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1. Motivation and Background

Although the growth in global coal consumption has been
sharply slowed with the falls in China offset to a greater
extent by the increasing demand in India and other emerging
Asian countries, coal still remains the largest source of energy
for the world with a share of almost 30% by 2040 [1]. Mining
industry plays an important role in extracting underground
resources, including coal [2]. However, a large number of
disastrous mine accidents, such as flood, water inrush, tunnel
collapse, gas outburst, and gas explosion, have been reported
due to water and gas migration caused by the mining activi-
ties, posing a threat to the environment and also to the health
and safety of field workers [3–5]. According to incomplete
statistics, mining-induced accidents kill over thousands of
workers around the world every year, especially in develop-
ing countries such as China and India. Water inrush and
gas explosion accidents are the major causes for the reported
mine accidents [6, 7].

In addition, mining activity may cause potential environ-
mental issues [8–10], such as underground mine water, coal
mine methane, ground subsidence, and acid mine drainage.
Among them, underground mining lowers the water level
and changes the flow of groundwater. Most of underground

water is pumped out to the ground and only a small percent-
age of this water is reused. Removing so much water creates a
kind of funnel that drains groundwater from the surrounding
mining site. Secondly, coal mining releases a large amount of
methane into the atmosphere, contributing about 6% of the
global methane emission. Methane is 22 times as powerful
as carbon dioxide and thus has the ability to disrupt the cli-
mate over a 20-year timespan. Ground subsidence occurs
with the collapsing of earth into underground mines and
has been a serious issue. In longwall mining faces, columns
of coal are used to support the overlying strata.When the coal
is extracted from the underground, the land above the mine
site starts to sink, potentially damaging the buildings and
entire landscapes. Subsidence may also cause farmland to
become wetland or lakes by filling them with water. Finally,
acid or neutral mine drainage may occur when coal and other
rocksmix with water duringmining. The water with high per-
centages of toxic minerals and heavymetals leaks out of aban-
doned mines, thus contaminating the groundwater, soil, and
plants. Therefore, it is very important to have a sound under-
standing of the mechanisms of these hazards, which are
reflected by the rock and fluid behaviors during mining.

The migration of water and gas through rocks during
mining is a complex problem which may involve multiphase
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(solid, liquid, and gas), multiscale (nano to macro), and
multifield-coupled (mechanical, thermal, chemical, hydro,
etc.) processes. Understanding of this may also require a
sound knowledge on biogeochemically sustained processes,
such as production of acid drainages. Related phase changes,
which may cause rock damage or crack propagation, fur-
ther complicate the problem. As there are many factors
affecting this coupled process, the mechanism behind the
water and gas migration and rock deformation has still
not been completely understood and thus needs to be fur-
ther investigated so that proper measures can be taken to
prevent mining-induced hazards. In addition, effective con-
trolling technologies, such as underground reservoir, water-
preserved mining, integrated coal mining and gas extraction
technologies, and effective hydraulic fracturing technologies,
are encouraged to be further explored for a safer and more
environment-friendly mining.

2. Contents of the Special Issue

This special issue has received in total 69 high-quality origi-
nal research articles and review papers on the advances in
the mechanisms, causes, and control technologies related
to clean and contaminated water/gas migrations triggered
by mining activities. Most of them are based on the numer-
ical and theoretical simulations and laboratory experiments;
a few case studies from the field work have also been
involved. This special issue covers a wide range of topics,
including underground mining induced rock fracture/dam-
age, underground water mitigation, water inrush prevention,
coal pillar dam stability, coalmine methane and enhanced
gas recovery, shale gas reservoir, ground subsidence, and
natural gas hydrate.

The first topic is on hydraulic properties of rock mass
and the associated water and methane mitigations. D. Ma
et al. presented an experimental study on the effect of sand-
stone and mudstone particle weight ratio on the non-Darcy
hydraulic properties in their paper titled “Experimental
Investigation on Hydraulic Properties of Granular Sandstone
and Mudstone Mixtures.” In the paper “Shear-Induced
Permeability Evolution of Sandstone Fractures,” H. Zhang
et al. presented the triaxial shear test on saw-cut sandstone
fractures with different types of surface roughness to improve
the understanding of shear-slip-induced permeability char-
acteristics. The results indicated that the permeability-
displacement curves can be divided into three stages, i.e., a
stable stage, a stage with permeability decreasing, and a sec-
ond stable stage, which exhibit similar behavior as the shear
stress-displacement curves. Roughness changes before and
after the shear tests had been used to examine the mechanism
(e.g., surface grinding and sealing) behind the observed per-
meability reduction. In the paper “Numerical Simulation of
Shear Behavior and Permeability Evolution of Rock Joints
with Variable Roughness and Infilling Thickness” based on
a DEM numerical modeling by J. Cheng et al., it is found that
the permeability of infilled rock joints increases with both the
thickness ratio (ratio of infill thickness to rock height) and
joint roughness coefficient (JRC) during joint shearing. In
the paper titled “Experimental Study on the Permeability of

Weakly Cemented Rock under Different Stress States in Tri-
axial Compression Tests,” G. Fan et al. conducted a series of
triaxial seepage experiments on weakly cemented mudstone
and coarse sandstone collected from the Jurassic area in
Northwestern China. For mudstone, permeability decreases
in the elastic stage and then rapidly increases to the maxi-
mum at the end of the yield stage, followed by a slight
decrease at the residual stage. The permeability ranges from
10−17 to 10−19 m2, representing a stable water-resisting prop-
erty. Mudstone’s permeability is 1 to 2 orders of magnitude
lower than that of coarse sandstone. The scanning electron
microscope (SEM) and X-ray diffraction analysis show that
the seepage property is closely related with the rocks’ micro-
structure and composition. In the paper “Multicomponent
Lattice Boltzmann Simulations of Gas Transport in a Coal
Reservoir with Dynamic Adsorption”, Z. Peng et al. proposed
a double distribution Lattice Boltzmann model to analyze the
gas-solid dynamic adsorption process for multicomponent
gas migration in the unconventional reservoir. The results
show that the adsorption becomes stronger when the specific
surface area and the fracture porosity increase and the matrix
size decreases. The effect of saturation adsorption amount
has shown an opposite trend, where adsorption rate increases
with the difference between saturation adsorption capacity
and the adsorbed amount, and the impact of Langmuir pres-
sure shows a similar trend as the fracture porosity. C. Zhang
et al. has developed a large-scale gas seepage model to simu-
late the gas emission during the process of upper protective
coal seammining in their paper titled “AGas Seepage Model-
ing Study for Mitigating Gas Accumulation Risk in Upper
Protective Coal Seam Mining Process”. In the paper titled
“The Migration of Coalbed Methane under Mining Pressure
and Air Injection: A Case study in China,” L. Zhang et al.
proposed a dual-porosity and dual-permeability methane
drainage model to analyze the effect of mining pressure on
the methane extraction from coal seams. Numerical simula-
tion has also been extended to understand the effect of a field
practice. Both methods show that mining-induced fractures
increase the permeability of coal and promote the pressure
drops in the nearby coal matrix, thus eliminating the danger
of gas outbursts. In the paper titled “Time Characteristics of
the Influence Radius by Injecting N2 to Displace Coalbed
Methane: A Case Study”, L. Chen et al. used field experi-
ments and numerical simulations to summarize the rea-
sonable separation between the injection and discharge
boreholes. In this study, they proposed a method to deter-
mine the reasonable well separation by increasing the influ-
ence radius, where the well separation was found to be
dependent on injection pressure.

The second topic is related to ground water mitigation
mechanisms and water-preserved mining technologies. In
the paper titled “Damage Characteristics and Mechanism of
a Strong Water Inrush Disaster at the Wangjialing Coal
Mine, Shanxi Province, China,” F. Cui et al. reported a
groundwater inrush accident that occurred in that mine.
The inrush groundwater came from the upper abandoned
excavations. Principles for preventing these accidents have
been suggested. In the paper titled “Study on the Stability of
the Coal Seam Floor above a Confined Aquifer Using the
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Structural System Reliability Method,” H. Lu et al. has
proposed a method to study the effect of random rock
mechanical parameters and loads on the stability of the floor
above confined aquifers. In this method, two failure modes of
a water-resistant floor have been suggested and Monte Carlo
method was employed to calculate the reliability probability
of each failure mode. In the paper titled “Effect of Coal
Mining on Springs in the Yushenfu Mining Area of China,”
written by L. Fan et al. based on the hydrological surveys con-
ducted in between 1994 and 2015, the mechanism of spring
evolution and ecological effects of domain evolution have
been analyzed by combining groundwater monitoring and
coal mining intensity evaluation. In the paper titled “Mine
Flooding History of a Regional Below-Drainage Coalfield
Dominated by Barrier Leakage (1970–2014),” J. J. Donovan
and E. F. Perry have collected water level fluctuation data in
a series of adjacent closed underground mines to present
flooding history of mines and to identify critical events that
determined how mine pools evolved in this case. Their study
shows that the progress of mine flooding is influenced by
mining history and design, closure time, barrier leakage con-
dition, and geologic structure.

The third topic involves underground coal mining
induced fractures and movement and the associated control
technologies. In the paper titled “A General Review on Long-
wall Mining-Induced Fractures in Near-Face Regions,”, Q.
Bai and S. Tu summarize the current achievements in charac-
terizing mining-induced fractures in near-face regions, e.g.,
coal wall, chain pillar, immediate roofs and top coal, and
floors. Remarks are made on the current progress of funda-
mental problems and developments in the methodologies
for characterizing of mining-induced fractures, such as field
observations, small-scale laboratory tests, and physical and
numerical modeling. Based on a comprehensive analysis,
the advantages and disadvantages of each method have been
discussed and the ideal conditions for applying each of these
methods have been recommended. In the paper titled “Force-
Fracture Characteristics of the Roof above Goaf in a Steep
Coal Seam: A Case Study of Xintie Coal Mine”, H. Tu et al.
have utilized small-deflection theory for elastic thin plates
to estimate roof deformation under the loads from both the
overlying strata and the support provided by the backfill goaf
in a steep coal mining panel. The results showed that frac-
tures will first develop in the upper sections of the frontal
and rear walls of the face and the middle of the upper sus-
pended roof due to tension or shearing and ultimately form
an E-shaped pattern. In the paper titled “Calculation Method
of Overburden Damage Height Based on Fracture Mechanics
Analysis of Soft and Hard Rock Layers”, L. Chen et al. have
constructed a fracture model by considering a quantitative
classification criterion to predict the mining-induced over-
burden damage height for a specific geological condition of
soft and hard interaction stratum. The method has been ver-
ified by numerical simulation and field measurements. They
found that tensile fractures are predominated in soft strata
but with less counts and lower angles, and the calculation
results are more accurate than those from the conventional
methods without considering the soft strata. In the paper
titled “Field Measurement and Mechanical Analysis of

Height of the Water Flowing Fracture Zone in Short-Wall
Block Backfill Mining beneath the Aquifer: A Case Study in
China,” Y. Zhang et al. established a mechanical model based
on the theory of elastic foundation beam and characteristics
of short-wall block filling mining to predict the height of
water flowing fracture zone under these specific conditions.
Field observations have been used to validate the proposed
method, highlighting that the prediction based on conven-
tional methods usually produces unreasonable large values.
In the paper titled “Surface Subsidence Control Mechanism
and Effect Evaluation of Gangue-Backfilling Mining: A Case
Study in China,” H. Li and G. Guo conducted a physical
modeling on solid backfilling longwall mining based on a real
case study. According to the results, thermal expansion coef-
ficients of overlying strata, the interlayer fracture, and the
subsidence were smaller in backfilling mining compared with
those from the traditional longwall mining, where the surface
subsidence reduces by more than 85%.

The forth topic focuses on coal measures failure, damages
and fractures. In the paper titled “Damage and Failure Evolu-
tion Mechanism for Coal Pillar Dams Affected by Water
Immersion in Underground Reservoirs,” written by F. Wang
et al., a numerical model was used to analyze the fracture
development and seepage fields in coal pillar dams in under-
ground goaf, which is a key portion for the protection and
utilization of water resources. The results showed that
strength degradation induced by water immersion plays a
significant role in coal pillar stability. In the paper titled
“Crack Initiation Characteristics of Gas-Containing Coal
under Gas Pressures,” Z. Yin et al. have investigated strength
properties (uniaxial compressive and tensile strengths and
fracture toughness) and failure modes of gas-containing coal.
It was found that these three parameters decrease with
increasing the initial gas pressure. Z. Xiong et al. analyzed
the mechanical properties and the failure process of coal
under uniaxial compressive and grading relaxation condi-
tions in the paper titled “Uniaxial Compression Creep Relax-
ation and Grading of Coal Samples via Tests on the
Progressive Failure Characteristics.” The results showed that
the strength and elastic modulus obtained from the staged
relaxation tests are lower than those from the conventional
tests. Relaxation tests usually produced complicated fractures,
which exhibit evident lateral expansion, while conventional
compressive tests produced tension-shear double-fractures.
The paper titled “Influence of Flaw Inclination Angle on
Unloading Responses of Brittle Rock in Deep Underground”
written by Z. Chen et al. has numerically investigated the
unloading response of intact and pre-flawed hard rocks. The
results showed that the unloading failure strength, unloading
damage thresholds and cracking characteristics are dependent
on the inclination angle of the pre-flaws. The strength of pre-
flawed specimen decreased by 5.5%-20% compared to those of
the intact specimens in the same tests. Fractures development
and failure modes have also been compared between the intact
and defected rocks.

In addition to the work mentioned above, some other
interesting papers can be found in the special issue. We
believe this special issue will provide useful references for
mining workers and researchers and scholars whose work
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involves water, solutes, and gas migration triggered by min-
ing activity fields.
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It is believed that underground longwall mining usually produces fractures in the surrounding rocks. On the one hand,
mining-induced fractures not only degrade the strength of the rock mass but also serve as main channels for fluids (e.g., water
and methane). Fractures facilitate the failure of the rock mass and fluid inrush into working spaces. Therefore, mining-induced
fractures are significant for the safety evaluation of underground structures and finding feasible solutions. On the other hand,
the fractures are also beneficial for methane collection and coal fragmentation, which are essential for the successful operation of
longwall top coal caving mining. Therefore, determining the characteristics of induced fractures is significant for underground
longwall mining. From a global perspective, longwall mining-induced fractures in the overburden have been well studied, which
improves the understanding of the mining pressure and ground control. However, induced fractures near the longwall face,
which have more significant effects on mining activities, have not been summarized. The goal of this review paper is to provide
a general summary of the current achievements in characterizing mining-induced fractures in near-face regions. The
characteristics of mining-induced fractures in the coal wall, chain pillar, immediate roofs and top coal, and floors are reviewed
and summarized. Remarks are made on the current progress of, fundamental problems with, and developments in
methodologies for characterizing mining-induced fractures using methods such as field observations, small-scale laboratory
tests, physical modeling, and numerical modeling. Based on a comprehensive analysis, the advantages and disadvantages of each
method are discussed, and the ideal conditions for applying each of these methods are also recommended.

1. Introduction

Longwall mining is the most common method of under-
ground coal mining all over the world. During the retreating
of the longwall face, the primary equilibrium state is dis-
turbed and, as a result, the surrounding rocks are unavoid-
ably broken or fractured. The induced fractures not only
degrade the strength of the rock mass but also serve as main
channels for fluids [1–5]. Therefore, understanding the char-
acteristics of induced fractures is significant for mining
safety. From a global perspective, it is widely believed that
three different disturbed zones are produced in the roof after

the extraction of a coal seam [6, 7]: the caved zone, fractured
zone, and deformation zone (or subsidence/bending zone),
as shown in Figure 1. Fractures also occur in the underlying
strata. In general, the scope of the induced fractures in the
roof is much larger than that in the floor.

In general, the caved zone is highly fragmented with large
porosity and high permeability. The characteristics of the
caved zone impact many issues related to ventilation, meth-
ane, and water control [8, 9]. A fractured zone is located
immediately above the caved zone. Field and laboratory
observations [10–13] have shown that strata in this zone usu-
ally break into blocks by vertical and/or subvertical fractures.
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The blocks do not move horizontally because of the lack of
space, but they could move downward during the compac-
tion of the caved zone. The fracture networks gradually
decrease upward. Above the fractured zone is the continu-
ous deformation zone, where the strata deform or bend
without the development of major fractures. Empirical cri-
teria predicting the extent of the caved and fractured zones
have been developed in China with different lithological
and geometric characteristics [14]. These empirical criteria
are also employed in the American coal mining industry,
but with some modifications [15, 16]. Factors affecting the
disturbed zones such as in situ stress [17], physical properties
of strata [18–21], inclination of the coal seam [7, 22], and
surface topography [12, 23] have also been well studied.

Compared with induced fractures far away from the
longwall panel, fractures close to the active longwall face usu-
ally develop rapidly because mining-induced stress is always
concentrated in these locations. Figure 2 illustrates an ideal-
ized distribution of induced stress surrounding a longwall
panel [6]. The front and side abutment stresses increase to
a peak value at a distance from the longwall face into the solid
seam and decrease with increasing distance and return to the
virgin stress. It clearly shows that high stress is located near
the workspaces (e.g., longwall face, head gateroads, and tail
gateroads); therefore, fractures and failure usually develop
quickly in these regions. Significant attention has been paid
to these regions by characterizing the stress distribution,
fracture development, and associated rock mass behavior.

Fractures in front of the longwall face are significant for
the safety of the longwall face and dominate the seepage
characteristics of methane in the coal seam. Fractures in the
chain pillar determine the behavior of the pillar, which is
an important part that maintains the stability of the gate-
roads. Fractures in the immediate roofs are an indicator of
roof stability and are a primary index for roof control. In
longwall top coal caving (LTCC), fractures in the top coal
are the most significant factors to consider when assessing

top coal cavability. Fractures in the floor have an adverse
impact on longwall mining practice and play a significant
role in safe mining above confined aquifers.

The objective of this paper is to review the effects of
mining-induced fractures in near longwall face regions,
including the longwall face, chain pillar, immediate roofs,
top coal, and floors. This paper is organized as follows. The
characteristics of induced fractures in these regions are out-
lined in Sections 2 to 5. For each near-face region, the most
important characteristics of mining-induced fractures are
illustrated. In Section 6, unresolved issues in characterizing
mining-induced fractures by field observations, small-scale
laboratory tests, physical modeling, and numerical modeling
are presented in detail. Their capabilities and limitations are
also discussed. At the end of this section, a comparative
analysis is conducted between these study methods. For
each method, the advantages or disadvantages are discussed,
and ideal situations for applying each method are also sug-
gested. Finally, concluding remarks are presented in Section
7. Understanding fracture characteristics is essential to eval-
uate the stability of the rock mass surrounding the active
longwall face and to find feasible reinforcements for the dam-
aged rock mass. As the main flow channels for fluids (e.g.,
water and methane), the fracture distributions determine
the transport properties of these fluids. The summary pre-
sented in this paper can also be employed as a guide in devel-
oping strategies for methane collection and solutions to water
inrush. As the primary index for top coal cavability, the frac-
ture characteristics of top coal are also useful for cavability
evaluation and identifying potential methods for increasing
the recovery ratio of top coal. It should be noted that this
review focuses on mining-induced fractures in near-face
regions and is not exhaustive. For more extensive descrip-
tions of longwall mining-induced fractures, the reader is
referred to the textbooks [6, 7, 24, 25]. Field fracture observa-
tions using different methods can be found in [26–29]. For
physical modeling of mining-related rock fractures, the

Shear fracture

Tensile fracture

Ground subsidence

Delamination

D
ef

or
m

at
io

n
zo

ne
Fr

ac
tu

re
zo

ne
Ca

ve
d

zo
ne

Fl
oo

r
fra

ct
ur

e

Figure 1: The global profile of longwall mining-induced fractures (modified from [6]).
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reader is referred to [30–32]. For numerical simulations on
rock fracturing, the reader can refer to [33–37] for details
on the fundamentals and applications of the discrete element
method (DEM).

2. Fractures in the Longwall Face

Fractures in the longwall face may cause face instability or
spallings. Serious face spalling is one of the major threats to
the safety of longwall mining [38–43]. The spalling of the face
may also result in roof falls. The interaction between face
spalling and roof fall not only disrupts the mining process
but also causes equipment damage and even casualties in
severe cases [44, 45]. Therefore, characterizing induced
fractures in the longwall face is important for the safety
evaluation of mining activities. This issue is attracting more
and more attention as the cutting height in Chinese coal
mines increases, which often produces serious longwall face
spallings [46].

Researchers frequently determine the fracture scope
(or failure zone) in front of the longwall face according to
the distribution of the induced stress. According to the
mechanical theory of elastoplastic behavior [47], the location
of the peak stress of the front abutment loading can be
regarded as the scope of the failure zone. Wilson [47] pro-
posed a “stress balance” method to calculate the stress dis-
tribution in front of a longwall face. In the model, the yielded
zone (or fractured zone) is determined by mining height,
stress state, coal strength, and the supporting intensity
applied to the face. Many field measurements have been con-
ducted to understand the development of mining-induced
stress in front of the longwall face [2, 48]. However, the stress
distribution only indicates the fracture scope indirectly. Little
information can be obtained on the distribution and develop-
ment of the fractures.

