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Water injection-induced rock softening and the associated water seepage characteristics are the common and basic problems in
underground reservoir construction and the prevention of mine water disaster. In this paper, a series of experimental studies
was carried out to investigate these characteristics with the weakly cemented sandy mudstone collected from Shendong Buertai
coal mine, China. The characteristics of water softening and the stress-seepage interactions in water-saturated weakly cemented
sandy mudstone were directly obtained. Then, a modification method of the constitutive model for rock mass considering the
softening effect and a stress-damage-driven model for permeability evolution were established. Research results show that
water saturation reduces the tensile strength, compressive strength, and cohesion by 56% and reduces the elastic modulus by
28%. The hydraulic effects on Poisson’s ratio and internal friction angle are negligible. The relationship between the
permeability of weakly cemented sandy mudstone with complete compaction deformation is to be divided into three stages of
seepage shielding, seepage surge, and seepage recovery. Rock permeability in each stage has a negative exponential relationship
with the effective stress. This research provides a theoretical basis for the researches of hydromechanical couplings on weakly
cemented sandy mudstone, which is insightful for rock engineering practice.

1. Introduction

Shendong coal mining area, spanning three provinces of
Shaanxi, Mongolia, and Shanxi, is now the largest mining
area of coal mine in China, among which Buertai coal mine
is the largest mining area in the world. The host rock of
Shendong coal mining area mainly consists of sandstone
and sandy mudstone [1–3]. In general, these rocks are
weakly cemented and the softening effects under water satu-
ration are significant [4–6]. It is very common for the mas-

sive roof hanging in the hard roof condition, especially for
massive sandstone and carbonaceous roofs. Water injection
and hydraulic fracturing into the main roof can effectively
manage the stress and reduce the probability of bursting
events. For example, the roof at Buertai coal mine 42108
longwall face was softened and fractured by water injection
and fracturing. As a result, the length and magnitude of peri-
odic weighting reduced 18.9%~70.6% and 13.7%~19.4%,
respectively [7]. On the other hand, it is critical to under-
stand the dynamic stability of underground structure under
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a hydromechanical coupling effect. This is because protec-
tion of groundwater has the highest priority at Shendong
mining area [8]. In addition, rock engineering associated
with tunnels, water conservancy, and underground cham-
bers in western China also encounters varying degrees of
water softening and seepage problems. Therefore, it is of
great importance to study the hydraulic effects and seepage
characteristics of weakly cemented rocks in Shendong coal
mining area.

The physical and mechanical properties of weakly
cemented rocks in western China can change substantially
when saturated. A series of researchers has carried out
experiments and mechanism studies on the water softening
effect of weakly cemented rocks [9]. Under the coupled
hydromechanical conditions, the initial unloading state pro-
motes the nucleation of the secondary cracks at the low
internal hydraulic pressures, whereas the nucleation of sec-
ondary cracks is inhibited when the hydraulic pressure of
the fluid injection is high [10]. It is suggested that retaining
a high initial water content in crushed mudstone can main-
tain its stability of the shear stress. During creep immersion,
the increment in the creep-shear displacement increases as
the creep-stress ratio increases, and the initial water content
decreases. Under the same density, the peak shear strength
decreases with an increase in the increment of the creep-
shear displacement [11]. Experiments of complete stress-
strain curves under natural condition and water-saturated
condition indicate that the peak strength decreases by
21.6% and 17.3%, respectively, when test block reacts with
water in the elastic and plastic stage, but residual strength
decreases by 4.1%, 33.8%, 9.6%, and 55.9% during the elastic,
plastic, strain-softening, and residual stage under action of
water. Overall, the mudstone roofs containing high water
absorption capacity minerals make it disintegrate easily
and expand strongly; another aspect is that its peak strength
and residual strength decrease after reacting with water,
which is the instability mechanism of mudstone roofs [12].
Water saturation changes the mesoscopic mechanism of
rock spalling through true-triaxial compression tests. The
mechanisms of water on rockburst prevention are to reduce
residual elastic strain energy, avoid excessive concentration
of strain energy, and increase rockburst resistance. The ratio
of the far-field maximum principal stress to the uniaxial
compressive strength can be used as an index to evaluate
the stability of hard-rock tunnels [13]. Liu et al. [14] dis-
cussed the influence of saturation on the strength parame-
ters, deformation characteristics, and energy evolution of
the mudstone at Badong formation. Based on the findings,
they proposed a relationship between mechanical properties,
energy evolution, and microcrack development. The results
are insightful for the water-bearing weak cemented rock
mass in Shendong coal mining area.

