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Abstract: Mudstone material in a deep roadway is under the coupled stress-seepage condition.
To investigate the permeability change and damage development during rock excavation in roadways,
a stress-seepage damage coupling model has been proposed. In this model, damage capacity
expansion of mudstone material is considered as the initiation and propagation of micro-cracks and
the fracture penetration. A damage variable is introduced into the proposed model based on the
principle of minimum energy consumption. As a result, an elastoplastic damage constitutive equation
is established. Then, the permeability evolution equation describing the micro-macro hydraulic
behavior of mudstone is deduced via percolation theory, which can describe the characteristics of
sudden permeability change after rock capacity expansion. Furthermore, a finite element model is
established based on commercial finite element software-ABAQUS. The numerical model was firstly
verified by comparison between experimental and simulation results. On the basis of it, numerical
investigation of the temporal and spatial evolution law of pore pressure, damage and permeability
coefficient during roadway excavation is undertaken. The numerical results indicate that with increase
of construction time, pore pressure first increases and then decreases, while the damage zone and
permeability coefficient increase gradually and finally nearly keep constant. The proposed coupling
model and finite element method can describe damage and permeability evolution for mudstone
material under coupled stress-seepage well.

Keywords: mudstone material; damage model; permeability evolution; finite element method;
coupled stress-seepage

1. Introduction

In deep resource exploitation, geothermal resource development, deep tunnel excavation,
underground storage of nuclear waste, etc., multi-field coupling problems are involved.
Before underground construction, the rock mass has low permeability, and the seepage-stress coupling
effect is not obvious. The rock mass stress redistribution caused by the excavation of a tunnel (roadway)
leads to damage of the surrounding rock. As the fracture expands, the adjustment and migration
of the stress field, seepage field and damage evolution process as well as the interaction among
them are very significant, seriously affecting surrounding rock stability in an underground rock
project [1–4]. Therefore, it is of great theoretical significance and engineering application value for
stability control and safety evaluation of surrounding rock in underground engineering to study rock
seepage-stress-damage coupling, understand the interaction mechanism of rock mass damage and
seepage, and predict the possible damage mode and range of the rock mass [5,6].
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Many rich research results have been obtained in the study of multi-field coupling of rock
mass. Initial studies did not consider the impact of damage. Some scholars combined geomechanics
with seepage mechanics to study the coupling of porous media and fractured rock mass. Several
seepage-stress coupling models of rock mass were established [7–10]. With the deepening of research
on the coupling of rock masses, it was found that mechanical properties and hydraulic characteristics
of rock mass change obviously after damage and rupture. The effect of damage needs to be considered
on coupling of seepage-stress damage. Kelsall [11] analyzed the effect of underground construction on
the surrounding rock, and studied the variation law of surrounding rock damage caused by excavation
and its permeability evolution. Yang [12] proposed a seepage-damage coupling analysis model for the
seepage of fractured rock mass to discuss the effect of seepage on the mechanical behavior as well as
the effect of stress state on fracture permeability. Zhang [13] established the seepage-stress coupling
model considering damage according to the principle of the same principle axis of strain, damage
and additional permeability. Ran [14] introduced the concept of mutual coupling of plastic damage
evolution and seepage into the Mohr–Coulomb failure criterion, gave the permeability evolution and
damage evolution equations of mudstone, and analyzed stability of mudstone borehole wall using a
seepage-stress damage coupling model.

In the current theoretical analysis of seepage-stress damage coupling [15–23], the permeability
evolution model cannot describe the characteristics of sudden permeability change after rock capacity
expansion. According to the permeability evolution characteristics of mudstone, the sudden change
of permeability evolution before and after capacity expansion in the process of total stress-strain is
analyzed. Furthermore, the permeability evolution equation describing the micro-macro hydraulic
behavior of mudstone is deduced based on percolation theory. Finally, the seepage-stress damage
coupling model of mudstone is established. Furthermore, the construction process of a roadway is
simulated to validate the effectiveness of the proposed theoretical model using numerical simulation.

2. Stress-Seepage Damage Coupling Model

In this section, the mechanical behavior characteristics of mudstone were first analyzed and
then the mudstone excavation damage mechanism was revealed. With the help of the principle of
minimum energy consumption, the damage evolution equation describing mudstone macro mesoscopic
mechanical behavior and failure characteristics and an elastoplastic damage constitutive model was
established. Combined with the stress balance equation and continuous equations, the stress-seepage
damage coupling model was finally proposed.