Bai et al. [44] identified two types of face spallings in the
brittle coal seam, which correspond to two different fracture

characteristics. Tensile splitting failure was found in small
areas near the face in the early stage after the face was
exposed, which usually produces many small laminae spices,
as shown in Figure 3(a). The tensile splitting failure indicates
axial cracks (or fractures) parallel to the longwall face. In
general, the laminae had thickness less than 0.3m and sizes
ranging from 0.1 to 0.8m. Splitting first occurred in the mid-
dle of the face immediately after the shearer passed and then
extended in both the vertical and horizon directions. The
failure width reached its maximum in the middle level of
the face, as shown in Figure 3(a). Field observations showed
that the depth of the tensile splitting spalling is generally less
than 0.6m.

The shear slipping failure will follow the tensile split-
ting failure if the former does not cause large spalls. Shear
slipping failure produces larger spalling blocks, as shown in
Figure 3(b). The spalling profile indicates that shear fractures
developed in the longwall face. Based on the shear slipping
failure, some researchers theoretically studied the spalling
mechanism in both hard coal and soft coal seams [49, 50].
However, the theory cannot explain the fragmented shear
failure of the longwall face, as shown in Figure 3(b).

Li et al. [51] showed that fractures began from the upper
corner and developed into the face. The simulation results
agreed with the observed shear slipping failure [44]. Wan
[52] reported that crushed squeezing failure usually occurs
in the soft coal seam. He pointed out that the induced com-
pressive pressure applied to the longwall face and the min-
ing height are the primary factors affecting spalling. Yao
et al. [53] numerically investigated the effects of the coal
seam dip angle on longwall face fracturing. Subvertical frac-
tures are dominant in the horizontal coal seam, which
causes an arc-shaped failure zone. In the up-dip coal face,
fractures originated in the upper part and propagated at
an incline into the face.

Preexisting weak planes in the coal seam play an impor-
tant role in coal fracturing and the associated spalling types
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Figure 2: The schematic layout of the stress redistribution around a longwall mining panel [6].
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[38]. If only vertical weak planes are present in the coal seam,
then fractures develop along these planes and lateral squeez-
ing from the high induced stress may crush the slices, but this
depends on the strength and thickness of the slices. If criss-
cross discontinuities are present in the coal, then fractures
mainly propagate along the vertical planes, but lateral
squeezing usually causes secondary fracturing along the hor-
izontal planes, resulting in small fragments. In a case study,
Yang et al. [54] developed a series of the DEMmodels to ana-
lyze the fracture characteristics impacted by weak planes.
Their simulations showed that a series of conjugate planes
dominated the fracturing of the face when bedding disconti-
nuities were present in the coal seam. In jointed coal seams,
the strength of the coal dominated the fracture profiles. In
hard coal seams, the induced shear fractures conjugated to
the opened discontinuities; in soft coal seams, parallel frac-
tures were oriented toward the goaf.

3. Fractures in the Chain Pillar

Pillar strength is a significant part of underground coal
mining. Over the past several decades, many pillar strength
formulas have been developed for various coal fields around
the world [55–57]. These strength formulas have been suc-
cessfully used in the field; however, one obvious drawback
is that they cannot provide information on pillar perfor-
mance such as the strain behavior of the pillar during the

mining process and how fractures develop in the pillar and
their effect on pillar performance. Sometimes, these behav-
iors are also significant. For example, the chain pillar is not
only designed to maintain the safety of the roadway but also
serve as a barrier to prevent water and gas from migrating to
the active face from the mined panels. Fractures in the pillar
determine the transport properties of these fluids. Clearly, an
understanding of progressive pillar fracturing (or failure)
behavior in a complete mining environment is significant
for pillar design.

Some field observations have shown that fracturing first
occurs at the sides of pillar as slabbing or spalling and then
propagates progressively into the center of the pillar. As a
result, slender pillars typically generate an hourglass-shaped
failure mode, which usually results from spalling near the pil-
lar boundaries [58, 59]. Gradual shear fractures are usually
observed after the spalling of a squat pillar [58]. Tensile
fracture-induced spalling is a common failure mode of coal
pillar under conditions in which weak floors or roofs exist
or the interface between a pillar end and the surrounding
rock is smooth and/or poorly bonded [24, 60, 61], as shown
in Figure 4. The weak interface causes the pillar ends to slip
when high loading is applied on the pillar. The interface fail-
ure weakens the horizontal resistance stress across the pillar
ends and facilitates lateral straining of the pillar [24, 62].
Lateral moment near the pillar ends usually produces tensile
fractures, and even blocky spallings when cleat and joint

0.57m

(a)

Blocky spall Fragmented spall

(b)

Figure 3: Observed tensile splitting failure (a) and shear slipping failure (b) in longwall face in a Chinese coal mine [44].
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planes are ubiquitous within the coal seam, as shown in
Figure 4(a). Advanced simulations showed that fractures
propagate at a constant plunge and separation in the pillar
with the frictionless interface. As the interface friction
increases, fractures develop along ever more curved planes.
At the same time, the distance between individual fractures
decreases toward the core of the pillar [58, 59]. If the imme-
diate roof or floor is much weaker than the coal seam, then
they could fail in shear on the bedding planes or extrude
laterally from the pillar ends. This causes the pillar undergo
lateral tension, thus inducing tensile cracks that may extend
from roof to floor and across the full width of the pillar
[24, 61], as shown in Figure 4(b). Therefore, this type of frac-
ture in the pillar is normally associated with floor heave [60].

Wilson [47] pointed out that there are two zones in the
pillar which have totally different mechanical behavior. A
yield zone adjacent to the boundary of the pillar will develop
because the induced stress concentration generally exceeds
the strength of the coal. The elastic core is surrounded by
the yield zone. In China, there is a widely held belief that
there are three distinct zones within a coal pillar [63]. A large

number of field observations verify that a crushed zone exists
near the boundary in some circumstances, such as soft coal
pillar, deep mining, and high induced stress. Similarly, Sala-
mon [64] reported that four distinct zones developed within
a pillar, namely, elastic, yielding, crushed, and slumped zone.

The sizes of the distinct zones depend on the coal and
rock strata properties, pillar dimension, support strategy,
mining history, etc. In South Africa, Madden [65] conducted
fracture monitoring of the sidewalls of pillars at Piet Retief
and Longridge collieries in KwaZulu-Natal. His measure-
ments showed that the depth of fracturing ranged from
1.5m to 2.6m in bord and pillar workings. As the excavation
dimension increased, the fracture zones in the pillar could
also substantially increase. Field observations [66] showed
that the crushed zone, yield zone, and elastic zone in a 70m
wide pillar were 1m, 4–5m, and 58m, respectively, after a
70m wide panel was finished on one side of the pillar. How-
ever, for large-scale mining in adverse environments, a 40m
chain pillar could totally fail [67]. In connection to this, Bai
et al. [2] conducted an advanced survey of fracture density
in a chain pillar, as shown in Figure 5. They found that frac-
tures were dense near the pillar ribs but gradually became
sparse with increasing distance from the pillar boundary.
Observations also showed that mining-induced stress played
a significant role in fracture development. The fracture den-
sity increased as the face approached the measurement bore-
hole and experienced a relatively larger increase in the area
near the ribs compared with the core area.

Small-scale tests showed that the axial splitting failure
mode occurred at low confining pressure, while the shear
failure mechanism played a major role at high confining
pressures [68]. Field observations in a Chinese coal mine
also showed that splitting spalling failure usually occurred
near the ribs where low confining pressure occurs [67], while
shear failure usually occurred in deeper areas where high
confining pressure was produced [2]. Mathey [69] con-
ducted comparative tests on coal-concrete samples to study
the relationship between failure (fracture mode) and the
width-to-height ratios (aspect ratios). This research showed
that samples with low aspect ratios (<2) failed in the typical

(a)

Soft / weak

Harder / stronger

Footing / pillar

(b)

Figure 4: (a) Blocky rib spall along cleat planes due to weak
interface lateral tension [24] and (b) pillar slabbing due to
squeezing of the soft floor [24].
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of double-cone fashion: the sidewalls of the sample frac-
tured in a curved pattern to form the specimen into an hour-
glass shape, as shown in Figure 6(a). For specimens with
aspect ratios of 3–6, brittle and brittle-ductile failures were
observed. Open cracks approximately 1–2mm wide near
the sample boundaries were produced. Closer to the core, a
series of near-linear fracture outcrops parallel to the four
sidewalls were observed, as shown in Figure 6(b). Detailed
analyses indicated that these fracture outcrops are shear frac-
tures that yield a series of separated wedges with curved sides
pointing toward the specimen center. Specimens with high
aspect ratios (>6) showed ductile behavior. Localized frac-
tures were concentrated near the sidewalls, as shown in
Figure 6(c). Similar work on coal specimens [70] showed that
the failure model also depends on interface friction.

Preexisting weak planes also have a significant effect on
pillar behavior and failure. Owing to the complexity of the

pillar system, numerical simulations are commonly used to
demonstrate the interaction between newly generated and
preexisting fractures in pillars [4, 71–73]. However, it was
difficult to obtain a general conclusion on how the preexist-
ing joints affected the pillar behavior and failure mode. This
is because there are so many parameters that play a role in
the system [4, 71–76], such as orientation and size of the joint
sets, strength of the weak plane, distributions and density of
the joints, failure mode of the inserted joints, confinement
applied on the pillar, and pillar size.

In most laboratory tests and numerical simulations,
single standing pillars were subjected to uniform vertical
pressure. However, there are many observations and simula-
tions illustrating that longwall mining-induced stress is not
uniformly distributed in the pillar, and the stress varies with
the mining process around the pillar [67, 77, 78]. As illus-
trated in [67], the hard immediate roofs caused nonuniform

(a)

Side-view 

Aspect ratio: a=1, b=5 and c=10

(b)

(c)

Figure 6: Fracture modes for specimens with different aspect ratio (modified from [69]).
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distributed vertical strain in the pillar, which was recognized
as the primary factor causing the failure of the wide pillar
(aspect ratio = 10 5).

4. Fractures in the Immediate Roofs or Top Coal

In most cases, the immediate roof strata are allowed to
collapse behind the longwall face. The caved zone is generally
highly fragmented with large porosity and high permeability.
The height of the caved zone (Hc) is limited by the bulking
factor (k) of the caved loose rocks and the mining height
(h), which can be expressed as follows:

Hc =
h

k − 1 1

Peng and Chiang [15] reported that the sagging of the
lowest uncaved strata (Ss) should also be taken into account.

Hc =
h − Ss
k − 1 2

This bulking factor-controlled caving model is widely
used to calculate the caved zone height in engineering
practice [18]. The rock bulking factor is larger if the rock
strength is greater, which means that the coal seam with a
weak roof has a larger ratio of the caved height and the
mining height. Palchik [18] investigated the height of the
caved zone in porous weak rock mass over shallow, aban-
doned underground coal mines (up to 80m) by drilling in
Donetsk, Ukraine. He reported that the caved height in
weak porous rocks could reach 4.1–11.25 times the height
of underground coal extraction. Recently, Palchik [19] has
performed the comparison between the bulking factors and
heights of the caved zones for very weathered (measurement
of UCS is impossible, and, therefore, fracture intensity and
quality of rocks were taken in consideration) and weathered
(1MPa < UCS < 11MPa) rocks over shallow abandoned
mines and for strong rocks (25MPa < UCS < 150MPa) at
intermediate and large depths of longwall mining. Palchik
[19] has shown that bulking of rocks is dependent not only
rock strength but also on character (orderly or disorderly)
of arrangement of rock fragments (debris) after rock collapse.
It is found that very weathered rocks exhibit smaller values of
bulking factor (1 06 < k < 1 165) and larger Hc/h =6.07-15.6
as compared with weathered rocks.

An empirical criterion predicting the extent of the caved
zone has been developed in China with different lithological
and geometric characteristics. For flat or nearly flat coal

seams, the height of the caved roof can be determined by
the following equation [14]:

Hc =
100h
ah + b

± σ 3

In this equation, h is the accumulated mining height
when using the sublevel mining method to extract a thick
coal seam or the accumulated mining height of multiple
seams. σ is the deviation that should be taken into account.
a and b are coefficients depending on strata lithology, as
listed in Table 1. It should be noted that the equation is
adapted for single extraction with a thickness of 1–3m or
for multiple seam extraction with a total thickness less than
15m.

Compared with fractures in the immediate roofs,
researchers have paid much more attention to fractures in
top coal because recovering top coal with high ratio is always
difficult. It is widely believed that four different disturbed
zones are produced in the top coal: the elastic zone, deformed
zone, fractured zone, and broken zone, as shown in Figure 7.
The elastic zone is outside the mining disturbed zone, where
stress remains in its virgin state and the top coal is elastic.
In the deformed zone, the top coal is compacted owing to the
front abutment pressure. Cracks subperpendicular to the
abutment stress could become closure, and horizontal dilat-
ancy also occurs because of the relatively low horizontal
restrict stress; therefore, cracks subparallel to the abutment
stress may open and extend. In the fractured zone, the top
coal is crushed into large fragments owing to the high
differential stress and the repeated loading and unloading
process by advancing shield supports. In the broken zone,

Figure 7: A conceptual model for longwall top coal status. I: the
elastic zone, II: the deformed zone, III: the fractured zone, and
IV: the broken zone.

Table 1: Parameters for predicting the height of the caved zone Hc.

Rock type UCS (MPa) Representative strata lithology
Parameters

a b σ

Hard and strong >40 Quartz sandstone, limestone, sandy shale, conglomerate 2.1 16 2.5

Medium hard 20–40 Sandstone, argillaceous limestone, sandy shale, shale 4.7 19 2.2

Soft and weak 10–20 Mudstone, argillaceous sandstone 6.2 32 1.5

Weathered soft and weak <10 Bauxite rock, weathered mudstone, clay, sandy clay 7.0 63 1.2

7Geofluids



the crushed coal could further fragment during the caving
process [7]. It should be noted that Figure 7 is a conceptual
model for top coal status, but it varies depending on many
factors such as coal seam characteristics, surrounding rock
strata characteristics, stress conditions, longwall panel design,
seam dip, preexisting weak planes, and groundwater [79–81].

Early research in France in the 1960s and 1970s produced
a model of coal flow and corresponding displacements, as
shown in Figure 8. It clearly shows that the top coal experi-
ences small deformation in front of the longwall face, which
rapidly increases behind the longwall face. Many investiga-
tions in Chinese mines have drawn similar conclusions.
Measurements of top coal movement in a thick coal seam
(average 16.8m, maximum 20.0m) showed that the initial
displacement of the top coal occurred at a distance of eight
times the cutting height (5m) in front of the longwall face
[82]. Horizontal deformation dominates the displacement
in front of the longwall face. Vertical displacement plays a
major role behind the longwall face. The same observations
[81, 83, 84] of top coal deformation in Chinese coal mines
yielded a similar profile. Fracture morphologies in the top
coal varied with the altitude and locations in relation to the

active longwall face [85]. Vertical fractures at the front of
the longwall face play a major role [85], while horizontal frac-
tures are predominant behind the longwall face associated
with the increase in aperture [86].

Figure 8: Field observations of top coal deformation and flow observed in French’s coal mines in the 1960s and 1970s (after [154] and
copying from [24]).
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Figure 9: Primary failure-induced blocks in the floor and
interaction with floor uplift to produce secondary failure [91].
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5. Fractures in the Floors

Fractures in floor strata have not been studied to the same
extent as roof fractures despite the fact that these cause signif-
icant delays in production [87]. The reason is because most of
the time, floor failure is very difficult to measure owing to the
nature of longwall operations [6]. Aghababaei et al. [88] iden-
tified three types of floor failure mechanisms. The first mech-
anism is puncturing of a weak floor if the stress below the
shield supports exceeds the floor bearing capacity. The sec-
ond mechanism is buckling of stratified rock floor due to
the excessive lateral displacement of the coal seam toward
the goaf. The third mechanism is compressive floor failure
due to movement of multiple sliding blocks within the floor.
Nemcik [87] defined the first and second mechanism as the
primary failure and the third as the secondary floor failure.
Stress concentrations ahead of the longwall face cause the
primary floor failure, while secondary failure occurs as stress
redistribution and displacement take place at or behind the
face line after the floor is exposed. Field observations showed
two main types of primary floor failure associated with two
different floor fractures [89]: (a) shear failure along bedding
planes in the floor, which causes horizontal fractures, and
(b) formation of subvertical fractures parallel to the longwall
face ahead of the longwall shield supports. Most of the time,
primary failure occurs periodically as stress accumulates after
a specific retreating of the coal face; however, continuous fail-
ure is also observed after each slice of coal is cut [89]. Obser-
vations of floor displacement and fractures in the floor [90]
showed that vertical fractures play a dominant role within
the failure zones. Numerical simulations using the contin-
uum method [1] also showed a similar fracture profile in
the floor.

As the longwall face retreats, stress relief occurs and
unloaded floor strata may experience displacement. Sec-
ondary floor failure may consist of significant bending
and bucking driven by localized stress concentration and
displacements, which can lead to excessive floor heaving
[87]. The primary fractures and bedding planes define the
rock blocks within the floor, as shown in Figure 9. These
blocks interact during the floor heave and dominate the sec-
ondary floor failure. The multiple sliding block model [91]

can be used to explain how the stress distribution develops
within the broken floor.

In China, there are many mining practices for working
above confined aquifers; hence, determining the failure scope
in the floor is indispensable in such cases. Many observations
show that the fracture zone in the floor [7] can be character-
ized as shown in Figure 10 along the face retreating direction.
The failure zone rapidly develops into the floor behind the
longwall face and then remains at the same level as it travels
farther away from the goaf.

According to field tests, an empirical formula has been
proposed [92] to predict the depth of the water-conducting
failure zone.

Hf = 0 303L0 8x , 4

whereHf is the depth of the water-conducting failure zone in
the floor and Lx is the mining width of the mining face. It
should be noted that the test data were collected from coal
mines in Northern China with mining depths from 103 to
560m.

In the longwall face width direction, the failure zone in
the floor shows a different profile, as shown in Figure 11.
The failure depth reaches the maximum level beneath the
headgate and tailgate and slightly decreases in the central
part of the longwall face. In addition, the profile heavily
depends on the inclination of the coal seam. For inclined
seams (25° < α < 60°), the failure zone is asymmetric in the
dip direction. The failure zone beneath the lower part reaches
the maximum level and gradually decreases toward the upper
part. The failure profiles shown in Figure 11 indicate that the
maximum failure zone occurs beneath the roadways located
on each side of the longwall face since high stress usually
accumulates in these locations [67].

Although intensive research has been conducted on the
scope of fractures in the floor, the results have not provided
the characteristics of induced fractures, e.g., length distribu-
tion, orientations, aperture, and connectivity. These parame-
ters are significant in order to evaluate the mechanical
behavior of the floor rock and the seepage of water and gas.

6. Outstanding Issues

6.1. Field Observations. Field observation is the most effective
method to determine the induced fractures, but it is also
costly and time-consuming. The digital borehole camera
recording method is widely used to observe fractures in the
rock mass. Through continuous recording, this method can
obtain 360° images of the borehole wall and determine the
strike and dip of the fractures [26]. Image processing
methods can be applied to the obtained images to identify
fractures and quantify fracture patterns [93], making it possi-
ble to analyze huge image data within a limited time. Obser-
vation boreholes can be assigned at favorable locations to
develop a model of the fracture network by extrapolating
the observed fractures in single boreholes. Figure 12 shows
an example of the observation of excavation-induced frac-
tures around a circular tunnel in claystone conducted at the
Meuse/Haute-Marne Underground Research Laboratory

1

2

3

Figure 10: Fractured zone in the floor under longwall face (1:
abutment pressure, 2: fractured zone, and 3: in situ hydraulic
tensile fracture zone) [155].

9Geofluids



Tailgate

Face 2701 Mining thickness 1.5 m
Mining depth 145 m

Headgate

Y3
W3 3-3

3-2

3-1

Y2 W2 2-3

2-2
2-1

Y1

W1 1-3
1-2 1-1

14 m

Roadway

16°

Water-conducting zone
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mines, Hebei Province [5].
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around a circular tunnel at Meuse/Haute-Marne Underground Research Laboratory [94].
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[94]. Similarly, several observations can be designed accord-
ing to the retreating process of the longwall face to determine
the evolution of the fracture network.