The seepage of water in the fractured rock mass results
in the change of water content within the rock, which in turn
leads to the hydromechanical interactions [15–17]. After
water injection, more pores with diameter larger than
10nm are formed that would improve the transport capacity
of gas in pores [18]. The changes of porosity and permeabil-
ity are obvious in the carbonate rock after low-salinity water

injection, and it is important in the near injection area [19].
Water pressure in pore and seepage flow can macroscopically
characterize the seepage situation of the rock formation, and
the change of pore pressure generally goes through five stages
of the initial constant stage, increase phase, peak fluctuation
phase, decay phase, and stable phase [20]. Robert et al. [21]
found that during a vertical loading and unloading cycle, hyster-
esis in flowwas observed signifying the importance of stress his-
tory on fracture flow. The pore water pressure decreases by
increasing the permeability, but the changes in pore water pres-
sure distribution become negligible once the magnitude of per-
meability is above 1e-8 m/s [19]. The permeability evolution in
triaxial compression test after the sample failure increases up
to two orders of magnitude for mudstone, while the permeabil-
ity for gypsum does not increase and the final permeability is
even lower than the initial permeability due to the different fail-
ure modes [22]. Flow properties of fault in mudstone may be
able to be estimated from stress condition and a yield criterion
of the host rock [23]. Grain size distribution and mineralogical
composition control the vertical permeability; the compaction
trends of pure quartz and quartz-smectite 15 : 85 mixtures
describe the maximum and minimum boundaries, respectively
[24]. For concrete, it is determined that the measurement
methods significantly affect the density, porosity, and perme-
ability values. When the size of aggregate and mixture ratios
are ignored, the coefficient of constant head permeability tests
is found to be 75% of the coefficient of falling head permeability
tests, on average [25]. When the flow is laminar and the
Reynolds number is small enough (<10), fluid flow depends
on the discontinuity between the pressure in solid and in liquid,
and the permeability depends on the porosity and specific sur-
face area of pores and cracks [26].

At present, the coal mining disaster prevention and con-
trol and underground space excavation at the Buertai Mine
in Shendong mining area have experienced hydromechani-
cal couplings and water seepage problems. However, the sys-
tematic research on this issue is still limited. Based on the
weakly cemented sandy mudstone in Shendong coal mining
area, this paper studies common issues such as water soften-
ing effects on rock mechanics and water seepage behaviors
through experiments. Such investigations include experi-
ments on rock saturation process, uniaxial compression,
triaxial compression, Brazilian splitting, and seepage. The
research results can effectively enrich the fundamental the-
ory of rock mechanics and provide guidance for related engi-
neering practice.

2. Analysis of Rock Saturation Characteristics

Rock samples used in the test were cored from Buertai coal
mine, Shendong mining area, China. The mining seam has
a sandy mudstone roof with a depth of about 450 meters,
and the density of the sandy mudstone is approximately
2.44 g/cm3. The coring site can be seen in Figure 1.