2.1. Elastoplastic Damage Constitutive Equation

When describing the plastic behavior of mudstone, it is assumed that it is subject to the Coulomb
yield criterion, and then the elastoplastic constitutive relation in incremental form is:

[C]p =
[C∗]

(
∂gp

∂σ′

)(
∂ f
∂σ′

)T
[C∗]

A +
(
∂ f
∂σ′

)T
[C∗]

(
∂gp

∂σ′

) (1)

In Equation (1), [C∗] = (1−D)[C]e. where parameter D is the damage variable, parameter [C]e is
the elastic matrix, parameter [C]p is the plastic matrix, parameter f is the yield function, parameter gp

is the plastic potential function, and parameter A the modulus characterizing hardening or softening.
Because of the tensile stress concentration, the micro-fractures in the mudstone initiation,

propagation and connection, will finally cause the non-linear deformation of mudstone at the damage
capacity expansion stage. Based on the principle of minimum energy consumption, the damage
variable D is considered as an internal variable, and the nonlinear principal strain εN

i (i = 1, 2, 3) of
mudstone caused by loading is set as the energy dissipation mechanism of mudstone in the damage
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process. According to the principle of minimum energy dissipation, the rate of energy dissipation φ(t)
can be expressed as:

φ(t) = σi
.
ε

N
i (t) (2)

where, σi(i = 1, 2, 3) is the nominal principal stress;
.
ε

N
i (t) is the rate of nonlinear principal strain at

time t; t is the time parameter of energy dissipation process.
For isotropic damage, the stress-strain relationship at any time t can be expressed as:

ε1(t) = 1
[1−D(t)]E [σ1 − µ(σ2 + σ3)]

ε2(t) = 1
[1−D(t)]E [σ2 − µ(σ1 + σ3)]

ε3(t) = 1
[1−D(t)]E [σ3 − µ(σ2 + σ1)]

(3)

The following can be obtained from the Equation (3):

.
ε

N
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2 (t) = −

.
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[1−D(t)]2E
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.
ε

N
3 (t) = −

.
D(t)

[1−D(t)]2E
[σ3 − µ(σ2 + σ1)]

(4)

Introduce Equation (4) into the Equation (2) to obtain:

φ(t) = −

.
D(t)

[1−D(t)]2E

[
σ2

1 + σ2
2 + σ2

3 − 2µ(
σ1σ2 + σ2σ3 + σ3σ1)

]
(5)

The constraint condition of mudstone in the process of energy dissipation is (failure criterion
of mudstone): {

F1(σ) = σ1 −m′σ3 − n′ = 0
F2(σ) = σ3 − σt = 0

(6)

where, m′ = 1+sinϕ0
1−sinϕ0

, n′ = 2c0 cosϕ0
1−sinϕ0

, c0 is the initial cohesion, and ϕ0 is the initial internal friction angle.
According to the principle of minimum energy dissipation, under the condition of Equation (6),

the Lagrange multiplier λ1 and λ2 are introduced into the Equation (5), and the Equation (7) can be
obtained from the stationary values. 

∂[φ(t)+λ1F1]
∂σi

= 0
∂[φ(t)+λ2F2]

∂σi
= 0

(7)

After the arrangement, the damage evolution equation is shown in Equation (8).

D = 1− exp
[
λ1(1−m′) + λ2

2εv
+ C

]
(8)

where εv is the volumetric strain,λ1,λ2, and C are the material constants to be determined by experiment.

2.2. Stress Balance Equation

The study of seepage-stress in saturated-unsaturated rock and soil medium is two or more fluids
flowing in pores. In this work, only water and air are considered in the pores, and the viscosity of
water are not considered. besides, the unsaturated zone is connected with the atmosphere, as a result,
the pressure at unsaturated zone is equal to the atmospheric pressure.

For saturated-unsaturated geomaterials, the effective stress expression can be written as following:

σ = σ′ −mp (9)

where m =
[

1, 1, 1, 0, 0, 0
]T

.
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The effective stress-strain constitutive relation in incremental form is:

dσ′ = Cep(dε− dεl) (10)

where, Cep is the elastoplastic matrix; dεl is the strain increment due to pore fluid pressure, εl = −m dp
3KS

.
According to the virtual work principle, the stress balance equation expressed in incremental

form is: ∫
Ω
δεTdσdΩ −

∫
Ω
δuTdbdΩ −

∫
Γ
δuTdt̂dΓ = 0 (11)

where, δε is the virtual strain; δu is the virtual displacement; b is physical strength; t̂ is surface force.
According to Equations (9)–(11) and by time derivation, it can be obtained that:∫

Ω
δεTCep

(
dε
dt

+ m
1

3KS

dp
dt

)
dΩ −

∫
Ω
δεTm

dp
dt

dΩ −
∫

Ω
δuT db

dt
dΩ −

∫
Γ
δuT dt̂

dt
dΓ = 0 (12)

Assuming that the pore pressure is constant at atmospheric pressure, then the derivative of the
average pore fluid pressure over time can be reduced to:

dp
dt

= sw
dpw

dt
+ pw

dsw

dt
(13)

