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Abstract: In order to study the stress–strain–permeability coefficient relationship of overlying strata
in a fractured zone after coal mining, taking the Changcun coal mine in the Changzhi basin as an
example, the permeability evolution law of coarse sandstone, fine sandstone, siltstone and mud-
stone during a stress–strain process was analyzed through a triaxial compression permeability test.
The generalized model of the rock mass permeability evolution process under mining stress was
summarized, and then a coupling model of the stress–water pressure–permeability coefficient of
fractured rock was established based on the continuum model of rock mass. The results showed that
the maximum permeability coefficient of different coal overburden types was quite different, and the
peak strength of the rock mass preceded the maximum permeability coefficient during the rock mass
failure process; the permeability coefficient first decreased and then increased, reaching its maximum
value after the peak stress, which occurred during the strain-softening stage; the generalized model of
rock mass permeability included the compaction stage, elasticity stage, stable fracture stage, unstable
fracture stage, macroscopic failure stage and residual strength stage.

Keywords: permeability evolution; coal mining; stress–strain; mining stress

1. Introduction

The occurrence of coal resources is often adjacent to the underground aquifer, and
coal mining has a significant impact on alterations in groundwater resources. For many
years, due to the lack of scientific guidance, the coal mining sector in China has not taken
effective measures to protect groundwater resources during coal mining, which has led
to great damage to underground aquifers in many coal mining areas in China [1–4]. The
continuous exploitation of coal mine resources has led to an increasingly severe loss of
underground water [5–7] and resulted in the occurrence of various coal mine disasters in
recent years as well [8–10].

In coal mining, the seepage of overlying strata is a crucial issue. As coal seams are
exploited, alterations in the stress state of the surrounding layers lead to the fragmentation,
cracking and deformation of the overburden. The impact zone of overlying strata mining
can be classified based on its degree of destruction into a caving zone, a fracture zone and a
bending zone [11], which is shown in Figure 1. The development of pores and cracks in
the caving zone and fracture zone leads to drastic changes in water permeability [12,13].
During coal mining, the changes in the stress and strain of the rock result in an exponential
increase in its permeability coefficient, directly affecting the groundwater flow and flow
field of aquifers [14]. Therefore, scholars are paying more and more attention to the coupled
effects of stress and seepage.
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Figure 1. Distribution of three zones in overlying strata.

K. Terzaghi first began to study the coupling of fluid–solid deformation, and based on
much measured data, he put forward the concept of effective stress and established a con-
solidation model in one dimension [15]. Biot creatively put forward the three-dimensional
consolidation theory, which laid the foundation for many scholars to study water–rock
coupling in a later period [16–18]. Ma C. Y. et al. studied the physical simulation of non-
linear flow in a fractured anisotropic medium and revealed the variation mechanism of
full tensor permeability with stress sensitivity in anisotropic medium through numerical
calculation and physical experiments [19]. Ki-bokmin et al. investigated fractured rock
mass permeability using the two-dimensional discrete element method, and based on the
numerical simulation approach and results, the stress–permeability relationship equation
of rock mass was put forward [20]. Based on Biot’s theory, Noorishad et al. extended
the constitutive equation of porous elastic medium to that of damaged medium and put
forward a fluid–solid coupling analysis model of fracture [21]. Zhao et al. proposed a
permeability model for fractured rocks considering elastoplastic deformation. The model,
based on elastoplastic contact analysis, described the evolution of permeability in fractured
rocks as a process from elastic deformation to plastic deformation and then to fractur-
ing [22]. Yu et al. conducted triaxial compression tests under varying seepage pressure
and confining pressure conditions, leading to the development of a novel damage con-
stitutive model that more accurately captures the stress–strain relationship [23]. Teng
et al. developed a permeability correction model for muddy sandstone under coupling
fluid mechanics conditions, revealing the correlation between the permeability of muddy
sandstone and effective stress (including external stress and pore pressure) [24]. Zhang
et al. conducted triaxial permeability tests to investigate the correlation between the per-
meability of weakly cemented sandstone and porosity, cementation structure and mineral
composition and further advanced a model establishing the relationship between stress,
damage and permeability for weakly cemented sandstone [25].

