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Abstract: To better understand the physical and mechanical behavior of weakly cemented rock
with different moisture contents for the success of water-preserved mining, this paper presents the
systematic tri-axial compression tests on three typical rock samples (i.e., mudstone, sandstone, and
sandy mudstone) sampled from Ili mining area, where the environmental requirements for water
conservation are significantly strict. Both the influences of moisture content and confining pressure
on the failure mode and the stress-strain behavior of weakly cemented rock have been discussed and
compared with each other. Test results showed that: (1) compared to sandstone and sandy mudstone,
both the peak stress and residual stress of the weakly cemented mudstone are much more sensitive
to confining pressure and moisture content. In detail, the peak stress is very relevant to moisture
content, whereas, the residual stress is more sensitive to the confining pressure, (2) with the increase of
moisture content, both the yield and ductility of weakly cemented mudstone have been significantly
enhanced. However, a similar experimental observation has been found for sandstone and sandy
mudstone, and (3) the microstructure and the mineral component are believed to be the two main
factors leading to the scatter in terms of the stress-strain behavior for different weakly cemented
rocks. Experimental results and discussions presented in this paper can provide the guideline for
further research on the application of water-preserved mining in other coal mines with a similar
geological condition.

Keywords: weakly cemented rock; water-preserved mining; moisture content; mineral component;
tri-axial compression; Ili mining area

1. Introduction

As one of the most important energy replacement areas, coal resources and reserves in Xinjiang,
Northwestern of China, have attracted much attention due to their first rank compared to other mining
areas. Due to the area’s specific geological conditions, the protection and utilization of water resource
during mining activities are becoming the main concern for coal operators and government managers.
During the past decades, the rapid development of coal mining industries and coal-based chemical
industries in Ili coal mining area, which is the only one mining area rich in water resources, has made a
huge contribution to the social economics. It should, however, be noted that the coal seam in this area
characteristics with shallow depth and large thickness makes the ecological environment very sensitive
to mining activities, resulting in a series of devastating ecological environment problems including
unrecoverable damage to the aquifer, loss of superficial water and unexpected death of surface
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vegetation [1]. Compared to the economic benefits obtained from coal production, the environmental
footprint left by mining activities seems to be more serious owing to its complicated and difficult
procedure to recover. It is now urgent to resolve the contradiction between coal mining and water
resources protection.

To achieve a coordinated development between cost-effective mining and the protection of water
resources, a new mining method termed water-preserved mining has been recently proposed [2,3].
A large amount of research focusing on this mining method has been conducted and found that there
exists an important structure (i.e., barrier layer) for the expansion of the overburden channel, as shown
in Figure 1. The barrier layer is defined as one or several strata distributed over the caving layer, the
integrity of which is closely related to the success of water-preserved mining preservation [2]. In Ili
mining area, the barrier layer mainly consists of typical weakly cemented Jurassic and Cretaceous
mudstone, sandstone and sandy mudstone due to its late diagenesis age. The typical geological
condition leads to the application of water-preserved mining technology in this area being much more
difficult than that in other mining areas (e.g., Shendong mining area). In particular, the high clay
mineral content and low strength of weakly cemented rock bring the side effect of the stability of the
overall strata around barrier layer, resulting in the instability of surrounding rock.
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Figure 1. Overburden movement resulting from longwall mining.

Extensive research has been carried out to deepen the understanding of the physical and mechanical
behavior of weakly cemented rocks under different loading conditions (i.e., uniaxial and tri-axial).
Various types of rock samples have been well investigated through experimental and analytical
methods. Among them, Wang et al. explored the deformation characteristics and failure modes of
weakly cemented mudstone with variable water contents and confining pressures under uniaxial
and tri-axial compression loading. Based on the experimental observations, the authors divided the
strain-stress curves into five different portions considering the effect of moisture content and applied
confinement [4,5]. VH Nguyen et al. theoretically investigated the effect of the loading path on the
permeability evolution of sandstone and stated that the permeability of sandstone is closely relevant to
its microstructure and the confining pressure applied on before the reach of the yield [6]. You et al.
also discussed the relationship between the temperature/confining pressure and the permeability of
weakly cemented sandstone under tri-axial loading state. The comparison of the microstructures
before and after test has indicated that the sensitivity of confining pressure and temperature will
decrease with particle size [7]. Zheng et al. evaluated the creep characteristics of weakly cemented
porous sandstone and revised the existing Burger model to make it much more reliable to predict
the stress-strain behavior [8]. Erguler et al. quantified the effect of moisture content on mechanical
properties of different rock samples containing clay-rich minerals through the experimental analysis [9].
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Zhao et al. analyzed the influence of particle size and loading path on the plastic strain energy and
plastic deformation characteristics of weakly cemented sandstone, revealing that the plastic strain
energy is more suitable for the evaluation of rock during loading compared to residual strain energy [10].
Meng et al. tested the elastic-plastic characteristics of the very weakly cemented rock mass with
large deformation by comparing the post-peak strain softening and expansion characteristics. It has
been verified that the tensile failure mode will gradually transfer to plastic and shearing failure with
the increase of moisture content [11]. Among them, it is sandstone rather than other typical weakly
cemented rock that has been widely investigated.