For unsaturated problems, saturation sw is a function of capillary pressure pc. When pore
pressure is constant at atmospheric pressure, the saturation sw is also a function of pore water pressure.
The change in saturation can then be expressed as:

dsw

dt
=

dsw

dpw

dpw

dt
= ξ

dpw

dt
(14)

where, ξ is determined by the test curve between capillary pressure pc and saturation sw.
Substituting Equations (13) and (14) into Equation (12), the balance equation is obtained as in

Equation (15). ∫
Ω δε

TCep
dε
dt dΩ +

∫
Ω δε

TCep

(
m (sw+pwξ)

3KS

dpw
dt

)
dΩ

−

∫
Ω δε

Tm(sw + pwξ)
dpw
dt dΩ =

∫
Ω δuT db

dt dΩ +
∫

Γ δuT dt̂
dt dΓ

(15)

2.3. Continuous Equation

According to the principle of mass conservation, for a given volume of rock, the amount of water
that flows into this volume within time dt should equal the increase in its internal water storage.
Fluid seepage is described by Darcy’s law. After derivation, the continuity equation of seepage is
shown as Equation (16).

sw

(
mT
−

mTCep
3KS

)
dε
dt −∇

T
[
K
(
∇pw
ρw
− g

)]
+{

ξn + n sw
Kw

+ sw

[
1−n
3KS
−

mTCepm

(3KS)
2

]
(sw + pwξ)

}
dpw
dt = 0

(16)

where, K is the product of permeability coefficient k and water density; ρw is water density; g is gravity
acceleration vector; Kw is volume modulus of water; n is porosity.

3. Permeability Evolution Model of Mudstone Material

When the mudstone is locally fractured due to tension/shear forces, the permeability coefficient
increases drastically. The evolution of permeability with displacement is directly related to strain
localization or damage. The permeability evolution model of mudstone is mainly to analyze the
relationship between permeability coefficient, stress (strain) and damage. Then, we establish the
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mechanical models of permeability coefficient, stress (strain) and damage, which is the core of the
study of seepage-stress-damage coupling problem.

3.1. Percolation Characteristics of Mudstone Material

According to the existing research results of permeability tests [24], the permeability test
curve during the whole stress-strain process of mudstone shows segmental characteristics with
the development of deformation. There are three characteristic sections: permeability reduction stage
(OA section), permeability growth stage (AC section) and permeability stability stage (CD section).
As shown in a typical mudstone permeability variation curve in Figure 1, there is a permeability
mutation between OA and AC sections. This phenomenon can be explained by percolation theory.
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Figure 1. Typical permeability variation curve of mudstone.

Mudstone porous media consists of a solid framework and pores. For fluids, the solid framework
is viewed as a “disconnection” bond, while pores are viewed as “connection” bonds. Randomly
distributed pores are interconnected to form many pore groups called clusters or groups, of which,
the group containing the most pores are called the largest group. In the initial stage (OA section) of
mudstone deformation, the original pores are closed tightly, the porosity is decreased, the connectivity
between pores in the mudstone is reduced, groups are in sporadic distribution, and some groups
also have local connectivity but no infinite interpenetrating group is formed, leading to a decline
in permeability. With the increase of axial stress, micro-cracks appear in the mudstone, pores are
interconnected, and porosity increases. When the porosity increases to the critical value, the various
groups within the mudstone interpenetrate to form an infinite group. The fluid can infiltrate the
mudstone porous media completely along the percolation channel formed by the infinite group.
At this time, mudstone permeability changes suddenly. This transformation is called percolation
transformation. It can be seen that permeability evolution has obvious percolation characteristics
(infiltration mutation) during the deformation and damage of mudstone. This paper establishes a
permeability evolution equation based on percolation theory.

The study on percolation characteristics of mudstone shows that the analysis of pores (cracks) in
mudstone is the basis for studying mudstone permeability [24]. Only when the size, distribution and
connectivity of pores (cracks) in mudstone are clear, can we make a correct calculation and reasonable
evaluation of permeability. Therefore, when studying mudstone permeability, size, distribution and
connectivity of pores (cracks) can be determined according to the statistical rules of pores (cracks).
However, this method has such shortcomings as uneasy operation, lack of regularity and disconnection
between model parameters and actual parameters [13]. In this paper, based on the percolation theory,
the variables that characterize micro-structure, such as size and distribution of pores (cracks) and
their connectivity, are linked with macroscopic mechanical parameters (stress or strain) by connection
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probability, to establish the permeability evolution equation that can reflect changes of mudstone
micro-structure during the damage.

