in damage, showing softening characteristics; and 
when the damage increases to the maximum, the mudstone reaches the residual strength. 

 
Figure 6. Initial yield surface, limit yield surface and compression expansion transformation. 

In the loading process, when 𝑓௣ < 0, it is only elastic deformation. When 𝑓௣ = 0, it 
presents plastic deformation and satisfies the consistency condition: 𝑓௣ሶ = 𝜕𝑓௣𝜕𝝈 : 𝝈ሶ + 𝜕𝑓௣𝜕𝛼௣ (𝜕𝛼௣𝜕ω ωሶ + 𝜕𝛼௣𝜕𝛾௣ 𝛾௣ሶ ) = 0 (27)

Figure 6. Initial yield surface, limit yield surface and compression expansion transformation.

In the loading process, when f p < 0, it is only elastic deformation. When f p = 0, it
presents plastic deformation and satisfies the consistency condition:

.
f p =

∂ f p

∂σ
:

.
σ+

∂ f p

∂αp

(
∂αp

∂ω

.
ω +

∂αp

∂γp

.
γp

)
= 0 (27)
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As mudstone shows obvious volume expansion, the associated flow rule is not ap-
plicable because it does not consider the energy dissipation during plastic deformation,
which expands the expansion of the material. Therefore, the non-associated flow rule is
used to calculate the plastic deformation to accurately describe the volume change from
compression to expansion. The plastic potential function is expressed as:

gp = q + (1−ω)Aη(p− C0)ln
(

p− C0

I0

)
= 0 (28)

where the variable I0 <0 is the stress state at the intersection of the plastic potential
surface and the average stress axis (Figure 6); the plastic potential surface divides the stress
space into two regions, corresponding to volume compression and volume expansion,
respectively, with ∂gp/∂p = 0 as the conversion conditions; and η is a descriptive parameter
for volume compression and expansion, which means the slope of the boundary line
between the compressibility–dilation zones [28].

3.3. Realization of the Mechanical Model

When considering plasticity and damage, the strain increment is:

.
σ = D(ω) :

( .
ε− .

ε
p
)
+ D′(ω) : εe .

ω (29)

In the loading process, the mudstone presents two stages of elastic damage coupling
and elastoplastic damage coupling:

The elastic damage stage is
.
ε

p
= 0, dω > 0. The damage increment can be obtained

using Formula (24):
.

ω =
∂ f ω

∂Ye
∂Ye

∂εe :
.
ε = −εe : C′(ω) :

.
ε (30)

It can be solved using the simultaneous Formulas (29) and (30):

.
σ =

[
D(ω)−

(
D′(ω) : εe

)
⊗
(
εe : D′(ω)

)]
:

.
ε

= Deq(ω) :
.
ε

(31)

Deq(ω) is the fourth-order equivalent stiffness tensor.
The elastoplastic damage stage

.
ε

p 6= 0,
.

ω > 0, plastic internal variables and damage
internal variables need to be solved using the simultaneous Formulas (24) and (27):

∂ f p

∂σ
: D(ω) :

.
ε+

(
∂ f p

∂σ
: D′(ω) : εe +

∂ f p

∂ω

)
.

ω− H
.
λ = 0 (32)

− εe : D′(ω) :
.
ε+

[
D′(ω) : εe :

∂gp

∂σ
+

∂ f ω

∂γp

]
.
λ−m

.
ω = 0 (33)

H =
∂ f p

∂σ
: D(ω) :

∂gp

∂σ
− ∂ f p

∂γp
(34)

Thus, the damage evolution and stress–strain relationship of mudstone under elasto-
plastic damage coupling conditions are obtained.

4. Simulation Verification of the Model
4.1. Mechanical Model Parameters

The elastoplastic damage coupling mechanical model contains eight parameters, which
are the sum of two elastic parameters E and ν, five plastic parameters A, C0, α0

p, b, η, and
one damage parameter m. Among them, E and ν are the elastic modulus and the Poisson’ s
ratio, which can be obtained according to the slope of the linear elastic section, the ratio of
the axial strain ε1 and the lateral strain ε3 of the stress–strain curve, respectively. A and C0
can be determined using the intercept and slope of the average stress p and deviatoric stress
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q curve under the limit yield stress state. α0
p can be determined using the average stress

p and deviatoric stress q curve of the initial yield surface. b can be determined using the
hardening function αp and plastic internal variable γp relationship. η can be determined
using the stress state of the transformation from volumetric compression to expansion [29].
The damage parameter m can be determined using the damage evolution curve.

