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Mudstone and shaly coarse sandstone samples of Jurassic units in northwestern China were collected to study the seepage
mechanism of weakly cemented rock affected by underground mining operations. Samples were studied using seepage
experiments under triaxial compression considering two processes: complete stress-strain and postpeak loading and unloading.
The results show that permeability variations closely correspond to deviatoric stress-axial strain during the process of complete
stress-strain. The initial permeability is 7 times its minimum, contrasting with lesser differentials of initial, peak, and residual
permeability. The magnitude of permeability ranges from 10−17 to 10−19 m2, representing a stable water-resisting property, and
is 1 to 2 orders lower in mudstone than that in shaly coarse sandstone, indicating that the water-resisting property of the
mudstone is much better than that of the shaly coarse sandstone. Permeability is negatively correlated with the confining
pressure. In response to this pressure, the permeability change in mudstone is faster than that in shaly coarse sandstone during
the process of postpeak loading and unloading. Weakly cemented rock has lower permeability according to the comparison with
congeneric ordinary rocks. This distinction is more remarkable in terms of the initial permeability. Analyses based on scanning
electron microscope (SEM) observations and mineral composition indicate that the samples are rich in clay minerals such as
montmorillonite and kaolin, whose inherent properties of hydroexpansiveness and hydrosliming can be considered the
dominant factors contributing to the seepage properties of weakly cemented rock with low permeability.

1. Introduction

Underground coal mining, by default, frequently causes
drastic change of primary rock stress and further triggers
deformation and failure of original rocks. Under the effects
of stress concentration and offloading, the permeability of
rocks changes intricately along with variations in the stress
state of unmodified rocks. This change can trigger engineer-
ing problems such as mine water inrush and water lose.
Therefore, the variability in rock permeability under various
stress states is one of the key scientific aspects from which to

evaluate the impacts of coal mining on waterpower and the
environment. Due to arid and semiarid conditions, as well
as water shortages and a fragile environment, northwestern
China is sensitive to underground mining operations, which
frequently come into contact with Jurassic and Neogene
formations with short diagenesis, low strength, and weak
cementation, especially in Inner Mongolia, Sinkiang, Gansu,
and Ningxia. Understanding the seepage characteristics of
these strata under different stress conditions as well as inves-
tigating the seepage variation along different stress paths is
of great significance to reduce the negative impacts of
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underground coal mining on groundwater resources and
flow distribution.

Research associating the permeability and seepage
behavior of rocks has been performed previously, including
studies of the relationship between the stress and strain and
between the permeability and strain in jointed rock and
brittle rock [1–4], as well as studies of the permeability
variations during the process of complete stress-strain.
Zhao et al. [5] and Zhang et al. [6] found that the initial
permeability of jointed and brittle rock was slightly greater
than its minimum, and that the maximal permeability
appeared at residual stages by analyzing the permeability
variation of fractured limestone, brittle limestone, medium
sandstone, and fine sandstone. Experiments conducted by
Wang and Xu [7] indicated that the permeability of sand-
stone declined sharply at residual stages and was quite differ-
ent from the maximal permeability during the complete
stress-strain path. Other researchers [8–10] analyzed the per-
meability variation behavior of cracked and brittle rock
under different experimental conditions, including confining
pressure, osmotic pressure, pore pressure, and loading-
unloading pressure. As a result, Billiotte et al. [11] and Wong
et al. [12] found that the permeability of brittle mudstone,
sandstone, jointed sandstone, and siltstone decreased as the
confining pressure increased. Li et al. [13] found that the
impacts of confining pressure and pore pressure on the per-
meability of sandstone were notable during the postpeak
phase but were less substantial during the prepeak phase.
The gas permeability variation of sandstone samples under
confining pressure was also studied by Wang et al. [14],
who indicated that gas permeability was greater after unload-
ing than before loading and was greater during the process of
loading than during unloading under an equivalent confining
pressure. In addition, stress, seepage, and temperature have
been coupled in studies [15] of the permeability variation
law under more complicated practical conditions. Meng
et al. [16] and Ding et al. [17] found that the permeability
of phyllite and cracked sandstone decreased with increasing
temperature within a limited scope, but increased when tem-
perature exceeded a certain value. Simultaneously, increasing
the confining pressure resulted a decreasing impact of tem-
perature on the permeability of cracked sandstone.

Currently, the basic variation law of rock permeability
under different conditions can be acquired through the above
method; however, few studies have examined rock samples
collected from a formation with weak cementation. For the
rock hosted in the Jurassic formation in northwestern China
or its congener with short diagenesis, weak cementation, and

low strength, further study of the factors governing the vari-
ation of permeability is required.