3.2. Permeability Evolution Model

In this paper, the bond percolation model is adopted, the connection probability of any bond in the
mudstone percolation model grid is p. The two bonds are interconnected and only the adjacent bonds are
connection bonds. The pores (cracks) inside the mudstone are randomly distributed, under the action
of external force, the dynamic evolution of pores (cracks) is related to the destruction of the micro-units
in the rock. It can be known from the physical meaning of connection probability and destruction
probability that connection probability p can be expressed as micro-unit destruction probability.

The damage of rock micro-units is random, and the distribution intensity function of micro rock
destruction probability is in regard to strength of micro-units is ρ(F). Assuming that the micro-units
follow Weibull distribution, the distribution intensity function is:

ρ(F) =
γ

F0

(
F
F0

)γ−1

exp
[
−

(
F
F0

)]γ
(17)

Then, connection probability p can be obtained from Equation (17):

p =

∫ F

0
ρ(x)dx = 1− exp

[
−(F/F0)

γ
]

(18)

where, F is the rock micro unit strength; F0 and γ are Weibull distribution parameters, reflecting the
mechanical properties of rock materials. Studies have shown that micro unit strength of rock can be
represented by the axial strain of rock [25]. Then, Equation (18) can be expressed as:

p = 1− exp[−(ε1/ε0)]
γ (19)

where, ε1 is axial strain of the rock, ε0 is Weibull distribution parameter.
Parameter ε0 can indicate the overall effect of micro unit strength on macroscopic damage.

Parameter εci is the strain at dilatancy point C, parameter γ represents heterogeneity degree of
distribution, which also indicates brittle plasticity of the rock material. A small γ means a high rock
plasticity. In this work, ε0 is set as equal as εci and γ = 1. Thus, the connection probability p can be
written according to Equation (19):

p = 1− exp[−(ε1/εci)] (20)

As the connection probability p increases (or decreases) to pci, an infinite connectivity group-the
percolation group, can be formed where some macroscopic nature of the system undergoes a qualitative
change (such as circulation or clogging of fluid in the porous medium), and percolation phenomenon
occurs. At dilatancy point C, value of pci is called percolation threshold, which can be expressed as:

pci = 1− exp[−(εci/εci)] = 1− e−1 = 0.63 (21)

Mudstone permeability is related to the degree of interconnectivity between internal fractures.
The quantitative index reflecting the connectivity degree of fracture network is connectivity C.
From Equations (20) and (21), in concrete terms, it is stipulated that when each fracture in the fracture
network extends indefinitely (that is, both ends of the fracture are tangential to the boundary of the
study area), that is, when an independent passageway can be formed, its connectivity is equal to 1;
on the contrary, if each group of cracks in the network does not intersect each other and no passageway
is formed, the connectivity is equal to zero.
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Connectivity C can be obtained by directly measuring the average number of intersections where
each fracture in the fracture network intersects with other fractures. Generally, connectivity C can
be expressed as a function of the number of fractures in the infinite group throughout the entire
fracture network,

C ∝ (N −Nci)
2 (22)

In Equation (22), N is the total number of fractures, and Nci is the critical number of fractures.
Through the above analysis, it can be seen that (N −Nci) is identical with (p− pci) from

Equation (22). Therefore, connectivity in a random micro-fracture network can be expressed as:

C ∝ (p− pci)
2 (23)

At some point, connectivity is the ratio of permeability at this point of time to the final permeability
(permeability at full connectivity) ks:

C ∝ k/ks (24)

By combining the Equations (22)–(24), permeability can be expressed as following with help of
constant A:

k = Aks[(p− pci)]
2 = Aks[(1− exp(−ε1/εci) − pci)]

2 (25)

When permeation reaches a peak, k = ks, constant A can be determined from Equation (26).

A = 1/[1− exp(−εcc/εci) − pci]
2 (26)

where εcc is the axial strain at the permeation peak value.
According to the percolation theory, after the percolation transformation, the rock changes from

impermeable to permeable. The above Equation (25) only shows the permeability expression after
the percolation transformation, but cannot describe the evolution of rock permeability before the
dilatancy point, so it is necessary to study the permeability evolution equation before percolation
(before dilatancy).

(1) Permeability evolution equation before dilatancy (without damage)
Based on the Kozeny–Carman equation, the relationship between permeability coefficient k and

volume strain εv can be derived [26,27]:

k = k0
1

1 + εv

(
1 +

εv

n0

)3

(27)

where, k0 is initial permeability coefficient; εv is volume strain; n0 is initial porosity.
(2) Permeability evolution equation after dilatancy (damage zone)
It can be seen from Equation (25) that the rock permeability coefficient at dilatancy point C is zero,

which is inconsistent with the actual situation. In fact, the permeability coefficient at the dilatancy
point is:

kc = k0
1

1 + εv
ci

(
1 +

εv
ci

n0

)3

(28)

where, εv
ci is the volume strain at dilatancy point C.