The sensitivity analysis of some parameters of the model was carried out, including
the plastic parameters b and η and damage parameter m. The parameter b has effects on the
hardening rate, plastic deformation and damage evolution (Figure 7). Before the peak stress,
the smaller the value b, the more obvious the plastic hardening, the peak stress increases,
and the plastic deformation increases. After the peak stress, the smaller the value of b and
the faster the stress drop, indicating the greater the post-peak damage. When the value
of b is close to 0, there is no plastic hardening stage before the peak, and the stress–strain
curve is linear; damage leads to the decrease in post-peak stress, and the elastoplastic
damage coupling model degenerates into the elastic damage model. The parameter η is
closely related to the compression–expansion conversion of material volume deformation
(Figure 8). η has a small influence on peak stress and post-peak residual strength. The
larger the value of η, the earlier the compression–expansion inflection point will appear,
and the expansion effect of the volume deformation is more obvious.
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The parameter m is related to damage evolution (Figure 9). It has little effect on the
pre-peak deformation. With the decrease in m, the peak stress decreases, and the damage
variable at the peak point increases. The influence of m on the post-peak deformation is
obvious. The smaller the value of m, the faster the stress drop rate after the peak, the more
obvious the deformation under the same stress, the lower the post-peak residual strength
and the faster the growth rate of the damage variable, resulting in greater damage. When
m is approaching infinity, the stress–strain curve has no post-peak softening stage, and the
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model degenerates into an elastoplastic constitutive model. When m approaches infinity
and b approaches 0, the model degenerates into an ideal elastoplastic model.
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4.2. Verification of the Constitutive Equation

Based on the above elastoplastic damage coupling mechanical parameters (Table 2)
and the secondary development of the ABAQUS software, a UMAT subroutine was written
for the simulation verification. The axial, lateral and volumetric stress–strain curves under
different confining pressures were simulated (Figure 10). This mechanical model can
better describe the mechanical properties of mudstone, such as volumetric compression–
expansion conversion, plastic hardening, damage softening and residual strength. The
simulation results are in good agreement with the experimental results. Therefore, it is
considered that the above elastoplastic damage coupling mechanical analysis is reasonable,
and the proposed mechanical model can describe the elastoplastic damage mechanical
characteristics of mudstone observed in the test.
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Table 2. Mechanical parameters of elastoplastic damage model.

Parameter Type Symbols/Units Parameter Value

Elastic parameter E/MPa 14,020
v 0.346

Plastic parameter

A 180
C0/MPa 13.0

α0
p 0.018

b 0.0025
η −0.85

Damage parameter m 2.75
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5. Simulation Analysis of Seepage–Stress Coupling
5.1. Permeability Evolution Model

The permeability evolution model reflects the coupling relationship between the
stress–strain field and the seepage field. Through the permeability test of mudstone,
Yu [30] obtained the evolution relationship between the stress–strain state, volume strain
and permeability under pressure. In the process of whole stress–strain, the change in
permeability is a complex process that first slightly decreases, then slowly increases, then
suddenly increases and finally tends to be stable. Zhang [31] analyzed the process combined
with volume strain and divided the whole process into five stages. However, in fact, the
critical point of each stage is difficult to accurately define. From a physical point of view, the
permeability evolution is related to the closure, development and penetration of internal
pores and fissures, and the change in pores and fissures is closely related to the damage
and plastic deformation of materials. Considering that the change in permeability in the
compression stage of mudstone is much smaller than that in the expansion stage, and the
latter stage is mainly used in oil and gas exploitation engineering, this paper defines the
evolution of permeability as a function of the damage variable and simplifies it into two
stages: D = 0 and D ≥ 0. Further, referring to the research results [32,33], the permeability
evolution model is defined as:

k =

{
k0, D = 0

k0

[
1 + ξ

(
1− e−nD)2

]
, D ≥ 0

(35)

where k0 is the initial permeability coefficient, and n and ξ are the model parameters. They
can be obtained by fitting the permeability coefficient curve. ξ is the magnitude increasing
coefficient, which can describe the sharp increase in the permeability coefficient in the
damage–fracture process of mudstone.

