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Abstract: Injecting water into a coal seam to enhance the cohesive strength of coal and thus minimize
and reduce the coal wall spalling risk must be considered in underground coal mining systems.
In general, coal with low cohesive strength contains clay minerals which may affect the stability
of coal by interacting with water. Therefore, the coupled effects of moisture content and inherent
clay minerals on the physical properties (i.e., cohesive strength and internal friction angle) of coal
samples should be addressed. In this paper, direct shear tests were conducted by remodelling the
Yiluo coal with various moisture contents ranging from 6.6% to 20.7%. According to Mohr–Coulomb
failure criterion, cohesive strength and internal friction angle of coal were obtained. Afterwards,
effects of moisture content and clay minerals (i.e., Kaolinite, Smectite and Illite) on the cohesive
strength of coal were analysed using X-ray diffraction (XRD) method. The results show that cohesive
strength increases when the moisture content rises from 6.6% to 17.6%, after which it decreases with
increasing moisture content. This trend can be well illustrated by the relationship between typical
water retention curve (WRC) and suction stress of soil. Therefore, a moisture content of 17.6% would
be an optimal value to enhance the stability of the Yiluo coal seam.

Keywords: clay minerals; cohesive strength; direct shear test; internal friction angle; water retention
curve (WRC)

1. Introduction

In underground coal mining systems, coal wall spalling, gas emissions, and unexpected roof
falling are serious disasters increasing the economic cost and challenging the security of coal production,
especially when the coal seam is soft and weak [1–3]. The stability of soft coal seam is difficult to
control due to the relatively low mechanical properties. Generally, coal contains clay minerals, such
as Kaolinite and Illite, which can weaken the stability of coal seam [4]. To enhance the strength of
soft coal seam, increasing the moisture content of coal to a certain degree via hydraulic measures has
been developed rapidly in recent years. For hard coal, an increase in moisture content can reduce
the cohesive strength and increase the deformation of coal [5–7]. However, clay minerals in soft coal
may, to a greater or lesser degree, affect the cohesive strength of coal by interacting with water [8].
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Therefore, the coupled effects of moisture content and inherent clay minerals on the cohesive strength
of soft coal should be addressed.

Many studies have described the effect of moisture content on physical properties of coals, in
which direct shear tests and uniaxial and triaxial compression tests were conducted, and the recorded
cohesive strength and internal friction angle were analysed. It was found that the cohesive strength
decreases with increasing moisture content for hard coal [2,5–7], however, the internal friction angle
was independent of moisture content [6]. By contrast, research related to soft coal is limited and
results vary. Some studies indicated that the cohesive strength of soft coal can be enhanced by a
certain amount of moisture content [9], while some revealed that the cohesive strength decreases with
moisture content [10]. Wang et al. [9] suggested that the cohesive strength of coal may be enhanced via
prompting the agglomeration and cementation of coal particles. However, the shortcoming of these
studies is that the effect of inherent clay minerals was not taken into consideration.

Previous studies have investigated the relationship between water retention curve (WRC) for
a particular type of soil and the properties of the unsaturated soil [11–14]. For example, the WRC
(referring to the relationship between water content and suction) has been suggested for the prediction
of shear strength properties of an unsaturated soil [11,15–17]. In a typical WRC, the suction decreases
with increasing water content as a sigmoid function, indicating that water content would affect the
suction of soil, thus affecting the suction stress. Since the soil–water characteristic curve (e.g., WRC) is
used as the basis for the prediction of unsaturated soil parameters such as suction stress, permeability
and shear strength [18–20], it may be reasonable to estimate the physical properties of remodelled coal.

In this study, direct shear tests were conducted to study the effect of moisture content on physical
properties of the Yiluo coal. X-ray diffraction (XRD) measurement was employed to analyse the
qualitative of clay minerals. This paper is organized as follows. Firstly, the methodology is introduced.
Secondly, results of the cohesive strength and internal friction angle of the remodelled coal under
variable moisture conditions were obtained according to Mohr–Coulomb failure criterion. Thirdly, the
effect of intruding water on the inherent clay minerals was discussed by analysing the XDR results
and WRC. Finally, several conclusions are drawn.