According to Equation (27) and Equation (28), the modification of Equation (25) is as follows:

k = Aks[(1− exp(−ε1/εci) − pci)]
2 + kc (29)

From Equation (29), permeability evaluation during rock excavation can be fully described.
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4. Numerical Simulation and Application

Based on the established seepage-stress damage coupling model of mudstone, the evolution
process and permeability evolution of the damaged area during excavation of a mudstone roadway
are studied.

To embed the proposed stress-seepage damage coupling model into the numerical model,
the large-scale the commercial finite element code-ABAQUS was used as the platform for secondary
development. First, the subroutine, named GETVRM, was used to obtain the data of integral points.
Then, three new codes were developed to calculation relationships between deformation, damage,
and permeability. The relationship between deformation parameters and damage is used by the
command “*Elastic, DEPENDENCIES = 1”. The relationship between strength parameters of mudstone
and plastic strain is defined by the command “*Mohr Coulomb Hardening DEPENDENCIES = 1”.
The relationship between permeability and strain is defined by code “*permeability, specific = 10,000,
DEPENDENCIES = 1”. Finally, the subroutine “USDFLD. for” was run repeatedly to calculate and
obtain the deformation, damage, and permeability.

4.1. Numerical Model Validation

In order to verify the effectiveness of the numerical model, the conventional triaxial compression
test was conducted by finite element analysis and an experimental test at the same time. The model
parameters can be obtained from Equation (30).

D = 1− exp(0.013/εv + 4.43) (30)

The model size is a cylinder with the diameter of 50 mm and a height of 100 mm (as shown in
Figure 2), and the influence of gravity is not considered in the simulation. Two different confining
pressures, 0.89 MPa and 2.85 MPa, were applied during the test. The triaxial compression test curves
of mudstone in the literature [28], and the established elastoplastic damage constitutive model of
mudstone is used to fit the stress-strain curve of the mudstone. As shown in Figure 2, the numerical
model is three-dimensional and has 720 hexahedral 8-node finite elements.Materials 2020, 13, x FOR PEER REVIEW 9 of 18 
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Figure 2. Triaxial test finite element calculation model.

The comparisons between experimental and numerical results are shown in Figure 3. It can
be seen from Figure 3 that the simulation results are consistent with the experimental results,
which validates the numerical models and indicates that the elastoplastic damage constitutive model
in this paper can reasonably describe the characteristics of the principal mechanical behaviour and the
deformation characteristics.
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MPa. (b) Confining pressure is 2.85 MPa.

As shown in Figure 3, the maximum deviation between experimental and numerical results are
about 8.63%, and 10.24% for corresponding confining pressure of 0.89 MPa, and 2.85 MPa, respectively.
The results show a relatively high error, which may be caused by the following reasons.

Firstly, there are some differences between numerical simulation and the real laboratory test for
triaxial compression test. For the laboratory test, there is a space between the pressing plate and the
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specimen. Besides, the confining pressure generated by the oil pressure applied to the rubber sleeve
will produce a shear stress on the specimen. Both of these two reasons make the experimental results
lower than the numerical results.

Secondly, as is widely known, rock is one of the most typical heterogeneous materials, which causes
the data deviation of rock materials to be relatively large. As a result, the mechanical parameters of rock
materials are different from each other, which is the main reason of deviation between experimental
and numerical results.

Finally, the numerical results agree well with the target values obtained from laboratory tests.
The results are acceptable for rock materials with all errors controlled to 20%.

4.2. Application of Proposed Model

A roadway is located at a buried depth of 200 m, with a diameter of 6 m. The calculation model
is shown in Figure 4. The model has a size of 100 m × 100 m with an excavation diameter of 6 m.
The model contains 676 finite elements and these elements are a 4-node rectangle. The Y-direction
displacement constraint is applied to the bottom while the X-direction displacement constraint is
applied to the left and right sides of the model. The pressure stress is applied at the top of the model
with a value of 3.5 MPa. The initial effective vertical stress at the top of the model is 1.75 MPa, the lateral
pressure coefficient is 0.9 and the initial pore water pressure is 1.75 MPa. The mudstone has very
low permeability.Materials 2020, 13, x FOR PEER REVIEW 11 of 18 
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In the numerical simulation, it is assumed that the boundary is impermeable during excavation,
and water permeability of the lining is considered after the completion of construction. The permeability
coefficient evolution equation uses the expression given in Section 3.2, where the parameter A = 50,
and permeability coefficient k at mudstone rupture increases by three orders of magnitude compared
with the original rock. The mudstone and lining material parameters are listed in Table 1. Other model
parameters are listed in Equation (31).

D = 1− exp(0.013/εv + 4.43)
σci = 0.13σ3 + 1.05
σcc = 0.35σ3 + 1.27
c
(
εp

)
= c0 + 208.33(cr − c0)εp

(31)
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Table 1. Material parameters of finite element model.