Current research has provided meaningful enlightenment for the mastery of the mechanical
properties of weakly cemented rock and these beneficial research outcomes will be useful for the
application of water-preserved mining in Ili mining area. Different from traditional rock engineering
as reported in existing open literature, the complicit mining activities will lead to the redistribution of
the stress field, fracture field, and seepage field, as shown in Figure 1 [12,13], resulting in the changes
of both the stress situation and moisture content of multiple rock layers around the caved coal seam.
The failure mode and stress-strain behavior of the weakly cemented rock under typical states in which
both the confining pressure and moisture content are two problematic points to be considered for the
success of water-preserved mining.

Against this background, this paper presents the systematic experimental investigation of the
behavior and failure mode of weakly cemented rock with different moisture contents under tri-axial
loading states. Three typical weakly cemented rock samples (i.e., mudstone, sandstone, sandy
mudstone) were obtained from main barrier layers in Ili mining area. To evaluate the effect of confining
pressure and moisture content caused by mining activities, a total of 15 specimens that covered three
different confining pressures (i.e., 1 MPa, 3 MPa, and 5 MPa) and moisture contents (i.e., natural
moisture, dry, and saturated) have been tested. The experimental results obtained from this paper can
provide a reference to the application of water-preserved mining technology for other coal mines with
similar geological conditions.

2. Experimental Program

2.1. Geological Conditions and Research Area

All specimens presented in this paper were obtained from Ili mining area, Xinjiang, northwestern
of China. Three representative types of weakly cemented rock samples (i.e., mudstone, sandstone
and sandy mudstone) over the coal seam have been selected from Jurassic consolidated formations,
as shown in Figure 2. The rock cores were extracted from Ili NO.4 coal mine, whose average mining
depth 120 m. The ground-free reversed circulation was applied to get the rock core according to the
standard drilling process. The collected rock cores were immediately covered with polymer resin and
cling wrap to maintain the original moisture content before further process.
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2.2. Preparation of Rock Samples

To minimize the change of rock moisture content during the preparation of rock samples, the dry
cutting and lathe cutter machines have been used to drill standard rock samples in accordance with
ASTM-D4543-01 [14]. All rock samples have a nominal height of 100 mm and a nominal diameter of
50 mm with an acceptable polished surface roughness (less than 0.02 mm) and perpendicular angle
(i.e., no more than 0.001 rad). In order to eliminate the effect caused by the lab environment, these
rock samples were directly put into the oven and humidity tank for 24 h to obtain the completely dry
and saturated rock samples, respectively. Herein, the average temperature of the oven was 105 ◦C
according to ASTM D4643-17 [15].

2.3. Test Matrix

A total of 15 cylindrical rock samples have been prepared and tested, comprising of three series
according to the type of rocks. In each series, there were five identical samples with different moisture
contents (i.e., natural moisture, dry, and saturated) under variable confining pressure (i.e., 1 MPa,
3 MPa, and 5 MPa) to simulate the tri-axial loading states in real practical applications. The in situ
stress in the research area is about 3 MPa according to its average mining depth. Therefore, 1 MPa and
5 MPa were selected to simulate the rock mass subjected to stress concentration and the stress reduction
situations as presented in Figure 1. For ease of reference, each rock sample was given a name starting
with the letter of the type of rock, followed by the first letter of the moisture condition and the last



Energies 2019, 12, 1563 5 of 15

number is used to differentiate the confining pressure under tri-axial test. Taking NY-N-3 for example,
it is the rock sample of mudstone under natural moisture state with the confining pressure of 3 MPa.

