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Abstract: An evaluation of the failures of coal under variable conditions in relation to the stability of
coal pillars is an important issue for coal mining. This paper presents the results of an experimental
investigation of the mechanical behavior of brittle coal under plane-strain biaxial stress state (PSBSS)
compression. The synthetic specimens were meant to test the ductile properties. Modified surface
instability detection apparatus was setup to carry out the tests. The results show that the stress-strain
curves of coal and synthetic specimens under the PSBSS can be divided into four typical stages,
namely original microcrack closure, elastic deformation, sudden stress drop, and residual behavior.
The stress-strain curve of coal under PSBSS compression showed periodic stress drops during the
post-peak phase, while the curve of the synthetic specimen presented a moderate decrease during the
post-peak stage. The remarkable residual strengths of the coal and composites can be observed using
these curves, which is vital to the stability of specimens after the failure strength is exceeded. Strain
rates have a significant effect on the strength of coal samples under PSBSS compression. Specifically,
a higher strain rate indicates a greater peak strength. The failure modes for coal and synthetic
specimens are different. During PSBSS compressive tests, coal showed a split failure under different
strain rates. For flexible composites, the failure pattern is conjugate shear failure. The study indicated
that the Modified Lade and Modified Wiebols-Cook criteria are competent for estimating the defined
strength coefficient, which is a ratio proposed to estimate the PSBSS peak strength.

Keywords: biaxial compression; coal; criterion; peak strength; plane-strain

1. Introduction

Coal is in high demand as a resource for generating electricity in China. To achieve safe mining,
deformation and the failure of rocks must be considered [1]. Plane states of strain, where the behavior
of intact rock is a concern, are encountered in many types of long structures (e.g., coal pillars)
or excavations in continuous rocks [2,3]. However, rocks under a plane-strain biaxial stress state
(PSBSS) [4], a special case state of plane strain that corresponds to a biaxial state of stress, is often
considered in geotechnical engineering, such as in longwall and highwall mining coal pillars. As shown
in Figure 1a–c, a long coal pillar was retained to support the overlying strata in the Baodian coalmine
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in eastern China. The layout of the mining area is illustrated in Figure 1b and the 3D schematic of the
long pillar is presented in Figure 1c. The long coal pillar between the adjacent working faces (i.e., 6302
and 6301 panels) is ~1000 m in length and the cross-section area of the pillar is 3 m × 3 m. In longwall
and highwall coal mining systems, the key is to study the mechanical behavior of the long pillars and
prevent their failure. The optimal design of structures is based not only on peak strength, but also on
post-peak behavior, and thus, on residual strength [5]. However, research related to PSBSS is typically
unavailable, and uniaxial and biaxial stress states are often introduced to estimate the mechanical
behavior of these pillars [6–8], which neglects the essential plane-strain biaxial stress state.
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σ3 is considered to be zero in this stress state. Specifically, according to the plane strain concept, the 
principle strain along the longest dimension (ε2) is zero. 

It is well known that the essential notion in the plane strain concept is that the displacement and 
stress conditions are identical in all planes perpendicular to the long axis of the elastic structure in 
the infinite medium [9]. As shown in Figure 1b,c, the long coal pillar is under a biaxial stress state in 
a longwall coal mining system. According to the plane-strain concept, the principal strain (ε2) in the 
direction of the longest dimension of the pillar (x-axial) is constrained (i.e., ε2 = 0). The vertical stress 
(σ1) is applied by the overlying strata. σ2 and σ3 are the horizontal stresses along the x-axial direction 
and y-axial direction, respectively. Specifically, the stress along the x-axial direction is not zero (i.e., 
σ2 ≠ 0). In addition, there is no stress normal to the free faces after the excavation of tunnels (i.e., σ3 = 
0) (Figure 1b,c). Therefore, coal blocks in the long coal pillar only suffer from stresses along the x-
axial and z-axial directions under the PSBSS (i.e., σ1 ≠ σ2 ≠ 0 and σ3 =0) (Figure 1d). 

Since 1969 [10], the fracture evolution and mechanical behaviors of rocks and concretes under 
biaxial compression have been extensively studied [11–16]. In normal biaxial compression tests, the 
intermediate principle stress (σ2) increased proportionally with the maximum principle stress (i.e., σ1 
= dσ2, where d is a constant between 0.0 and 1.0). Typical failure envelopes of geomaterials in biaxial 
compression tests indicate that the peak biaxial compression strength increases with the rise of the 
intermediate principle stress (σ2) [10,11,14,17–26]. 