2. Materials and Methods

2.1. Sample Description and Preparation

Coal, taken from the in situ working face of the Yiluo coal mine (Henan, China) (Figure 1a–c),
was employed for laboratory tests. According to the China National Standard (GB/T212-2008), the
moisture content (M), ash yield (A), volatile matter (V), fixed carbon (FC), total sulfur (S), and calorific
value (CV) of the raw coal were determined (Table 1). According to the China National Standard
(GB 5751-86), it is a kind of bituminous coal with moderately high ash.

The coal, taken from the NO. 2 coal seam (Figure 1b,c), is extremely chipped and can be easily
broken into fragments. Therefore, this coal is difficult to cut into cylinders or cubes for uniaxial or
triaxial tests. Furthermore, to obtain the mechanical properties of coal under various levels of moisture
content, numerous samples should be prepared and tested. Therefore, remodelling of coal specimens
is a repeated method which would be helpful to explore the effect of moisture content on mechanical
properties of soft coal.

The soft coal blocks were smashed and sieved to particles with size fraction smaller than 1.0 mm
(Figure 1d). The coal particles were sufficiently mixed to ensure that the distribution of particle
was uniform [21,22]. Then, the raw particles were mixed with a certain weight percentage of water
according to Equation (1). Thus, the remodelled specimens with various moisture content conditions
(i.e., 6.6%, 12.3%, 17.6%, 19.6% and 20.7%) can be achieved (Table 2). Afterwards, the cylinder
coal specimens (φ 61.8 mm × 40 mm) were collected and compacted by employing sampling tools
(Figure 1e,f). Figure 1g presents the primary schematic of a remodelled coal sample. Finally, five groups
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of specimens (i.e., G-1 to G-5) were prepared and maintained in a vacuum dryer (Figure 1e). It should
be noted that the original and saturated moisture contents of the coal are 6.6% and 20.7%, respectively.

mw =
m0

1 + 0.01w0
× 0.01(w1 − w0) (1)

where mw is the weight of water (g); m0 is the weight of natural coal particles (g); w0 is the original
moisture content (%); and w1 is the required moisture content (%).
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Figure 1. Remodelling processes. (a) Location of the Yiluo coalmine; (b) Three-dimensional schematic
of a coal seam sandwiched between rock strata; (c) A coal block taken from the in situ Yiluo coal
mine; (d) Coal particles; (e) Remodelled specimens in a vacuum dryer. (f) Remodelled specimens
(φ 61.8 mm × 40 mm) in sampling tools; (g) Schematic of water and coal particles.

Table 1. Proximate analysis of coal. W: water content; A: ash yield; V: volatile matter; FC: fixed carbon;
S: total sulfur; CV: calorific value.

Coal Seam W (%) A (%) V (%) FC (%) S (%) CV (MJ/Kg)

NO. 2 0.85 28.35 22.97 68.73 3.89 34.47

Table 2. Physical properties of the remodelled samples and test conditions.

Group Number Moisture Content (%) Density (kg/m3) Normal Load (kPa) Shear Velocity (mm/min)

G-1 6.6 1.30

100, 200, 300, 400 2.4
G-2 12.3 1.35
G-3 17.6 1.45
G-4 19.6 1.55
G-5 20.7 1.65

2.2. Apparatus and Procedures

2.2.1. Direct Shear Test

A series of unconsolidated undrained direct shear tests was conducted using the apparatus
shown in Figure 2a–c. The direct shear test apparatus consists of a square box divided into two halves
(Figure 2b,c). The remodelled specimen (φ 61.8 mm × 40 mm), contained in the box, was subjected to
a constant normal load, while an increasing horizontal force (i.e., shear force) was applied to the lower
section of the shear box (Figure 2b,c). Specifically, displacement control method was employed and
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determined as 2.4 mm/min. Each specimen was tested three times to keep the accuracy. In these tests,
the normal stresses were applied as 100 kPa, 200 kPa, 300 kPa and 400 kPa (Table 2).
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Figure 2. Test apparatus and methods. (a) Direct shear testing apparatus; (b) Shear vessel; (c) Schematic
of the direct shear framework.