This paper, based on previous studies, collects mudstone
and shaly coarse sandstone from the Jurassic weak cementa-
tion formation hosted in the Laosangou coal mine in Inner
Mongolia as samples to test permeability under triaxial com-
pression utilizing an MTS815 tester. Additionally, the micro-
structure and mineral composition are investigated. The
results show that mudstone and shaly coarse sandstone are
weakly cemented and have developed voids and loose struc-
ture. These samples are rich in clay minerals, including kao-
lin, illite, andmontmorillonite, which have the characteristics
of swelling and mudding during encounters with water.
These analyses help reveal the seepage properties of weakly
cemented mudstone and shaly coarse sandstone and can pro-
vide practical information for engineering projects.

2. Methods

Underground coal mining would grant original rock with
plastic zones, where most rock has transitioned to postpeak
phase, but the rock outside such zones could undergo the
process of complete stress-strain. Therefore, by focusing on
such rock samples, the experiments in this paper mainly
study the variability in permeability during processes of com-
plete stress-strain as well as postpeak loading and unloading.
In addition, the horizontal stress of plastic softening zone and
plastic residual zone averages 50 to 80 percent of primary
rock stress. So, unloading pressures with rates of 0 5 γH
and 0 75 γH are employed to emulate stress states of rock
mass in different plastic zones during the process of postpeak
loading and unloading.

Based on the transient method, typical mudstone and
shaly coarse sandstone samples were collected from the weak
cementation formation of the Jurassic and were tested using
the electrohydraulic servo system to determine the perme-
ability during the processes of complete stress-strain as well
as postpeak loading and unloading. According to the results
of experiments, the variability of permeability under different
stresses and confining pressures was analyzed.

2.1. Experimental Scheme. Each rock core was collected from
an in situ borehole at the Laosangou coal mine in Inner Mon-
golia and was then standardized to be suitable for seepage
experiments in the laboratory. After soaking in water, sam-
ples were tested by controlling the constant loading rate
and osmotic pressure difference. The confining pressure
should be 12MPa based on the sampling depth of 500m.

Table 1: Specimen information and testing scheme.

Scheme Lithology Geological time
Buried

depth (m)
Confining pressure

(MPa)
Osmotic pressure

(MPa)
Loading rate
(mm/min)

Test content

1 Mudstone Shuixigou
group,

middle-early
Jurassic
(J1–2sh)

480 12 2 0.03 Complete
stress-strain2 Shaly coarse sandstone 490 12 2 0.03

3 Mudstone 480 12 2 0.03 Postpeak loading
and unloading4 Shaly coarse sandstone 490 12 2 0.03
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Next, two scenarios, including complete stress-strain and
postpeak loading and unloading, were designed to investigate
the permeability variation in the rock samples. Information
on the preparation and testing parameters for the rock sam-
ples is shown in Table 1.

2.2. Testing Methods. During the process of complete stress-
strain, the confining pressure was adjusted to 12MPa first
to simulate the stress state of virgin rocks. The initial perme-
ability could be measured under hydrostatic pressure. Then,
an axial stress was applied by maintaining displacement, dur-
ing which the dynamic permeability was recorded until the
residual strength phase.

During the process of postpeak loading and unloading,
pretreatment resembling that used in previous studies was
conducted. A confining pressure of 12MPa was main-
tained to simulate the stress state of virgin rocks. After
the residual strength phase, the permeability was recorded
while maintaining a constant loading rate and reducing the
confining pressure from 12MPa (γH) to 9MPa (0 75 γH)
to 6MPa (0 5 γH) and then increasing the confining pressure
to 9MPa (0 75 γH) and then 12MPa (γH), all a rate of
3.75× 10−2MPa/min. The stress path of this process is shown
in Figure 1.

3. Results

The permeability variation in rock samples during the two
processes could be acquired by conducting permeation tests
under triaxial compression. The results are as follows.

3.1. Process of Complete Stress-Strain. The test results for the
permeability of weakly cemented mudstone and shaly grit-
stone during the process of complete stress-strain are shown
in Figure 2.

Observations of the failure modes (Figure 2) reveal that
the mudstone sample appears to have a compact structure
and few impurities, whereas large particle fillers are visually
observed in the shaly coarse sandstone. Furthermore, the
mudstone sample has experienced obvious plastic deforma-
tion. For the sample of shaly coarse sandstone, after testing,
the main fracture sloped from the bottom upward.