2.4. Moisture Content

The moisture content of rock samples presented in Table 1 was calculated according to the
following equation,

ωw =
mw −md

md
× 100% (1)

where ωw is the moisture content of the sample, and mw and md are the weights of the saturated and
dry rock samples, respectively.

It is obvious in Table 1 that the moisture content of natural state and saturated state for different
types of rock samples are much different. As shown in Table 1, the differences between mw and md for
mudstone, sandstone and sandy mudstone are 6.39%, 3.87%, and 2.76%, respectively. It indicates that
the water absorption capacities of these three typical rocks are not all the same.

Table 1. Details of rock samples.

Series Samples Diameter/mm Height/mm Moisture
Content/%

Confining
Pressure/MPa

Mudstone

NY-N-1 49.7 99.1 4.27 1.0
NY-N-3 49.5 99.8 4.27 3.0
NY-N-5 49.9 98.9 4.27 5.0
NY-D-3 49.3 100.1 0.00 3.0
NY-S-3 50.1 100.3 10.66 3.0

Sandstone

SY-N-1 50.0 100.0 7.52 1.0
SY-N-3 49.6 100.0 7.52 3.0
SY-N-5 48.7 98.9 7.52 5.0
SY-D-3 50.0 101.2 0.00 3.0
SY-S-3 50.1 101.5 11.39 3.0

Sandy
mudstone

NS-N-1 49.4 100.3 6.57 1.0
NS-N-3 49.9 100.5 6.57 3.0
NS-N-5 49.7 99.5 6.57 5.0
NS-D-3 49.5 99.8 0.00 3.0
NS-S-3 49.8 98.9 9.33 3.0

2.5. Test Set-Up and Instrumentation

All tri-axial compression tests were conducted at China University of Mining and Technology using
an electro-hydraulic servo-controlled rock mechanics testing system (MTS815.03) with displacement
control (see Figure 3). Two linear variable displacement transducers (LVDTs) were placed at the
opposite corners between the bottom and the top loading plates (see Figure 3b). The loading rate for all
rock samples was 0.002 mm per second in accordance with ASTM-D7012-1020 [16] after the constant
confining pressure has been applied to the rock samples for several minutes. As shown in Figure 3a,b,
the confining pressure was applied to rock samples by the hydraulic system. The tri-axial test lasted
continuously until the axial load kept constant to obtain the stable stress-strain curves with a residual
load. All specimens were collected after tests and covered with cling wrap to keep their original failure
states. In the test, both the axial load and axial strain were simultaneously recorded by the data logger.
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3. Experimental Results and Discussions

3.1. General

3.1.1. Failure Modes

Figure 4 presents the failure modes of all specimens with different moisture contents and confining
pressures under tri-axial loading states. It is apparent that there is no significant difference in terms of
the failure modes for each specimen. That is, all specimens experienced an obvious shear failure mode
with a single crack as marked with a yellow line (see Figure 4). It is interesting that the sandstone
under the low confining pressure (i.e., 1 MPa) as shown in Figure 4b presents a clear shear failure
with X-shaped conjugate slope. However, with the increase of confining pressure, these mentioned
X-shaped conjugate slope changes to single crack again owing to the effectiveness of confinement.
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Figure 4. Failure modes of all specimens. (a) Mudstone, (b) sandstone, (c) sandy mudstone.

3.1.2. Stress-Strain Behavior

Axial stress-strain curves of all rock samples under tri-axial loading with different confining
pressures are plotted in Figure 5, and the key results, including the peak stress, peak strain, residual
stress, and elastic modulus, are all listed in Table 2. Herein, the peak strain is defined as the axial
strain corresponding to the peak stress, which was averaged from two LVDTs covering the overall
height of the rock samples. Residual stress is equivalent to the peak load of the sample divided by the
cros-section when the test was prematurely terminated.

The only difference between the three rock samples from the same series presented in Figure 5
is the confining pressure (i.e., 1 MPa, 3 MPa, and 5 MPa). As mentioned earlier, these variable
confining pressures were used to represent different stress states caused by mining activities while
the constant moisture content (i.e., natural moisture) was accepted. It is obvious that the peak stress
of these rock samples under in situ stress condition (i.e., equivalent 3.0 MPa presented herein) are
20.23 MPa (mudstone), 13.42 MPa (sandstone), and 20.47 MPa (sandy mudstone), indicating these
weakly cemented rock samples are all with the low strength at in situ state (see Table 2).
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Figure 5. Stress-strain behavior of rock samples under different confining pressures. (a) Mudstone,
(b) sandstone, (c) sandy mudstone.