The tests were performed through the following procedures: (1) Placement of a specimen in the
box; (2) Setting of a normal force to a specific load, such as 100 kPa; (3) Shearing the lower box at a
constant displacement control rate until a steady peak shear strength appeared. During the entire
shear experiment process, shear force and shear displacement were simultaneously recorded by a
proving ring.

2.2.2. X-ray Diffraction Observations

The qualitative analysis of clay minerals was performed at the Advanced Analysis and
Computation Center, China University of Mining and Technology, by XRD. The XRD tests using
the D8 Advance powder diffraction machine can identify the presence of some clay materials. In the
XRD test, radiation is K in copper tube at 40 kV and 30 mA. Measurements were made at an exposing
interval of 2θ (2◦–60◦), at a pitch of 2θ (0.01945◦) and with an exposing time of 0.1 s per pitch. The XRD
tests were conducted at room temperature. Due to the limitation of the XRD system, the exact
percentages of clay minerals cannot be measured. However, the relative magnitudes of the minerals
can be identified.

3. Results and Discussion

3.1. Direct Shear Test Results and Discussion

3.1.1. Shear Stress-Displacement Curves

Direct shear tests under various constant normal stresses were performed for the remodelled
specimens with variable moisture content conditions, i.e., 6.6%, 12.3%, 17.6%, 19.6% and 20.7%. Normal
force values of 100 kPa, 200 kPa, 300 kPa and 400 kPa were applied on specimens with a specific
moisture content. Stress-displacement curves were obtained by plotting the shear stresses against the
horizontal displacements (Figure 3a–e). It is clear that the trends and shapes of stress-displacement
curves are similar to each other, and can be typically divided into three stages including elastic
deformation stage, yield stage and stable shear stage (Figure 3a).

In the stress-displacement curves, the classical elasto-plastic responses of the remodelled coal
are well captured, which were similar to the shear behaviours of normal consolidated clay and loose
sand [23]. In Figure 3, there is a yield stage after the elastic deformation stage. In the yield stage,
with the increment of the normal stress, the yield stage becomes more and more obvious. Moreover,
the cementation between particles along the slip or shear plane will be damaged, and local cracking
appears near the shear plane. After the yield stage, the mobilized shear stress increases to a peak
value as roughness is mobilized and then keeps stable due to surface friction. The coal particles will
continuously move and rotate under the action of the biting force or fiction [24]. The peak value defines
the shear strength of the remodelled coal specimen, and a higher normal force implies a greater shear
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strength. However, the shear strengths of the remodelled specimens with various levels of moisture
content are different, which will be analysed in the following sections.Energies 2017, 10, 1234  5 of 12 
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is 17.6%; (d) Moisture content is 19.6%; (e) Moisture content is 20.7%.

3.1.2. Physical Properties Based on Mohr-Coulomb Failure Criterion

(1) Mohr-Coulomb Failure Criterion

Shear failure of rocks is usually considered in geotechnical engineering, e.g., underground coal
mining. According to the Mohr-Coulomb failure criterion, one of the most widely used strength
criteria in geotechnical situations, failure is controlled by the basic properties of geomaterials including
cohesive strength and internal friction angle.

Cohesive strength is the component of shear strength of a rock or soil that is independent of inter
particle friction. Types of binding involved in cohesive strength include direct attraction of atoms in
adjacent particles and attraction via the water between particles [25]. Internal friction angle represents
the friction shear resistance of materials together with the normal stress, and can be influenced by
various physical parameters, such as surface roughness, particle size and shape [26]. Moisture content
is also an important factor that can affect the cohesive strength and internal friction angle.
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The basic concepts of the strength criterion suggest that the shear strength of a material is made
up of two parts: constant cohesion and friction, varying with normal stress. As shown in Figure 4a, for
a material under traditional triaxial stress state, with the increase of the maximum principle stress σ1

and a constant confined pressure σ3, shear failure may occur along a specific plane (i.e., plane a–b) that
is subjected to normal stress σn and shear stress τ. The shear strength, τ, was developed on this failure
plane (Figure 4b) and is described as:

τ = c + σn tan(ϕ) (2)

where c is the cohesive strength, σn the normal stress acting on plane a–b, and ϕ the internal friction
angle. In the yield locus (Figure 4c), the cohesive strength and internal friction angle are described by
the intercept and slope, respectively.
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Figure 4. Mohr-Coulomb strength criterion. (a) Shear failure on plane a–b under triaxial stress state
and σ3 is the confined pressure; (b) Shear failure under direct shear test; (c) Relationship between shear
stress and normal stress.