Figure 2 presents the changes between the deviatoric
stress, permeability, and axial strain of two types of samples
during the entire process of complete stress-strain. Three
stages, including the consolidation and elastic stage, yield
stage, and residual stage, could be defined to describe the per-
meability variation during the entire process of complete
stress-strain. For both weakly cemented mudstone and shaly
coarse sandstone samples, in the first stage, there was a grad-
ual decrease in permeability until the minimum was reached.
At the beginning of the second stage, the permeability rapidly
increased until it reached the maximum and then slightly
decreased during the third stage, when the permeability was
approximately equal to the peak value. The permeabilities
of both samples were less than 10−17 m2, which indicates that
the rock has a low penetrability and strong water-resisting
properties. Additionally, mudstone has a stronger imperme-
ability because its permeability is 2 orders of magnitude less
than that of shaly coarse sandstone.

In this paper, kmin, k0, kave, and kmax are the minimum
permeability, initial permeability, average permeability dur-
ing the residual stage, and maximum permeability of weakly
cemented mudstone and shaly coarse sandstone, respectively.
Through comparison, k0 is slightly different from kmax and
kave and substantially different from kmin. Specifically, the k0
values of both samples are 6.717 and 7.546 times their kmin.
Besides, kmax values are 1.211 and 1.787 times k0, and kave
values are 1.065 and 1.769 times k0. The permeabilities of
weakly cemented mudstone and shaly coarse sandstone at
each stage are summarized in Table 2.

3.2. Process of Postpeak Loading and Unloading. The curve of
deviatoric stress and permeability with axial strain increases
during the entire process of postpeak loading and unloading
is shown in Figure 3.

For mudstone samples, Figure 3(a) shows that the per-
meability steadily increases from around 6.3× 10−19 m2 to
1.05× 10−18 m2 with the confining pressure unloading from
12MPa to 6MPa, yet dramatically decreases to 7.0× 10−19 m2

then to 6.8× 10−19 m2 with the confining pressure proceeding
to load, whereas the permeability of shaly coarse sandstone
samples sees a different evolution characteristic. It can be
seen in Figure 3(b) that, after a significant increase from
6.8× 10−19 m2 (12MPa) to around 8.6× 10−19 m2 (6MPa)
with confining pressure unloading, the permeability keeps
increasing to 9.4× 10−19 m2 with confining pressure growing
by 3MPa, then falls back to less than 8.0× 10−19 m2 (12MPa).

In terms of the holistic evolution characteristics, as
shown in Figure 3, the permeability of weakly cemented rock
is significantly affected by and is negatively correlated with
the confining pressure. For the mudstone sample, the per-
meability sensitively appears synchronous variation with
confining pressure. The permeability variation is hysteretic
when it occurs in the shaly coarse sandstone sample. During
the process of unloading the confining pressure, the per-
meability increases slightly when the confining pressure
decreases from 12MPa to 9MPa and greatly decreases when
the confining pressure further increases from 9MPa to
12MPa. When the confining pressure increases, the perme-
ability exhibits the opposite trend to that when the confining
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Figure 1: Stress path of samples during the process of postpeak
loading and unloading of confining pressure.
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pressure decreases. These analyses indicate that a lower con-
fining pressure can greatly affect rock permeability during
the entire process of postpeak loading and unloading.

After loading and unloading is completed, the permeabil-
ity at the stage of termination is slightly higher than the orig-
inal permeability. Specifically, the final permeabilities of
mudstone and shaly coarse sandstone are 1.082 and 1.084
times the permeabilities before loading and unloading,
respectively. Compared with the initial permeability, the final
permeability is 1.158 and 2.153 times greater for mudstone
and shaly coarse sandstone, respectively. Mudstone, whose
permeability is 1 order of magnitude less than that of shaly
coarse sandstone, has a stronger water-resisting property.
The permeabilities at each stage of postpeak loading and
unloading are summarized in Table 3.