Taking the Changcun coal mine in Changzhi basin as an example, this paper examined
the evolutionary pattern of overlying strata in a fracture zone under mining stress through a
triaxial compression permeability test of rock mass permeability under mining stress. Then,
based on the test results, a generalized model describing the evolutionary process of rock
mass permeability under mining stress was constructed, and the six-stage characteristics of
the rock mass permeability evolution process were summarized. Finally, based on a rock
mass continuum model, a stress–water pressure–permeability coefficient coupling model
of fractured rock was established with strain as the medium and stress and pore water
pressure inside the rock mass as the permeability coefficient function.

2. Coal-Bearing Strata Characteristics in the Changzhi Basin

The main coal-bearing strata in the Changzhi basin are the Shanxi formation and the
Taiyuan formation. The developed thickness of coal-bearing strata is 168.98 m, comprising
8–18 coal layers. The total thickness of the developed coal seams is about 11.53 m, with a
coal-bearing coefficient of 6.82%.
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The average thickness of the Shanxi formation is 54.20 m, and it consists of 3–5 coal-
bearing layers, namely No. 1, No. 2 and No. 3 coal seams and some other coal seams,
among which the No. 3 coal seam is the most important minable coal seam in the study
area, with a thickness of 4.30–7.50 m and a coal-bearing coefficient of 12.13%. The average
thickness of the Taiyuan formation is about 114.78 m. Among them, the developed No. 15-3
coal seam is relatively stable, most of which is minable in the area. The No. 15-1 coal seam
is generally partially minable, while the No. 9 coal seam sporadically contains minable
portions. The total thickness of the coal seam developed in the Taiyuan Formation is about
5.20 m, with a coal-bearing coefficient of 4.53%.

The No. 3 coal seam is in the middle and lower part of the Shanxi formation. According
to the production status of most coal mines, the average thickness is about 6 m, and the
structure is simple, and the lithology of the gangue is carbonaceous mudstone. The lithology
of the coal seam roof mainly comprises mudstone, sandy mudstone and siltstone. In some
areas, the roof of the coal seam is fine sandstone or coarse sandstone, and the lithology of
floor mainly comprises mudstone, sandy mudstone and silty-fine sandstone. In some areas,
it is medium-grained sandstone. This coal seam has a high degree of control and is a stable
coal seam that can be mined in the whole area, and its roof is the study subject in this paper.

3. Materials and Methods
3.1. Samples

The samples for the test were collected from the overburden of No. 3 coal seam in
Changcun coal mine from Changzhi basin, and they are siltstone, fine sandstone, coarse
sandstone and mudstone. The basic physical and mechanical parameters of the rock
are presented in Table 1. After the samples were retrieved, they were processed into
Φ50 × 100 mm cylindrical test blocks and its upper and lower ends were ground flat, which
can be seen in Figure 2. Then, they could be tested on the machine.

Table 1. Basic physical and mechanical parameters of rock.

Lithology ρ

(g/cm3)
SCS

(MPa)
CS

(MPa) TS (MPa) Friction
Angle (◦)

Cohesion
(MPa)

Tangent
Modulus (GPa)

Poisson’s
Ratio

Siltstone 2.58 12.7 24.9 0.9 31.21 3.1 12 0.24
Fine sandstone 2.62 20.1 37.6 2.8 38.27 5.1 13 0.26

Coarse sandstone 2.62 38.3 51.1 3.7 40.17 6.4 25 0.21
Mudstone 2.63 4.5 12.7 0.5 32.47 3.2 5 0.24

Note: SCS = saturated compressive strength; CS = compressive strength; TS = tensile strength.
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3.2. Test Equipment and Conditions
3.2.1. Choice of the Test Machine

The TAW-2000 rock servo testing machine, which is produced by Chaoyang Test
Instrument Co., Ltd. (Changchun, China), was employed in this study, and it has three
independent loading systems: axial loading system, confining pressure loading system and
seepage loading system.