Figure 1. An in situ coal pillar under the PSBSS. (a) Baodian coalmine in eastern China; (b) Layout
of 6302 working face of the Baodian coalmine. A long pillar was retained between the adjacent 6301
and 6302 panels; (c) 3D schematic of the long pillar; (d) Coal specimen under PSBSS. σ1 is the vertical
stress applied by the overburden, σ2 is the confined stress applied by adjacent portion of the coal pillar
and σ3 is considered to be zero in this stress state. Specifically, according to the plane strain concept,
the principle strain along the longest dimension (ε2) is zero.

It is well known that the essential notion in the plane strain concept is that the displacement and
stress conditions are identical in all planes perpendicular to the long axis of the elastic structure in
the infinite medium [9]. As shown in Figure 1b,c, the long coal pillar is under a biaxial stress state
in a longwall coal mining system. According to the plane-strain concept, the principal strain (ε2) in
the direction of the longest dimension of the pillar (x-axial) is constrained (i.e., ε2 = 0). The vertical
stress (σ1) is applied by the overlying strata. σ2 and σ3 are the horizontal stresses along the x-axial
direction and y-axial direction, respectively. Specifically, the stress along the x-axial direction is not
zero (i.e., σ2 6= 0). In addition, there is no stress normal to the free faces after the excavation of tunnels
(i.e., σ3 = 0) (Figure 1b,c). Therefore, coal blocks in the long coal pillar only suffer from stresses along
the x-axial and z-axial directions under the PSBSS (i.e., σ1 6= σ2 6= 0 and σ3 =0) (Figure 1d).

Since 1969 [10], the fracture evolution and mechanical behaviors of rocks and concretes under
biaxial compression have been extensively studied [11–16]. In normal biaxial compression tests,
the intermediate principle stress (σ2) increased proportionally with the maximum principle stress
(i.e., σ1 = dσ2, where d is a constant between 0.0 and 1.0). Typical failure envelopes of geomaterials in
biaxial compression tests indicate that the peak biaxial compression strength increases with the rise of
the intermediate principle stress (σ2) [10,11,14,17–26].
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The presence of the intermediate principle stress (i.e., confined stress) (σ2) can not only affect
the failure strength, but also radically change the deformation behaviors of the geomaterials [27–29].
The fracture surface is exactly parallel to the direction of the intermediate principle stress for brittle
rocks such as granite, limestone, and dolomite under biaxial compression tests [11]. For ductile
materials, such as mortar and sand, a shear failure was always observed [30]. Wang et al. [14] and
Lim et al. [29] suggested that the confined stress (i.e., σ2) can change the failure modes of concrete
from the common column type, to the shear type and parallel plate type.

The PSBSS is a special case of the biaxial stress state, in which the intermediate principle
strain is zero, and research on rocks or synthetic materials under PSBSS compression is limited.
Papamichoes et al. [31] designed plane strain biaxial apparatus to investigate surface spalling
phenomena in rocks, indicating a shear-mode failure for brittle rocks under the PSBSS. Tao [32]
tested the failure strength of soft and hard coal specimens under the PSBSS and they found that greater
failure strengths will appear under the PSBSS than those under a uniaxial stress state, for both kinds
of coal specimens. Powrie et al. [33] and Alshibli et al. [34] also found shear failure shapes in Ottawa
sand and numerical samples, respectively. Powrie et al. defined this failure pattern of geomaterials
under the PSBSS as conjugate shear bands.

In this paper, we tested coal samples (brittle) and synthetic materials (ductile) under PSBSS
compression. This research focuses on investigating: (1) the influence of the strain rate on peak strength;
(2) the residual behavior under the PSBSS; and (3) the qualified criterion that can estimate the strength
parameters, such as peak strength. We begin with a description of the experimental methodology.
Then, the results are illustrated and discussed. Finally, we introduce a strength coefficient and conduct
a failure criteria study.