Although there are some observations of fracture distri-
butions in the chain pillar [95–98], most are focused on the
failure range of the pillar. Only a few works have studied
the density distribution [2, 99], mainly because there is no
demand for a detailed fracture profile of the pillar in most
longwall activities. It is believed the fracture profile can be
roughly determined using the method presented in [94];
however, additional difficulties could arise as the longwall
face approaches the target site since the fractures develop
rapidly and produce complex networks. Detailed fracture
observations in the longwall face are not available because
of the continuous operation of longwall mining. However,
it is possible to extrapolate the fracture profile in the longwall
face since most of the induced fractures are subparallel to the
induced stress. In addition, fractures on the longwall face are
relatively easy to measure because of the smooth face and
good illumination. In a similar condition, fractures in the
floor also have a simple profile because of the stress distribu-
tion; therefore, it is not very difficult to rebuild the fracture
distributions if sufficient data is available. Until now, the
borehole endoscope method [100, 101] is widely used to
observe fracture distribution in the floor and it can provide
fracture information not available from water-conducting
observations [5]. However, it is expensive and time-consum-
ing, especially for the fracture identification and morphol-
ogy collection from so many images; this explains why few
studies have been conducted in this field. In most cases,
these works only focused on fracture depth and neglected
fracture characteristics.

Compared with fracture distribution in the roof, floor,
and chain pillar, fractures in the roof or top coal are more
complex and variable. Using a borehole endoscope, Xie and
Zhao [85] observed the fracture distributions in the top coal
above the shield supports. They found that the fracture mor-
phologies varied with the altitude in the top coal. Horizontal
fractures were predominant in the bottom part of the top
coal, and many vertical and inclined fractures also exist. In
the upper part of the top coal, vertical fractures are ubiqui-
tous, forming many strips. Fractures are sparse in the middle
part of the top coal. According to field observation, Yan and
Wu [86] stated that the number of fractures in the top coal
exponentially increases as the longwall face approaches the
measurement site. Space between the fractures also narrows
during this process. The number of fractures oriented toward
the vertical direction increased in front of the longwall face
and decreased behind the longwall face. However, all of the
observations could only provide a qualitative description
of fracture distribution in the roof or top coal because the
fracture network is too complex to obtain a quantitative
description, let alone a similar fracture profile as shown in
Figure 12. Compared with fractures in the rock mass, frac-
tures on the roadway surface or longwall face are easier to
observe. Xie et al. [102] measured the induced fractures
on the roadway wall, which were used to evaluate the cavabil-
ity of the top coal. In their study, they measured the fracture
parameters (e.g., length, space, and orientation) manually.

However, the development of a remote detection tech-
nique [103] in recent years offers a promising alternative
to manual measurements.

Recent advances in theory and available technology in
image processing have greatly increased the ability to detect
and characterize fractures in photo images [104]. Given the
lower cost of digital cameras compared with laser scanners
and their ease-of-use in the field, photogrammetry-based
methods have been widely used for geotechnical characteri-
zation of rock slopes [28]. These have also been used to
monitor underground deformation and pillar spalling in a
limestone mine in the United States [105, 106]. Field practice
has shown that this technique is capable of accurate measure-
ments and fracture and joint detection. A practical test in an
underground coal mine to perform rib characterization
under poor lighting conditions showed that photogrammetry
can be used in an underground environment and delivers
results comparable to other measurement techniques [107].
Laser-based survey techniques (such as terrestrial LiDAR)
are also widely used to capture fractures on rock (mass) sur-
faces [29, 108], but applications in underground coal mines
have not yet been reported.

Stochastically generated fracture networks [109], which
are commonly used to model natural fracture networks,
could be a potential solution to rebuilding mining-induced
fractures near the longwall panel. Stochastic discrete frac-
ture networks (DFN) treat fracture properties (position,
frequency, size, orientation, and aperture) as independent
random variables that obey certain probability distributions
determined from scan lines, window samples, and bore-
hole imaging [110, 111]. The stochastic DFN method,
which integrates the methods of the fractal geometry and
power law models, can generate more realistic fracture sys-
tems; several studies have verified that the attributes of
mining-induced fractures usually obey these distributions
[102, 112, 113]. This improved DFN method can upscale
fracture networks from small-scale fracture patterns [114,
115]. To ensure realistic fracture networks, field permeability
and deformation data [77, 116] can also be used to calibrate
the generated fractures.

6.2. Small-Scale Laboratory Tests. Small-scale laboratory tests
are widely employed on coal measure samples to study
mining-induced fractures and the associated mechanical
and fluid behaviors. For example, cuboid coal samples under
unconfined loading conditions are widely used to evaluate
coal pillar strength and failure (or fracture) modes [69, 70].
In laboratory tests, measurement systems can be well pre-
pared in order to obtain high-quality experimental data.

It is difficult to simulate the top coal fracturing process in
the laboratory because current experimental techniques can-
not realize the whole fracture process, from an intact sample
to granular medium. However, several attempts have been
made to do so. Song et al. [117] experimentally studied the
relationship between coal fragment sizes and cover depth,
coal strength, and discontinuities. The top coal cavability
was evaluated according to the relationship in a specific site
condition. Wang et al. [118] measured the velocity changes
during UCS tests on top coal; therefore, a relationship can
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be established between the velocity change and sample status
(e.g., damage and mechanical behavior). This relationship
can be used to evaluate the top coal status according to the
measured velocity changes in the field.

Compared with the complex stress path in the roof, long-
wall face, floor, etc., the chain pillar experienced monotonic
loading before it failed. Thus, UCS tests can be used to inves-
tigate coal pillar performance and the associated fracturing.
Mathey [69] performed a series of tests on coal-concrete
samples to study the relationships between failure (fracture
mode) and aspect ratios, which have been summarized in
Section 3. Many uniaxial tests were conducted on coal sam-
ples at West Virginia University with different aspect ratios
and interface frictions to determine how these parameters
affected the failure mode of the samples [70, 119]. It was
found that interface friction has a significant effect on the
failure mode, while the aspect ratio plays a secondary role.
High interface strength with low aspect ratio may trigger
bump failure of the pillar. However, in longwall mining, the
induced stress across the chain pillar is not uniformly distrib-
uted; therefore, the degree to which the experimental results
relate to field conditions is still unknown.

All of these conclusions came from the experimental
monotonic loading conditions, whereas coal masses in the
field experience quite a different stress path. Aside from the
loading regime (e.g., UCS test), unloading also occurs, for
example, the induced stress path in the top coal (Figure 7).
It should be noted that unloading plays a primary role in
top coal fracturing and fragmenting because the onset of
unloading usually occurs behind the longwall face where
fractures rapidly develop. Recently, Zhang et al. [120] numer-
ically simulated the induced stress path in front of the long-
wall face. Then, the stress path was applied to cylindrical
coal samples to observe the mechanical and permeability
behaviors induced by longwall mining. They reported that
the fracturing behavior and the associated permeability
behavior from the stress path experiment differed from the
results of typical conventional triaxial compression. Their
results were comparable to the field tests results [116, 121].
Using CT scanning and 3D reconstruction techniques, the
microstructure and fracture connectivity can be character-
ized [122] and quantitatively described by the fractal theory
[123]. By placing the test chamber inside a CT facility,

fracture development can be continuously monitored at dif-
ferent stages of loading during the tests [112].

However, there are also some limitations. Most of the
laboratory tests were conducted under the monotonic load-
ing regime, but longwall retreating also produces unload-
ing processes, e.g., in most circumstances, the rock mass
surrounding the longwall face experiences a specific stress
path. Stress path-based tests on coal mechanical and per-
meability behaviors have shown different results from con-
ventional triaxial tests [120]. Another limitation is that the
small-scale sample does not contain sufficient geological
information. Therefore, the test results provide data on intact
rock properties and not on rock mass properties. Although
rock properties can be converted into rock mass properties
according to rock mass classification systems [124], this
method cannot fully reflect the effect of preexisting weak
planes on rock mass fracturing. In addition, in most engi-
neering practice, the direction of the stress also varies, which
cannot be recreated in existing laboratory experiments.
Defects or the induced fractures in top coal can take advan-
tage of stress rotations to extend in their favored directions
[125]. Therefore, laboratory results could underestimate the
fracture network in the sample because tests often use small
samples that do not provide enough information about pre-
existing weak planes.

6.3. Laboratory Physical Modeling. Physical modeling has
proven to be a useful tool for intuitively illustrating
mining-induced fracture propagation, caving process,
ground movements, and roof structures. Many successful
cases have been reported for characterizing induced fractures
by thick coal seam extraction or LTCC mining [17, 21, 126],
inclined coal seam extraction [22, 127], and multiseam min-
ing [128, 129]. In most cases, small-scale physical models
(usually less than 1 : 100) were developed because of the large
dimensions of the longwall mining profile. The small-scale
models are capable of simulating fracturing and groundmove-
ments of roof strata from a global-scale view, but it is very dif-
ficult to illustrate the complex fracture process in the areas of
interest. For example, most physical models cannot reproduce
the irregular falling of caved zones, as shown in Figure 13(a).
Field observations in Figure 13(b) clearly show that goaf mate-
rials in the caved zone are highly fragmented and broken into

New crack

Slide down

(a) (b)

Figure 13: (a) Regular shape of caved fragments in a physical model of longwall mining [156]. (b) Field observations of the caved zone in a
shallow buried coal seam with a thickness of 2.5m.
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irregular shapes of various sizes. Under certain unfavorable
conditions, the immediate roofs cannot rupture into frag-
ments, but horizontally separate and fall onto the floor with
sparse vertical fractures [130]. Regular-shaped fragments and
poorly fragmented pieces result in a smaller bulking factor of
the caved material, indicating that the physical model could
produce a larger caved zone and overestimate the height of
the fractured zone. Infillings like foam material can be used
to fill in the caved zone to offset the underestimated bulking
factor after careful calculation [126].

Using large-scale models, mining-induced fracture can
be well illustrated. We have shown that the large-scale

physical models (1 : 50) can simulate the fracturing and cav-
ing process [126] using a developed construction material.
This construction material consists of a mixture of sand, gyp-
sum, and crushed stones and can truly display the whole cav-
ing process of the top coal. A physical model was constructed
according to the geological and mining conditions of an
LTCC face. The caving process and the associated stress
and deformation of the top coal are shown in Figure 14. It
is clear that the top coal deformed in front of the longwall
face. The deformation increased as the face advanced and
passed with increasing vertical stress, which is favorable for
top coal fragmentation. The top coal caved immediately after
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Figure 14: (a) Physical modeling of the whole process of top coal caving and (b) top coal deformation and vertical stress in relation to time
and longwall face advancements. The corresponding top coal status in (a) is also marked.
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the shield. It can be seen that the physical model successfully
reproduced the caving process, from intact to granular
medium associated with the fracturing of the roofs. The
induced stress and deformation of the top coal also agreed
well with field observations. Using very large-scale physical
models (1 : 17.5), Guo [131] studied the effects of preexist-
ing joints on the stability of the very high longwall face.
In the physical modeling, the effects of the joint inclination
and azimuth angle and joint space on the development of
fractures in the longwall face were carefully observed for
both hard and soft coal seams. The observations showed
that the large-scale physical models were able to reproduce
the development of fractures in the longwall face, and sev-
eral typical fracture profiles that usually occur in the field
were summarized.

In most cases, physical modeling does not take the
horizontal stress into account. On the one hand, it is not
easy to apply horizontal stress to a huge model; on the
other hand, horizontal stress may cause instability since
the model is thin (usually 20–30 cm). One physical model
and numerical simulation have shown that horizontal stress
concentration may be a major cause of roof collapse [17].
The other horizontal stress perpendicular to the plane is
also not available. Therefore, the 2D physical model can
only simulate field conditions that can be simplified into
2D problems, which means that fracture profiles in the
3D space cannot be accurately reproduced. To overcome
these limitations, the 3D physical models were developed
to simulate longwall mining-induced rock mass responses
[132–135]. However, it is very difficult to obtain the frac-
tures inside the model. Therefore, rock mass deformation
and stress changes are still the monitoring parameters used
to characterize the rock mass performance [132, 133]. By
removing a portion of the 3D model after the simulation,
the induced fractures in the roof can be observed [134,
135]. However, this brings up another question: how can
we distinguish the induced fractures and secondary frac-
tures produced during the removal process. Although there
are no effective ways to extract fractures inside the model,
3D physical modeling provides an advanced method to
simulate longwall mining-induced fractures under more
realistic in situ conditions.

The raw materials constituting the construction material
also affect the fracture characteristics of the physical model.
Although this subject does not attract enough attention,
experimental studies in [136] have shown the effect of sand
grain size on mining-induced fractures in the physical model
and found that fracture density was higher when using
coarser sand to produce the construction material.

6.4. Numerical Modeling. Numerical simulations are popular
for characterizing mining-induced fractures. Although the
continuum models are widely used, they are not suitable for
representing fractures because the element size should be
very fine to illustrate fracture development by zone failure
[38, 44], especially for large excavations such as longwall
retreating simulation. In addition, the continuum models
require a well-developed algorithm to implicitly represent
the caving progress, goaf consolidation, and retreating

process [137, 138]. When fine zones are employed, the con-
tinuum models can simulate mining-induced fractures,
which are usually illustrated by strain/failure band, stress
and failure zone distribution, or shear displacement. Using
the FLAC 2D models, we successfully reproduced the tensile
splitting and shear slipping failure [38, 44] of the longwall
face. In the simulations, tensile splitting failure was repre-
sented by the tensile stress and deformation distribution,
while the shear slipping failure was illustrated by the shear
bands. Nemcik [87] also used the FLAC 2D model to study
the floor failure. In the modeling, shear displacement con-
tours were employed to recognize the shear fractures below
the shield support. The subvertical fractures were found to
dip at steep angles of 70°–90° toward the goaf, which agreed
well with in situ observations. The mechanical mechanism
(e.g., stress distribution) was clarified using the competent
model, which was not available from field observations.
Using a 3D continuum model, Yasitli and Unver [139] stud-
ied the movement and failure zone in the top coal using
high-level LTCC (i.e., recovery window embedded in the
canopy) and concluded that the top coal within 1.5m above
the shield supports was well fractured. Above the fractured
part, the top coal was either not fractured or fractured into
large blocks. However, owing to the sparse elements, fracture
development in the top coal cannot be presented.

The discontinuummodels may be a good choice to repre-
sent the physics of the problem. The DEM models with finer
blocks in the region of interest have shown good representa-
tion of longwall top coal caving [81, 140] and fracture devel-
opment in roofs [141, 142]. By introducing Voronoi or
triangular blocks in a small region of interest, fracture devel-
opment induced by large-scale longwall retreating can be
represented more realistically. These applications include
fracture characteristics in the longwall face [53], damage
development in top coal [126], and brittle fracture and dam-
age development along an unstable goaf [143]. Vakili and
Hebblewhite [81] investigated the factors affecting top coal
cavability. However, their work did not show the fracturing
process of top coal. Le et al. [140] investigated the top coal
caving mechanism by a DEMmodel. In the model, the blocks
were assigned strain-softening properties to obtain the intact
rock failure. The simulations indicated that bedding planes
mainly showed shear failure, while vertical joints experienced
tensile failure. The top coal predominantly experienced shear
failure, which is in accordance with the results in [139] using
the continuum models. By introducing Voronoi polygonal
blocks to represent the rock mass, we modeled the damage
evolution in the top coal [126], which was defined as the ratio
of the failed contact number and the total contact number in
each subsection within a certain range in the top coal. To
illustrate the damage development, the damage and induced
stress in the top coal were calculated. It is clearly shown that
the induced stress in the top coal gradually increased as the
longwall face approached the monitoring sites and quickly
decreased as the longwall face passed the sites. The peak
stress is located immediately in front of the longwall face.
The stress distribution is consistent with the results of the
continuum models [144]. As the damage in each site steadily
increased, a more rapid increase was observed after the peak
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stress location. The lowest part of the top coal has larger
damage (i.e., larger fracture density) compared with the
upper parts, which agrees with field observation that the
lower parts of the top coal usually fragment into smaller
pieces. However, few block separations were observed. For
tensile fractures between blocks, most separations are less
than 0.001m, causing poor display performance of fractures
in such a large model. This may result from the discordance
intrinsic to the DEM model used. High damping was
employed in the simulation to ensure calculation stability,
i.e., the model calculates in a static state. However, field prac-
tice shows that top coal fragmenting and caving are dynamic
mechanisms that occur in the section behind the shield sup-
ports since the top coal is free to fail and cave. We did not
integrate the preexisting weak planes in our model, which
are ubiquitous in coal seams. Although the natural fractures
in coal seams have been fully studied [145, 146], their effects
on fracture development have not been well considered
under longwall mining conditions.

The hybrid continuum/discontinuum models, which
share similar ability as DEM to represent fracture develop-
ment, have been successfully employed to simulate the mass
block caving process and surface subsidence [37, 147]. There-
fore, the hybrid method can also be applied to investigate
longwall mining-induced fracture behaviors. Recently, a
GPU-accelerated technique was developed to reduce compu-
tational costs, making it more efficient to run larger and
higher resolution simulations [148].

It is easy to take discontinuities into account in the DEM
or hybrid models. Field discontinuities could come from field
survey results, but the DFN models are frequently used. A

DFN is a computational model that explicitly represents the
geometric properties of fracture networks. The DFN models
can be generated from geological mapping, stochastic realiza-
tion, or geomechanical simulation to represent different
types of rock fractures [109]. When detailed discontinuities
are considered, the model requires a high resolution. Under
such circumstances, field-scale models are too large to run.
Therefore, a small-scale synthetic rock mass (SRM) model
of the site of interest can be a viable alternative [149]. This
model uses the bonded particle model for rocks to represent
intact material and the smooth-joint contact model to repre-
sent the in situ discontinuity network, as shown in Figure 15.
Thus, the rock mass response is determined from the com-
bined behavior of intact material and discontinuities (which
include the interaction between the intact rock and joints).
The stress path in a specific site, which can be obtained from
field measurement or simple simulations, can be applied to
the SRMmodel to reproduce the desired engineering activity.
The spherical SRM model can be used to apply complex
stress paths that involve changes in both magnitude and
orientation [149]. The application of such a model showed
realistic rock mass disintegration processes and had good
agreement with observations of fragmentation sizes for a
block caving simulation [149]. Therefore, if the computa-
tional cost is acceptable, the field-scale models are the pre-
ferred option. Medhurst et al. [150] simulated the LTCC
process using a hybrid FLAC/PFC model. In the hybrid
model, the FLAC model was used to simulate the far-field
stress, and the embedded PFC model was used to simulate
the caving process of the top coal and immediate roofs. Joints
and cleats were considered in the model based on the SRM

(a) (b)

Intact rock

SRM applied to clements of
fracture network (DFN)

Smooth joint model
bonded particle

model

(c)

Figure 15: The synthetic rock mass (SRM) model [149]. (a) The discrete fracture network (DFN) model, (b) the corresponding synthetic rock
mass sample, and (c) synthetic rock mass basic components.
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approach. The hybrid models containing DFN were also suc-
cessfully used to simulate block caving [37, 147].

6.5. Comparative Analysis. Compared with other methodolo-
gies, field observation is undoubtedly the most effective
method to capture the longwall mining-induced fractures.
Borehole observation is a mature method that is widely used
to obtain fracture information in the rock mass. It provides
useful information on fractures (e.g., fracture spaces, orienta-
tions, and apertures) but has difficulty estimating the fracture
sizes and connectivity. The digital borehole camera and
image processing method make it easier to capture the frac-
tures in huge image data and determine the strike and dip.
However, it is cost-intensive and time-consuming; some-
times it is difficult to gain access to certain locations, e.g.,
the longwall face and floor in the goaf. In addition, digital
borehole camera and borehole digital optical televiewer do
not always have high technical specifications (CCD pixels,
spatial precision, color (in bits), etc.) and, therefore, fractures
may be overlooked in case when filling material (debris of
rock matrix) in fracture space and rock mass are of the same
color [151]. Owing to its low cost and easy accessibility,
photogrammetry-based methods are a potential technique
to capture fractures on rock mass surfaces, e.g., longwall face
and tunnel boundaries. It can also provide information on
fracture sizes and connectivity, which are usually not avail-
able in borehole observations. Therefore, it is the preferred
method when the focus is on fracture close to boundaries
under good lighting conditions. Geographic information sys-
tem (GIS), DNF, and similar methods could provide a means
to extrapolate and digitize fracture networks based on the
aforementioned data [109, 152, 153].

For small-scale laboratory experiments, intensive moni-
toring systems could be employed to record the rock sam-
ple responses (stress, strain, permeability, velocity changes,
etc.) under controlled conditions. Some of the measure-
ments are difficult or cannot be performed in the field.
Using CT scanning and 3D reconstruction techniques, the
produced fractures can be well characterized during/after
the tests. However, it is difficult to relate experimental
results to field conditions, even if similar stress paths are
employed in the experiments. This is because the stress
rotation and tensile stress in the tests are still not available,
which have shown a significant effect on rock fracturing.
Moreover, small samples cannot contain enough natural
weak planes to represent the rock mass. If the number of
preexisting weak planes are few, laboratory tests are a good
choice for those interested in the qualitative characteristics
of mining-induced fractures.

Compared to small-scale tests, physical modeling can
provide more field information such as bedding planes,
joints, shield support, and even aquifers. Many cases have
proven its capacity to model roof movement and fracture
development. Large-scale geometric models are recom-
mended if detailed fracture characteristics are needed, such
as fracture development in the top coal, pillar, and longwall
face. Simple geological structures (e.g., bedding planes, faults,
and main joints) can also be introduced into the physical
model. Photogrammetry makes it easy to capture the induced

fracture networks and movement fields. If horizontal stress
can be applied to the physical model, then it can mimic field
conditions in a more realistic manner. Compared with the
2D models, the 3D physical models show greater correspon-
dence with field conditions. However, until now, there are no
effective methods to obtain the fractures inside the model.
For physical modeling, the most important issue is to find
applicable construction materials to better illustrate the
development of fractures.