(2) Fitting Results and Discussion

According to Equation (2), the cohesive strength and internal friction angle for the remodelled
samples under variable moisture content conditions can be calculated by the slope and intercept of
linear plots. Figure 5a–e present the linear fitted curves of the experimental data. As expected, shear
stress increases linearly with normal stress, and all correlation coefficients are higher than 0.92. Figure 6
shows the results of the cohesive strengths and internal friction angles under various moisture contents.
It is clear that moisture content has a significant effect on the cohesive strength, while a small increase
of 1.8◦ can be identified in the internal friction angle versus moisture content curve.
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• Cohesive Strength

Figure 6 demonstrates that cohesive strength increases linearly form 9.1 kPa to 15.2 kPa with the
moisture content raise from 6.6% to 17.6%. However, after the peak, a sharp drop can be identified
until the saturated point (a moisture content of 20.7%). Specifically, the cohesive strength under
the moisture-saturated condition is smaller than that under the original moisture content condition:
8.5 kPa versus 9.1 kPa. The cohesive strength of the remodelled specimen should be lower than that of
the naturally deposited coal, and this phenomenon is referred as sensitivity [23]. The shear strength
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is greatly reduced when materials are tested after remoulding without any change in the moisture
content. The loss of strength of the Yiluo coal from remoulding is caused primarily by the destruction
of the coal particle structure.

In previous studies (Table 3), the same effect of moisture content on cohesive strength can be
found in various materials, such as coal, soil and clay. Wang et al. [9] indicated that water may enhance
the cohesive strength of coal via bonding coal particles. After a threshold moisture content, water
may weaken the strength by reducing the friction between adjacent particles. Similar to their study,
Huang et al. [27] suggested that the strengthening effect is a result of the cementation of water. Thus,
within a certain level of moisture content, water may act as ‘cement’, meanwhile, after a threshold
value, water may act as ‘lubricant’.

Table 3. References on the effect of moisture content on cohesive strength.

References Materials Range of Moisture Content (%) Trend of Cohesive Strength

Wang et al. [9] Coal 1.57–6.55 [1.57–3.07] increase; [3.07–6.55] decease
Hu et al. [10] Coal-bearing soil 8.5–20.6 [8.5–20.6] decease

Cokca et al. [28] Unsaturated clay 18–28 [18–23] increase; [23–28] decease
Consoli et al. [29] Cemented soils 4.0–13.5 [4.0–10] increase; [10–13.5] decease
Liu and Zhu [30] Mudstone 10–20 [10–13] increase; [13–20] decease
Huang et al. [27] Soil 3.0–27.5 [3.0–12.0] increase; [12.0–27.5] decease

• Internal Friction Angle

Zou and Brusewitz [31] indicated that water may influence the internal friction angle by reducing
the friction between particles. With more moisture, the film on the surface of a particle has a greater
tendency to act as a lubricant. However, reports on coal [6,9], sandy loam soil [32] and other rocks [33–35]
illustrated that small changes in the internal friction angle with moisture content can be identified. All
values of the internal friction angle in this study are enclosed within a small range between 29.76◦

and 31.63◦ (Figure 6), showing a very small change. Generally, the internal friction angle is almost
independent of moisture content when considering the experimental error. Therefore, a properly
selected value of the internal friction from this range (29.76◦–31.63◦) for moisture content would not
affect the results of the numerical modelling or theoretical analysis advances in the future.

3.2. Effect of Moisture Content on Inherent Clay Minerals

Figure 7 presents the XRD results of naturally deposited coal, which indicates that minerals in the
coal can be sorted by quantity as Kaolinite, Calcite, Smectite, Illite-Smectite mixture, Chlorite, Quartz,
Siderite and other minerals in a descending order. Specially, Chlorite, Quartz, Siderite and other
minerals can be neglected. Thus, the effect of water on clay minerals including Kaolinite, Smectite and
an Illite-Semectite mixture will be analysed.