2. Experimental Methodology

2.1. Sample Description and Preparation

Coal specimens, obtained by the cutting of large blocks taken from the #3 coal seam at the
6302 longwall panel in the Baodian coalmine, China, were 70.7 × 70.7 × 70.7 mm3 in size (Figure 2a,b).
The coal was a type of bituminous coal with an average unit weight of 1360 kg/m3. The specimens
were carefully surfaced using a rotating grinding device.
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Figure 2. Coal blocks and specimens. (a) Coal blocks which are taken from the in situ working face at a
depth of approximately 450 m and are processed into cube specimens; (b) Coal specimen (70.7 × 70.7
× 70.7 mm3 in size); (c) Synthetic specimen (100 × 100 × 100 mm3 in size) in a mould; (d) Synthetic
specimens; (e-1–e-6) Typical coal specimens that were employed in this study; (f-1–f-6) Coal specimens
that contained large fractures and flaws were abandoned to minimize experimental error.
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Synthetic materials were prepared by scaling the geometrical, physical, and mechanical
parameters (e.g., size, density, and strength) of the in situ coal pillar (cross area 3 × 3 m2) under
the specific PSBSS [35]. These rock-like specimens (Figure 2c,d) were 100× 100× 100 mm3 cube blocks
and were encased by cemented sand and plaster. All of the synthetic specimens were prepared by a
plastic vessel to assure homogeneity along the axis and parallelism of the end surfaces. The weight
ratio of sand, cement, and plaster for the synthetic specimens was 20:9:21. The specimen number and
test conditions are shown in Table 1.

It should be noted that natural fractures and flaws in coal specimens could affect the failure
strength and deformation of coal, which may increase the experimental uncertainty. Above 30 samples
were prepared to conduct the test. However, due to coal blocks containing fractures and flaws, it was
difficult to cut them into intact rocks. Furthermore, the formation of natural flaws in these samples
was unavoidable during the cutting process. To decrease the experimental error, relatively intact coal
samples were carefully selected. As shown in Figure 2(e-1–e-6), coal specimens containing the smallest
fractures and lowest number of flaws were employed in this study, while specimens containing large
fractures and huge flaws (Figure 2(f-1–f-6)) were abandoned.

Table 1. Test conditions of specimens.

Material Test Method Strain Rate (10−4/s) Number

Coal PSBSS
2.4 6
5.0 7
9.5 4

Synthetic material PSBSS 2.4 5

2.2. Experimental Apparatus and Procedures for the PSBSS Tests

To achieve the PSBSS, we designed a suit of apparatus. The apparatus was modified from a Surface
Instability Detection Apparatus that was employed to investigate the surface spalling instabilities of
rocks [21,24,31,36], rock bursting experiments on coal, and constitutive behavior in plane strain [25,30].
In this apparatus (Figure 3a), a cube or prismatic specimen, placed between two rigid vertical sidewalls,
was subjected to an axial load applied through the platens. The adjustable wall, which was used to
test specimens with a different size, was bolted to prevent lateral deflection, and compression stress
(σ1) was applied using a testing system. In particular, lube oil was used to minimize fraction at the
interface during experimentation.
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The PSBSS compression experiments were carried out on a rock servo-controlled system, with a
maximum loading capacity of 300 kN and a maximum displacement resolution of 0.001 mm (Figure 3b).
This servo-controlled system can test samples in load (stress) or displacement (strain) control.
Specifically, the strain control rates for the coal specimens were set at 2.4 × 10−4/s, 5.0 × 10−4/s, and
9.5 × 10−4/s, while the rate for the synthetic materials was 2.4 × 10−4/s (Table 1).

The tests were performed through the following procedures: (1) Place a specimen on a lower
loading platen; (2) Use screws to provide a reactive force (F) for the adjustable wall, until the specimen
is perfectly confined; (3) Put the top-loading platen on the specimen, through which the axial load (σ1)
is applied. Note that the length of this platen (a1) is slightly smaller than the length of the specimen
(a2) that allows a width tolerance of approximately +1.0 mm between adjustable walls and loading
platens; (4) Compress the top plate at a specific strain control rate until the failure takes place, and
during the whole PSBSS compression experiments, the loads are recorded simultaneously.

3. Results and Discussion

3.1. Mechanical and Deformation Behavior of Coal Specimens under PSBSS Compression

3.1.1. Stress-strain Curves of Coal Specimens

Typical PSBSS stress-strain curves for coal under different strain rates are presented in Figure 4.
The axial stress-axial strain behavior of coal under the PSBSS can be approximately divided into four
typical stages (Figure 4), i.e., (1) original microcrack closure; (2) elastic deformation; (3) sudden stress
drop; and (4) residual behavior.
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rates of 9.5 × 10−4/s.