It can also be found in Figure 5 that the confining pressure has a significant effect on the stress and
deformation characteristics of these weakly cemented rock specimens. With the increase of confining
pressure, the peak stress, residual stress, peak strain, and elastic modulus have been significantly
enhanced. In particular, these rock samples show an obvious yield and plastic deformation behavior
before the reach of peak stress. Once the peak stress was reached, the stress-strain curves showed
a strain softening behavior with a descending branch. That is, the brittleness of the rock has been
successfully changed and the ductility has been enhanced with sufficient confinement, the evidence of
which is the apparent increase of axial strains shown in Figure 5 and Table 2.
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Table 2. Key test results.

Lithology Specimens Peak
Stress/MPa

Residual
Stress/MPa

Peak
Strain/%

Elastic
Modulus/GPa

kC/kCS, kCR,
kC (SR)

kW/kWS, kWR,
kW (SR)

Mudstone

NY-N-1 15.84 6.59 1.29 1.44

3.10, 3.62,
−0.51

−5.03e−0.31x

−1.72e−0.27x

−3.37e−0.34x

(0 ≤ x ≤ 10.66)

NY-N-3 20.23 11.68 1.44 1.67
NY-N-5 28.26 21.04 1.53 2.03
NY-D-3 32.11 16.01 1.71 2.01
NY-S-3 16.48 10.02 1.41 1.28

Sandstone

SY-N-1 9.33 5.77 0.91 1.32

2.14, 2.54,
−0.40

−0.74, −0.35,
−0.38

SY-N-3 13.42 10.91 1.01 1.42
SY-N-5 17.88 15.64 1.12 1.81
SY-D-3 19.58 13.80 1.53 1.52
SY-S-3 11.36 9.94 0.94 1.45

Sandy
mudstone

NS-N-1 15.91 5.14 1.13 1.68

2.35, 3.04,
−0.69

−1.42, −0.65,
−0.77

NS-N-3 20.47 11.28 1.38 1.72
NS-N-5 26.70 17.84 1.39 1.94
NS-D-3 28.92 14.83 1.72 1.87
NS-S-3 15.41 8.55 1.16 1.48

The typical stress-strain curves of the rock sample with different moisture contents (i.e., natural
moisture, dry and saturated state) are presented in Figure 6 and key results are listed in Table 2.
In Figure 6, all specimens were under the constant confining pressure (i.e., 3MPa) to investigate the effect
of the moisture content on the behavior of rock samples in in situ conditions. Similarly, the moisture
content has a significant influence on the load carrying capacity and deformation characteristics of
weakly cemented rocks. The peak stress, residual stress, peak strain, and elastic modulus of the rock
decrease with increasing water content. The peak stress of mudstone, sandstone and sandy mudstone
under dry state are 32.11 MPa, 19.58 MPa, and 28.92 MPa, respectively. Compared to these rock
samples under dry state, the peak stress for these saturated samples decreased to 94.84%, 72.36%, and
87.67%, respectively.
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Figure 6. Stress-strain behavior of rock samples with different moisture contents. (a) Mudstone,
(b) sandstone, (c) sandy mudstone.

Three typical rock samples all present a yield behavior and presents an enhanced ductility before
the peak stress was reached as shown in Figure 6. However, the effect of water content on the
brittle-ductile characteristics is different. In detail, the ductility of mudstone experienced an obvious
enhancement with the increase of water content. However, the ductility of the sandstone and sandy
mudstone were significantly weakened with the increase of water content. In particular, the brittleness
of sandy mudstone is much more obvious.
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3.2. Effect of Confining Pressure

3.2.1. Sensitivity Coefficient of Confining Pressure (kc)

In this section, the peak stress (σS), residual stress (σR) and the difference between peak stress
and residual stress (σC) have been plotted in the same coordinate system for further comparison. It is
obvious in Figure 7 that both the peak stress and residual stress of weakly cemented rocks shared a
similar increase with the increase of confining pressure. Whereas, the difference between peak stress
and residual stress experienced an opposite trend, showing that the difference between peak stress and
residual stress decreased with the confining pressure.