4. Discussion

Based on the above results of seepage experiments, this
paper finds that the permeability characteristics of weakly
cemented rocks are obviously different from that of common
rocks. Other kinds of common mudstone and sandstone
are selected to make comparison, whose permeability curves
are demonstrated in Figure 4. Specifically, three indicators
including the initial permeability, the minimum permeabil-
ity, and the peak permeability can be utilized to reveal the
differences between permeability characteristics of weakly
cemented rocks and others. Based on the seepage experi-
ments on mudstone specimen conducted by Liu et al. in
2015 [18], it can be seen firstly in Figure 4(a) that the

permeability of weakly cemented mudstone is obviously
lower than common mudstone because of the disparity in
2 orders of magnitudes. In addition, from a certain initial
value, the permeability of common mudstone slightly drops
to the minimum, and yet dramatically soars to the peak,
which is approximately 6 times the initial, whereas the
permeability curve of weakly cemented mudstone sees a
completely different characteristic. There is only a small
gap between the initial permeability and the peak, whose
values are much bigger than the minimum. As for the
sandstone, Figure 4(b) indicates that there is a relatively
small difference between the initial permeability and the
peak permeability of weakly cemented sandstone, and the
permeabilities of weakly cemented sandstone are just
slightly less than that of common sandstone tested by
Zhang et al. in 2013 [6]. During the process of complete
stress-strain, the initial permeability common sandstone is
just 1 to 2 times the minimum, but dramatically is less than
that of the maximum permeability, whose value is even 50
times that of the former.

In light of the abovementioned comparison, the rocks
with weak cementation have lower permeabilities during
the whole process of complete stress-strain than other kinds
of common rocks. Furthermore, its permeability characteris-
tics are starkly different as well. Therefore, in order to explore
the factors that cause such permeability characteristics of
weakly cemented rocks and to investigate whether there is a
correlation between the seepage properties and the micro-
structures and compositions, further researches revolving
around the microstructure and composition should be
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Figure 2: Variations in the permeability of weakly cemented rock during the process of complete stress-strain.

Table 2: Summary of rock permeabilities in different stages during the process of complete stress-strain.

Lithology k0 (m
2) kmin (m

2) kmax (m
2) kave (m

2)
Ratio

k0
kmin

kmax
k0

kave
k0

Mudstone 2.5607× 10−19 3.8128× 10−20 3.1005× 10−19 2.7261× 10−19 6.717 1.211 1.065

Shaly coarse sandstone 2.2712× 10−17 3.0099× 10−18 4.0595× 10−17 4.0181× 10−17 7.546 1.787 1.769
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launched using a scanning electron microscope (SEM) and
X-ray diffraction (XRD), respectively.

4.1. Effects of Microstructures. In recent years, SEM has been
endowed increasingly expensive applications on investigat-
ing the microstructures within the natural rock mass [19].
The SEM results of weakly cemented mudstone and shaly
coarse sandstone are shown in Figure 5.

At an amplification of 2000 times, abundant structures
such as flocculent kaolin and flaky illite were observed, as
shown in Figure 5(a). Flocculent fillers similar to kaolin also

existed in the voids of shaly coarse sandstone, as shown in
Figure 5(b). After turning up the amplification to a factor
of 8000, voids developed in the inner mudstone and shaly
coarse sandstone. These voids indicate that clay minerals
such as kaolin and illite exist in two types of observed states,
which also have loose structures, have developed voids, and
are weakly cemented. Both minerals have been observed to
exhibit considerable swelling and mudding when encounter-
ing water [20, 21]. This response may be a primary factor
contributing to the low permeabilities of less than 10−17m2

of mudstone and shaly coarse sandstone as well as their
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Figure 3: Variations in the permeability of weakly cemented rock during the process of postpeak loading and unloading.

Table 3: Summary of the permeabilities of rocks in different stages during the process of postpeak loading and unloading.

Lithology k0 (m
2) k1 (m

2) k2 (m
2)

Ratio
k2
k1

k2
k0

Mudstone 5.8889× 10−19 6.3035× 10−19 6.8219× 10−19 1.082 1.158

Shaly coarse sandstone 3.6364× 10−18 7.2248× 10−18 7.8290× 10−18 1.084 2.153
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strong water-resistant properties. However, loose structures
and voids cause rock to compress, causing the initial perme-
ability of both samples to be 7 times the minimum during the
process of complete stress-strain.