Prior to the peak, two stages (i.e., microcrack closure and elastic deformation stages) can be
identified. During the stage of sealing (microcrack closure), the PSBSS compression stress-strain
curve of the coal sample is a downward concave shape, which may result from the closure of
some primary pores and voids in the sample with the increasing compression stress. Korinets and
Alehossein [37] suggested that interface-imperfection effects can also dominate the initial downward
concave (or non-linear deformation) nature of the strain-stress curve. However, for brittle coal with a
higher porosity compared with rocks such as granite, the closure of some primary pores and voids
would be a dominant reason for the formation of the non-linear deformation. Moreover, the rigidity of
the coal sample at the initial stage of deformation has a better consistency and is not dependent on the
strain rates. During the stage of elastic deformation, the loading begins with the increase of axial stress,
and elastic deformation dominates the stress-strain curve of the coal samples. The linear stress-strain
behavior of the sample does not change, although there are some irrecoverable processes at this stage,
such as crack initiation. At the end of the elastic deformation, the peak strength is attained, followed
by the post-peak behavior.
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During the post-peak stage, with the generation and coalescence of cracks, a sudden stress drop
occurs, which is followed by strain-softening behaviors that may be caused by the friction of fissure
surfaces. Interestingly, the sudden stress drop occurs in a multistage manner, i.e., a stress drop is often
followed by a ‘stress flat’ (indicated by circle in Figure 4). After the ‘stress flat’ behaviors, new cracks
rapidly form, and the strength behavior in the stress-strain curves shows another rapid drop. It was
revealed that the residual stage performs well at a certain confined stress, and the confined stress
(σ2) had a pronounced effect on the failure strength [38] of geomaterials. Specifically, the peak stress
and peak strain under biaxial compression was greater than that under uniaxial compression [27–29].
In our PSBSS test results, the residual stage is remarkable, which may also result from the confined
pressure (σ2) that is provided by the vertical walls. Although the residual stages varied, especially in
Figure 4a,c, the post-peak behavior in the PSBSS tests can be considerable.

3.1.2. Effect of the Strain Rate on Peak Strength

It was revealed that the strength of rock is affected by the axial strain rate or stress rate [39,40].
In addition, a higher strain rate indicates a greater peak strength [41–43]. Figure 5 indicates that the
strain rates have a significant effect on the strength of coal samples under the PSBSS compression.
In accordance with previous studies, the peak strain increases with the rise of the strain rate in the
PSBSS compression test. By increasing the strain rate from 2.4 × 10−4/s to 9.0 × 10−4/s, the peak
strength under PSBSS compression increased from 21.04 MPa to 26.68 MPa.
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It is well known that rock is a typical non-homogeneous material which may contain fractures,
microcracks, pores, and voids. These flaws can, to a greater or lesser degree, affect the strength and
deformation behavior of rock [40]. As mentioned in Section 2.1, inner-natural flaws are inevitable,
even though the coal specimens were carefully selected. The experimental error at a strain rate
of 5.0 × 10−4/s is relatively high. Particularly, the minimum failure strength is 17.29 MPa, while
the maximum strength is 29.94 MPa (see Table 2 for more details). This error may result from the
non-homogeneity of coal specimens and the flaw distribution in the coal specimens.

3.1.3. Failure Patterns of Coal Specimens

The crack patterns and failure modes for all of the coal cubes were analyzed. Figure 6 shows
typical photographs of the failure modes that were observed under PSBSS compression. In general,
the failure modes are similar. Because the effective measures of friction-reduction were employed
(i.e., lube oil), all of the cubes under PSBSS compression became column-type fragments, and the
cracks were basically parallel to the applied load.