Continuum numerical methods are a poor choice
when modeling mining-induced fractures owing to their
inability to simulate complex fracture system. The discon-
tinuum and hybrid continuum/discontinuum models are a
better choice to simulate longwall retreating and induced
fractures. Element sizes are critical for simulating fractures.
However, it is time-consuming or even impossible to build
a large-scale model with very fine elements. Thus, emphasis
can be placed on a relatively small region of interest. With
the rapid development of computing powers and acceler-
ated techniques, large geomechanical models are increas-
ingly adopted. Structural elements can also be introduced
in numerical models and are well represented if sufficient
data are collected from the field and proper constitutive
models are employed. Therefore, the discontinuum models
are always not a poor choice for simulating mining-induced
fractures. However, finding an effective method that can
determine the appropriate properties to represent realistic
objectives (e.g., rock mass and geology structures) is an issue
that still needs to be resolved.

7. Concluding Remarks

After a general introduction of longwall mining-induced
fractures from a global perspective, the present review sum-
marized the studies on induced fractures in near-face regions,
e.g., fractures in the longwall face, chain pillar, immediate
roof and top coal, and floor. For brittle and hard coal seams,
there are two major fracture profiles: (a) fine fractures paral-
lel to the longwall face, which usually produce tensile split-
ting failure with laminae, and (b) separated shear fractures
that obliquely develop into the longwall face, which can pro-
duce shear slipping failure with large blocks. For soft coal
seams, crushed squeezing failure was usually observed, indi-
cating that induced fractures are ubiquitous. It is believed
that tensile fractures parallel to the coal pillar boundaries
frequently occur, while shear fractures develop between
the core and tensile failure zones. Therefore, slender pillars
usually fail in an hourglass shape, while gradual shear failure
is usually observed for squat pillars. Preexisting weak planes,
surrounding rock strata, and coal seam properties and the
interface between them have significant effects on fracture
distributions in chain pillars. Therefore, fracture profiles in
chain pillars are strongly case-dependent, making it difficult
to arrive at a general conclusion; more field observations
and laboratory tests are needed. Fractures in the immediate
roof and top coal are ubiquitous and strongly affected by
the mining-induced pressure in the roof. In almost all cases,
the roof or top coal fragmented into small pieces behind
the longwall face with a height of 4 to 20 times the thickness
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of the extracted coal seam. Therefore, it is impossible to
obtain all the fracture profiles if the site of interest is near
the longwall face. In general, vertical fractures play a major
role in front of the face, while horizontal fractures are pre-
dominant behind the longwall face, where vertical displace-
ment rapidly increases. From the limited field observations
and laboratory experiments, fractures in the floor were less
developed as those in the coal seam and immediate roofs.
Failures rapidly increased near the longwall face and then
remained at the same level with increasing distance into the
goaf. In the longwall face width direction, fracture zones in
the floor reached the maximum level beneath the panel
boundaries and slightly decrease in the central part of the
panel, but the fracture profiles depended on the incline of
the coal seam. In general, there are two different floor frac-
tures: (a) shear failure along bedding planes and (b) subverti-
cal fractures that form parallel to the longwall face. This
summary was based on limited field observations because
floor fractures have not been studied to the same extent as
roof fractures owing to the difficult measurement of opera-
tions. More filed observations are needed to verify the current
conclusions and obtain general results.

Different approaches, including field observation and
detection, laboratory tests, physical modeling, and numerical
simulations, which are generally employed to investigate
induced fractures, were surveyed. Some of the outstanding
issues that need to be addressed when using these approaches
were discussed. Field observation is the most effective
method to capture the longwall mining-induced fractures.
Borehole observation, although improved by the use of con-
tinuous digital cameras and image processing, still provides
limited useful information, e.g., 3D geometries of the induced
fractures. By using GIS, DNF, and similar methods, it is pos-
sible to extrapolate and digitize fracture networks if suffi-
cient data are collected. Small-scale laboratory experiments,
which could provide accurate fracture temporal-spatial dis-
tributions by intensive monitoring and detection equipment,
remain a poor choice to investigate longwall mining-induced
fractures. It is difficult to relate experimental results to field
conditions owing to the inconsistent stress state used in
the laboratory. Moreover, it is also impossible to consider
natural structural elements in a small sample, which has
shown significant effects on induced fractures. Physical
modeling can introduce more field information; therefore,
it could better represent field conditions. The large-scale
physical models are recommended if detailed fracture
characteristics are needed in a limited scope. The capacity
of the physical model could be improved if horizontal stress
can be introduced in the 2D models. For the 3D models,
mature techniques are required to easily capture the induced
fractures inside the model. Construction materials, which
determine the capacity of the physical model to simulate
fracture development, require more attention. The disconti-
nuum numerical models are a promising method to simulate
longwall mining fractures. However, ways to simplify com-
plex realistic conditions and determine the parameters and
constitutive models for geomechanical elements have not
been fully addressed. With the rapid development of this
technology, it is expected to attract increased attention.

Characterizing mining-induced fractures in near-face
regions is always a challenging task because fracture sizes in
these regions range from several meters to micrometers;
hence, it is difficult to find a common technique or method
to observe and characterize these fractures in such a large
scope. Most of the time, we identify the fracture size of inter-
est and the associated investigation methods according to the
problem we intend to study. As the primary mechanism in
controlling the stability of rock masses and finding feasible
solutions, on all scales, the induced fracture characteristics
of surrounding rocks will remain a topic of interest in under-
ground longwall mining, andmethods to capture and charac-
terize the fracture profiles will continue to be developed.
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A 44-year record of water level fluctuations in a series of adjacent closed underground mines documents the history of closure and
mine flooding in the Fairmont Coalfield, one of the oldest coal mining districts in the Pittsburgh coal basin, West Virginia, USA. As
closures proceeded and mines began to flood, US environmental regulations were first enacted mandating mine water control and
treatment, rendering uncontrolled surface discharges unacceptable. The purpose of this study is to present this flooding history and
to identify critical events that determined how mine pools evolved in this case. Also examined is the strategy developed to control
and treat water from these mines. Flooding is visualized using both water level hydrographs and mine flooding maps with the latter
constructed assuming mine water hydraulic continuity between one or more mines. The earliest flooding formed small pools within
near-surface mines closed prior to 1962 yet still pumped following closure to minimize leaking into adjacent still-active workings.
These subpools gradually enlarged and merged as more closures occurred and the need for protective pumping was removed,
forming what is today referred to as the unconfined Fairmont Pool. Later, deeper mines, separated by intact updip barriers from
the Fairmont Pool, were closed and flooded more gradually, supplied in large part by leakage from the Fairmont Pool. By 1985,
all mines except 2 had closed and by 1994 all had fully flooded, with the Fairmont Pool interconnected to deeper single mine
pools via barrier leakage. As protective pumping ceased, the Fairmont Pool rose to a water level 3m higher than surface
drainage elevation and in 1997 discharged from an undermined section of Buffalo Creek near the Monongahela River. The
principal mine operator in the basin then designed a pumping system to transfer water from the Fairmont Pool to their existing
treatment facilities to the north, thus terminating the discharge. It may be concluded that the progress of mine flooding was
influenced by mining history and design, by the timing of closures, by barrier leakage conditions, and by geologic structure. A
key element in how flooding proceeded was the presence of a series of intact barriers separating deep from shallow mines. The
shallow mines closed and flooded early, but then lost sufficient water by barrier leakage into the deeper mines to delay the
completion of flooding until after the deep mines had all closed and flooded as well. Intensive mine water control has continued
from the 1997 breakout to the present. The final water control scheme was likely unanticipated and serendipitous; future
district-wide mining efforts should be advised to consider in advance closeout strategies to control mine water postmining.

1. Introduction

Following underground mining of gently dipping below-
drainage near-surface coal, groundwater will rebound follow-
ing closure in one or more mines within a given district
[1–3]. This process is colloquially referred to as “mine flood-
ing.” Flooded mines derive water from adjacent and/or over-
lying flooded mines, by vertical infiltration from overlying
freshwater aquifers and/or from surface water sources [4].

Flooded mines can become aquifers with substantial water
storage. Donovan and Leavitt [5] estimated that all of the
Pittsburgh seam coal mines in West Virginia and Pennsyl-
vania, USA, contained 5× 1012 liters of water as of 2004.
Water in active below-drainage mines must be pumped
to keep working sections dry [6]. Without pumping,
flooded or flooding below-drainage mines form “pools”
that may eventually discharge at the surface through por-
tals, boreholes, or fractures. A mine pool is a volume of
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water filling hydraulically interconnected mine workings
[7], which may include one or more mine property. Nor-
mally, pool development is most common in mines below
surface drainage elevations.

The flooding phenomenon has been observed to pro-
ceed in quite different sequences and rates within different
mining districts. This has been ascribed to factors including
local hydrogeology, closure timing, and pumping history
[7, 8]. Prior to about 1970 in the USA, the flooding process
was generally unregulated and postclosure impacts or
future management of closed flooded mines received little
attention. Today, after observations of recent coal mine clo-
sures, postclosure mine water management has become a
critical element in mine permitting and design. Realistic
prediction of the duration and timing of postclosure mine
flooding and the locations of potential future surface dis-
charge(s) are considered critical information for mine
design and planning [7, 9, 10]. However, such predictions
are hampered by uncertainties related to the same factors
that have caused flooding to proceed differently within dif-
ferent mines.

One of the key problems associated with prediction
uncertainty is that robust long-term datasets documenting
past flooding histories are, in general, not broadly available.
The records that do exist are often only partially complete.
In the USA, the coal industry is not required to record post-
closure flooding observations nor are such data routinely
measured by state or federal agencies. Any available flooding
observations are frequently archived in nonpublic coal oper-
ator files or buried in agency mine permit files. Regulatory
efforts to predict probable hydrologic consequences of mine
closures do consider that mine pools may develop, but the
accuracy of such predictions still depends on having access
to long-term flooding data from past cases within similar set-
tings. It may be that, in regional mine flooding, the past holds
some of the keys to predicting the future.

The purpose of this investigation is to compile, present,
and interpret such a long-term (>40 years) dataset of coal
mine flooding observations. Data from multiple sources were
collected for a series of about 12 contiguous large under-
ground coal mines in the Pittsburgh coal basin of northern
West Virginia (WV), USA. These 12 mines contain on the
order of 40,000 hectares of workings. Underground mines
in this district, originally called the Fairmont Coalfield, date
back to 1880, when mining was done strictly by handloading
methods. By 1901, the Fairmont Coal Company had incorpo-
rated, later to become part of the Consolidation Coal
Company. Technology by that time was mechanizing, with
common use of shuttle cars, long trains, conveyor belts, and
different kinds of large mining machinery. By the 1940s,
room and pillar methods were in widespread use, and by
the 1970s, the mines of that age and depth were using long-
wall technology for the first time. Closure of a small number
of shallow mines in this coalfield first occurred in the mid-
1940s; in the 1970s, the rate of closures dramatically acceler-
ated. While two longwall mines continue to operate at sub-
stantial depth in this coalfield today, the closure of all other
mines in the former Fairmont Coalfield was completed by
1985. This is one of the first of the major coalfields in the

Appalachian Basin to close in response to the decline of the
eastern US steel industry from 1975 to 1985.

1.1. Objectives. This paper recounts the history of closures
and ensuing mine flooding in the former Fairmont Coalfield
from about 1970 to 2014. It was our priority to collect data
from as close in time to the initial mine closures as possible.
Objectives include the following:

(i) To examine the chronology for mine closure and
the historical expansion of mine pools (flooding)
over this period

(ii) To identify contributing events that led to the first
breakout of mine water from this district in 1977

(iii) To examine how long-term hydraulic control of the
flooded basin was subsequently achieved by one of
the coal operators

(iv) To interpret why flooding in this coalfield occurred
as it did

1.2. Study Area. The Fairmont Coalfield is a series of pre-
dominantly closed mines along the Monongahela River
north and south of Fairmont, WV (Figure 1). It is the south-
easternmost extent of mining in the synclinal Pittsburgh
coal basin within the Monongahela and Ohio River drain-
ages, whose full extent is shown in Figure 1. Most were drift-
or slope-entry mines, originating at or near outcrops along
the Monongahela River and its tributaries. Mine develop-
ment proceeded in a downdip direction to the west-
northwest from the outcrop, with overburden thickening
and the coal deepening in that direction. The only seam
mined underground here was the Pittsburgh coal, which
occupies the base of the Monongahela Group ([11];
Figure 2). This coal has been extensively mined in parts of
West Virginia, Pennsylvania, Ohio, and Maryland and was
sought for its continuity and relatively uniform thickness
(ca 2.0m) as well as its bituminous grade. A negative aspect
is its high (4–6%) sulfur content, and mine water from this
coal commonly contains dissolved iron, sulfate, dissolved
solids, and acidity in concentrations considered unaccept-
able for most uses [9, 12–14]. It has been used, both histor-
ically and today, as both metallurgical and steam coal. Until
the mid to late 20th century, coke ovens along the river and
at mine mouths were fed by mines like these. Approximately
30 communities in Marion County were coal camps sur-
rounding portals into these mines (http://www.coalcampusa.
com/nowv/fairmont/fairmont.htm). The approximate center
of the Fairmont Coalfield lies at the confluence of the West
Fork and Tygart Rivers, which merge at Fairmont to form
the Monongahela River. The Pittsburgh coal outcrop is
commonly found in proximity to either the Monongahela
or West Fork drainages. Some coal extended east of the
Monongahela or West Fork, but in general, the coal lays
west of these rivers.

The coal that has been mined to date extends from eleva-
tions of 240 to 290m MSL along the Monongahela-West
Fork drainage down to an elevation of 60 to 90m MSL in
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the deepest mining (Figure 3). As is generally the case, age of
workings is inversely related to mine depth. In some loca-
tions close to the Monongahela and West Fork Rivers, the
coal is above drainage but elsewhere mines are below drain-
age. Areas where overburden is shallower than about 60m
have been observed in this region to show enhanced vertical
infiltration, with the highest rates of recharge associated with
subsidence-induced fracturing [15]. With some exceptions,
rivers and streams were not undermined and adequate bar-
riers were left in place to prevent surface discharge of mine
water except at portal locations. The elevation of the river
system is about 262m at the Monongahela-West Fork-
Tygart confluence. Excepting a small number of minor syn-
clines and anticlines, the coal forms a monocline striking
about 30°NE dipping to the NW (Figure 3). The dip angle
is in fact quite gentle, from 0.5 to 3.0 degrees.

There was little environmental regulation of coal mining
over most of the history of this mining district. However,
mine water discharge of poor water quality is a well-known
impact of mining underground coal with high pyrite content,
such as the Pittsburgh seam [16]. The Surface Mining

Control and Reclamation Act of 1977 (SMCRA) established
the first comprehensive U.S. environmental standards for
underground coal mines. This law was enacted only 8 years
before closure of the final mine in this study area. Before
SMCRA, active mines generally had few requirements in
handling or disposal of mine water nor were they legally
responsible for water in closed workings they had once oper-
ated. After 1977, operating mines became responsible for
water in both active and closed (post-1977) operations.
SMCRA and water discharge permits were employed to exert
a major influence in water management by underground
mine operators. They may have also played some role in forc-
ing mine closures in this district.

Figure 4 shows all below-drainage underground mines
that were closed between about 1944 and 1985, as well as
wells and treatment plants referred to in this study. Shallow
closed mines shown as “updip,” primarily across the West
Fork and Monongahela Rivers from the main coalfield, are
older, generally unflooded, and not the focus of this study;
they are shown in white outlines without labels. The outcrop
of the coal (in red) is generally close to the major rivers and
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also follows their tributaries. The names are attached to these
mines (see Table 1) in some cases to correspond “mine pools”
(sensu [7]). For example, mines Beth 8 and Beth 41 were
mined independently by the same operator, but at closure,
entries were left open between them, so after flooding, they
formed a single pool. Two deep mines, in yellow in Figure 4,
are still currently active but are hydrogeologically isolated
from adjacent shallower closed mines that have flooded.

1.3. Monitoring and PumpingWells. The yellow circular sym-
bols of Figure 4 represent monitoring wells whose data were
used in this study. They are unlabeled in mines in which they
are the sole monitoring well. In mines with more than one
well, each well within that mine is designated “A,” “B,” etc.
Table 2 shows local names for these wells cross referenced
to the map identification of Figure 4. These monitoring loca-
tions are either cased boreholes/shafts installed during min-
ing by the operator or wells installed for research purposes
after 1997. Some were also used for intermittent pumping
of mine water before and/or after closure. Pump wells are
shown as red squares; some of these were also used for mon-
itoring as designated in Table 2. Active mine water treatment

plants (Table 3) are shown as red triangles; all of these gener-
ally have one or more pump wells nearby, not explicitly
shown on this figure. Two pumps at the north end of the dis-
trict produce water from Jordan mine that is diverted by
pipeline (arrows) to treatment plants over Arkwright mine
to the north. In all of these mines, water is high in dissolved
iron and pumped discharges have required treatment to meet
modern discharge standards.

1.4. Closure History. Figure 5 shows the mines of Figure 4,
grouped by closure dates. Letters refer to mine names in
Table 1. Only three adjacent mines (Dakota = I, Mine
38=H, and Mine 56=G) were closed in the 1940s. The next
closure was Mine 63 (F) to their southwest in 1962. Excepting
currently active mines (A and N) and Arkwright (O, closed in
1994 and not part of the Fairmont Coalfield), all other below-
drainage mines in this figure closed between 1971 and 1985.

2. Methods

2.1. Data Sources. Principal datasets for the investigation
include the following:

(i) Water levels in monitoring wells and mining bore-
holes measured over time and referenced to mean
sea level by engineering level surveying

(ii) A GIS dataset developed for this area, consisting of
mine outlines, internal and perimeter barrier pillars,
monitoring and pump locations, treatment plants,
outcrop location, and depths/elevations of the base
of coal [17, 18]

(iii) The chronology of mine operations/closures and, if
available, pump operations

These data were derived frommultiple sources, including
regulatory file data, research project measurements, and data
communicated from mining company staff. Much informa-
tion was gleaned from a 2017 regulatory report for Arkwright
mine that included considerable basic data collected within
the Fairmont Coalfield [19]. Additional relevant data were
extracted from a recent regulatory agency research report
[20]. Under current (2018) water management, all water orig-
inating from Fairmont District mines is treated at two large
treatment plants (Dogwood Lakes and FlaggyMeadows) built
over Arkwright Mine in the mid-1980s and early 2000s,
respectively. Smaller treatment plants occur over Williams,
O’Donnell, and Jamison mines; all are shown in Figure 4.
The black arrows in the vicinity of Jordan and Arkwright
mines indicate pipelines conveying water from pumps to
treatment locations.

2.2. Hydraulic Head Measurements in Wells and Mining
Boreholes. Groundwater level datasets in this study are of
two types: (a) manual operator measurements, generally at
intervals of 1–4 weeks or more, and (b) after 1998, mea-
surements by the authors’ research groups, commonly
using high-frequency datalogger-coupled transducers and
resampled to intervals of 1–2 weeks for this study. All data
pre-1998 were from measurements by mine operators in
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the basin. Recorded data included date, measured depth to
well water level, accurately surveyed measuring point ele-
vation, and calculated water level elevation above mean sea
level (MSL). Accuracy of individual measurements is likely
variable, depending on depth of measurement, instrumental
accuracy, deviation from vertical of the wells employed, sur-
vey error, and human error. While no statistically rigorous
estimate can be made, error is roughly estimated at ±0.5m.
Many of these mine water aquifers are confined and their
water levels display high barometric efficiency, with fluctua-
tions of up to 0.5m over hours to days in response to air pres-
sure changes.

2.3. Mine Mapping. The mine and barrier polygons shown in
Figures 2–5 and others were digitized from original mine
maps, georeferenced to a common base. Details of this pro-
cess are discussed in Leavitt et al. (2004). Particularly for
older mining, georeferencing accuracy is subject to uncer-
tainties in locations of features on the original maps. Polygon
mapping was performed at an approximate scale of 1 : 24,000
and was aimed at maximizing the accuracy of barrier pillar
thickness and geometry. The pillars separating mines are
usually shown clearly on the original mine maps and can be
significant hydrogeological features during and after mine

flooding [21, 22]. These too are subject to survey errors.
Internal coal pillars greater than 3 hectares in area were
mapped, including unmined blocks of coal, rib supports for
main entries, and some other features. Individual pillars in
room-and-pillar or handloaded sections were not mapped.
Mine extent shown in Figure 4 is at time of closure for all cur-
rently closed mines and as of year 2004 for the two active
mines. Therefore, in maps of historic flooding we present,
the extent of mining shown in figures for then-active opera-
tions may be slightly greater than the actual extent at any par-
ticular time preclosure.