To further investigate the effect of confining pressure on the behavior of weakly cemented rock, the
sensitivity coefficient (kC) has been recently proposed based on the linear correlation between the peak
stress and residual stress, as shown in Figure 7. In detail, the slope of the fitted line reflects the effect of
confining pressure on different stress. Correspondingly, three coefficients can be obtained according
to following equations, in which kCS, kCR, and kC(SR) represent the sensitivity of peak stress, residual
stress and the difference between peak stress and residual stress on confining pressure, respectively.

kCS =
σS2 − σS1

σC2 − σC1
(2)

kCR =
σR2 − σR1

σC2 − σC1
(3)

kC(SR) =
(σS2 − σR2) − (σS1 − σR1)

σC2 − σC1
= kCS − kCR (4)

As shown in Figure 7, the peak stress and residual stress of mudstone are much more sensitive to
confining pressure compared to sandy mudstone, followed by the sandstone according to the value
of the defined sensitivity coefficient (kC). Another interesting observation from the fitted lines is that
kCS is smaller than kCR, indicating that the sensitivity of the peak stress of weakly cemented rock is
not more obvious than that of the residual stress for confining pressure. Different from the above
discussion, the sensitivity coefficient of the difference between peak stress and residual stress, kC(SR)
which is negative, represents that the value of kC(SR) decreases with the increase of confining pressure.
Compared to sandstone, the difference between peak stress and residual stress of sandy mudstone is
much more sensitive to confining pressure, followed by sandstone.
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Figure 7. Effects of confining pressure on the mechanics behaviors of rock samples. (a) Peak stress;
(b) residual stress; (c) difference between peak stress and residual stress.

3.2.2. Transfer Confining Pressure (σT)

Since the residual stress is much more sensitive to confining pressure than that of the peak stress,
as pointed out earlier, these three fitted lines shown in Figure 7c will be intersected with X axis
(i.e., confining pressure) if the confining pressure increases to some extent. Correspondingly, the peak
stress at this intersection point will be equal to the residual stress. As a result, the confining pressure
at this point is defined as the transfer confining pressure (σT). On the other hand, the intersection
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point is also the threshold for the behavior of brittleness to ductility [17]. In detail, if the confining
pressure applied to the rock sample is smaller than the transfer confining pressure, the stress-strain
curve will show obvious strain softening behavior. By contrast, the stress-strain curve will exhibit a
strain hardening behavior.

According to the aforementioned determination of the transfer confining pressure, the estimated
value of σT for mudstone (19.33 MPa), sandy mudstone (10.23 MPa) and sandstone (16.68 MPa), as shown
in Figure 7c, can be found. It should be noted that the estimated value of σT will be affected by various
factors, including the mineral component and moisture content. In addition, due to the lack of database
to clarify the effect of confining pressure on the difference between the peak stress and residual stress,
further investigation should be, therefore, conducted to obtain the acceptable value of σT.

3.2.3. Comparison in Microstructures

Figure 8 shows the microstructure of typical rock samples through the scanning electron microscopy
(SEM Quanta 250) testing method. It is apparent that the internal structure of the mudstone is dense
and there is no obvious pores and voids, as shown in Figure 8a, while the particles of sandstone with
loose internal structure and various visible voids are disorderly distributed (see Figure 8b). Different
from mudstone and sandstone, the internal structure of the sandy mudstone is relatively tight with a
certain particle size (see Figure 8c). When the magnified scale increases from 2000 times to 8000 times,
it can be found in Figure 8d that the particles of mudstone are uniformly distributed by the mud
crystal particles with a small particle size (less than 10 µm). The voids between particles are fully
filled with flocculent Imon, and flaky kaolinite. The sandstone is mainly composed of the particle
size. As shown in Figure 8e, a small amount of flocculent Imon mixed layer can be seen in the voids
between the powder particles with the approximate size of 20 µm. The small particles of sandstone are
weakly cemented due to the existing of various voids and cracks, while the sandy mudstone shown in
Figure 8f is composed of mud crystals and powder particles, filled with the mixture of flaky kaolinite
and flocculent ionic mixture around the small cracks.
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It has been well established that the mechanical behavior of porous rock material is closely relevant
to its particle size, porosity, and cementation [18–23]. From the cementation aspect, the cementation
of sandstone presented in this research is much worse than that of mudstone and sandy mudstone,
resulting in its worse mechanical behavior as presented earlier. For these rock materials with large
porosity, the effect of particle size is not strong enough, and this effect will decrease with the value of
porosity as well. As compared in Figure 8, it can be concluded that for porosity sandstone, the effect
of confining pressure mainly depends on the cementation state and the value of porosity. Whereas,
the particle size is believed to be the main factor to be considered for sandstone mudstone and mudstone
with a similar cementation state and low porosity.