The main technical parameters are as follows:

(1) Axial loading system:

Maximum test force: 2000 KN; effective force measuring range: 20–2000 KN; loading
rate range of test force: 0.01–20 KN/s.

(2) Confining pressure loading system:

Maximum confining pressure: 150 MPa; confining pressure loading rate range:
0.001–0.5 MPa/s; confining pressure resolution: 0.0003 MPa.

(3) Seepage loading system:

Maximum seepage pressure: 50 MPa; the loading rate of seepage water pressure:
0.001–0.1 MPa/s; pressure sensor: 60 MPa liquid pressure sensor.

3.2.2. Choice of the Test Conditions

On the basis of the burial conditions of coal seams in the Changzhi basin and the spatial
distribution of horizontal stress on rocks, the seepage pressure difference and confining
pressure selected in this study are 1.5 MPa and 3.0 MPa, respectively.

3.3. Test Principle

The purpose of this test is to test the permeability coefficient and strain variation of
rocks under different stress conditions. In order to simplify the conditions, the following
assumptions are made during the test construction: (1) there are evenly distributed micro-
fractures and pores in the rock mass; (2) the seepage process of water in the sample test is
incompressible; (3) the movement of water in the sample follows Darcy’s law.

During the triaxial compression permeation process of rocks, the permeability coeffi-
cient of each test point in the rock sample was calculated based on the variation in water
flow rate according to Darcy’s law. The formula to calculate the permeability coefficient K
of the rock sample is presented below:

K =
QI

Ap(H1 − H2)
(1)

where Q represents the water flow through the sample (cm3/s); I represents the length of
the selected sample (cm); Ap represents cross-sectional area (cm2); and H1 and H2 are the
water head heights at two ends of the sample (cm).

3.4. Test Process

The process of the triaxial compression permeability test is shown below:

(1) The rock sample was sealed with a heat-shrinkable rubber sleeve and installed on the
base of the testing machine.

(2) Axial load was applied to fix the rock sample, then confining pressure was applied to
the triaxial chamber, and it was maintained at 3.0 MPa.

(3) Seepage water pressure was applied to the upper end of the rock sample, creating
a pressure difference with atmospheric pressure, and the pressure difference was
maintained at 1.5 MPa once it is reached.

(4) Axial load was applied at a loading rate of 0.05 MPa/s until the rock sample is broken,
and each test was repeated three times. The stress diagram of the triaxial compression
seepage process is shown in Figure 3.
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The data collector automatically recorded data such as axial stress, axial strain and
water flow when gradually applying axial stress. This process allows for the acquisition of
comprehensive data, enabling the plotting of stress–strain–permeability coefficient curves
for different rock types.

4. Results and Discussion
4.1. Stress–Strain Permeability Test of Rock Samples
4.1.1. Test Results Presentation

Four groups of rock samples, including coarse sandstone, fine sandstone, siltstone
and mudstone, were tested in this study. The results of the mechanical characteristics of
different lithologies are presented in Table 2, and the stress–strain–permeability coefficient
curves of different lithologies are given in Figure 4.

Table 2. Results of mechanical characteristics for different lithologies under mining stress.

Lithology Peak Strength
(MPa)

Permeability
at Peak Strength

(10−6 mm/s)

Peak
Permeability
(10−6 mm/s)

Peak Strain

Coarse sandstone 83.300 25.984 35.398 0.020
Fine sandstone 67.244 10.651 18.805 0.014

Siltstone 58.605 8.702 15.390 0.013
Mudstone 25.311 8.912 9.103 0.026
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4.1.2. Analysis of Test Results

As is seen in Figure 4, the stress–strain curve and permeability coefficient–strain curve
of rocks with different lithologies in coal seam overburden are generally similar but not
the same. Further, from Table 2, it can be observed that coarse sandstone has the strongest
permeability, while mudstone has the poorest permeability, which can be attributed to the
size of the rock particle [26]. The typical order of the permeability coefficient from largest to
smallest is generally as follows: coarse sandstone > fine sandstone > siltstone > mudstone.
Moreover, the peak strength of rock was not synchronous with the maximum permeability
coefficient of rock mass but ahead of it. This is because when the peak strength is attained,
the formation of macro-cracks in rock is completed instantly, but the water seepage process
takes time to complete, resulting in a certain lag in permeability change compared with
stress change [27].