Table 4 shows the physiochemical properties of these materials. Kaolinite can be modelled and
shaped with a certain amount of water, and the cohesive strength of Kaolinite particles can also be
enhanced. Smectite is a type of clay mineral with strong water-absorption capability, which is always
used as an addictive mineral to increase cohesive strength in geological situations. However, Illite
can be easily broken in water, which, in turn, may reduce the cohesive strength of coal particles.
The physicochemical properties displayed by these clays are the result of: (1) extremely small crystal
size; (2) variations in internal chemical composition; (3) structural characteristics caused by chemical
factors; (4) a large cation exchange surface area that is chemically active; (5) variations in types of
exchangeable ions and surface charge; and (6) interactions with inorganic and organic liquids [36].
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Figure 7. X-ray diffraction result of the Yiluo coal.

Table 4. Physicochemical properties of clay minerals.

Minerals Chemical Formula Introduction

Kaolinite Al2Si2O5(OH)4
Easily broken and can be moulded or shaped, especially when
wet. However, it does not expand when contacts with water.

Smectite (Al,Mg)2[Si4O10](OH)2·nH2O
An absorbent clay that can absorb large quantities of water,
swelling to many times their original volume, and give rise to
permanent suspensions of gel-like masses.

Illite K0.75(Al1.75R)[Si3.5Al0.5O10](OH)2
A non-expanding clay and the capability of absorbing water is
weaker than that of Smectite.

The coupled effects of moisture content on the coal with low mechanical properties can be
explained by some factors including cementation and lubrication. Firstly, the coal is made up of
numerous coal particles and mineral particles. The clay minerals particles can be dissolved into the
intruded water which in turn increase the absorbed suction of coal particles [37]. This common effect
can be defined as cementation and is frequently employed to reduce fluid loss in drilling industry [36].
Secondly, the water-swellable minerals, such as Illite and Siderite, will change the microstructure of the
matrix [38,39]. Thus may weaken the cohesive strength in a direct manner. Finally, with a large amount
of water, the water film on the surface of a particle has a greater tendency to act as lubricant to decrease
the cohesion of coal particles [9]. The following section discussed the effect of moisture content on the
cohesive strength of coal particles based on the suction stress theory [19] for unsaturated soil.

3.3. Discussion about the Sunction Stress and Cohesive Strength of Remodelled Coal

The WRC represents the relationship between moisture content and suction in unsaturated
materials, and the suction has a significant influence on the suction stress, and thus on the shear
strength of geomaterials [16]. Generally, the WRC of soil has a ‘S’ shape (sigmoid curve) and several
bimodal water retention curves have also been proposed in previous studies [16,18–20,40], which
contribute to our knowledge about the water storage capability of soil.

Figure 8a shows the idealized WRC, which is a typical sigmoidal curve. According to the suction
stress theory [19], the suction stress refers to the value of suction multiply the corresponding saturation
content degree. Therefore, based on the idealized WRC in Figure 8a, suction stress can be calculated,
which is shown as a dotted line in Figure 8a. In order to identify the relationship between saturation
and suction stress, we plotted the suction stress versus degree of saturation content curve in Figure 8b.



Energies 2017, 10, 1234 10 of 12
Energies 2017, 10, 1234  10 of 12 

 

 

Figure 8. Idealized water retention curve (WRC) and suction stress. (a) Relationships between 

saturation and suction, and suction stress and suction; (b) Idealized suction stress and degree of 

saturation content, which is derived from (a). 

In the suction stress and degree of saturation content curve that shown in Figure 8b, two typical 

stages can be seen. In the increase stage, the suction stress rises with increasing degree of saturation 

content, which means that the absorbing suction between particles increases with the growth of 

moisture content. Then, a peak suction stress is attained, indicating that the greatest absorbing suction 

stress between particles. However, as expected, the suction stress decreases with the increasing 

moisture content afterwards until a fully saturation state (e.g., degree of saturation content of 1.0) is 

reached. As mentioned in Section 3.1.2, the cohesive strength of remodelled coal increases from 9.1 

kPa to 15.2 kPa with the moisture content rise from 6.6% to 17.6%. After the peak, a sharp drop can 

be identified until a moisture content of 20.7% is reached. These results are consistent with the suction 

stress theory and the corresponding WRC that shown in Figure 8. 