Structure contours of the coal bottom were prepared at a
6m contour interval from mine map contours as well as
industry and agency data sources. Using these and mine
water levels at specific times of interest, maps of mine flood-
ing extent within closed or active workings were extrapolated
from monitoring well water levels. To create these areas, it
was assumed that the measured borehole water level at the
end of calendar years extended across the entire mine or
mine pool in a horizontal plane corresponding to that eleva-
tion. In flooding mines without ongoing pumping or injec-
tion of water, this assumption has generally proven well-
founded in mines with multiple wells [23]. The horizontal
plane assumption would be unjustified where (a) more than
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one pool exists in a specific mine as evidenced by well data or
(b) mine water is being injected into or pumped out of a spe-
cific mine. Any such situations are highlighted in Results.

2.4. Pumping History. Mine closure estimates were obtained
from regulatory files and maps, considered to be reasonably
accurate post-1970. Pumping history, however, is more

Table 1: Mines in the Fairmont Coalfield and nearby areas. See Figure 4 for locations.

Area (ha) Mining methods (s) Date of closure Treatment plants Operator at closure Designation Figure 4

Arkwright 5508 Room/pillar, longwall 1994 3 Consol O

Beth 44 2900 Room/pillar 1971 0 Bethlehem Steel E

Beth 8/41 3740 Room/pillar 1982 0 Bethlehem Steel J

Dakota 896 Room/pillar 1944 0 Consol I

Federal 1 6233 Room/pillar, longwall 1985 0 Eastern Associated M

Jamison 3000 Room/pillar 1978 0 Consol K

Joanne 2542 Room/pillar 1983 0 Consol D

Jordan 5350 Room/pillar 1978 0 Consol N

Loveridge 6090 Longwall — 1 Consol L

Mine 38 806 Room/pillar 1946 0 Consol H

Mine 56 315 Room/pillar 1947 0 Consol G

Mine 63 1892 Room/pillar 1962 0 Consol F

O’Donnell 3370 Room/pillar 1982 2 Consol C

Robinson Run 4039 Longwall — 0 Consol A

Williams 1970 Room/pillar 1979 0 Consol B

After Perry [20]
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difficult to determine. The best evidence for pump operation
is the mine water level data themselves; when pumps operate,
they often maintain a uniform or declining water level, and
when pumps are turned off, water levels generally rise until
either a discharge or control elevation is attained. Thus,
changes in pump operation manifest themselves as changes
in slope on a hydrograph, adding to the utility of water level
measurements for interpreting mine hydrology (e.g., [24]).
Some records of pumps being either turned off or turned
on were available from operators.

3. Results

Figures 6–9 constitute hydrograph and flooding map results
that will be referred to frequently. Figure 6 shows maps of
flooded pool areas in the Fairmont Coalfield at the end of
(from top to bottom) years 1970, 1975, and 1980. Figure 7
shows similar maps of reconstructed flooded pool extent in
(from top to bottom) late 1985, 1990, and 1994. Figure 8
(1969–1998) and Figure 9 (1995–2014) are water level hydro-
graphs for monitoring wells in these figures, corresponding

Table 3: Currently active treatment plants handling Fairmont Coalfield mine water. See Figure 4 for locations.

Mine name Plant name First operated Notes

Jamison Llewellyn 1978 Protective pumping for Loveridge

O’Donnell Thorn 1982 Protective pumping for Robinson Run

O’Donnell Whetstone 1982 Protective pumping for Robinson Run

Williams Edgell 1978

Dakota Paw Paw pump 1997 Barrier transfer Dakota-Jordan following 1997

Arkwright Flaggy Meadows 2001 Water from Arkwright and Jordan (Booth, Ballpark pumps)

Arkwright Sears 1990 Water from Arkwright and Brock #4 (Sewickley)

Arkwright Dogwood Lakes 1979 Water from Jordan (Hagans pump)

Table 2: Monitoring and pumping wells in the study area. See Figure 4 for locations.

Mine name Designation Borehole name Primary use Secondary use
Dates of WL record
From To

Arkwright A Flaggy Monitoring 2001 2014

Arkwright B Shaw shaft Monitoring 2005 2016

Arkwright C Flaggy pump 1 Pump — —

Arkwright D Flaggy pump 2 Pump — —

Arkwright E Sears pump 2 Pump — —

Arkwright F Sears borehole Monitoring 2005 2014

Beth 44 A Carberry Monitoring 1972 2017

Beth 8/41 A Barrackville Monitoring 1994 2017

Dakota A Paw Paw Pump 1969 2004

Federal 1 A 8 North Monitoring 1987 1995

Federal 1 B Grantown Monitoring 1999 2013

Jamison A Llewellyn Pump — —

Joanne A Rachel Monitoring 1999 2013

Jordan A Hagans Pump Monitoring 1978 2017

Jordan B Baxter Pump Monitoring 1978 1988

Jordan C Ministers Run Pump Monitoring 1978 1996

Jordan D Ball Park Pump — —

Mine 38 A Penn overall Monitoring 1997 2017

Mine 63 A Pump Station #7 Monitoring Pump 1961 2013

O’Donnell A Thorn Pump — —

O’Donnell B Whetstone Pump — —

Williams A Pump Station #6 Monitoring Pump 2002 2013

Williams B Nutter Run Monitoring 1979 1995

Williams C Hawks Nest Monitoring 1968 1979

Williams D Shinnston Monitoring 2002 2008
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to the flooding maps of Figures 6 and 7. These were
constructed using (a) mine closure dates from Table 1 and
(b) water level data available to that time as outlined in
Table 2. These maps show active mines in light red, for which
any flooded areas are not shown as they would generally be
small (exception: Williams mine, which had two large pools
prior to closure). Superimposed on the hydrographs of
Figures 8 and 9 are arrows indicating (a) closure dates of spe-
cific mines, (b) the onset of SMCRA in August 1977, and (c)
pumping and siphon operational changes at the Paw Paw
borehole in Dakota mine.

3.1. Mine Pool Evolution

3.1.1. Phase 1: Early Flooding of Shallow Mines. In 1970,
(Figure 6 top) virtually all mines north of the Mononga-
hela/West Fork Rivers were actively producing coal except
for Mines 63, 56, 38, and Dakota. Figure 10 shows the inter-
preted 1970 pool configuration in this shallowest portion of
the coalfield at larger scale. These are beneath shallow over-
burden cover, close to both the West Fork and the coal

outcrop. They had closed between 8 and >25 years earlier
(Table 1) and by 1970 would have had sufficient time to full
resaturate with water. However, available data from Dakota
mine, today known to be hydraulically interconnected with
Mine 38, suggests that water level in both mines was rela-
tively low (209m). This lies well below the inferred 1970 pool
levels in Mine 63 (about 240m) and Mine 56 (about 232m),
derived from spill elevations interpreted from mine map and
barrier geometry (“spill A” and “spill B,” respectively, in
Figure 10). Industry records indicate that water in Dakota/
Mine 38 was under control of a 1500 l/min pump at the
Paw Paw location (Figure 10), operated presumably to mini-
mize water pressure on the Dakota barrier with Jordan Mine,
still active in 1970 by the same operator. Adjacent Beth 8/41
and 44 mines were also active and would have lower water
pressure on their barrier as a result of the Paw Paw pumping.
This interpretation implies that water updip of the Beth 44
and Beth 8/41 barriers would have spilled from Mine 63 into
Mine 56 and from there into Mine 38, forming three separate
“stair-step” pools all controlled by pumping at Paw Paw in
Dakota. It is possible that other pumps may have been
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operating in these mines, but no operator records indicate
this and there was no apparent need to pump elsewhere, as
the flow in the shallow pools would have operated by gravity
alone. No treatment facilities were ever built at the Paw Paw
pump location, and thus, its pumpage was likely discharged
directly into Paw Paw Creek, within 50m of the pump. This
Dakota (Paw Paw) pumpage was discontinued in 1978 after
SMCRA was enacted into law, following which the water
levels in Dakota began to rise (Figure 8).

Southwest of Mine 63, Williams mine is interpreted to
have had two large distinct, but interconnected, pools as early
as 1970. Wells with water level measurements on the east
pool were Williams B (Nutter Run) and on the west pool
Williams C (Hawks Nest). Water levels in different locations
within Williams were observed to range between 262 and
275m from 1970 to 2013, much higher than those in Mine
63 or the other shallow subpools (Figures 8 and 10). Williams
closed in 1979, but its water levels did not greatly change at or
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following that time. The only postclosure pumping has been
at Edgell treatment plant, near Hawks Nest borehole on the
west pool, which still operates today. These two pools are
interpreted to be interconnected at a spill over the axis of
an anticline bisecting Williams that intersects its north

barrier at an estimated 272m. Hence, the west pool, where
Edgell pumps, is slightly lower in water level elevation than
the east pool (Williams A, B). It is interpreted that Edgell
controls both pools and therefore pumps all infiltration into
Williams that does not leak across its northern barrier into
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deeper mines, i.e., Mine 63, Beth 44, and O’Donnell. This
keeps the Williams pools from forming a surface discharge.

The difference in pool elevations between Williams and
the downdip mines is strong evidence this barrier has
remained intact, although some leakage likely occurs. The

head difference between pools in Mine 63 and Williams has
decreased over time from 27 meters (1970–1984) to 10
meters (1997) as Mine 63 filled after cessation of Dakota
pumping (Figures 8 and 9). Therefore, Williams is inter-
preted to be a leaky source of water for Mine 63 and others
across its northern barrier, but this leakage rate would have
declined over time as the head difference across the barrier
decreased. The barrier sections are, furthermore, short, sug-
gesting that total leakage may not be large.

Early flooding therefore created a series of six shallow,
discontinuous pools (2 in Williams plus 4 in deeper mines)
with no documented surface discharge except for pumping
at the Paw Paw and Edgell locations. TheWilliamsMine con-
tained a split pool divided by a small anticline and was itself
contained by an intact barrier from discharge into the shal-
low Mines 63, 56, and 38 subpools. The Paw Paw pumping
was apparently done to protect active operations in adjacent
mines, but also controlled these shallow pools. The basin
map (Figure 6 top) shows very limited mine pool develop-
ment, largely restricted to these outcrop areas.

3.1.2. Phase 2: Flooding of Beth 44 to Form the Fairmont Pool.
When Beth 44 closed in early 1972, it flooded from elevation
205m at a rate of about 4m/year (Figure 8), inundating over
half of the mine in about three years (Figure 6 center). By
1980, it was nearly roofed (Figure 6 bottom). Thereafter
(1980–1981), the Beth 44 pool was observed to merge with
the 240m pool of Mine 63 (Figure 8(a)), following which
the two mines flooded together at a slower rate, demonstrat-
ing that the barrier between them is hydraulically open.
However, Williams to the south maintained a separate, much
higher pool level, indicating its barrier was intact and restrict-
ing flow into Mine 63/Beth 44.

By 1978, when SMCRA was enacted, all pumpage was
discontinued in both Jordan and Dakota mines. The Paw
Paw (Dakota) pump was turned off in 1978, initiating
flooding in Dakota at a very rapid rate of 10–15m/year.
Jordan had closed in 1973 but still operated pumps until
1978 at 3 locations (Baxter, Minister Run, and Hagans; Jor-
dan B, C, and A), ostensibly to minimize barrier leakage
into adjacent active mines. Between April and June 1978,
subpools in Jordan rose and quickly merged into a single
pool (Figure 8(b)), flooding at a similar rate to Beth 44
until mid-1981 at water level 224m. At that time, the pump
at Jordan A was restarted, conveying water to a newly con-
structed post-SMCRA water treatment plant at Dogwood
Lakes about 2 km from the pump location. Water level in
Jordan pool was lowered and held at about 222m
(Figure 8(b)). Mine maps indicate a “cut-through” section
in the Arkwright-Jordan barrier had been reached in 1981
by the rising Jordan pool near 223m, causing leakage from
Jordan into the operating Arkwright mine. Minimizing this
leakage may likely have been the cause of renewed pumping
at Jordan A (Figure 8).

There were small, but significant, changes in the config-
uration of the shallow pools (Mines 38/56/63 +Dakota) in
this time period. As Beth 44 flooded, it merged with Mine
63 in early 1981; this merged pool continued to rise more
slowly until it merged with Mines 38, 56, and Dakota in
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early 1986. All these subpools from 5 different mines had
now merged between Jordan and Williams/O’Donnell
mines, a distance of some 25 km (Figure 8), and after 1986
continued to gradually rise at a single common water level
elevation. This large merged pool has been termed the “Fair-
mont Pool” in earlier literature [20] and is shown outlined in
solid red (perimeter barriers) and dashed red (1997 pool
level) in Figure 10. Until about 1985, the flooding pattern
in the Fairmont Pool resembled a “horseshoe” configuration
(Figure 6 bottom), perched around and above the Beth 8/41
mine, still active until 1983. By 1990, after Beth 8/41 had
roofed with mine water, the horseshoe pattern disappeared.

In phase 1, the area of flooding had been minor and
restricted to 5 mines close to the outcrop with discontinuous
pools. During phase 2, Beth 44 flooded and merged with
phase 1 subpools to form the much larger Fairmont Pool,
separated from both deeper (Beth 8/41, Joanne, O’Donnell)
and shallower (Williams) mines by intact barriers. At the
same time, pumps in Jordan were turned off by early 1978,
but its flooding was interrupted by renewed pumping in
1981 to control barrier leakage into Arkwright mine to the
north. Mines deeper than the Fairmont Pool and Jordan were
still active as of 1978.

3.1.3. Phase 3: Deep Mine Closures and Completion of All
Flooding. During phase 3, deep mines that closed between
1978 and 1986 included Beth 8/41, Joanne, Federal 1,

Jamison, and O’Donnell. This represents all of the mining
associated with the historic Fairmont Coalfield, except two
deep longwall design mines (Robinson Run and Loveridge)
that continue to operate to the present. Figure 7 shows the
time series of flooding associated with these deep mine clo-
sures in 1985, 1990, and 1994.

These deeper mines differ from earlier closures in being
shaft- rather than drift- or slope-entry designs. They do not
extend to the outcrop and are separated from shallower
updip mines by largely intact, but leaky, barriers. As they
flooded, the phase 3 closures were at all times lower in head
than the updip mines (Fairmont Pool, Williams, and, after
1996, Jordan), which served as a source of inflow to the dee-
per mines via barrier leakage. This was especially true during
early flooding, when the downdip side of the updip barriers
would have been dry and pressure gradients across barriers
at their highest.

Two of thesemines, Jamison (closed 1978) andO’Donnell
(closed 1982), have never fully flooded, because their pools
have been maintained at low levels by protective pumping
at Thorne, Whetstone, and/or Llewellyn treatment plants
(Figure 7). The purpose was to minimize barrier leakage into
adjacent operating mines (Robinson Run and Loveridge).
Jamison and O’Donnell will fill and fully flood once adjacent
mining ceases and pumping is discontinued. These “protec-
tive pumping” mines receive barrier leakage from shallower
mines updip, thought to be the primary source of their water
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at this relatively large depth. McCoy et al. [25] employed
rates of pumping in Jamison and O’Donnell to estimate the
average hydraulic conductivity of these updip barriers.

This third phase of flooding involved deeper mines with-
out outcrop exposure. Flooding started immediately after
closure and was complete within 10–15 years (Figures 7
and 9). Hydrographs indicate that the flooding rate was
somewhat similar for the phase 3 deep mines (Federal 1, Beth
8/41, and Joanne). They roofed and gradually equilibrated to
an annually stable water level by about 1999 (Figures 6–8). At
this time, the hydraulic heads of their pools differed both
from each other as well as from the shallower mines in the
Fairmont Pool, which were higher in elevation. After 2000,
a long-term steady-state condition ensued, with inflow both
out of and between the phase 3 mines under control of bar-
rier leakage rates. Their outflow was into either the pumped
Jamison and O’Donnell pools or, for Federal 1 and Beth 8/
41, into Jordan, with which they shared barriers at lower
hydraulic head.

3.1.4. Phase 4: Breakout, Long-Term Pumping Control, and
Equilibration. Figure 11 shows the pool configuration in

1998, at which time flooding of these mines had essentially
been completed. It is barely distinguishable from the 1994
flooding map, with the major differences being (a) signifi-
cant advance of flooding in Arkwright since its 1994 closure
and (b) expansion in size and hydraulic head of the Jordan
Pool, induced by turning off the Jordan A pump in 1995
after Arkwright closure (Figures 8 and 11). Following dis-
continuation of pumping, the flooding rate in Jordan was
precipitous, with the pool rising about 25m in only 18
months (Figure 8(b)). As Jordan rose, the head difference
between Jordan and Dakota decreased from 36m to only
12m, undoubtedly causing a decrease in out leakage from
Dakota and a backup (increase) in water level within the
Fairmont Pool (Figure 8). At the beginning of 1997, the
water level in the Paw Paw (Dakota) borehole was 263.8,
an all-time high and approximately 3m higher than the
“normal” pool elevation (260.6m) of the Monongahela River
nearby. Under such circumstances, surface discharge was
inevitable and, in fact, imminent.

In January 1997, a visible discharge of red metal-rich
water was detected by an employee of the mine operator in
the center of Buffalo Creek 1 km from the Monongahela
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and 4 km from the Paw Paw (Dakota) pump site along the
Jordan-Dakota barrier (Figure 10). The source was mine
water from the Fairmont Pool in a section of the creek under-
mined by Mine 38, connected to Dakota (i.e., the Fairmont
Pool). Immediately, the Jordan-Arkwright operator initiated
a plan to lower the water level in the Fairmont Pool mines by
installing a large diameter siphon from Dakota to Jordan
using the existing Paw Paw borehole. The siphon was
plumbed to discharge into a new injection well drilled into
Jordan across the Jordan-Dakota barrier approximately
30m from the Paw Paw well. This was fully operational in
late April 1997 at an approximate rate of 5700 l/min. The
Fairmont Pool level, observed at Dakota, Beth 44, Mine 63,
and Mine 38 boreholes, immediately responded to pumping
and gradually declined 2m by late 1997 (Figure 9), resulting
in control and disappearance of the Buffalo Creek discharge.
After the siphon began operation, water levels in most
wells of the Fairmont pool were within 0.5m of each other,
with the Dakota monitoring well (e.g., the siphon intake)
about 2m lower, due to hydraulic losses either at the well
intake or at the Dakota-Mine 38 barrier. The siphon
needed to be operated only about 8 months per year to
keep the Fairmont Pool water levels below 260.6m and
assure no surface discharge was possible. The annual win-
ter/spring peaks in Fairmont Pool water levels between
1997 and 2003 (Figure 9) result from seasonal recharge as
well as seasonal siphon operation in successive years.

Starting in year 2002, water levels in shallow mines
(Jordan, Fairmont Pool) as well as some deeper mines (espe-
cially Beth 8/41, Federal 1) abutting Jordan started to gradu-
ally increase (Figure 9). This increase is attributed to water
levels in the deeper phase 3 mines finally “catching up” to
those in the Fairmont Pool and Jordan and decreasing barrier
leakage losses to these deeper mines. It also decreased head
difference between Jordan and Dakota which reduced effi-
ciency and flow rates of the siphon. Most significantly, the
Fairmont Pool level had started to rise above its regulatory
260.6m limit. To counteract, in early 2004, the operator
replaced the Paw Paw siphon with a higher capacity pump
that could be operated in all seasons, also adding a second
pump at Jordan A (Hagans) to transfer more water out of
and lower the Jordan pool. Additional pumpage was taken
from 2 boreholes in the shallower part of Jordan, pumped
as needed to the Flaggy Meadows plant. Under the new
pumping scheme, Jordan was lowered to a fluctuating stage
of about 225–240m, similar to the 223m level at which it
was held prior to Arkwright closure. The Fairmont Pool mine
water levels were returned to the range of 258–260m and
deeper pools have shown no additional rise since 2004,
attaining a new apparent steady state.

For all mines of this study, there is a current near-steady-
state hydraulic configuration, induced by pumping control.
This means that all mine water from the Fairmont District,
excepting Williams, is conveyed into Jordan by either barrier
leakage or pumpage at the Paw Paw site or leaks into the two
protective pumping mines. This water in Jordan, along with
shallow recharge into Jordan itself, is pumped from 3 loca-
tions to treatment plants over Arkwright mine. Except for
the 1997 Buffalo Creek event, no surface discharges of mine

water from the below-drainage Fairmont Coalfield mines
have occurred following enactment of SMCRA in 1978.