Interestingly, for coal specimens subjected to the PSBSS test, the generated cracks are
perpendicular to the vertical walls. This indicates that coal specimens trend toward bursting through
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the unconfined surfaces layer by layer under the PSBSS compression. This phenomenon is similar to
coal bump [44]. Moreover, the cracks are much more parallel to the applied load with a greater strain
rate. As shown in Figure 6(a-2,b-2,c-2), it seems that shear-type failure tended to form with a relatively
low strain rate, such as a strain rate lower than 2.4 × 10−4/s, while when the strain rate increased to
5.0 × 10−4/s or 9.5 × 10−4/s in Figure 6b,c, the parallel plate-type fragments were more prominent.
The center area is relatively stable without explosion, which is helpful for attaining a residual strength,
even though the free sides were crushed into fragments.
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(a) Failure modes of a specimen with a strain rate of 2.4 × 10−4/s; (a-1) Front surface (free face) (a-2)
Oblique picture (a-3) Top surface (loading face); (b) Failure modes of a specimen with a strain rate of
5.0 × 10−4/s; (c) Failure modes of a specimen with a strain rate of 9.5 × 10−4/s.

3.2. Mechanical and Deformation Behavior of Synthetic Specimens under PSBSS Compresiion

The strength and deformation behavior of the brittle specimens (coal) were obtained and analyzed.
However, the rock mass or ductile rock usually experience a ductile yield instead of a brittle rupture
after the peak strength. Thus, the axial stress-strain behavior and deformation characterization of the
synthetic specimens under the PSBSS are illustrated.

3.2.1. Stress-Strain Curves of Synthetic Specimens

Figure 7 presents the stress-strain curves of the synthetic specimens under the PSBSS compression
tests. Prior to the peak, the initial microcrack closure and elastic deformation stage can be identified as
the start of loading with the increase of axial stress, and at the end of the elastic deformation, the curves
reach peak strengths. In the post-peak stage, strain-softening behavior and a residual stage can be
easily identified. Similar to the stress-strain behavior of the coal specimens, the initial microcrack stage
can be identified as having a downward concave shape. However, this stage is difficult to observe due
to the synthetic specimens being relatively homogenous and a prepressing method was employed to
reduce the primary pores and voids in the specimens during the preparation of the material.
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Figure 7. Stress-strain curves of synthetic specimens under PSBSS compression.

The stress experienced a moderate drop after the peak strength was exceeded, which is different
from the periodic stress drop in the curve of the coal specimens. This may be because the synthetic
material is ductile and can absorb the energy induced by compressed deformation. The residual
stages in the synthetic specimen are remarkable and consistent with each other, which in turn verifies
the homogeneity of our synthetic materials and confirms that the experimental apparatus has little
influence on the test data error. Previous studies also presented a noticeable residual strain range of
sand specimens [33]. The residual loading capacity in our study can be explained by the stable zone
formed in the center (Figure 8), which is the result of a shear-type failure.
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3.2.2. Failure Patterns of Synthetic Specimens

Shear-type failures are generally observed in the PSBSS tests of synthetic specimens. An ‘X’-like
failure shape divided the specimen into three parts, and a stable zone formed in the middle (Figure 8).
Although these specimens were compressed to a residual stage, they can keep stable with the existing
of this stable zone. Powrie et al. [33] and Alshibli et al. [34] found similar failure shapes in Ottawa
sand and numerical samples, respectively. Powrie et al. defined this failure pattern as ‘conjugate shear
bands’. However, this failure mode is unavailable in the brittle rocks that have been illustrated in
Figure 6.

In an underground mining system, a coal pillar is retained to support the overlying strata.
Zheng et al. [45] revealed that the vertical stress distribution along the y-axial direction (Figure 1) in
the coal pillar is unimodal. Wang et al. [6] explored the dynamic mechanical state of a coal pillar and
suggested that an elastic core exists in the center, indicating that this core plays a significant role in the
loading capacity of the zone. By employing electronic peering instruments to detect the deformation
of the long pillar in the in situ 6302 working face in the Baodian coalmine, Zhang et al. [46] found that
the pillar can be divided into three zones along the y-axial direction (Figure 1), namely the fracture
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zone, stable zone, and collapsed zone, suggesting that the stable zone in the middle of the pillar is key
to the stability of the coal pillar. The results of the previous studies correspond to the failure pattern of
the coal and synthetic specimens in this study.