According to the comparative analysis of the curve in Figure 4 and the previous
research [28,29], it can be concluded that the variation tendency of the stress–strain curve
can directly reflect the process of rock change until it is broken, in which the permeability
coefficient of coal seam overburden can be regarded as a volume strain function. This is
because under normal circumstances, rock solid particles do not easily expand and contract.
Under triaxial conditions, the expansion and contraction of rock is mainly that of pores and
fissure spaces, and the volume strain of rock reflects the changes in pores and fissure spaces.
Therefore, volume strain can be used to describe the permeability evolution of rocks, and
rock mass basically goes through the following stages in the test process:
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(1) Compaction stage ( 1⃝): the original fissures and pores within the rock mass are
compacted, exhibiting a tendency towards closure, causing a decrease in rock volume
and a corresponding decrease in the permeability coefficient.

(2) Elastic deformation stage ( 2⃝): the pores and fissures within the rock mass are further
compacted, leading to a further reduction in rock volume and a continued decrease in
the permeability coefficient.

(3) Plastic deformation stage ( 3⃝): microscopic fissures within the rock mass begin to
expand and extend, achieving partial connectivity. Additionally, under further stress, a
significant number of new fissures are generated, leading to an increase in rock volume.
The permeability coefficient increases with the increase in fissures and volume.

(4) Strain sliding stage ( 4⃝): strain softening occurs during this stage, and when the
applied stress continues to increase and reaches the peak strength condition of the
rock, internal fractures start to form through the rock. During this process, the
permeability performance of the rock continues to enhance as the fractures penetrate
and extend within the rock until they start to be compressed and contract. At this
point, the permeability coefficient reaches its peak value.

4.2. Generalized Model of Rock Stress–Strain Permeability

The change curve of the rock’s stress–strain–permeability characterizes the entire
process from deformation to failure until the loss of the bearing capacity of the rock.
Similarly, it also represents the variation in the permeability performance of the sample
under different strain states. The reason why the permeability performance of rocks
undergoes significant changes during deformation and failure under stress is that the
internal fractures experience closure, extension, penetration and compaction under stress.

Combining previous research findings [30–32] with the present study in this paper, a
generalized model of rock stress–strain permeability can be obtained, as shown in Figure 5.
According to its morphology, the entire process can be segmented into 6 stages, namely OA
(I): Compaction stage; AB (II): Elastic stage; BC (III): Stable fracture stage; CD (IV): Unstable
fracture stage; DE (V): Macroscopic failure stage; EF (VI): Residual strength stage.
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(1) Compaction stage (I): at this stage, the stress–strain curve of the rock commonly shows
an upward concave form. As the test progresses, the stress continuously increases,
and at this point, the volume of internal fractures within the rock decreases under
compression, resulting in nonlinear deformation, which is initially rapid and then
slows down, during which the permeability performance of the rock weakens as the
strain of the rock increases.
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(2) Elastic stage (II): during this stage, the stress–strain correlation of the rock is approx-
imately linear, with a reduced slope. As the axial stress continues to increase, the
internal fractures of the rock are further compressed, leading to densification and
overall volume reduction. Consequently, the permeability performance continues to
decrease. However, the rate of decrease in this stage is relatively smaller compared
to the previous stage. Typically, at point B, the permeability of the rock reaches its
lowest point.

(3) Stable fracture stage (III): in this process, the stress–strain curve of the sample changes
to a concave downward shape, and its physical significance shows that when the rock
stress is higher than its elastic limit, the volume strain increases with the increase in
the stress, and the rock volume changes from a compressed state to an expanded state.
The rock begins to be damaged, and new fractures are generated in it. The density of
fractures per unit volume was directly proportional to the stress, which led to better
water circulation and enhanced rock permeability.