Weight
(kN/m3)

Elasticity
Modulus

(GPa)

Poisson’s
Ratio

Cohesion
(MPa)

Residual
Cohesion

(MPa)

Internal
Friction

Angle (◦)

Permeability
Coefficient

(m/s)
Porosity

Mudstone 20 0.6 0.13 0.3 0.06 19 3 × 10−12 0.39

Lining 25 20 0.25 - - - 1.2 × 10−11 0.06

The above calculation model is numerically calculated to study the spatial and temporal
evolution of pore pressure, damage and the permeability coefficient during the roadway construction.
The calculation results are as follows:

(1) Pore pressure
Figure 5 shows the distribution of pore pressure of surrounding rock at different times. Figure 6

shows the variation curve of pore pressure of surrounding rock over time. It can be seen from Figure 5
that pore water pressure suddenly drops to about 1.2 MPa after roadway excavation. Pore pressure
gradually increases with the increase of time and reaches the maximum value of 1.4–1.6 MPa after
about 12 d of roadway support. Afterwards, pore pressure gradually decreases and pore pressure of
the inner wall of the surrounding rock decreases to 0.45–0.65 MPa after 60 d of support.

Figure 7 shows the pore pressure changes along the roadway at different locations. It can be seen
from Figure 6 that the range of influence of pore pressure on the sides of roadway is greater than that
on the roof and floor due to uneven ground stress after roadway excavation. The former is about 4 m,
while the latter is about 3 m.Materials 2020, 13, x FOR PEER REVIEW 12 of 18 
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Figure 7. Variation curve of pore pressure at different positions of roadway.

(2) Damage Zone Development
Figures 8 and 9 show the distribution of the surrounding rock damage zone at different times.

It can be seen from the Figure 9 that the surrounding rock is damaged after the roadway excavation.
The damage value is 0.3–0.5. The damage degree of the surrounding rock gradually increases with
the increase of time, and reaches the maximum of 0.38–0.56 after about 10 d of roadway support.
The damage degree tends to be stable thereafter.
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Figure 9. Distribution curve of surrounding rock damage over time.

Figure 10 shows the damage area distribution of surrounding rock along the roadway at different
locations. It can be seen from Figure 8 that the range of damage on the sides of roadway is larger
than that on the roof and floor due to difference stress between horizontal and vertical directions.
The damage zone range of the former is about 3 m, while the latter is about 2 m.
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Figure 10. Distribution of surrounding rock damage at different locations in the roadway. Figure 10. Distribution of surrounding rock damage at different locations in the roadway.

(3) Permeability coefficient
Figures 11 and 12 show the distribution of the surrounding rock permeability coefficient over time.

It can be seen from the Figure 12 that permeability coefficient of surrounding rock is obviously increased
after the tunnel excavation, varying in the range of 0.9 × 10−9–1.5 × 10−9 m/s. The permeability
of surrounding rock gradually increases with the increase of time, and reaches its maximum of
1.15 × 10−9–1.7 × 10−9 m/s after about 10 d of roadway support, which is 400~600 times that of the
original rock permeability coefficient. The permeability coefficient tends to be stable thereafter.
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mutation of mudstone, was proposed. Then, the proposed model was embedded into a numerical 
method and validated. The main conclusions can be drawn as follows: 

(1) Permeability variation curves includes three stages, namely permeability reduction, 
permeability growth and permeability stability, during the deformation process of mudstone. 
Furthermore, there is a sudden permeability change after rock capacity expansion, which is called 
the percolation characteristic of mudstone. 

(2) The percolation characteristics of mudstone is mainly caused by propagation and forming an 
infinite group of micro-cracks during the loading process.  
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Figure 13 shows the distribution of the surrounding rock permeability coefficient along the
roadway at different locations. It can be seen from Figures 11 and 13 that permeability of on the sides
of roadway is larger than that on the roof and floor due to difference stress. The former is about 3 m,
while the latter is about 2 m.
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5. Conclusions

In this paper, the permeability evolution before and after capacity expansion in the process of total
stress-strain is analyzed. On basis of the results, first, an elastoplastic damage constitutive equation
and a permeability evolution model, which can consider the damage and permeability mutation of
mudstone, was proposed. Then, the proposed model was embedded into a numerical method and
validated. The main conclusions can be drawn as follows:

(1) Permeability variation curves includes three stages, namely permeability reduction, permeability
growth and permeability stability, during the deformation process of mudstone. Furthermore,
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there is a sudden permeability change after rock capacity expansion, which is called the percolation
characteristic of mudstone.

(2) The percolation characteristics of mudstone is mainly caused by propagation and forming an
infinite group of micro-cracks during the loading process.