3.3. Failure Criteria

3.3.1. Stress Strain Relationship under the PSBSS

It is well known that failure often occurs at peak strength or is initiated at peak strength [9].
According to the generalized Hook’s law, the stress-strain relationship for isotropic elasticity and
complete plane strain can be determined by principle stresses and is described as:

σ1 = Eε1/
(

1− µ2
)

(1)

where σ1, E, ε1, and µ are the maximum principle stress, elastic modulus, maximum principle strain,
and Poisson’s ratio, respectively. The intermediate principle stress σ2 corresponds to the maximum σ2,
and σ2 = µσ1.

3.3.2. Strength Coefficient

The failure strength of a specimen can be enhanced by applying a confined stress. Thus, the PSBSS
peak strength is greater than the uniaxial compression strength and the test results are listed in detail
in Table 2. In the uniaxial tests, the intermediate principle stress (σ2) is zero. We defined a strength
coefficient (K > 1.0), a ratio of the PSBSS peak strength (σcc) to uniaxial compression strength (σc)
(see Table 2), to illustrate the strengthening effect of the PSBSS with respect to a uniaxial stress state.
According to the Mohr-Coulomb criterion, there is a linear correlation between peak strength and
confined pressure [47]. Thus, the strength coefficient may be solved by introducing competent failure
criteria that consider the intermediate principle stress, which will be discussed in the following section.

Table 2. Experimental results of the coal and synthetic specimens in the PSBSS and uniaxial
compression tests.

Coal Specimens

Strain Rate
(10−4/s)

Specimen
Number

PSBSS Test

Specimen
Number

Uniaxial Test (σ2 = 0)

Strength
Coefficient

Peak Strength (MPa) Peak Strength (MPa)

Individial
Value

Average
Value

Individial
Value

Average
Value

2.4

CC-2.4-1 20.58

21.04

C-2.4-1 18.84

18.84 1.12

CC-2.4-2 21.27 C-2.4-2 19.00
CC-2.4-3 20.73 C-2.4-3 17.65
CC-2.4-4 18.87 C-2.4-4 19.86
CC-2.4-5 23.40
CC-2.4-6 21.35

5.0

CC-5.0-1 23.61

23.89

C-5.0-1 20.12

20.12 1.19

CC-5.0-2 26.59 C-5.0-2 18.74
CC-5.0-3 26.86 C-5.0-3 20.27
CC-5.0-4 23.25 C-5.0-4 21.36
CC-5.0-5 19.75
CC-5.0-6 29.94
CC-5.0-7 17.29

9.5

CC-9.5-1 25.68

26.68

C-9.5-1 23.00

23.00 1.16
CC-9.5-2 25.08 C-9.5-2 22.70
CC-9.5-3 27.18 C-9.5-3 21.03
CC-9.5-4 28.77 C-9.5-4 25.26

Synthetic materials

2.4

CC-1 3.50

3.45

C-1 2.10

2.10 1.64
CC-2 3.48 C-2 2.20
CC-3 3.30 C-3 1.90
CC-4 3.35 C-4 2.10
CC-5 3.60 C-5 2.18
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3.3.3. Criteria Study

To estimate the peak strength under the PSBSS and the strength coefficient (K), we conducted
a criteria study, including von Mises, Drucker-Prager, Modified Wiebols-Cook, and Modified Lade
criteria which consider the middle principle stress. According to the testing method recommended by
the International Society for Rock Mechanics Committee [48], the Poison’s ratios of coal and synthetic
materials are identified as 0.3 and 0.32, respectively. The internal friction angle of the coal and synthetic
material was determined as 25 degrees and 45 degrees, respectively. The results of the theoretical
solutions and values are shown in Table 3.

Table 3. Results of the strength coefficient under different criteria.

Failure Criteria Strength Coefficient Function (K = σcc/σc) K-Coal K-Synthetic

von Mises criterion K = 1
/√

1− u + u2 1.125 1.131

Drucker-Prager
criterion [49]

K =
(

α +
√

3
)/[

α(1 + u) +
√

3(1− u + u2)
]

α = 2 sin ϕ
/[√

3(3− sin ϕ)
]

k = 6c sin ϕ
/[√

3(3− sin ϕ)
] 1.076 1.043

Modified
Wiebols-Cook
criterion [50]


[(σc+S)+2S)]3

(σc+S)S2 = 27 + 4 tan2 ϕ(9−7 sin ϕ)
1−sin ϕ

[(1+u)σcc+3S]3

(σcc+S)(uσcc+S)S = 27 + 4 tan2 ϕ(9−7 sin ϕ)
1−sin ϕ

S = c/ tan ϕ
K = σcc/σc

1.344 1.785

Modified Lade
criterion [51]