(4) Unstable fracture stage (IV): the curve in this process continues the concave state of
the previous stage. The physical significance of this stage is that fractures develop
and extend rapidly under the continuous condition of applying axial stress, the strain
of the sample increases sharply at the same time, and the rock volume expands at an
accelerated rate. Then, there are tensile fracture surfaces and shear fracture surfaces
in it. In this process, even if the axial stress is stopped, the cracks will spontaneously
expand. When the axial stress continues to increase to its ultimate strength (also
known as peak strength), the rock structure is destroyed.

(5) Macroscopic failure stage (V): while the axial stress keeps increasing until it reaches
the peak strength of the rock, internal fractures rapidly and continuously develop,
extending and penetrating through. Subsequently, the effective stress decreases,
and the rock begins to experience compression. Consequently, the permeability
performance gradually decreases from its peak value. Rocks generally exhibit their
strongest permeability during this stage.

(6) Residual strength stage (VI): after the rock is damaged by compression, due to the pre-
vious volume expansion, the effective axial stress gradually decreases and eventually
stabilizes. The fractured rock, once stabilized, still retains a certain level of bearing
capacity. During this process, the permeability performance of the rock gradually
decreases and eventually stabilizes as well.

4.3. Coupling Model of Stress–Water Pressure–Permeability Coefficient

In this study, in order to establish the correlation between permeability coefficient
and stress in the rock mass, it is assumed that pores and fractures in the rock mass form a
continuous network with a uniform distribution, and their actual mechanical and hydraulic
properties are equivalent to those of the original rock. It can be inferred that the deformation,
fragmentation and bending of the rock mass occur under the condition of stress change,
which is in the form of strain, and the consequence is that the parameters such as pores,
cracks and pore water pressure in the rock mass change, and so does the permeability
coefficient. In other words, during the process of the strain of the rock mass, it is feasible to
describe the stress–permeability coefficient with the pores as the medium, and the strain
and porosity of the rock mass as the bridge.

Hubbert put forward a theory about the rock permeability coefficient and the rock
particle size in the 1940s, and he thought that the rock permeability coefficient had the
following relationship with the rock particle size [33]:

K = Nd2
(

ρg
µ

)
(2)

where k represents the permeability coefficient of rock; N represents a coefficient associated
with the particle size, shape and the nature of interstitial materials between particles in
the rock; d represents the average particle radius of the sample; ρ is the weight of water



Water 2024, 16, 1409 9 of 12

per unit volume; g represents the gravitational acceleration; and µ represents the dynamic
viscosity coefficient of water in the flow.

It is hypothesized that the permeability coefficient of the rock follows the subsequent
functional relationship with its porosity:

K(σ, p) = K0ea(φ′−φ0) (3)

where σ represents the effective stress; p is the pore water pressure; K0 represents the
permeability coefficient of the initial state of the rock; a represents a constant; φ′ is the
porosity of the rock; φ0 represents the initial porosity of the rock; and φ′ − φ0 can be
expressed by ∆φ.

At the same time, porosity can be expressed by the following equation:

φ =
Vp0 + ∆Vp

V0 + ∆V
(4)

where VP0 is the pore volume of rock mass in initial state; V0 represents the total rock mass
volume in the initial state; ∆V represents the numerical change in volume of the rock; and
∆Vp represents the numerical change in pore volume.

In general, the compressibility of the rock particles itself is very small, which is
negligible compared with the compressibility of pores and fractures. Therefore, in Equation
(4), ∆V is approximately equal to ∆Vp, and the following equation is obtained:

φ =
1

1 + ε
(φ0 + ε) (5)

where φ0 =
Vp0
V0

represents the rock mass porosity in the initial state, and ε = ∆V
V0

represents
the volume strain.