4. Conclusions 

By remodelling the Yiluo coal specimens, direct shear tests were conducted to study the effect 

of moisture content on cohesive strength and internal friction angle of soft coal. Furthermore, the 

effect of clay minerals on the cohesive strength of the coal specimens was analysed using X-ray 

diffraction (XRD) observation. The following significant conclusions can be drawn. 

The cohesive strength of the coal saw an increase when the moisture content rises from 6.6% to 

17.6%, after which it decreases with moisture content. Besides, internal friction angle was found to 

be independent of moisture content. Thus, for the Yiluo coal, a moisture content of 17.6% would be 

the optimal value to enhance the stability of the coal seam.  

Clay minerals including Kaolinite, Smectite and Illite play key roles in enhancing the cohesive 

strength of the coal. Firstly, within a certain moisture content (6.6%–17.6% in this study), the 

cementation of water with dissolved clay minerals can increase the absorbed suction of coal particles 

which in turn may enhance the cohesive strength of coal. Afterwards, when the moisture content 

reaches to a high level (above 17.6% in this study), the lubrication of water intends to decrease the 

cohesion of coal particles. In addition, according to the suction stress theory and corresponding 

typical WRC, the cohesive strength versus moisture content curve is consistent with the suction stress 

versus saturation curve. 

Acknowledgments: This work was supported by the National Natural Science Foundation of China (No. 

51674242). 

Author Contributions: Hongwei Zhang and Zhijun Wan conceived and designed the experiments;  

Hongwei Zhang, Bo Zhang and Peng Zhou performed the experiments; Hongwei Zhang and Dan Ma analyzed 

the data; Hongwei Zhang, Dan Ma, Yuan Zhang and Bo Zhang wrote the paper. 

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

Figure 8. Idealized water retention curve (WRC) and suction stress. (a) Relationships between
saturation and suction, and suction stress and suction; (b) Idealized suction stress and degree of
saturation content, which is derived from (a).

In the suction stress and degree of saturation content curve that shown in Figure 8b, two typical
stages can be seen. In the increase stage, the suction stress rises with increasing degree of saturation
content, which means that the absorbing suction between particles increases with the growth of
moisture content. Then, a peak suction stress is attained, indicating that the greatest absorbing suction
stress between particles. However, as expected, the suction stress decreases with the increasing
moisture content afterwards until a fully saturation state (e.g., degree of saturation content of 1.0) is
reached. As mentioned in Section 3.1.2, the cohesive strength of remodelled coal increases from 9.1 kPa
to 15.2 kPa with the moisture content rise from 6.6% to 17.6%. After the peak, a sharp drop can be
identified until a moisture content of 20.7% is reached. These results are consistent with the suction
stress theory and the corresponding WRC that shown in Figure 8.

4. Conclusions

By remodelling the Yiluo coal specimens, direct shear tests were conducted to study the effect of
moisture content on cohesive strength and internal friction angle of soft coal. Furthermore, the effect
of clay minerals on the cohesive strength of the coal specimens was analysed using X-ray diffraction
(XRD) observation. The following significant conclusions can be drawn.

The cohesive strength of the coal saw an increase when the moisture content rises from 6.6% to
17.6%, after which it decreases with moisture content. Besides, internal friction angle was found to be
independent of moisture content. Thus, for the Yiluo coal, a moisture content of 17.6% would be the
optimal value to enhance the stability of the coal seam.

Clay minerals including Kaolinite, Smectite and Illite play key roles in enhancing the cohesive
strength of the coal. Firstly, within a certain moisture content (6.6–17.6% in this study), the cementation
of water with dissolved clay minerals can increase the absorbed suction of coal particles which in
turn may enhance the cohesive strength of coal. Afterwards, when the moisture content reaches to
a high level (above 17.6% in this study), the lubrication of water intends to decrease the cohesion of
coal particles. In addition, according to the suction stress theory and corresponding typical WRC,
the cohesive strength versus moisture content curve is consistent with the suction stress versus
saturation curve.
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