K =

2C


√

3
√

1 + µ2 − µ− B(1 + µ)−√[
B(1 + µ)−

√
3
√

1 + µ2 − µ
]2
− 4AC(1 + µ)2


[2C(1+µ)2/3]

[
3(
√

3−B)−3
√
(B−
√

3)
2−4AC

]
A = σc/

√
3− σcB/3− σc

2C/9
C =

√
27

2C1−σc

(
C1−σc

2C1−σc
− q−1

q+2

)
B =
√

3(q− 1)/(q + 2)− 2Cσc/3
q = tan2(π/4 + ϕ/2)

1.314 1.741

Note that K is the strengthen coefficient, σc and σcc are the uniaxial compression strength and the PSBSS strength,
respectively. c is the cohesive strength, µ is Poison’s ratio, and ϕ is the internal friction angle. Particularly, cohesive
strength is not related with the strength coefficient K.

We plot the theoretical curves and experimental data in Figure 9. It is clear that for the coal
specimen, the theoretical results achieve a good fit with the test data under the von Mises criterion
(Figure 9a), while for the synthetic materials, the test data is greater than the theoretical data: 1.640
versus 1.131. Moreover, the strength coefficient K only depends on the Poison’s ratio. In Figure 9b–d,
the theoretical curves for the coal specimen (internal friction angle is 25◦) and synthetic materials
(internal friction angle is 45◦) are presented with Drucker-Prager, Modified Wiebols-Cook, and
Modified Lade criteria, respectively. The results under the Drucker-Prager criterion are similar to
the von Mises criterion. Figure 9c,d show that the experimental data of the synthetic specimens fit
well with the theoretical curves. However, the rock data is lower than the theoretical value under the
Modified Wiebols-Cook and Modified Lade criteria. With the increase of the internal friction angle,
this coefficient was raised, and with a higher internal friction angle, the effects of the Poison’s ratio on
peak strength are much stronger.

A decrease in rock strength recorded with an increase of microcracks is a well-known phenomenon
in rock mechanics. In coal, natural flaws play an important role in reducing coal strength [52] and the
theoretical value of the strength coefficient may be, to a greater or lesser extent, greater than that of the
real sample which contains microcracks or fissures. For synthetic materials, which are encased in a
homogenous manner, the experimental value should be closer to the theoretical data. In this way, the
Modified Lade and Modified Wiebols-Cook criteria are qualified to estimate the PSBSS peak strength.
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4. Conclusions

An experimental investigation on the strength behavior and failure mode of coal (brittle) and
synthetic samples (ductile) under plane-strain biaxial compression was performed. On the basis of the
experimental results and theoretical analysis, the following conclusions can be drawn.

(1) The stress-strain curves of the coal and synthetic specimens under the PSBSS can be divided into
four typical stages, namely original microcrack closure, elastic deformation, sudden stress drop,
and residual behavior. The stress-strain curve of coal under PSBSS compression showed periodic
stress drops during the post-peak phase, that is, the stress decreased dramatically while the strain
decreased slowly. The curve of the synthetic specimen presented a moderate decrease during
the post-peak stage. Obvious residual strengths of coal and composites can be observed in these
curves, which is vital to the stability of specimens after the failure strength is exceeded.

(2) Strain rates have a significant effect on the strength of coal samples under PSBSS compression.
Specifically, the compressive stress increased with the increase of the strain rate.

(3) During PSBSS compressive tests, coal showed a split failure. A conjugate shear failure pattern can
be identified for the synthetic materials. Interestingly, the central region is more stable than both
sides of the coal and composites after PSBSS compression. The formation of the stable region was
caused by blinding from a lateral plate, and the stable region played an important role in forming
the residual strength after PSBSS compression tests.

(4) The failure criterion considering the intermediate principal stress can be used to estimate the
strength coefficient of the coal and composite material under PSBSS compression, and the
coefficient is the ratio of PSBSS peak strength to uniaxial compressive strength. Through the



Energies 2017, 10, 500 12 of 14

comparative analysis of the failure criteria, it can be concluded that The Modified Lade and
Modified Wiebols-Cook criteria are competent to estimate the PSBSS peak strength.
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