4. Summary and Conclusions

The sequence of mine flooding in the Fairmont District
followed four distinct phases in the time period 1969–2014:

(1) Phase 1. Initial controlled flooding in shallow workings
closed pre-1970 (the Fairmont and Williams subpools), with
protective pumping maintained adjacent to active mines

(2) Phase 2. Relatively rapid flooding in Beth 44 and Dakota
along the east and west sides of Beth 8/41 following Beth 44
and Jordan closures and resulting in full merger and develop-
ment of the Fairmont Pool by 1986

(3) Phase 3. Closure and slow filling of deeper mines, sup-
plied by barrier leakage from the Fairmont Pool and Jordan
(1982–1995). At the end of phase 3, closure and discontinu-
ation of pumping in Jordan and Arkwright mines caused
acceleration of flooding (1995–1997)

(4) Phase 4. Breakout of Fairmont pool mine water in Buffalo
Creek following by siphon/pump control of mine water at the
Paw Paw site; water is either transferred into Jordan (from
which it is pumped to treatment sites) or leaks across barriers
into Jamison and O’Donnell. Long-term steady state was
achieved in 2004, about 7 years after initial breakout

The progress of flooding was, of course, influenced by the
sequence and timing of mine closures, and, in general, the
shallowest mines closest to the outcrops had closed first.
However, there were other factors also at play in the sequence
of flooding events that were at least as important in this case
as the closure timing.

(1) Protective Pumping of Active Operations. For a number
of mines, flooding did not proceed immediately upon
mine closure, because pumps in closed mines were kept
operative to minimize pool levels and barrier leakage into
still-active mines. This occurred in Dakota, Jordan, and
the deep Jamison and O’Donnell mines. This held water
levels in the Fairmont Pool far below flooding levels for
decades after the first mines closed in the 1940s. As a result,
it was less when mines close that dictated how quickly they
flood, but when the last mines close and protective pumping
is discontinued.

(2) Impact of Change of Regulations for Discharge of Mine
Water under SMCRA. Protective pumping in both Dakota
and Jordan was discontinued in 1978, well after both mines
had closed, despite the fact that Arkwright, Beth 8/41, and
other deeper mines were still active. It is very possible that
this was due to the SMCRA requirement that discharges be
treated, yet no treatment plants existed in these pumping
locations. Thus, implementing SMCRA appears to have
influenced discontinuation of protective pumping where
treatment plants did not exist.

14 Geofluids



(3) The Existence of Intact Barriers between Shallow Mines of
the Fairmont Pool and Deeper Mines. There are two differ-
ent types of mines in the district: shallow slope- or drift-
entry mines hydraulically open to the outcrop and deeper
shaft-entry room-and-pillar mines with no direct outcrop
connection. Separating the two are intact barriers which
during flooding served to isolate the two from each other
hydraulically except by barrier leakage. Therefore, the shal-
low pools flooded first (Fairmont Pool) and served as a
source of slow leakage to the deeper mines as these later
closed and gradually flooded. Once the deep mines roofed
and approached the water levels of the shallow ones, the
changes in barrier leakage that ensued required additional
pumping capacity to control the Fairmont Pool, as occurred
in 2004.

The shallow mines (Williams, the Fairmont Pool, and
Jordan) have been, since steady state, unconfined in the
vicinity of their flooding levels, i.e., had a narrow phreatic
zone. On the other hand, the deeper flooded mines are
completely confined. It was in the shallow pool areas that
water control efforts needed to be focused, as this is where
the greatest risk of surface discharge existed.

In summary, both the sequence of flooding and the
method of pool control by pumping have been strongly influ-
enced by whether the mines are confined or unconfined after
flooding is complete. Unconfined pools will be supplied by
recharge as well as barrier inflow/outflow and those that are
most pivotal to effect long-term pumping control. Confined
pools, on the other hand, will tend to have water balances
dominated by barrier leakage. They will influence the water
balance in shallower updip pools, but likely not be involved
in pumping control schemes themselves, excepting deep
mines like O’Donnell and Jamison used for protective pump-
ing of active workings.
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After coal is extracted from a working face in a steep coal seam (SCS), the immediate roof tends to cave in and refill the lower part of
the goaf. Based on the geological conditions of a work area in a SCS and the characteristics of roof caving, this study proposed a
formula for the width of the backfill in the goaf and analyzed the main factors influencing it. Based on the small-deflection
theory for elastic thin plates, a working face model was created for the mechanical analysis of the main roof above a SCS before
the roof fractures for the first time. Then, a roof deflection equation was derived for the estimation roof deformation under the
action of both the load from overlying strata and the support provided by the backfill in the goaf. The theoretical analysis
combined with the actual operational parameters at the Zuoqipian working face in #49 seam of Xintie Coal Mine shows that the
maximum roof deflection is around 0.8m and occurs at a location 39m from the upper end of the working face. Fractures will
first develop in the upper sections of the frontal and rear walls of the face and the middle of the upper suspended roof due to
tension or shearing and ultimately form an E-shaped pattern. The measured support pressure and the roof deformation
obtained by theoretical analysis show a similar distribution pattern, indirectly confirming the accuracy of the theoretical results.

1. Introduction

The roof of a working face consists of the immediate roof
and the main roof. The immediate roof is normally com-
posed of thin and soft rock strata. It is thus able to fall
easily as mining progresses and thus has little influence
on the mining operation. The main roof is usually made
up of thick and hard rock strata. As the main roof has a
long suspended section behind the face, its fracture has a
great influence on the mining operation and is often
accompanied by strong strata behavior, making it difficult
to control the surrounding rock. Therefore, there is an
emphasis on controlling the fall of the main roof during
mining. To study strata behavior at a working face and
develop roof control measures, it is necessary first to

understand the stress-deformation-fracture characteristics
of the main roof [1]. A lot of research has looked at the
stress-deformation-fracture characteristics of the main roof
above flat or gently dipping coal seams and reached many
useful conclusions. For a steep coal seam (typically defined
as a seam dipping at an angle larger than 45° [2]), the in
situ stress in the main roof can be divided into two compo-
nents: a shear component, which is parallel to the dip direc-
tion, and a normal component, which is perpendicular to
the seam. The shear component is greater than the normal
component and both play a key role in the deformation-
fracture of the main roof, unlike in the case of flat or gently
dipping seams.

Some researchers have studied the stress-deformation-
fracture characteristics of the main roof above a SCS.
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Kulakov [3] determined the pattern of strata behavior
induced by the mining of a SCS based on actual measure-
ment, but the analysis focused only on various phenomena
associated with strata behavior that had occurred at a
working face. Bodi [4] discussed an unmanned mining
technique for SCSs and the difficulties in controlling sur-
rounding rocks, but his study was not thorough. Yin and
Wang [5] derived the relationship between the length of a
working face in a SCS and the location of the maximum roof
deflection under the assumption that the load on the roof was
uniformly distributed, but they did not analyze the stress-
fracture characteristics of the roof. Yang [6] constructed a
formula for estimating the deflection of the roof above a
SCS using the small-deflection theory for elastic thin plates
and the variational principle of minimum total potential
energy revealing the movement-fracture mechanism of a
roof above a SCS. Zhang et al. [7] obtained an analytical
expression for roof deflection using the energy method in
Kirchhoff’s theory of elastic thin plates and discussed the
deflection characteristics of the main roof, with the influ-
ence of an internal force acting on the middle plane taken
into account. This research also analyzed how the dip
angle of a coal seam and the thickness of the main roof
depend on the amount of roof deflection. By treating the
overburden as a rock plate, Yin et al. [8] investigated the
deformation characteristics of overburden and created an
overburden deformation model based on the theory of
elasticity. A deflection equation for overburden disturbed
by mining and a theoretical formula for predicting the
location of the maximum deflection were derived. The
results of calculations using the formulas showed that roof
deflection was greater in the lower part of the goaf than in
its upper part, and the maximum deflection occurred at a
location in the lower middle part of the face. Li and Liu
[9] modeled the roof above a SCS as a clamped-clamped
beam parallel to the dip direction of the roof using a the-
oretical method and analyzed the forces acting on different
locations of the roof. However, this analysis focused on the
roof’s deformation before it fractured and the mechanical
model adopted was a simple two-dimensional model. In
a mechanical analysis of the surrounding rocks disrupted
by mining a SCS, Wu suggested that the fractured roof
did not form any structure in the direction of advance of
the working face. Along the length of the working face,
the fractured roof stacked up into along-dip and antidip
piles, but these piles were asymmetrically distributed at
both ends of the face rather than forming a continuous
structure to protect the stope below.

Previous research on the stress-deformation-fracture
characteristics of the roof above a SCS largely used a beam
or plate model to represent the roof and assumed that the
load on the roof had a uniform or trapezoidal distribution,
which cannot reflect the actual mechanical behavior of the
roof above a SCS. In situ monitoring shows that as the min-
ing in a SCS progresses, the immediate roof can cave easily
and the caved rock then refills the lower part of the goaf
[10, 11], leaving the upper section of the roof hanging above
the goaf. As a result, the load on the overburden at the work-
ing face is asymmetrical in the dip direction (Figure 1), and

thus the bed separation and caving of the overburden are
asymmetrical, adding to the difficulty of surrounding rock
control [12, 13]. The support provided by the backfill in the
goaf inevitably has an effect on the stress-deformation of
the main roof of the working face in a SCS. However, this
effect has not been examined in the aforementioned studies.
For this reason, the current study first analyzed the character-
istics of the caving of the immediate roof and backfill in the
goaf during mining in a SCS and then investigated the
stress-deformation-fracture characteristics of the main roof.
The findings of the study can provide a helpful guide on
how to control the surrounding rocks at working faces in
SCSs based on an understanding of the characteristics of
strata behavior.

2. Characteristics of Backfill in the Goaf

The supports are located at the coal wall of the working face
and play a fixing role on the edge of the roof. This research is
about the stress-deformation-fracture characteristics of the
main roof in the goaf. However, according to the parameters
(width 1.5m, length 5.5m and support resistance 2600 kN) of
the supports in the Xintie Coal Mine, we can calculate the
resistance pressure as 0.31MPa, and this can be ignored
compared with the weight of the roof overburden. So, this
study did not consider the role of support resistance to the
goaf roof.

During mining in a SCS, the immediate roof will collapse
and refill the lower part of the goaf due to the large dip angle
of the seam. Therefore, the roof caving height decreased
roughly from the upper end to the lower end of the face.
When the suspended section of the main roof above the goaf
has a width smaller than the main roof’s ultimate caving
interval, the main roof, backfill, and the rock block along
the upper section of the face can form an arch-shaped
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Figure 1: Stress distribution in a stope.
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structure in mechanical equilibrium. The backfill along the
lower section of the face then exerts an influence on the
force-deformation properties of the roof of the face.

Based on the lithology and mechanical properties of the
overburden, the immediate roof beneath the main roof can
be divided into strata very prone to caving and hysteretic
caving strata. Strata very prone to caving collapse readily as
face supports advance. The suspended section of such strata
behind the working face is usually shorter than the width of
a single support (the width of a single support is 1.5m)
[14]. In contrast, hysteretic caving strata do not fall easily
and their suspended sections are usually as long as 2-5 times
the width of a single support [2]. As the roof supports
advance in the order starting from the lowermost to the
uppermost [15–17], the strata very prone to caving tend to
fall immediately behind the supports, while the upper hyster-
etic caving strata collapse as the working face moves forward.
The caved rock then refills the lower part of the goaf. The
scope of the backfill in the goaf was determined based on
the characteristics of caving and movement of the immediate
roof. Figure 2 shows the schematic of the backfill in the goaf.
In this figure, M is the mining height, L is the length of the
working face, and L1 is the width of the backfill in the lower
part of the goaf.

To facilitate subsequent quantitative analysis, the cavity
created by roof caving along the middle-upper part of the
working face was simplified to a space with trapezoidal
cross section in the dip direction, as shown in Figure 3.
In Figure 3, L3 represents the width of the backfill derived
from the hysteretic caving strata, θ is the lower caving
angle in the dip direction, and γ is the upper caving angle
in the dip direction.

The problem of determining the width of the backfill in
the goaf can be converted to solving for the length of the
segment DI or EF shown in Figure 3(b). The length of AH
is the thickness of the hysteretic caving strata denoted as

H2. The length of very prone to caving strata is denoted as
H1. The length of AB is then given by

AB = L2 + L3 −
H2
tan β

−
H2
tan γ

1

Based on their geometrical relationship and equation
(1), the lengths of CD, DE, and GF can be expressed as
follows:

CD = L2 + L3,
DE =H1 +M,
GF = L3 tan β +H1 +M

2

L1, L2, and L3 can be related by the following equations:

L1 =
LH1k
H1 +M

+ L3,

L2 = L −
LH1k
H1 +M

− L3

3

After bulking, the caved rock from the region defined by
ABCD in the cross section then occupies the space defined
by DEFG in the cross section, according to the geometrical
relationship shown in Figure 3(b). Simultaneously solving
equations (1), (2), and (3) yields the width of the backfill
along the lower section of the working face:

L1 =
1

tan β + 2H1 + 2M

2LH2k −
2LH1H2k
H1 +M

−H2
2k

1
tan β

−
1

tan γ
,

4

L L 2

L 1
𝜃

(a) Three-dimensional schematic

L 2

L 1

L

𝜃

(b) Profile along the dip direction

Figure 2: Schematic of the backfill in the goaf.
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where k is the bulking factor of the caved rock, normally
ranging from 1.25 to 1.5. In the Xintie Coal Mine, the
working face is 115m long and has a mining height of
1.6m. The lower and upper caving angles are 28° and 59°,
respectively. The curves in Figure 4 were obtained from
equations (1), (2), (3), and (4) to illustrate the effects of
different operational parameters on the width of the backfill.

Figure 4 demonstrates that the width of the backfill
increases linearly with the increasing thickness of hysteretic
caving strata, bulking factor of caved rock, and length of
working face. As the mining height increases, the width of
the backfill in the lower part of the goaf increases rapidly

and peaks when the mining height reaches 1m, followed by
a slow decrease. Since the thickness of a SCS at a fully mech-
anized face is normally greater than 1m, it follows that the
width of the backfill tends to increase with the increasing
thickness of hysteretic caving strata, bulking factor of caved
rock, and length of working face and decreases with increas-
ing mining height in actual mining.

3. Force-Deformation Model of Roof above SCS

According to the theory of elastic thin plates, a plate can be
treated as a thin plate if the ratio of its thickness to its
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Figure 3: Sketch of roof caving and the backfill in the goaf.
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Figure 4: Variation in the width of the backfill with different operational parameters.
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minimum width is greater than 1/100 to 1/80 and less than
1/8 to 1/5 [18, 19]. This theory is applicable if the ratio of
the roof thickness to the length of the working face or roof
caving interval satisfies this condition [20].

3.1. Mechanical Analysis of Roof above SCS. A mechanical
analysis shows that the force exerted by overlying strata and
the support provided by the backfill in the lower part of the
goaf are the main forces that cause the main roof to deform.
The force exerted by overlying strata consists of two compo-
nents: a shear component parallel to the dip direction and a
normal component. Due to the large dip angle, the shear
component is greater than the normal component and thus
nonnegligible. It is reasonable to infer that the deformation
of the roof of the working face in a SCS is caused by the action
of both the shear and normal loads.

The rectangular coordinate system shown in Figure 5
was established to enable the integration involved in the
problem-solving process to start from the origin. In this
figure, a denotes the roof width in the x direction, i.e.,
the breaking length of the roof; b denotes the roof width in
the y direction, i.e., the length of working face in the dip
direction; q represents the force exerted by overlying strata,
which has a trapezoidal distribution; H3 is the burial depth
of the seam at the upper end of the working face; H4 is the
seam’s burial depth of the seam at the lower end of the
working face; q1 is the force on the roof’s upper end, defined
by q1 = γH3; q2 is the force on the roof’s upper end, defined
by q2 = γH4; and γ is the average body force on the strata.
Then, the force exerted by overlying strata can be expressed
as q = q2 − q2 − q1 y/b; its normal component is q11 =
q cos θ and shear component is q12 = q sin θ, with θ indi-
cating the dip angle of the seam.

In the lower part of the goaf behind the working face, the
caved rock backfill experiences compressive deformation
partly as a result of the movement of overburden. Coordi-
nated interaction exists between the overlying strata and
backfill. As the amount of downward deflection of overbur-
den increases, the backfill tends to be compacted to a greater
degree, have a higher bearing capacity, and thus be able to
provide a greater force to support the roof.

Mechanical tests on backfill samples have shown that the
behavior of the backfill in triaxial compression can be divided
into four stages: elastic deformation, yielding, plastic defor-
mation, and plastic failure, and the stress in the backfill was
asymmetric along the width of the backfill [21]. If a plate’s
deflection is relatively small according to the criterion set
out in the small-deflection theory for thin plates, Winkler’s
assumption that the reaction force provided by an elastic
foundation per unit area is directly proportional to the plate’s
deflection at the point of interest applies [22]. In this case, the
load on the backfill in the goaf derived from the roof can be
expressed in the following form:

F = k1w, 5

where F is the force provided by the backfill (N); k1 is the
equivalent elastic constant (MPa/m); andw is the main roof’s
deflection (m).

Let w1 be the roof deflection caused by q11, w2 be the
roof deflection caused by q12, and w3 denote the deflec-
tion attributed to F. According to the superposition prin-
ciple, the total roof deflection is the sum of the three:
w =w1 +w2 +w3.

3.2. Roof Deflection Equation. According to the theory of
elastic thin plates, a thin plate’s deformation is negligible
when it is subjected to only a load parallel to the plate’s plane,
but the action of normal and shear loads combined can cause
considerable deformation [18]. In the latter case, the thin
plate first undergoes deformations caused by normal loads,
w1 and w3, followed by deformation due to shear load, w2.
The deformation of a thin plate under both shear and normal
loads can be described by the following differential equation
of static equilibrium:

D∇4ω = qr +Nx
∂2ω
∂x2

+ 2Nxy
∂2ω
∂x∂y

+Ny
∂2ω
∂y2

, 6

where D is the flexural rigidity of the thin plate, defined
by D = Eh3/12 1 − v2 ; E is the elastic modulus of the thin
plate; h is plate thickness; v is Poisson’s ratio of the plate;
w is the deflection function for the plate; qr is the normal
load on the plate; and Nx, Ny , and Nxy are internal
forces acting within the thin plate across three internal
surfaces, respectively. The three interval forces can be
expressed as follows: Nx = hσx, Ny = hσy , and Nxy = hτxy .
Then, the relationship between w1, w2, and w3 can be
written as follows [14]:

D∇4ω2 = qr1 + qr3 +Nx
∂2ω2
∂x2

+ 2Nxy
∂2ω2
∂x∂y

+Ny
∂2ω2
∂y2

, 7

where qr1 =Nx∂
2ω1/∂x2 + 2Nxy∂

2ω1/∂x∂y +Ny∂
2ω1/∂y2 and

qr3 =Nx∂
2ω3/∂x2 + 2Nxy∂

2ω3/∂x∂y +Ny∂
2ω3/∂y2. The first

step to solve the problem is to calculatew1 andw3. According
to the solution of the classical theory of elastic thin plates
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Upper end of
working face

Lower end of working face

Direction of advance

𝜃

L 1

Figure 5: A working face model for the mechanical analysis of the
main roof.
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(Navier solution), we can assume that the deflection w1 has
the following functional form:

ω = 〠
∞

m=1
〠
∞

n=1
Amn sin2

mπx
a

sin2 nπy
b

, 8

where Amn is an undetermined coefficient and m and n
are arbitrary positive integers, which can be determined
based on the convergence of the series and the accuracy
requirements of a specific project. At the beginning of mining
at a working face in a SCS, the roof can be viewed as a rectan-
gular plate with four clamped edges and the corresponding
boundary conditions are ω x=0,a = ∂ω/∂x x=0,a = 0 and
ω y=0,b = ∂ω/∂y y=0,b = 0. It is obvious that the deflection
equation (8) satisfies these boundary conditions. Assuming

that q11 is the only load acting on the roof, then Nx = 0,
Ny = 0, and Nxy = 0. Substituting equation (8) into equation
(6) yields

ω1 = Amn 〠
∞

m=1,2,…
〠
∞

n=1,2,…
sin2 mπx

a
sin2 nπy

b
,

Amn =
q1 + q2 cos θ

π4D 3m4/a4 + 2m2n2/a2b2 + 3n4/b4

9

The deformation of the backfill in equation (5) is equal to
the roof deflection caused by the normal load q11. Similarly,
the roof deflection attributed to F can be written as

Previous mechanical analyses indicate that roof deforma-
tion caused by a normal load is much greater than that
caused by a shear load [18]. As the first two terms on the
right-hand side of equation (7) have values significantly
greater than those of the latter three terms, the latter three
terms can be omitted and then equation (7) can be reduced
to a simpler form:

D∇4ω2 = qr1 + qr3 = qr2 11

The mechanical model shown in Figure 5 reveals that the
displacement of the midsurface of the thin plate is not con-
strained by the boundary conditions on the x-axis and the
plate’s top surface. Thus, the forces on the midsurface can
be expressed as follows:

Nx = hσx = 0,

Ny = hσy = −q12y = q2 −
q2 − q1

b
y sin θ,

Nxy = hτxy = 0

12

Then, we have

qr2 =Ny
∂2ω1
∂2y

+Ny
∂2ω3
∂2y

=Ny Amn + Cmn

〠
∞

m=1,2,…
〠
∞

n=1,2,…

2π2n2

b2
cos 2nπy

b
sin2 mπx

a
sin2 nπy

b

13

The roof deflection caused by the shear load can be
obtained using the solution for the deflections caused by
the normal loads:

ω3 = Cmn 〠
∞

m=1,2,…
〠
∞

n=1,2,…
sin2 mπx

a
sin2 nπy

b
,

Cmn = −
3 q1 + q2 k cos θ

64π9nD2 3m4/a4 + 2m2n2/a2b2 + 3n4/b4 2
12L1nπ

b
− 8 sin 2L1nπ

b
+ sin 4L1nπ

b

10

ω2 = Bmn 〠
∞

m=1,2,…
〠
∞

n=1,2,…
sin2 mπx

a
sin2 nπy

b
,

Bmn =
3a8b8 cos q1 + q2 sin 2θ −15 + 8n2π2 + 15 + 4n2π2

32768π14n2D3 3b2m4 + 2a2b2m2n2 + 3a2n4 3 × 4nπ −9a4b3kL1 + 8D 3b2m4 + 2a2b2m2n2 + 3a2n4 π4 − 3a4b4k −8 sin 2L1nπ
b

+ sin 4L1nπ
b

14
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High solution accuracy is not required for problems in
mining engineering. When m = 1 and n = 1, these equations
can provide roof deflection estimates with the desired accu-
racy [23]. Therefore, the total deflection of the roof above a
SCS can be described by the following equation:

ω = ω1 + ω2 + ω3

= Amn + Bmn + Cmn 〠
∞

m=1,2,…
〠
∞

n=1,2,…
sin2 mπx

a
sin2 nπy

b

15

The mechanical characteristics of the roof above a
SCS indicate that the distribution of forces on the roof
is symmetrical about the bimedian of the rectangular roof
perpendicular to the strike direction and is asymmetrical
in the dip direction. Then, substituting x = a/2 into equa-
tion (15) and computing the derivative of y will give the
y-coordinate of the location showing the maximum roof
deflection.