Prior to the test, part of the rock samples was dried
under 105°C for 24h [27]. After natural cooling, they were
soaked in water until fully saturated. Because the sandy
mudstone is weakly cemented, some samples disintegrated
in the saturation process. Figure 2 shows the saturation
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curves of the dry rock samples for the experiment. It can be
seen that the saturation rate of the rock sample gradually
slows down with time. The saturation process mainly
occurred within the first six hours after immersion; and
the water content does not change much in the subsequent
18 hours. The saturated sandy mudstone samples used in
this experiment are immersed for about 24 hours. In this
study, the time effects of water saturation on natural and sat-
urated rock samples are not considered. Based on the results,
it is clear that the sandy mudstone used in the test has a nat-
ural water content of 1.3% and an average saturated water
content of 5.06%.

3. Water Softening Effect and Modification of
Constitutive Model

3.1. Laboratory Tests. The collected rock cores are shaping
into two kinds of geometries. The first type of rock samples
was cut as cylindrical samples with a diameter of about
50mm and a height of 100mm, which were used for com-
pression and permeability tests. The other type was prepared
as disc samples with a diameter of about 50mm and a height

of 25mm that were suitable for the Brazilian test. The paral-
lelism of the upper and lower ends and the flatness of the
faces were both less than 0.02.

Figure 3(a) shows a servo-controlled stress-seepage-tem-
perature-chemical (MHTC) coupling system at China Univer-
sity of Mining and Technology-Beijing, which was used to
conduct triaxial compression tests and seepage tests on natural
and fully saturated rock samples. The experiments are aimed
at studying the deformation under various confining pres-
sures. During the test, both axial and confining pressures were
displacement controlled at a rate of 0.001mm/s. To investigate
the influence of in situ formation pressure on the water soften-
ing characteristics of rock, the confining pressures were set as
0, 4, 6, and 8MPa, respectively, corresponding to the depth
that varies from 0 to 1000m. A MTS Exceed E45 rock
mechanics testing system from China University of Mining
and Technology-Beijing (see Figure 3(b)) was used to carry
out the Brazilian tests on natural and fully saturated rock sam-
ples. The axial load is also controlled by changing the displace-
ment at a speed of 0.001mm/s.

3.2. Effect of Water Softening on Compressive Characteristics.
The compressive properties of natural and saturated sandy
mudstones were obtained from uniaxial compressive and tri-
axial tests. Tests at each confining pressure were repeated
three times. Figure 4 shows the evolution of circumferential
and axial strains with the deviatoric stress under different
confining pressures. By comparing the uniaxial and triaxial
compressive stress-strain curves of natural and saturated
sandy mudstones, one can find that the compressive
strength of fully saturated rock samples is significantly lower
than that of natural state rock samples. Thereby, the plastic
compaction before the peak strength becomes more obvious
for fully saturated rock (A in the figure), whereas the stress
failure after the postpeak slows down. In addition, Figure 4
indicates a transition from brittle failure of natural rock to
plastic failure of saturated rock (position B). The above anal-
ysis indicates that water injection can significantly increase
the plasticity of sandy mudstone. The detailed softening
effect and quantitative analysis of mechanical parameters
will be addressed in Section 3.4.

3.3. Effect of Water Softening on Tensile Characteristics. The
Brazilian test was implemented to estimate the tensile
strength of the natural and saturated rock samples, and four
sets of tests were carried out under each state. Figure 5 shows
the force-displacement curves obtained from the Brazilian
test. It can be seen from Figure 5 that the failure strength
(force) of the rock sample in the natural state is substantially
greater than that of the saturated rock sample. In the natural
state, the force and deformation of the sandy mudstone prior
to the peak are almost elastic. At the same time, the force
after the peak tensile strength drops dramatically and the
brittle fracturing of the rock is obvious. On the other hand,
the force-displacement curve and deformation characteris-
tics of the Brazilian test for the rock sample in fully saturated
state are similar to those of uniaxial and triaxial tests, espe-
cially the plastic behavior and fluctuated loading after the
peak failure.

Geological sample

Surface well drilling

Figure 1: Geological samples at the site.
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According to the Brazilian test, the ultimate tensile
strength (σt) of rock can be expressed as

σt =
1
n
〠
n

i=1
σti =

1
n
〠
n

i=1

2Pi

πRiti

� �
, ð1Þ

where σti is the tensile strength of one particular sample; Pi
means the failure load; Ri represents the sample radius; ti is
the thickness of the sample; and n denotes the number of
tests conducted.