3.3. Effect of Moisture Content

3.3.1. Sensitivity Coefficient of Moisture Content (kw)

Herein, the peak stress (σs), residual stress (σR) and the difference between peak stress and residual
stress (σc) of rock samples with different moisture contents have been plotted in the same coordinate
system again, for further comparison. It can be seen from Figure 9 that with the increase of water
content, the linear correlation between peak stress, residual stress, and peak residual stress of sandstone
and sandy mudstone is significantly obvious, while mudstone presents a negative exponential function.
The slope of the fitted line reflecting the effect of the influence caused by moisture content on the
mechanical behavior of weakly cemented rock has been defined as the sensitivity coefficient of moisture
content (kW). The sensitivity coefficient of moisture content for peak stress, residual stress and the
difference between peak stress and residual stress are termed as kWS, kWR, and kW(SR), respectively.
The sensitivity coefficient of moisture can be theoretically calculated by the following equations, in
which w is the measured moisture content, as indicated in Table 1.

kWS =
σS2 − σS1

w2 −w1
(5)

kWR =
σR2 − σR1

w2 −w1
(6)

kW(SR) =
(σS2 − σR2) − (σS1 − σR1)

w2 −w1
= kWS − kWR (7)
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Figure 9. Effects of moisture contents on the mechanics behaviors of rock samples. (a) Peak stress,
(b) residual stress, (c) difference between peak stress and residual stress.

3.3.2. Moisture Migration Procedure

As shown in Figure 10, the value of the sensitivity coefficient of mechanical parameters with
respect to moisture content can be regarded as a constant parameter for sandstone and sandy mudstone.
The negative exponential relationship between moisture content and mechanical behavior lead to a
decrease of kw with the increase of moisture content.
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Figure 10. Sensitivity coefficient of moisture content for rock samples. (a) Peak stress, (b) residual
stress, (c) difference between peak stress and residual stress.

It is well known that both the nonuniform distribution of underground coal water and mining
activities will change the moisture content for weakly cemented rock. Herein, two situations in terms
of the moisture migration that occurred in practical applications are selected for further discussion.
When the moisture content decreases owing to the loss of water from the rock mass, the peak stress,
residual stress and residual stress of mudstone are most sensitive to the moisture content compared to
sandy mudstone, followed by sandstone. While the moisture content changes from a natural state
to a saturated state, the peak stress and residual stress of sandstone become much more sensitive to
moisture content compared to mudstone and sandy mudstone.

3.3.3. Comparison of Mineral Components

In general, the mineral components of in situ rock mass are constant with natural moisture content.
However, either the drying or saturation procedure will change its mineral components, resulting in
the difference in terms of mechanical behavior. The mineral components and the contents of these
three typical rock samples are, therefore, determined by an X-ray diffractometer (D8 ADVANCE) in
accordance with SY/T5163-2010 [24]. The “K value” evaluation method was adopted based on the
whole rock analysis in the present study. Since the XRD is a semi-quantitative analysis method, herein,
the relative content of each clay mineral was determined by the subtraction of the diffraction peak area
under three different conditions (i.e., untreated sample, treated sample by ethylene glycol, and heated
sample). Correspondingly, these three conditions are termed as Sheet N, Sheet E, and Sheet T, as shown
in Figure 11. The detailed results obtained from XRD test are presented in Figure 11 and Table 3,
respectively. The main diagenetic minerals of these rock samples are quartz and clay minerals, the only
difference between them is the observation of potassium feldspar in sandstone and sandy mudstone.
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Figure 11. XRD diffraction, pattern. (a) Mudstone, (b) sandstone, (c) sandy mudstone.