4. Case Study

4.1. Project Overview. The Xintie Coal Mine analyzed in this
section is operated by the Qitaihe branch of Heilongjiang
LongMay Mining Holding Group Co. Ltd. More than 50%
of its coal seams are steep seams, which have 95.57 million
tons of coal reserves. The main seam being worked is the
steeply dipping #49 seam, where coal is extracted from the
Zuoqipian working face in the 5th district of the 1st mining
level. It is 1.6m thick on average (Figure 6), has a stable
and simple structure, and dips at 53° to 57°, with an average

of 55°. Its elevation ranges from -153m to -241m and the
surface above it has an elevation of +219m. The coal
hardness is measured at 0.8. The Zuoqipian working face
is parallel to the dip direction of the seam and advances
in the strike direction. The panel being mined measures
115m in the dip direction and 310m in the strike direc-
tion. The immediate roof, with an average thickness of
4.6m, consists of siltstone and fine-grained sandstone.
The main roof, 6.5m thick on average, is composed of
interbedded coarse-grained sandstone and fine-grained
sandstone. The main floor, 7.1m thick on average, is made
up of interbedded siltstone and fine-grained sandstone.
The coal is cut from this working face from the upper
end to the lower end by a MG2 × 125/580-WD shearer
and transported by a SGZ-730/320 scraper chain conveyor.
ZQY2600/12/26 hydraulic supports are used to control the
fall of the roof.

4.2. Stress Distribution in Roof. The stratigraphic column
shown in Figure 6 suggests that the hysteretic caving strata
in the immediate roof are 3.1m thick, and the strata very
prone to caving are 1.5m thick. The length of the working
face is 115m, and the mining height is 1.6m. The width of
the backfill in the lower part of the goaf behind the face
estimated by equation (4) is 63m.

The first weighting interval of the main roof was
measured at 57m during actual mining. The coal seam dips
at 55° on average and is 372m deep at the upper end of
the face and 460m deep at the lower end of the face.
The main roof has a thickness of 6.5m, Poisson’s ratio υ
of 0.25, and equivalent elastic constant k of 30MPa/m
[24]. The average body force acting throughout the main
roof, γ, is 25 kN/m3. Based on the deformation-stress
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Figure 6: Composite stratigraphic column.
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relationship of thin plates, the distribution of normal
and shear stresses in the main roof can be expressed
as follows:

σx = −
E

1 − υ2
∂2ω
∂x2

+ υ
∂2ω
∂y2

,

σy = −
E

1 − υ2
∂2ω
∂y2

+ υ
∂2ω
∂x2

,

τxy = −
E

1 + υ2
∂2ω
∂x∂y

16

Substituting the abovementioned parameter values
into equation (15) and then solving equations (15) and
(16) give the distribution of stress in the roof above
the SCS, which is presented in Figure 7. The stress
levels shown in this figure are expressed in MPa.

As Figure 7 shows, the distribution of coplanar stress in
the dip direction (y direction) is apparently asymmetrical,
while the horizontal stress parallel to the strike direction
(x direction) is symmetrical about the bimedian of the
rectangular roof perpendicular to the strike direction.
The shear stresses in the lower roof section are relatively
low due to the support provided by the backfill in the lower
part of the goaf. The upper roof section which hangs above
the goaf exhibits relatively high shear stresses due to the
absence of external support. Moreover, the shear stress in
the strike direction is greater than the shear stress in the
dip direction. The horizontal stress peaks in three locations:
the midpoint of the suspended roof section above the goaf,
the upper section of the wall in front of the face (frontal wall),
and the upper section of the wall behind the goaf (rear wall).
Overall, shear stress is locally concentrated in the roof and
has symmetrical distribution along the length of the working
face and asymmetrical distribution along the advance direc-
tion of the face. Peak shear stresses occur at the centers of
the stress concentration regions.

4.3. Distribution Characteristics of Roof Deformation and
Fracture. According to various failure criteria, the fracture
of a material should first take place at the location of maxi-
mum principal stress. The relationships between principal
stress, normal stress, and shear stress are governed by the
following equations [18]:

σmax

σmin
=
σx + σy

2 ±
σx − σy

2

2 + τ2xy,

τmax =
σmax − σmin

2

17

These equations can be used to predict the distribution of
maximum principal stress and maximum shear stress.

Figures 8 and 9 show the distribution patterns of the
maximum principal stress and maximum shear stress,

respectively, in the roof under study. In these figures, a
negative value indicates that the stress has a direction oppo-
site to that of the principal stress (positive values represent
compressive stress while negative values represent tensile
stress). As can be seen in the figures, the maximum principal
stress is concentrated in the upper sections of the frontal and
rear walls of the working face. It is a tensile stress and peaks at
about 7MPa. The maximum compressive stress is concen-
trated in the middle of the upper suspended roof section
and peaks at around 2MPa. The lower roof section experi-
ences relatively low stresses due to the support provided by
the caved rock. Shear stress is greater in the upper roof
section than in the lower section. The maximum shear stress
is distributed in the upper sections of the frontal wall and rear
wall as well as in the middle of the suspended roof section,
peaking at about 1.8MPa.

Normally, the compressive strength of a rock is signifi-
cantly greater than its tensile strength and is also greater than
its shear strength. This, combined with the characteristics of
stress distribution in the roof, suggests that the upper sec-
tions of the frontal wall and rear wall and the middle of the
upper roof section may first fracture due to tension or
shearing. The fractures in the three locations will intercon-
nect to form an E-shaped pattern and propagate downslope
through the strata, as illustrated in Figure 10. Figure 11 shows
the three-dimensional distribution of deflection of the roof in
the Xintie Coal Mine predicted by the deflection equation
proposed in this study.

Figure 11 reveals that the distribution of the roof
deformation at the Zuoqipian working face is symmetrical
about the bimedian of the rectangular roof perpendicular
to the strike direction. In the dip direction, the roof
deformation is largely concentrated at the upper section
of the face. The maximum deformation is around 0.8m
and occurs at a location 39m from the upper end of
the working face.

Data on support pressure measured during mining can
provide qualitative information about roof deformation. To
validate the deformation distribution obtained by theoretical
calculation, 5 observation stations (Figure 12), numbered 1
through 5, were laid out downslope along the dip direction
and 3 groups of pressure gauges were installed at each station
to measure rock pressure for one month. The rock pressure
data for nearly one month (over which the working face
advanced 124m) was used to analyze the distribution of
pressure on hydraulic supports along this face. The pattern
of support pressure distribution at this face is demonstrated
in Figure 13, which only provides the average support
pressure at each station.

The measurements of support pressure suggest that the
supports along the middle section of the working face experi-
enced the highest pressure, followed by those along the upper
section. The supports along the lower section of the working
face were subject to the lowest pressure, which was roughly
equal to the pressure at the pump station. A greater amount
of roof deformation was associated with a higher pressure
on roof support. This consistency indirectly confirms the
accuracy of the pattern of roof deformation determined by
theoretical analysis.

8 Geofluids



5. Conclusions

(1) The immediate roof of a working face in a SCS can be
divided into strata very prone to caving and hyster-
etic caving strata, based on the lithology and ability
of immediate roof strata to cave. A formula for calcu-
lating the width of the backfill in the lower part of the
goaf behind the working face was derived. The main
factors affecting the backfill width were analyzed.

(2) A mechanical model of a working face above a SCS
was constructed based on the theory of elastic thin

plates. A roof deflection equation was obtained for
estimating the roof deformation under the load from
overlying strata combined with the support provided
by the backfill in the goaf.

(3) A case study of the Zuoqipian working face in the #49
seam of the Xintie Coal Mine shows that the lower
section of the roof experiences relatively low levels
of stress while the upper section of the roof exhibits
high levels of stress. The upper sections of the frontal
and rear walls of the working face and the middle of
the upper section of the roof show relatively high
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Figure 7: Stress distribution in the roof in different directions.
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levels of tensile stress and shear stress. The fractures
in the roof may form an E-shaped pattern and
propagate downslope through the strata.

(4) According to the theoretical analysis combined with
the actual operational parameters of the Zuoqipian
working face, the maximum roof deflection is around
0.8m and occurs at a location 39m from the upper
end of the working face. The roof deformation
obtained by theoretical analysis and the measured
support pressure follow a similar distribution pat-
tern, thus confirming the accuracy of the theoretical
results.

Figure 10: Pattern of roof fractures.
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Under the geological condition of soft and hard rock interaction stratum, the overburden damage height can provide a quantitative
support for the design of the locations of gas drainage boreholes in the roof mining fracture zone and the determination of the
hydraulic fracture zone in coal seam mining. The interbedded structure of overlying mud rock and sandstone in the Lu’an
mining area in Shanxi is a typical soft and hard rock interaction stratum. In view of the lack of soft rock fracture mechanics
analysis and the improper calculation of the damage height of overburden rock caused by constant rock residual bulking
coefficient to be used regularly in the analysis, in this paper, we constructed a fracture model of soft and hard strata by giving a
quantitative classification criterion of soft and hard rocks and introducing a fracture failure criterion of soft rock strata and the
space constraint condition of broken-expansion rock formation. Aiming at improving the calculation precision of overburden
damage height, we presented a calculation method based on fracture mechanics analysis of soft and hard strata, which could
delineate the extent of intact rock in overlying strata from bottom to top to determine the damage height of overburden rock.
This research took Yuwu coal mine in Lu’an mining area as an example. Results showed that (1) by the calculation method, the
overburden damage height of the N1102 fully mechanized caving face in Yuwu coal mine was 51.44m, which was less than the
value obtained by an actual borehole TV method as well as the numerical simulation result of 53.46m, with a calculation
accuracy about 96.22%, which is quite high for both. The calculation accuracy of the proposed method was higher than that of
the three conventional theoretical methods, and it effectively solved the limitation of the fracture analysis method without the
inclusion of the soft rock layer in design and the distortion problem due to the residual bulking coefficient to be improperly
used in simulation. (2) There was no noticeable fractures in the broken soft rock zone, and the whole fractures were mainly
low-angle rupture; the fractures in hard rock layer had obvious ruptures and multiangle cracks, and the average fracture width
of soft rock was 2.8mm smaller than that of hard rock. The fracture modes of soft rock and hard rock were mainly tensile
failure and tensile shear failure, which verified the correctness of the fracture mechanics model of soft and hard rock layers
constructed in this paper. (3) It is noticed that the tensile strength of rock in this method needs to be obtained through rock
mechanics experiment on overlying strata in the study area, and our proposed method was applicable to the mining conditions
of near horizontal coal seam. The calculation accuracy of this method meets the engineering error requirements and can be
applied to the prediction of overburden damage height in near horizontal coal seam mining.

1. Introduction

In the mining activities of a shaft, the overlying strata of the
coal body will be broken and bent and sunk by the pressure
of the mine. The fractures and fissures will occur along the
longitudinal and lateral directions of the coal (rock) layer,
and these fissures and fractures will form a gas and water

channel, leading to the working face gas to increase or induce
the roof water inrush accident. Therefore, determining the
height of overburden damage in coal seam mining is of great
significance to the prevention of mine water inrush accidents
and the efficient extraction of gas in goaf [1].

Scholars from various countries have proposed a variety
of theories to study the height of overburden damage. As
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early as the mid-19th century, Adhikary and Guo proposed
the vertical line theory to describe the movement of over-
burden deformation [2]. Kayabasi et al. proposed an influ-
ence function model to characterize the overburden failure
feature [3] by studying the mining area and zoning. Singh
et al. first proposed the “three-band” theory (falling zone,
fracture zone, and continuous deformation zone) and used
the equivalent mining height method to give the multiple
relationship between the “three-band height” and the min-
ing height [4]. Álvarez et al. proposed the “four-band” the-
ory (falling zone, fracture zone, composite beam structure
zone, and surface) through further refinement research
and gave the empirical value [5] of the “four-belt” height.
Liu introduced the “three-band” empirical formula [6] to
calculate the overburden damage by statistically examined
the measured date in the field of Huabei mining area
and combined with elastoplastic mechanics and then wrote
it into the “Procedure of Main Shaft Coal Pillar Retention
and Coal Mining under Buildings, Water Bodies and Rail-
ways” (hereinafter referred to as “three down” procedures)
[7]. Since then, the “three-band” theory has been widely used
in the study of mining overburden damage height. In recent
years, relevant scholars have conducted in-depth research
based on the fracture angle, shape, and structure of rock
formation. Qian et al., Xu et al., and Zuo et al. analyzed the
formation of masonry beam structure to model the breaking
of the overburden rock stratum and then proposed the key
layer theory and calculated the damage height of mining
overburden by their proposed method [8–10]. Singh and
Singh and Abbas et al. simplified the two-dimensional
overburden failure formation to a paraboloid or a triangle
and gave a functional relationship between the damage
height and the mining height [11, 12]. Li et al. simplified
the three-dimensional overburden failure formation into an
elliptical belt and gave the mathematical expression [13] of
its damage height and mining height, working surface size,
and other factors. Xu et al. proposed the calculation for-
mula for the failure height of mining overburden using
the critical value of the fracture angular displacement in
case the rock stratum is broken [14]. In addition, Ozgen
and Gerrit and Hu et al. established a multifactor compre-
hensive calculation model [15] for overburden damage
height by analyzing the factors such as slope length of
working face, mining height, cover depth, lithology, and
propulsion speed. Minghe et al. analyzed the influence of
sandstone grain size on the failure height of overburden by
physical model test and proposed the calculation model of
fracture zone height in compacted mode and cemented mode
[16]. Sui et al. researched the height of overburden damage
caused by superimposed mining in multiple coal seams,
and Zhao et al. proposed the calculation formula for the
fractured zone of overlying strata under superimposed
mining [17, 18]).

The calculation models of the above-mentioned overbur-
den damage height are mostly based on the study of hard
rock strata, in which they were considered that the bearing
key layer determines the overburden damage height [19],
and there was few studies on soft rock deformation and dam-
age, which will lead to the miscalculation, especially under

the conditions of interactive stratum of soft and hard rock
interactive stratum where soft rock has a greater impact on
the damage of mining overburden. Soft rock has a certain
inhibitory effect on the development of overburden damage
because it has low failure strength, can have a significant plas-
tic deformation, and easy to be compacted after failure.
When the soft rock is at a relatively high level from the coal
seam, the inhibition effect is obvious [20]. Du and Bai pro-
posed a stress arch model by analyzing the failure structure
and formation of the thick and soft rock overburden and
pointed out that it determined the damage height [21] of
mining overburden. Mandal et al., Rafiqul et al., and Vishal
et al. established a finite element model [22–24] for the
simulation of soft rock overburden failure by analyzing the
failure formation, structure, and mechanical properties of
soft rock overburden. Such group of calculation models
based on the fracture structure of soft rock and its mechani-
cal properties usually needs to analyze and determine the
fracture structure and formation of soft rock overburden.
These parameters are complex and difficult to obtain, and
many parameters in the calculation models (the mining
stress attenuation coefficient and the proportion of overlying
soft rock) were obtained by semiempirical model calculation
[25], so it has strong limitations.

In addition, the height of the overburden failure zone is
closely related to the collapse characteristics of the broken
rock stratum [26]. The characteristics of the residual frag-
mentation of the rock stratum under a process of breaking
and compressing determine the size of the bulking space of
the broken overburden and then control the progressive
height of the overburden fault. It is the key influencing factor.
At present, there are two concerns in the application of the
residual crack expansion coefficient of rock to calculate the
height of the bulking space under the overburden. First,
it is to select the initial coefficient of expansion of the broken
rock [27], with less consideration to be given to the crushed
compaction of the overlying rock mass. Secondly, the initial
coefficient of expansion of the broken rock under constant
pressure was rarely analyzed [28]. And it neglected the influ-
ence of different broken rock mass and varied compres-
sive stresses on the residual crack expansion coefficient
during the process of failure-slipping-compaction of the
overburden. This leads to a deviation in the height calcu-
lation result.

Aiming at the issues of noninvolvement of soft rock frac-
ture mechanics and the improper calculation of overburden
failure height caused by constant rock residual crack expan-
sion coefficient, this paper introduced the quantitative crite-
rion of soft and hard rock and introduced the soft rock
stratum mechanical criterion. Based on the influencing fac-
tors of residual broken-expanding dynamic characteristics
of rock stratum after failure, it defined the spatial constraints
of overburden fracture induced by pressure release of mining
and the fracture models of soft and hard rock layers were
constructed to determine the location of unidentified frac-
tures in overburden and improve the calculation accuracy
of overburden failure height. The calculation was examined
by Yuwu coal mine in Lu’an mining area, and its accuracy
was well verified by the field test results.
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2. Methods

Generally, the lithologic structure of the overlying strata of
the coal seam has many interactions between soft and hard
rock layers, not a single hard rock structure or soft rock struc-
ture. Secondly, the bearing key layer (hard rock) has an
important influence on the height of overburden damage.
Due to different lithologies, the residual bulking characteris-
tics of the rock stratum after breaking and compressing
directly affect the tapered law of the downward bulking space
of the broken rock strata after coal seam mining and then
determine the ultimate damage height of the overburden.
Therefore, the fracture mechanical conditions of soft and
hard rock layers and their residual bulking characteristics
are the key to the damage height of overburden failure.

In order to solve the problem of the lack of soft rock frac-
ture mechanics analysis and the inaccurate calculation of
overburden damage height incurred by constant rock resid-
ual bulking coefficient, this paper introduced the quantitative
criterion of soft and hard rock and introduced the soft rock
stratum mechanical criterion and the space constraints of
expansion of the broken rock stratum. A calculation method
of overburden damage height based on fracture mechanics
analysis of soft and hard rock layers was proposed, and theo-
retical analysis and calculation of overburden damage height
are carried out.

2.1. Quantitative Criteria for Soft and Hard Rock Formations.
The lithologic structure of overlying strata directly affects the
mechanical strength, failure mode, and residual bulking
characteristics of rock stratum. Xu and Qian pointed out that
tensile strength was an important mechanical parameter for
judging the development of fractures [29]; Xie et al. believed
that hard rock was mainly characterized by brittle failure
under mining conditions whereas the soft rock was charac-
terized by plastic failure [30]. In summary, in view of the dif-
ference of fracture strength, fracture mode, and residual
bulking characteristics between soft and hard rock layers, it
is necessary to classify and analyze the overburden. There-
fore, this paper combined the saturated uniaxial compressive
strength of soft and hard rock in the engineering rock mass
classification standard [31] to give the criterion of soft and
hard rock classification from the two aspects of bearing
capacity and failure mode of rock stratum: hard rock com-
pressive strength σc ≥ 30MPa, whose full stress-strain curve
shows obvious postpeak stress drop instantaneously, and
the compressive strength of soft rock is σc< 30MPa, whose
full stress-strain curve does not show obvious postpeak stress
drop but decreases slowly and has obvious timeliness.

2.2. Stress Analysis of Soft and Hard Rock
Layers during Breaking

2.2.1. Stress Analysis of Hard Rock Formation under
Mining Conditions

(1) Judgment of the Bearing Layer. Since the thicker hard rock
layer plays a role in supporting the overburden, the thinner
soft rock layer only acts as a load, the overlying rock stratum
between adjacent key layers is simplified into a composite

beam model, and the load of the first layer of hard rock
[29] is

q1 x m = E1h
3
1∑

m
i=1γihi

∑m
i=1Eih

3
i

1

When them+1th layer is a hard rock, that is, it is not the
same composite beam as the following m layer, for the first
layer, there is

q1 x m > q1 x m+1 2

The bearing layer contained in the rock layers between
two adjacent key layers is sequentially determined by the
above formula.