Experimental results show that the tensile strengths at
the natural state and fully saturated state are 4.03MPa and
1.38MPa, respectively. Although the tensile strength drops
66% when the weakly cemented sandy mudstone is saturated
by water, the tensile strength keeps 1/10 of its uniaxial com-
pressive strength at each state.

3.4. Comparison of Mechanical Properties between Natural
and Fully Saturated Rocks. Based on the aforementioned
experiments, the mechanical properties of samples under
natural and fully saturated states are shown below in Table 1.

Figure 6 shows the comparison of compressive strength
of natural and saturated rock samples under different con-
fining pressures. From Figure 6, one can find that the com-
pressive strength (deviatoric stress) of sandy mudstone
increases with the increasing confining pressure, and the
enhancing effects of confining pressure on strength are more
obvious for water-saturated rocks. For natural sandy mud-
stone, when the confining pressure increases from 0MPa
to 8MPa, the compressive strength of the rock increases
from 35.22MPa to 63.24MPa by an increment of 80%.
However, the compressive strength of fully saturated sample

increases from 15.09MPa to 45.17MPa, which is approxi-
mately three times. It is found that water saturation has a
significant weakening effect on the compressive strength of
Buertai sandy mudstone after comparing the natural rock
samples with fully saturated rock samples. When the confin-
ing pressure increases from 0MPa to 4, 6, and 8MPa, the
compressive strength after water saturation decreases by
57%, 45%, 38%, and 29%, respectively. Hence, the softening
effect of water decreases as the confining pressure increases.

Figure 7 shows the comparison of elastic modulus of nat-
ural and fully saturated rock samples under different confin-
ing pressures. Table 1 and Figure 7 both show that the elastic
modulus of sandy mudstone increases with the increase of
confining pressure, and the increasing proportion for both
natural and fully saturated rocks is nearly the same. For nat-
ural sandy mudstone, when the confining pressure increases
from 0MPa to 8MPa, the elastic modulus increases from
3.81GPa to 8.28GPa, representing a 1.2 times increment.
For saturated sandy mudstone, the elastic modulus increases
from 2.75GPa to 6.18GPa. This is an increase of 1.3 times.
Comparing the natural samples with saturated samples, the
elastic modulus of saturated samples under different confin-
ing pressures is lower than that of the natural state samples
under the same confining pressure. The test results also
show that the elastic modulus of the rock decreases
25%~30% after being saturated with water.

Figure 8 shows the relationship of Poisson’s ratio with
confining pressure for natural and saturated rock samples.
From the figure, it can be found that the confining pressure
has a significant effect on Poisson’s ratio. When the rock
sample changes from uniaxial compression to triaxial com-
pression, Poisson’s ratio decreases significantly. When the
confining pressure is small, the water saturation-induced
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Pressure control system

(a) The MHTC servo-control system

Brazilian disc samples
Sample installation

Uniaxial testing system 

AE system
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(b) MTS Exceed E45 system

Figure 3: Testing equipment for rock mechanics.
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softening effect on the rock has a significant improvement in
the circumferential deformation, resulting in a 16% larger
Poisson ratio in the saturated rock sample than that in the
natural state rock sample in uniaxial compression. When
the confining pressure is large, the high confining pressure
environment has more influence on Poisson’s ratio and the
difference in Poisson’s ratio between the two states of rock
becomes negligible.

Figure 9 compares the strain after postpeak strength of
natural and saturated rock samples after uniaxial and triaxial
compressive failures under different confining pressures.
The test results show that the postpeak strain of sandy mud-
stone in the natural state and saturated state both decreases
with the increasing confining pressure. When the confining
pressure is 8MPa, the postpeak strain decreases 14% and

17% compared with the uniaxial compression situation,
respectively. Under different confining pressures, the post-
peak strain of the fully saturated sandy mudstone increases
with an average increment of 12% comparing with the natu-
ral state samples. This indicates that the deformability of
rock increases after the saturation of water.