(3) Based on percolation theory, the permeability evolution equation describing the micro-macro
hydraulic behavior of mudstone is deduced. Furthermore, a damage variable is introduced into
the proposed model based on the principle of minimum energy consumption and seepage-stress
damage coupling model of mudstone is established.

(4) The proposed stress-seepage damage coupling model was embedded into commercial finite
element code-ABAQUS, and the numerical codes were validated by comparing experimental and
numerical results.

(5) The proposed theoretical and numerical modes were applied on a roadway construction process.
The results show that over time pore pressure first increases and then decreases, while damage
and the permeability coefficient gradually increase and finally nearly remain constant.

Author Contributions: B.L.: Analyzed the calculation results and wrote the article; J.L.: Established coupled
stress-seepage-damage model and numerical simulation; Q.L.: Laboratory tests, wrote the draft paper and edited
article; X.L.: Data analysis and offered useful suggestions for the preparation and writing of the paper. All authors
have read and agreed to the published version of the manuscript.

Funding: Was supported by the National Natural Science Foundation China (Grant Nos. 51504089, 51474205,
51709097), and China Postdoctoral Fund (Grand No.2016M592223).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jia, Y.; Bian, H.B.; Duveau, G. Hydromechanical modelling of shaft excavation in Meuse/Haute-Marne
laboratory. Phys. Chem. Earth 2008, 33, S422–S435. [CrossRef]

2. Levasseur, S.; Charlier, R.; Frieg, B. Hydro-mechanical modeling of the excavation damaged zone around
an underground excavation at Mont Terri Rock Laboratory. Int. J. Rock Mech. Min. Sci. 2010, 47, 414–425.
[CrossRef]

3. Marcke, P.V.; Bastiaens, W. Excavation induced fractures in a plastic clay formation: Observations at the
HADES URF. J. Struc. Geol. 2010, 32, 1677–1684. [CrossRef]

4. Deng, Y.F.; Tang, A.M.; Cui, Y.J. Laboratory hydro-mechanical characterisation of Boom Clay at Essen and
Mol. Phys. Chem. Earth 2011, 36, 1878–1890. [CrossRef]

5. Yang, T.H.; Li, L.C.; Tang, C.A. Analysis on the relationship between seepage and damage during the failure
process of rocks-author’s reply to Doctor Tang Hongxia’s discussion. Chin. J. Rock Mech. Eng. 2004, 23,
4254–4257.

6. Ziefle, G.; Matray, J.; Jobst, M. Coupled hydraulic-mechanical simulation of seasonally induced processes in
the Mont Terri rock laboratory (Switzerland). Swiss. J. Geosci. 2017, 110, 195–212. [CrossRef]

7. Liu, X.; Liu, Q.; Liu, B.; Kang, Y.; He, J. Numerical manifold method for thermal–hydraulic coupling in
fractured enhance geothermal system. Eng. Anal. Bound. Elem. 2019, 101, 67–75. [CrossRef]

8. Liu, X.; Liu, Q.; Liu, B.; Zhu, Y.; Zhang, P. Failure Behavior for Rocklike Material with Cross Crack under
Biaxial Compression. J. Mater. Civ. Eng. 2019, 31, 06018025. [CrossRef]

9. Liu, X.; Liu, Q.; Wei, L.; Huang, X. Improved strength criterion and numerical manifold method for fracture
initiation and propagation. Int. J. Geomech. 2017, 17, E4016007. [CrossRef]

10. Xiao, Y.X.; Lee, C.F.; Wang, S.J. Assessment of an equivalent porous medium for coupled stress and fluid
flow in fractured rock. Int. J. Rock Mech. Min. Sci. 1999, 36, 871–881. [CrossRef]

11. Kelsall, P.C.; Case, J.B.; Chabannes, C.R. Evaluation of exeavation-indueed changes in rock permeability.
Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 1984, 21, 123–135. [CrossRef]

12. Yang, Y.Z.; Zhou, W.Y. A coupled seepage-damage analysis model for jointed rock masses and its application
to rock engineering. J. Hydraul. Eng. 1991, 35, 19–27.

13. Zhang, L.; Lu, G.H. Application of damage-based permeability-stress coupling model to studies on
groundwater migration. Adv. Sci. Technol. Water Resour. 2010, 30, 58–62.

http://dx.doi.org/10.1016/j.pce.2008.10.030
http://dx.doi.org/10.1016/j.ijrmms.2010.01.006
http://dx.doi.org/10.1016/j.jsg.2010.01.010
http://dx.doi.org/10.1016/j.pce.2011.10.002
http://dx.doi.org/10.1007/s00015-016-0252-1
http://dx.doi.org/10.1016/j.enganabound.2018.12.014
http://dx.doi.org/10.1061/(ASCE)MT.1943-5533.0002540
http://dx.doi.org/10.1061/(ASCE)GM.1943-5622.0000676
http://dx.doi.org/10.1016/S0148-9062(99)00060-1
http://dx.doi.org/10.1016/0148-9062(84)91530-4