Usually, the volume strain of rock is very small, meaning that 1
1+ε ≈ 1, so the above

equation can be written as follows:

φ = φ0 + ε (6)

and then Equation (7) is obtained:
∆φ = ε (7)

In this way, the functional correlation between the change in porosity and volume
strain of rock becomes a bridge between the stress and permeability coefficients.

According to the constitutive equation of solid phase in Biot’s theory [16–18], the
following applies:

εij =
1 + v

E
σij −

v
E

σkkδij −
1

3M
pδij (8)

where εij represents the strain modulus; ν represents the poisson’s ratio of the rock; E
represents the elastic modulus of the rock; δij represents the stress tensor; p represents the
fluid pressure; M is the Biot’s modulus; and σkk = σ11 + σ22 + σ33.

ε =
1

3B
σkk −

1
M

p (9)

The Biot coefficient is as follows:

α =
B
M

= 1 − B
Bs

(10)
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where B represents the bulk modulus, and Bs represents the bulk modulus of solid phase.

ε =
1

3B
(σkk − 3p) (11)

Inserting Equation (11) into Equation (3), the following equation is obtained:

k = k0exp
[

a· 1
3B

(σkk − 3p)
]

(12)

For general rock materials, the relationship between bulk modulus and elastic modulus
is as follows:

B =
E

3(1 − 2v)
(13)

Inserting Equation (13) into Equation (12), the coupling model of the stress–water
pressure–permeability coefficient of fractured rock is obtained by the following equation:

k = k0exp
[

a·1 − 2v
E

(σkk − 3p)
]

(14)

The model can concisely describe how the permeability coefficient of fractured rock
varies with stress and water pressure. The model equation contains six parameters that can
be easily determined: the initial permeability coefficient k0, a constant α, Poisson’s ratio v,
elastic modulus E, stress σkk and water pressure p. Among them, α is a constant; k0, v and
E can also be determined for specific rocks; σkk can be obtained through rock mechanics
experiments or numerical simulation methods; p can be measured using laboratory pressure
gauges. According to the calculation results, the hydraulic behavior of fractured rocks
under different stress and water pressure can be further analyzed, which is helpful in
understanding the permeability evolution law of rocks and has important application
prospects in the fields of groundwater resources development, geological hazard prediction
and geotechnical engineering.

5. Conclusions

The stress conditions of the surrounding rock mass undergo significant changes after
coal mining, and the overburden undergoes deformation, destruction and movement,
resulting in strong changes in the permeability of the rock mass around the coal seam,
which is the fundamental reason for the change in groundwater in the overlying rock after
coal mining. On the basis of fully understanding the main rock types of coal seam roof
in the Changzhi mining area, the variation law of the permeability of coarse sandstone,
fine sandstone, siltstone and mudstone in the stress–strain process that can represent the
overburden in the fracture zone was systematically analyzed, and the relationship and
mechanism between the permeability and stress and strain of the overburden in the fracture
zone after coal mining were clarified.

The main results are shown below:

(1) The maximum permeability coefficients of different coal overburden types are quite
different, the permeability characteristics are intimately tied to the overburden particle
size, and the stress–strain process is segmented into a compaction stage, elastic
deformation stage, plastic deformation stage and strain-sliding stage, during which
the permeability coefficient first decreases and then increases, reaching its maximum
after the peak stress.

(2) The generalized model of rock mass permeability included six stages: compaction
stage, elasticity stage, stable fracture stage, unstable fracture stage, strain-softening
stage and residual strength stage. The closure, generation, extension and interpene-
tration of pores and fractures in the rock are the fundamental reasons for the drastic
changes in its permeability, and its peak strength precedes the peak value of the
permeability coefficient in the process of rock mass failure.
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(3) Based on a rock mass continuum model, and with strain as the medium and stress and
pore water pressure inside the rock mass as the permeability coefficient function, a stress–
water pressure–permeability coefficient coupling model of fractured rock was established
which can be expressed by the following equation: k = k0exp

[
a· 1−2v

E (σkk − 3p)
]
.
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