Based on the experimental results, the cohesion and
internal friction angle of Buertai sandy mudstone under
natural and saturated conditions were also calculated. The
cohesions of the rock sample in the natural and fully satu-
rated states are 7.32MPa and 3.24MPa, respectively. The
cohesion of the rock after saturation decreases by 56%.
Thereby, the change in internal friction of sample in the nat-
ural and saturated state is relatively small, which reduces
from 41° to 36° only.

3.5. Model Modification considering Softening Effect from
Water Injection. Based on the theory of elasticoplastic strain,
the total strain change of rock can be expressed as

dεij = dεeij + dεpij, ð2Þ

where dεeij and dεpij are the increments of the elastic and plas-
tic strain, respectively.

In Equation (2), dεeij can be written as [28]

dεeij =
1
2Gdσij −

ν

E
δijdσkk, ð3Þ

where σij means the stress tensor, G = E/2ð1 + νÞ is the shear
modulus, δij denotes the Kronecker operator, and σkk = σ1
+ σ2 + σ3 is the total principal stress.
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Besides, dεpij can be expressed as [29]

dεpij = dγ ⋅
∂g
∂σij

,

g = σ1 −
1 + sin φ

1 − sin φ
σ3,

8>>><
>>>:

ð4Þ

in which γ represents the plastic factor, φ is the internal fric-
tion angle, and g is the plastic function.

Considering the water softening effect and the pore pres-
sure effect on effective stress, dεeij can be modified as

dσe
ij = 2εeij ⋅ dG θð Þ + 2G θð Þ ⋅ dεeij + δijεkk ⋅ dM θð Þ +M θð Þδij ⋅ dεkk − αδij ⋅ dp,

M = 2G θð Þv θð Þ/ 1 − 2ν θð Þ½ �,

(

ð5Þ

where p is pore pressure in the fractures andαmeans the Biot
coefficient, whereas dεpij can be modified as

dεpij = dγ θð Þ ⋅ ∂g
∂ σij − αp
� � ,

g = σ1 θð Þ − 1 + sin φ θð Þ
1 − sin φ θð Þ σ3 θð Þ:

8>>><
>>>:

ð6Þ

Equations (3), (5), and (6) form the modified constitu-
tive model by considering the softening effect of water satu-
ration on rock.

3.6. Discussion on Constitutive Model of Sandy Mudstone.
Water has a significant softening effect on sandy mudstone.
However, previous studies on rock deformation and water
seepage problems in mine engineering mostly neglected the
modification of the constitutive models. The abovemen-
tioned modified method for the constitutive model consider-
ing the softening effect of water injection into rock mass
provides a simplified solution. The constitutive model in
Equation (6) can be validated and simplified by certain tests
and subsequently used in the development of numerical pro-
gram in rock engineering.

Take the background of the samples in this work from
the roof of Buertai mine, Shendong coal mining area, as an
example, the sandy mudstone is in an elastic compression
state in the in situ stress field. From the test results in Section
3.4, it can be seen that the changes in Poisson’s ratio and
internal friction angle of the rock before and after water soft-
ening under a certain confining pressure (depth) are mini-
mal enough to be ignored. The elastic modulus decreases
by about 30% under different confining pressures. By
substituting these conclusions into Equation (6), one obtains

dσe
ij =

v
1 + v

1
v
εeij +

1
1 − 2v δijεkk

� �
⋅ dE θð Þ + E θð Þ

1 + v
dεeij

+ v
1 + v

E θð Þ
1 − 2v δij ⋅ dεkk − αδij ⋅ dp:

ð7Þ

Furthermore, by implementing more experiments to
obtain EðθÞ, v, and α, Equation (7) can be further simplified.
Alternatively, numerical solution can be gathered by using
existing numerical software, which will not be described
here.