Materials 2020, 13, 3755 17 of 17

14. Ran, X.F.; Wang, Y.Z.; Jia, S.P. Research on borehole stability of shale based on seepage-stress-damage
coupling model. Frattura ed Integrità Strutturale 2014, 27, 74–82. [CrossRef]

15. Liu, X.; Liu, Q.; Liu, B.; Kang, Y. A Modified Bursting Energy Index for Evaluating Coal Burst Proneness and
Its Application in Ordos Coalfield, China. Energies 2020, 13, 1729. [CrossRef]

16. Liu, B.; Zhu, Y.; Liu, Q.; Liu, X. A Novel in Situ Stress Monitoring Technique for Fracture Rock Mass and Its
Application in Deep Coal Mines. Appl. Sci. 2019, 9, 3742. [CrossRef]

17. Liu, X.; Liu, Q.; Kang, Y.; Liu, B. Investigation on relationship of the burial depth and mechanical properties
for sedimentary rock. Arab. J. Geosci. 2020, 13, 760. [CrossRef]

18. Liu, X.; Liu, Q.; He, J.; Yu, F. Numerical simulation of cracking process in rock mass under the coupled
thermo-mechanical condition. Int. J. Comput. Methods 2020, 17, 1950065. [CrossRef]

19. Schulte, R.; Ostwald, R.; Menzel, A. Gradient-Enhanced Modelling of Damage for Rate-Dependent Material
Behaviour—A Parameter Identification Framework. Materials 2020, 13, 3156. [CrossRef]

20. Niu, J.; Wang, B.; Feng, C.; Chen, K. Experimental Research on Viscosity Characteristics of Grouting Slurry in
a High Ground Temperature Environment. Materials 2020, 13, 3221. [CrossRef]

21. Choi, C.S.; Lee, Y.K.; Song, J.J. Equivalent Pore Channel Model for Fluid Flow in Rock Based on Microscale
X-ray CT Imaging. Materials 2020, 13, 2619. [CrossRef]

22. Li, H.; Zhang, Q.; Jia, J.; Ji, C.; Wang, B.; Yan, S. Study on Low-Velocity Impact Damage and Residual Strength
of Reinforced Composite Skin Structure. Materials 2020, 13, 2573. [CrossRef] [PubMed]

23. Skrzypkowski, K. Case Studies of Rock Bolt Support Loads and Rock Mass Monitoring for the Room and
Pillar Method in the Legnica-Głogów Copper District in Poland. Energies 2020, 13, 2998. [CrossRef]

24. Li, J.L. Study on the Seepage-Stress-Damage Coupling Model and Permeability Self-Healing of Clay.
Ph.D. Thesis, Wuhan University, Wuhan, China, 2014.

25. Tang, C.A. The Catastrophe in the Process of Rock Failure; Coal Industry Press: Beijing, China, 1993.
26. Li, P.C.; Kong, X.Y.; Lu, D.T. Mathematical modeling of flow in saturated porous media on account of

fluid-structure coupling effect. J. Hydrodyn. 2003, 18, 419–426.
27. Scuro, C.; Tiberti, S.; Codispoti, R.; Milani, G.; Olivito, R.S. Fictile tubules: A traditional Mediterranean

construction technique for masonry vaulted systems. Constr. Build. Mater. 2018, 193, 84–96. [CrossRef]
28. Yu, H. Study on Long Term Hydro-Mechanical Coupled Behavior of Belgium Boom Clay. Ph.D. Thesis,

Institute of Rock and Soil Mechanics, Chinese Academy of Sciences, Wuhan, China, 2010.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3221/IGF-ESIS.27.09
http://dx.doi.org/10.3390/en13071729
http://dx.doi.org/10.3390/app9183742
http://dx.doi.org/10.1007/s12517-020-05757-1
http://dx.doi.org/10.1142/S0219876219500658
http://dx.doi.org/10.3390/ma13143156
http://dx.doi.org/10.3390/ma13143221
http://dx.doi.org/10.3390/ma13112619
http://dx.doi.org/10.3390/ma13112573
http://www.ncbi.nlm.nih.gov/pubmed/32516901
http://dx.doi.org/10.3390/en13112998
http://dx.doi.org/10.1016/j.conbuildmat.2018.10.156
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Stress-Seepage Damage Coupling Model 
	Elastoplastic Damage Constitutive Equation 
	Stress Balance Equation 
	Continuous Equation 

	Permeability Evolution Model of Mudstone Material 
	Percolation Characteristics of Mudstone Material 
	Permeability Evolution Model 

	Numerical Simulation and Application 
	Numerical Model Validation 
	Application of Proposed Model 

	Conclusions 
	References