Even though the diagenetic mineral types are nearly the same, the difference in terms of the
component content is significant. In particular, the contents of clay minerals in mudstone, sandstone,
and sandy mudstone are 71%, 25%, and 36%, respectively. To better understand the composition of
these clay minerals, the clay minerals were collected and tested again to determine the content of
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a single component (i.e., Illite, kaolinite, and Illite-smectite mixed-layer). According to the further
test, it has been found that the relative content of kaolinite in mudstone, sandstone, and sandy stone
occupied about 43%, 69%, and 69%, respectively, while the contents of Illite-smectite mixed-layer (I/S)
are 49%, 18%, and 19%. As a result, it can be easy to obtain the contents of kaolinite in mudstone,
sandstone, and sandy mudstone, which are 31%, 17% and 25%, respectively. Meanwhile, the content of
Illite-smectite mixed-layer (I/S) accounts for 35%, 5%, and 7% for mudstone, sandstone, and sandy
stone. More detailed information can be found in Table 3.

Table 3. Test results of rock mineral composition.

Lithology

Content of Minerals (%) Relative Content of Clay Minerals (%)

Quartz Potash
Feldspar

Clay
Minerals

Illite
(It)

Kaolinite
(K)

Illite-Smectite
Mixed-Layer

(I/S)

Mudstone 29 0 71 8 43 49
Sandstone 70 5 25 13 69 18

Sandy mudstone 60 4 36 12 69 19

Compared with mudstone and sandstone thorough the XRD and SEM tests, as shown in
Figures 8 and 11, it can be found that the porosity of the former is relatively small, however, the content
of clay mineral component is much higher and vice versa. It is interesting that both the mineral
components and microstructure of sandy mudstone are in the middle of mudstone and sandstone. It is
believed that the extra water from the external surroundings will immediately combine with these
clay minerals (i.e., kaolinite, Illite, and montmorillonite), resulting in serious deterioration of their
microstructure. The sensitivity to moisture content of these rocks with a high content of clay minerals
will decrease with the moisture content. On the other hand, the external water in sandstone due to the
increase of moisture content is mainly in the form of pore water, the lubrication effect of pore water on
the surface of powder crystal particles leads to the increase of strength. That is, for these rock samples
with low content of hydrophilic minerals, the sensitivity of water content is mainly dependant on the
porosity rather than others. In other words, the greater the porosity is the weaker the sensitivity of
water content presents.

4. Conclusions

This paper presents systematic tri-axial compression tests on three typical weakly cemented
rocks (i.e., mudstone, sandstone, and sandy mudstone) with different moisture contents (i.e., natural
state, drying state, and saturated state) to simulate the real geological conditions and loading state
affected by mining activities. Scanning electron microscopy (SEM) testing and X-ray diffractometer
(XRD) testing have been conducted to better understand the sensitivity of mechanical behavior on
confining pressure and moisture content on the mechanical behavior of rock samples. According to the
systematic experiments and theoretical analysis, the following conclusions can be drawn:

1. The mechanical behavior of weakly cemented rock samples under tri-axial is generally correlated
with confining pressure. Among them, mudstone is much more sensitive to confining pressure
compared to sandstone, followed by sandy stone. It should be noted that the residual stress of
weakly cemented rock is much more sensitive to confining pressure rather than the peak stress.

2. The peak stress of three types of rock samples decreases with the increase of water contents.
When the moisture content decreases due to the loss of water from the rock mass, the peak
stress, residual stress and residual stress of mudstone are most sensitive to the moisture content
compared to sandy mudstone, followed by sandstone. While the moisture content changes from
a natural state to a saturated state, the peak stress, residual stress, and residual stress of sandstone
becomes to be much more sensitive to moisture content, compared to mudstone and sandy rock.
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3. The effect of confining pressure mainly depends on the cementation state and porosity for weakly
cemented rocks. When the rock cementation state is similar, the effect of particle size will be much
more significant than other parameters. However, for the specimens with a high content of clay
mineral components, the effect of moisture content plays a critical role owing to the deterioration
while the reaction between water and hydrophilic mineral occurs.

Since that the main objective of this research is to investigate the effect of confining pressure
and moisture content on weakly cemented rocks, the relationship between mineral components and
microstructure and compressive behavior of weakly cemented rock under tri-axial loading states has
successfully provided a guideline for the application of water-preserved mining technology in Ili
mining area. However, it is still necessary to carry out a series of experimental tests to enrich the
database by using more variable confining pressure and moisture contents for the setting up of a more
reliable theoretical model for prediction.
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