4.2. Effects of Mineral Compositions.XRDwas utilized to ana-
lyze the composition of weakly cemented mudstone and
shaly coarse sandstone; the diffraction patterns of which are
shown in Figure 6.
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Figure 4: Permeability comparisons of weakly cemented rocks with common rocks of mudstone and sandstone, respectively.
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Figure 5: Microstructures of specimens obtained using SEM at different magnifications.
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The results of XRD show that mudstone contains abun-
dant clay minerals such as kaolin, montmorillonite, and illite,
while shaly coarse sandstone mainly contains kaolin and
illite. The contents of clay minerals in the two samples are
listed in Table 4. Specifically, quartz occupies the highest
content in mudstone and shaly coarse sandstone, with con-
centrations of 73.13% and 79.90%, respectively, followed by
clay minerals, with percentages of 21.89% and 10.65%,
respectively. The primary compositions of clay minerals in
mudstone are kaolin, montmorillonite, and illite with per-
centages in total clay minerals of 15.09%, 2.24%, and 4.56%,
respectively. The primary compositions of clay minerals in
shaly coarse sandstone are kaolin and illite, with concentra-
tions in total clay minerals of 4.50% and 6.15%, respectively.
By comparison, clay minerals in mudstone are 2.06 times
more abundant than that of those in shaly coarse sandstone.

Compared to shaly coarse sandstone, mudstone has more
types and contents of clay minerals, which might be the main
reason that the permeability of mudstone was one to two
orders of magnitude lower than that of shaly coarse sand-
stone in different tests. Similarly, the results of the composi-
tion test show that the permeability of weakly cemented rock
is inversely proportional to the clay mineral content.

The permeability variation of weakly cemented mud-
stone and shaly coarse sandstone during the process of com-
plete stress-strain can be described as follows. During the
consolidation and elastic stages, natural voids that existed
in the samples are gradually consolidated and new fractures

have not yet been generated. Therefore, the permeability
gradually decreases at a rate that is significantly faster in the
consolidation stage than in the elastic stage. The permeability
reaches a minimum at the end of the elastic stage. During the
yield stage, the permeability increases rapidly, with new frac-
tures gradually developing. Simultaneously, new fractures
develop most fully as the stress reaches a peak, and perme-
ability also rises to its maximum value. During the residual
stage, fractures continue to develop, and previously gener-
ated fractures may begin to close. Additionally, after encoun-
tering water, clay minerals such as kaolin and illite in the
samples may swell and turn to mud, which could plug some
seepage channels. Under the combined action of these fac-
tors, the permeabilities of weakly cemented mudstone and
shaly coarse sandstone reach their peak values.

5. Conclusion

Based on the weakly cemented mudstone and shaly coarse
sandstone samples from the Jurassic in northwestern China,
permeability is tested via two types of processes: complete
stress-strain and postpeak loading and unloading. A general
variation law governing the permeability of weakly cemented
rock is identified. The results of SEM and XRD analyses show
that the seepage property is closely related to the microstruc-
tures and compositions of rock, and the relationship has been
briefly analyzed here.
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Figure 6: X-ray diffraction patterns of specimens.

Table 4: Results of composition analysis in specimens using X-ray.

Lithology Quartz (%) Kaolin (%) Montmorillonite (%) Illite (%) Other (%) Clay minerals (%)

Mudstone 73.13 15.09 2.24 4.56 4.98 21.89

Shaly coarse sandstone 79.90 4.50 — 6.15 9.45 10.65
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The seepage experiments under triaxial compression
indicate that the permeability of weakly cemented rock has
distinctive characteristics. During the process of complete
stress-strain, the permeability gradually decreases at the
elastic stage till reaching the minimum. Then, it rapidly
increases to the maximum at the end of the yield stage,
following by a slight decrease at the residual stage, during
which it reaches and remains the peak. The initial perme-
ability is 7 times its minimum, contrasting with lesser differ-
entials of initial, peak, and residual permeability. The
permeability ranges from 10−17 to 10−19 m2, representing a
stable water-resisting property. Mudstone owns better water
resistance according that its permeability is 1 to 2 orders of
magnitude lower than shaly coarse sandstone. A negative
correlation exists between permeability and confining pres-
sure, and therefore, the permeability variation in mudstone
is faster than that in shaly coarse sandstone during the pro-
cess of postpeak loading and unloading.

The results of SEM and XRD show that rock samples
developed voids and loose, weakly cemented structure. More-
over, such clay minerals as kaolin, montmorillonite, and illite
are abundant. Analysis indicates that some natural compres-
sion spaces may be the reason that the initial permeability is
approximately 7 times the minimum permeability during
the process of complete stress-strain. Besides, clay minerals
endow samples with strong water resistance because of the
swelling and mudding characteristics while encountering
water. During the residual stage, these characteristics also
allow fractures to continue developing;meanwhile, previously
developed fractures may begin to close so that the permeabil-
ity remains approximately constant. Compared to shaly
coarse sandstone, there are more clay minerals in mudstone
but with lower permeability, which indicates that permeabil-
ity is inversely proportional to the clay mineral content.
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