Table 1: Mechanical parameters of natural and fully saturated sandy mudstone.

Confining pressure
σ3 (MPa)

Deviatoric stress σ1
− σ3 (MPa)

Elasticity
modulus E (GPa)

Poisson’s
ratio ν/-

Postpeak
strain εp (%)

Cohesion C
(MPa)

Internal friction
angle φ (°)

Natural
sample

0 35.22 3.81 0.20 1.22

7.32 41
4 44.07 5.19 0.18 1.17

6 53.80 6.76 0.16 1.10

8 63.24 8.28 0.17 1.05

Saturated
sample

0 15.09 2.75 0.26 1.41

3.24 36
4 24.12 3.58 0.20 1.37

6 33.47 4.94 0.17 1.23

8 45.17 6.18 0.16 1.17
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Figure 6: The relationship between compressive strength and
confining pressure of natural and fully saturated rock samples.
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4. Couplings among Stress-Damage-Seepage
and Permeability Model

4.1. Experimental Design and Procedures. For the fully satu-
rated sandy mudstone samples, a full-process permeability
test during the triaxial compression was carried out to study
the coupled stress-deformation-seepage interactions. The
confining pressure was applied to the rock sample at a load-
ing rate of 1MPa/min to a specified target of 3MPa and kept
constant. This confining pressure corresponds to a depth of
about 400m. The axial pressure was applied by displacement
control and stress servo loading method. The displacement
rate was 0.02mm/min. The water pressure at the inlet of
the rock sample was controlled at 1.1MPa, and the outlet
was connected to the atmosphere. After the seepage was sta-

bilized, the rock sample was tested for axial deformation and
flow velocity under triaxial compression. The test was
repeated twice under each axial pressure with a time interval
of not less than 1min. After the test under one axial pressure
was completed, the axial pressure was increased by 2-3 MPa.
The measurement was performed again until the rock sam-
ple was completely failed. In the experiments, Darcy’s law
is used to evaluate the seepage behavior [8, 30].

4.2. Analysis on Stress-Seepage Couplings. Figure 10 shows
the coevolution relationship of stress-strain and permeabil-
ity of sandy mudstone in the complete triaxial compression.
It is clear that the permeability process of sandy mudstone
under the triaxial loading can be divided into three stages.
The first stage is the seepage shielding stage. At this stage,
the permeability of the rock decreases with the increase of
the stress level, from the initial value of 0.056mD to
0.014mD. The reason is that the effective stress closes the
preexisting fractures in the samples. By comparing the
stress-strain curve with the seepage evolution curve, it can
be found that the seepage shielding stage corresponds to
the prepeak compaction, elastic, and initial plastic damage
stages. The second stage is the seepage surge stage. As the
rock sample is compressed and failed, the original fractures
in the rock sample further develop and join together accom-
panied by newly formed fractures. The permeability
increases significantly from 0.014mD to 0.27mD, and this
is 3.8 times of its initial permeability. The seepage surge
stage corresponds to the late plastic damage stage and failure
stage of the rock sample under triaxial compression. The
third stage is the seepage recovery stage. The permeability
of the rock sample decreases and recovers with postpeak
deformation. The fully saturated sandy mudstone has weak
cementation from the previous rock hydraulic effects. It
can be seen from Figure 10 that obvious rheological behavior
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appears after rock failure. It results in water filling in frac-
tures, dislocation, or further compaction, which ultimately
leads to a decrease in permeability. The seepage recovery
stage corresponds to the postpeak rheological stage in the
triaxial test. The reality is obvious that the permeability of
rock in the late stage III could not keep dropping at a high
rate, and the permeability will become stable with the
increase of deformation after failure. In Figure 10, the seep-
age rate of the late stage III gradually decreases. In this test,
the postpeak permeability test data is limited and the process
is not fully captured.