5.2. Numerical Simulation of Seepage–Stress Coupling

The permeability evolution model is written as a USFLD subroutine of ABAQUS.
Based on Soils (the fluid–solid coupling analysis step of ABAQUS), UMAT (the elastoplastic
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damage coupling mechanical model subroutine) and USFLD (the permeability evolution
model subroutine), the solution of seepage–stress coupling is realized [34].

Taking the mudstone sample of the indoor triaxial permeability test as the research
object, an axisymmetric finite element model was established as shown in Figure 11. The
bottom and the left boundary are fixed in the y direction and the x direction, respectively.
Firstly, 30 MPa confining pressure is applied. Then, 5 MPa pore pressure is applied at the
bottom, and the water is drained through the top. Finally, the deviatoric stress is applied in
stages using the top displacement control.
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The initial permeability coefficient of mudstone is 1 × 10−9 m/s. Based on the
simulation results, the pore pressure evolution curve (Figure 12) and the permeability
coefficient evolution curve (Figure 13) of the sample near the bottom were obtained. In
Figure 12, the curve AB shows the stage of applying confining pressure, curve BC shows
the pore pressure evolution stage after the initial pore pressure is applied, curves CD, EF
and GJ show the stages with different axial compression, and curves DE and FG show
the pore pressure evolution stages after stopping axial compression loading. Comparing
the three pore pressure evolution stages, it can be seen that after applying axial pressure,
the pore pressure dissipation rate significantly increases with the gradual increase in the
permeability coefficient. As the axial pressure increases, the volume deformation of the
rock sample changes from compression to expansion, the internal cracks rapidly develop,
the pores rapidly penetrate, and the pore pressure in the curve GJ rapidly decreases. As
shown in Figure 13, before the lowest point of the volumetric strain curve, that is, the
compression–expansion critical point, the internal deformation of the rock sample is mainly
compression, and the closure of the pores and fissures, plastic deformation and damage
evolution simultaneously occur under compressive stress, so the permeability coefficient
slightly increases with the axial compression loading. After the critical point, the plastic
deformation and damage rapidly increase, and the pores and fissures inside the rock sample
rapidly develop and connect, resulting in the sharp increase in the permeability coefficient
and rapidly reaching the peak.
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6. Conclusions

On the basis of the triaxial compression tests of mudstone in high buried depth
reservoirs under different confining pressures, the damage evolution and elastoplastic
damage coupling mechanical characteristics were discussed, and the elastoplastic damage
coupling mechanical model was proposed. The main conclusions are as follows:

(1) The integrity of mudstone is good. Under different confining pressures, the plastic
hardening and damage softening characteristics are obvious. Thus, the damage evolution
of mudstone is characterized by three stages: an elastic damage stage, a plastic-dominated
elastoplastic damage coupling stage and a damage-dominated elastoplastic damage cou-
pling stage.

(2) Elastic free energy and plastic free energy are expressed by plastic internal variables
and damage internal variables. On the basis of considering the elastic damage coupling and
elastoplastic damage coupling in the loading process, the elastoplastic damage coupling
mechanical model of mudstone is proposed.
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(3) On the basis of determining the mechanical parameters of the model, the simulation
study on the elastoplastic damage coupling mechanical characteristics of mudstone in high
buried depth reservoir was carried out. The simulation results are in good agreement with
the experimental results, which can better reflect the mechanical properties of mudstone
such as volume compression–expansion conversion, plastic hardening, damage softening
and residual strength.

(4) The secondary development was carried out in ABAQUS, and the constitutive
model and permeability evolution model were written as UMAT and USFLD subroutines,
respectively, and then the seepage–stress coupling numerical simulation was carried out.
The simulation results show that with the loading of axial deviatoric stress, the evolution of
the permeability coefficient undergoes slow increase, rapid increase and stabilization stages.
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