4.3. A Coupled Stress-Damage-Permeability Model on Sandy
Mudstone. Assuming the opening width of the fracture is b,
the mean tortuosity is τ, the crack length per unit area is L,

and the fracturing area per unit volume is S; the permeability
[31] and porosity for fractured rock in layers can be esti-
mated as

k = L
12τ b

3, ð8Þ

ϕ = bS: ð9Þ

By substituting Equation (9) into Equation (8), one
obtains

k = L

12τS3
ϕ3: ð10Þ

The partial derivative of the permeability to the effective
stress in Equation (10) can be expressed as

∂k
∂σe

= Lϕ2

4τS3
∂ϕ
∂σe

= 3Df k,

Df =
1
ϕ

∂ϕ
∂σe

,
ð11Þ

where Df means the effective stress effect on porosity, which
is proportional to rock damage, i.e., Df = λf D. λf is the
coefficient of fracture development on effective stress, which
can be represented by λf = −λkcf in which λk denotes the
coefficient of damage on permeability.

By substituting rock damage and compression coeffi-
cients into Equation (11), one finds that

∂k
∂σe

= −3λkcf Dk: ð12Þ
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By integrating Equation (12), one gets

k = k0e
−3λkcf D σe−σe0ð Þ, ð13Þ

where 0 means the initial values.
Equation (13) shows a permeability model for rock mass

based on the evolution of stress and damage. It can be seen
that the rock permeability has an inverse exponential rela-
tionship with the effective stress. In particular, it should be
noted that the damage of rock can be further defined accord-
ing to specific observation methods, such as the using of
extensive elastic modulus degradation, i.e., D = 1 − E/E0.
Besides, when considering changes of the conditions of the
rock, the basic mechanical properties in the model are no
longer constants. For example, considering the softening
effect caused by water injection in weakly cemented sandy
mudstone, the permeability model can be expressed as

k/k0 = e−3λk θð Þcf θð Þ 1−E θð Þ/E0½ � σe−σe0ð Þ, ð14Þ

in which θmeans the water content and σe denotes the effect
of pore pressure.

4.4. Model Validation. The permeability model proposed in
this study is to validate by the sandy mudstone data and per-
meability test results. Figure 11 shows the verification results
of the coupled stress-damage-permeability model with the
model verification parameters in Table 2. It can be seen that
the experimental results are in line with the model calcula-
tion result.

5. Conclusion

In this paper, the hydraulic effect and seepage behavior of
weakly cemented sandy mudstone in the Buertai coal mine
of Shendong mining area were systematically studied. Based
on the experimental results, a modified constitutive model
considering softening effect of water injection and a stress-
damage-driven model for permeability evolution were
proposed to incorporate stress-damage-seepage couplings.
The following conclusions can be drawn:

(1) Water softening on weakly cemented sandy mud-
stone is significant. After water saturation, the plas-
ticity increases, and the compressive strength
decreases by 29%~57%. Thereby, the smaller the
confining pressure, the higher the softening effect
on compressive strength. The modulus of elasticity
decreases by 25%~30%. Although the modulus of
elasticity increases with the increasing confining
pressure, the incremental ratio for natural and satu-

rated rocks under compression was similar. Changes
in Poisson’s ratio are relatively weak that can be
ignored under both high and low confining pres-
sures. The postpeak dropped strain decreases with
the increase of the confining pressure, but it
increases 12% after water saturation under any con-
fining pressure. Besides, the cohesion decreases by
56% and the internal friction angle decreases by
12%. The ultimate tensile strength decreases by 66%

(2) The evolution of rock permeability of weakly cemen-
ted sandy mudstone during triaxial compression is
corresponding to rock complete compressional
deformation that can be divided into seepage shield-
ing, seepage surge, and seepage recovery stages. The
permeability at each stage has a negative exponential
relationship with effective stress

The research results can effectively enrich the fundamen-
tal theory of rock mechanics and provide guidance for the
engineering practices of hard roof pressure relief, under-
ground reservoir construction, and the prevention of mine
water disaster.
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