(2) Mechanical Conditions of Hard Rock Fracture. The hard
rock fracture condition is that the load q exceeds its own ten-
sile strength and the simple supported beam model can be
used to derive the following formula:

σmax =
ql2

2h2
> σt 3

The corresponding hard rock fracture step [32] is

lH = h
2σt

q
4

Due to the bulking property of the rock stratum after
breaking, the space beneath the overburden rock is get-
ting smaller and smaller as the rock layer breaks from
the bottom to the top (see Figure 1), which satisfies the
following formula.

Δi =M − 〠
i−1

j=1
hj kpj′ − 1 5

The critical mining length [32] of the j-th story frac-
ture in the overburden is

Lj = 〠
m

i=1
hi cot φa + l j + 〠

m

i=1
hi cot φb 6

Therefore, when the working surface advancement
length is greater than the corresponding critical mining
length of the hard rock formation and there is a space
for bulking below the hard rock formation, that is, for-
mula (7) is satisfied, the hard rock of the layer is broken.

Lj > h
2σt
q

,

M − 〠
i−1

j=1
hj kpj′ − 1 > 0

7
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2.2.2. Stress Analysis of Soft Rock Formation under
Mining Conditions. Based on the plate and beam theory
[33] in elastic mechanics, the fracture mechanics condi-
tion of soft rock layer is that the horizontal tensile strain
generated under load exceeds the ultimate tensile strain,
as shown in the following equation:

εmax =
3ql2

8Eh2
> σt

E
8

The fracture step of the corresponding soft rock for-
mation is

lS = h
8σt

3q 9

The maximum deflection of soft rock is

ω = 5ql4

32Eh3
10

When a soft rock layer breaks, it must meet the hor-
izontal tensile strain generated by the load to be greater
than its ultimate tensile strain and the corresponding
deflection of the soft rock is less than the height of the
small expansion space below it, as shown in the following
equation:

3ql2

8Eh2
> σt

E
,

5ql4

32Eh3
<M − 〠

i−1

j=1
hj kpj′ − 1

11

2.2.3. Calculation of Residual Bulk Expansion Coefficient
after Rock Stratum Breaking. The residual bulk expansion
coefficient of the broken rock stratum changes dynamically
with the failure process of the overlying strata and is
related to the rock strength, the fracture block, and the
compressive stress. In recent years, Su et al. proposed that
the initial coefficient of bulk expansion of fractured rock Kp0
is exponentially related to the blockiness x, considering the
influence coefficient b of the overburden lithology, which
satisfies formula (12) [34], and the degree of compaction
is considered by experimental research (ratio of residual

coefficient of rock expansion of Kp′ to its initial coefficient
of bulk expansion coefficient Kp0) and satisfy an exponential
function relationship with the compressive stress σ [35, 36],
as shown in equation (13). Taking into account the influence
coefficient d of rock strength, based on the ground stress σ
and buried rock, the relationship between deep H and σ
could be seen in equation (14) [8]. In order to avoid the direct
use of a constant bulking coefficient, which lead to a calcula-
tion result of overburden damage height too small, in this
paper it comprehensively considered compressive stress, rock
tensile strength, and fracture block to characterize the resid-
ual bulking coefficient after the fracture of the mud and sand-
stone layer in the overburden. The dynamic information of
the bulking coefficient can improve the calculation accuracy
of the lower space of the bulking space when the overburden
strata are broken. Integrating equations (12), (13), and (14),
it can be used to obtain the mathematical relationship
between residual bulking coefficient, compressive stress, frac-
tured rock mass, and strength after fracture of rock forma-
tion. Equation (15) further simplifies the available formula
(16), where A, B, and C are formula coefficients and D is
the correction coefficient related to the lithology and strength
of overburden strata.

Kp0 = a ln x + b, 12

Kp′/Kp0 = c ln σ + d, 13

s = 0 027H, 14

Kp′ = ac ln x + 0 027H + ad ln x

+ bc ln 0 027H + bd,
15

Kp′ = A ln x + 0 027H + B ln x

+ C ln 0 027H +D
16

Based on Su et al.’s compaction experimental data [34] of
fractured mudstone and sandstone, it can be concluded that
when the lithology of an overburden rock is mudstone or
sandstone, the corresponding parameters in equation (16)
are as shown in Table 1.

2.3. Method for Determining the Height of Overburden
Damage. The step to determine the overburden damage
height can be divided into the following three steps, as shown
in Figure 2:

(1) Identify all of the key layers present in the overlying
rock based on the key layer theory. The key layer is
the bearing body of the overburden, which plays an

Σh
i

�휑
b

�휑
a

q

Strata

M + (1 − K
p
) Σh

i

M

Figure 1: A diagram of fragmentation space under the rock.

Table 1: Parameter value table for the calculation formula of
residual expansion coefficient as mudstone and sandstone rock
breaking.

Lithology A B C D

Mudstone 0.17 0.32 −0.51 1.36

Sandstone 0.12 0.45 −0.37 2.21
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important role in the development and extension of
the mining fracture, and can provide a basis for judg-
ing the approximate interval of the development of
the height of fracture

(2) According to the calculation formula (16) of the
residual bulking coefficient of fractured rock strata
in this paper, based on the coal seam mining height
and the residual bulking coefficient of each rock stra-
tum, the height value of the rock mass is retrieved as
the height of bulking space beneath the overburden is
0. The adjacent upper and lower key layers are pre-
liminarily located, where it is critical threshold

(3) After the interval between the adjacent two key strata
is determined, according to the fracture mechanics
conditions of the soft and hard rock layers and the
height of the down-bulking space beneath the rock
stratum, the fractures of soft and hard rock layers in
each rock stratum between adjacent key layers were
further examined. When the hard rock stratum
suspension distance is greater than the fracture step
distance, there would exist a small bulking space in
the lower part. The hard rock layer breaks, and the
fracture continues to develop upward; when the soft
rock is loaded, in case that the horizontal tensile
strain is greater than its ultimate tensile strain, and
the corresponding deflection is less than the height

of the bulking space beneath the soft rock layer, the
soft rock layer breaks and the fracture continues to
develop. Otherwise, the fracture development stops.
According to this, the layer is analyzed upward to
find the rock layer that has not broken. The height
of the rock layer from the roof of the coal seam is
the height of the overburden damage

3. Case Analysis and Verification

3.1. Calculation of Overburden Damage Height in the
Study Area. Yu’an coal mine is located in the southwest of
Changzhi City, Shanxi Province (Figure 3), north latitude
N36°22′39.82′′ and east longitude E112°50′78.95′′. The main
coal seam of Yuwu coal mine was the no. 3 coal seam of the
Permian Shanxi Formation, with an average thickness of
6.3m and a dip angle of 4°. The N1102 working face had a
tendency length of 280m and a strike length of 1078m
(Figure 4). Adopting the fully mechanized top coal caving
method, the working face was 3m high and the coal caving
thickness was 3.3m. The working surface was arranged to
go to the long arm of coal mining. The buried depth of the
coal seam roof of the working face was 400–460m.

A hard rock K8 sandstone with a thickness of more than
40m was developed in the area above the coal seam roof
above the m1102 working face. It can be regarded as the sta-
ble upper boundary of the coal seam overburden. Therefore,

Rock mechanics data set
of overlying strata

Sorting breaking
span of hard rock 

Carrying key layer
identification 

The rock height with its
fragmentation space is 0

Finding out adjacent key
layer interval where

overlying strata damage
height is located 

Rock suspended
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Figure 2: Decision process of mining-induced damage height of overlying strata.

5Geofluids



the calculation boundary of the key layer was selected to
be 133m away from the coal seam roof. According to
the geological exploration data of the working face, the
overlying stratum structure was characterized by mud and
sandstone interactive rock layers. According to the experi-
mental results of rock mechanics parameters of the overbur-
den of 3# coal seam in Yuwu coal mine [37], the thickness of
each rock layer and its mechanical parameters are as shown
in Table 2.

According to formulas (1), (2), and (3) in the method, it
can be concluded that there are 4 key layers in the overbur-
den of 3# coal seam above the working face (Table 3) and
the breaking step size of each key layer is sorted: key layer
4> key layer 3> key layer 2> key layer 1. Considering the
buried depth, fault block, and overburden lithology, the
residual bulking coefficients in the overburden after breaking
can be obtained from formula (15), which were 1.05, 1.06,
1.08, 1.09, 1.11, and 1.18 for mudstone, sandy mudstone, silt-
stone, fine-grained sandstone, medium-grained sandstone,
and coarse-grained sandstone, respectively, and are broken.
By formula (5), when the overburden height is 70.8m, the
lower bulking space is zero. Based on this, it was preliminar-
ily judged that the overburden damage height was between
the key layer 2 and the key layer 3, that is, 41.11 to 75.33m.

Because the overburden structure was characterized by
mud and sandstone interaction layer, the rock fracture anal-
ysis was carried out from the bottom to the top according to
the bulking space of the lower part of the rock formation and
the fracture conditions of the soft and hard rock layers.
According to formula (7), the 15th layer belongs to the hard
rock, the breaking step is 36.3m, and there is a space for the
expansion below it, so the rock will break. According to for-
mula (10), it can be seen that the bulking space below the
17th layer of mudstone is 0 and when the suspended distance
of the 16th layer of sandy mudstone is 70m, the correspond-
ing deflection is 4.1m, which is greater than the height of the
bulking space below the rock formation 0.65m. Therefore,
the 16th and 17th layers of rock will not break. According
to the theoretical calculation, with the advancement of work-
ing face, the maximum overburden damage height is the

height from the 16th layer rock to the roof of the 3# coal
seam, 51.44m.

3.2. Drilling Test Verification. Drilling TV imaging technol-
ogy is to directly feed the waterproof camera probe with light
source into the borehole, which can truly reflect the rock
mass characteristics of the borehole wall. Kang et al., Zhang
et al., and Wang et al. applied this technology for the detec-
tion of rock structure and rock mass fracture characteristics
[38–40]. The borehole TV imaging technology was used to
detect the overburden failure characteristics during the
N1102 mining process. The type of drilling TV equipment
was ZKXG-30 (Figure 5) produced by Tianchen-Weiye Geo-
physical Technology Co. Ltd. In Wuhan Province of China,
the schematic diagram of its working principle is shown in
Figure 6. In this study, four oblique drilling boreholes were
arranged in the goaf of the working face, as shown in
Figure 7. The distance from the cutting lane to drilling bore-
holes was 150m, and the borehole depth was not less than
90m. The construction parameters are shown in Table 4.

3.2.1. Analysis of Borehole Images. Based on the 2# borehole
endoscopic image, the comparative analysis of the primary
fracture before the mining face and the quantitative variation
of the fracture of the overburden after mining can provide a
basis for determining the height of the overburden damage.
As shown in Figure 8(a), in the section of the borehole
depth 35~40m, the overlying rock fissures before mining
are mainly represented by bedding and joints and the num-
ber and width of overlying fractures in this section increased
significantly after mining. Especially in the range of 36~39m,
there produced crisscross cracks, which were typical frac-
tured cracks.

In the obtained images of the inner wall of the borehole,
the top of the caving zone after coal seam mining can be
observed (Figure 9) and then the height of the caving zone
was estimated to be 30.1~33.5m, but it is necessary to deter-
mine the height of the overburden damage before mining.
The subsequent fissures were further quantified.

3.2.2. Determination of the Height of Overburden Damage.
Image-Pro image processing software was used to further
analyze the parameters such as the number and width
of cracks in the 2# borehole images for statistical analysis.
The analysis process of borehole endoscopic images using
Image-Pro software is shown in Figure 10. The number of
cracks and the variation of the crack width corresponding
to different borehole depth ranges before and after mining
were obtained (Table 5). Then two fitting curve equation
can be obtained between the number of cracks and the depth
x of the borehole before and after the mining (Figure 11).
They were y = 0 00006x3 – 0 0084x2 + 0 3075x + 0 3065 and
y = 0 0003x3 – 0 0572x2 + 2 5887x – 16 875, respectively. The
former fitting coefficient was R2 =0.5447, a poor fitting, indi-
cating that the distribution of overlying fractures before min-
ing was not related to the pore depth, but related to its
structure; the latter fitting coefficient was R2 =0.9748, a better
fitting. In the borehole depth< 30m, the number of fractures
was proportional to the depth of the borehole and the growth

N

Shanxi Province

China
Changzhi

Yuwu coal mine

Figure 3: Location of Yuwu coal mine.
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rate was faster. The reason was that after the coal seam
was mined, the compressive stress was higher after the
fracture of the overburden rock near the roof of the coal
seam and the broken fractures were higher. In the range of
borehole depth 30~40m, the number of fractures reached

the maximum value. This area was the transition zone
between the falling zone and the fracture zone, and the
fractures were most developed. In the range of borehole
depth greater than 40m, the number of fractures gradually
decreases and the deceleration was slower. After the breakage
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Figure 4: Schematic diagram of N1102 working face of Yuwu coal mine.

Table 2: Overlying rock thickness and its mechanical parameters of N1102 working face.

Number Thickness (m) Rock name Density (kN·m−3) Tensile strength (MPa) Elastic modulus (GPa)

20 40.61 K8 sandstone 25.31 7.87 36.01

19 5.3 Sandy mudstone 21.64 5.61 18.35

18 12.56 Fine sandstone 26.45 8.81 36.79

17 4.6 Mudstone 25.98 1.14 18.46

16 9.6 Sandy mudstone 23.64 5.61 18.35

15 3.3 Siltstone 25.46 5.12 24.55

14 0.47 Coal seam 10.36 1.27 4.2

13 4.52 Sandy mudstone 26.23 5.81 18.46

12 3.37 Coarse sandstone 25.64 5.34 21.31

11 10.27 Fine sandstone 27.54 6.88 32.87

10 3.5 Mudstone 24.68 4.17 18.35

9 4.3 Fine sandstone 26.73 6.14 28.33

8 3.2 Sandy mudstone 25.98 5.81 18.46

7 3.58 Fine sandstone 26.73 6.14 29.57

6 3.07 Siltstone 25.2 3.52 24.13

5 3.14 Mudstone 23.68 1.14 18.35

4 3.35 Siltstone 25.1 4.52 23.17

3 3.82 Fine sandstone 26.73 6.14 29.09

2 6.03 Medium sandstone 26.82 8.11 35.62

1 5.12 Mudstone 24.68 1.04 18.35

6.3 3# coal seam 14.45 3.19 6.7

Table 3: Key layer parameter calculation result.

Number Lithology Rock thickness (m) Key layer number Breaking span (m) Height upper coal seam (m)

1 Medium sandstone 6.03 Key layer 1 36.3 5.12

11 Fine sandstone 10.27 Key layer 2 50.3 41.11

18 Fine sandstone 12.56 Key layer 3 81.4 75.33

20 K8 sandstone 40.61 Key layer 4 158.9 80.54
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of the rock formation, the broken expansion of the upper
rock layer shrank, so that the relatively high rock formation
will not completely break.

The difference in the number of cracks before and after
mining can be considered as cracks which were generated
when the overburden damage had occurred. The data
obtained were as follows: the depth of the borehole was less
than 60m, and the difference in the number of the cracks
before and after the mining of each 10m was >15, with the
maximum 32, referred to a fissure development zone; and
the borehole depth was in the range of 60–80m, and the dif-
ference in the number between the prefracture and postfrac-
ture was <5, which can be regarded as the undeveloped zone
of the fissure. Therefore, it is judged that the height of the
overburden damage of the working face corresponded to a
borehole depth of 60m. Considering that the drilling angle
was 63°, the overburden damage height would be 60 × sin
63° = 53 46m, which is basically consistent with the calcu-
lated height with our method.

3.2.3. Verification of Mechanical Model of Soft and Hard
Rock Strata

(1) Verification of Soft and Hard Rock Fracture Methods. The
hard rock failure mode is mainly brittle failure, with the

generation of block fractures which are not easy to close,
and many high-angle fractures are fully developed with good
ductility [41]; the soft rock failure modes are mainly tensile
failure, and the fracture structure is pressure sensitive, with
fracture gap easy to close. Based on the 3# borehole detection
image, the fracture modes of the soft and hard rock fractures
were analyzed to verify the fracture modes.

As shown in Figure 12(a), the soft rock is mainly com-
posed of crisscross fractures and there is no obvious fracture.
The compactness is good but poor ductility, and there is frag-
mentation around the crack, indicating that the soft rock is
mainly plastic damage, with strong pressure sensitivity,
which is consistent with the failure mode of the soft rock
layer proposed in this paper.

As shown in Figure 12(b), the fractures of the hard rock
layer are large in size and mainly longitudinal cracks, with
good ductility and relatively tidy fracture, and the width is
relatively large, which indirectly indicates that the hard rock
damage is mainly due to brittle failure. And the fracture gap
is not easily compacted, which is consistent with the failure
mode of the hard rock layer proposed in this paper.

(2) Constraints of Overburden Fracture and Bulking Space.
According to the statistical results about the number of bore-
holes and the width of the cracks in Section 2.2.2 (Figure 13),
the width of the cracks before mining is 0–20mm, most of
them less than 10mm, and the width of the cracks after min-
ing is 2~42mm, most of them between 15 and 20mm. After
mining, the crack width and the number of cracks increase
as a whole, which indicates that the fracture of the rock layer
needs bulking space. At the same time, as shown in Figure 8,
the number of cracks increases with the increase of the bore-
hole depth, and then decreases. In the process of overburden
breaking-collapse-compaction, the compressive stress is
inversely proportional to its height and the residual bulking
coefficient of the broken rock formation is low-high-low,
which satisfies the relationship between the compressive stress
and the residual bulking coefficient in equation (16).

By statistically analyzing the average crack widths of the
soft and hard rock layers in different depths of the borehole,
the histogram is drawn (Figure 14), and in the detected frac-
tures in the soft and hard rock layers, the average crack width
of the soft rock formation is 2.8mm smaller than that of the
hard rock. In that way, when the borehole depth is 45–60m,
the difference of the average crack width of the soft and hard
rock layers is 2mm. That is to say, the relatively low-pressure
stress zone is located in the relatively high-position rock layer
with small space allowable for expansion and no complete
breaking and may not consider temporarily the influence of
stress on the fracture of soft and hard rock layers. This indi-
cates that the spatial constraint condition of hard rock stra-
tum is smaller than that of soft rock stratum, which is in
accordance with the space expansion constraints of hard
and soft rock strata in equations (7) and (10).

4. Discussions

4.1. Accuracy Analysis. In order to verify the calculation accu-
racy of the method, based on the parameters such as mining
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Figure 5: ZKXG-30 drilling TV detection equipment.
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height, buried depth, oblique length, advancing speed, and
roof lithology of the N1102 working face in Yuwu coal mine,
three representative theoretical methods for the height of
overburden damage in coal seam mining were selected for
calculation. That is, the empirical formula method proposed
by the “three down” procedure, the key layer theory, and the
multifactor fitting formula method of mining fracture zone.
Through the comparative analysis of the above three
methods and the error between the method and the mea-
sured overburden damage height, it further analyzed the
method accuracy and reliability:

(1) The empirical formula from the “three down” proce-
dure for mining fracture zone height is shown in
Table 6 (M is mining height) [7]; the uniaxial
strength of the rock is used to distinguish the type
of overburden in the “three down” procedure. How-
ever, in order to avoid the statistical determination
of the uniaxial compressive strength of the overbur-
den, Hu et al. proposed a hard rock scale factor b to
classify the overburden type [15], which can simulta-
neously reflect uniaxial compressive strength and
combined structural characteristics of overburden
strata. As shown in formula (17), whereM is the min-
ing height and ∑h is the cumulative thickness of the
hard rock formation in the estimated fracture zone
height range (according to engineering experience,
the value is generally 15 to 20 times higher than ∑h),
bϵ 0, 1 , as b=0, the overburden is an extremely weak
type, as b=1, the overburden is a hard type, and as
0<b<1, the overburden type is between weak and

hard. The proportion of mudstone to sandy mudstone
with the distance of 133m to the roof of no. 3 coal
seam of Yuwu coal mine is 56.63%. It can be judged
that the lithology of the roof is medium-hard and the
average value of the damage height is 46.05m accord-
ing to the formula

b = ∑h
15 ∼ 20 M

17

(2) Based on the analysis in Section 2.1 of this paper, the
key layer 2 is broken and the key layer 3 is not broken.
Therefore, it can be concluded that the height of the
overburden damage of the working face is the height
of the top layer of the 3# coal seam under the key
layer 3, namely, 75.33m

(3) According to Hu et al.’s proposed multifactor fitting
formula [15] for the mining fracture zone height, as
shown in equation (18),M, b, l, s, and v denote work-
ing face height (m), roof hard rock lithologic propor-
tion coefficient (%), oblique length (m), mining depth
(m), and propulsion speed (m/d), respectively. The
relevant parameter data for finishing the N1102
working face of Yuwu Coal Industry is presented in
Table 7. The damage height of overburden rock in
the working face can be 60.83m by substituting
parameter into formula (12)

Hf = 3 41M + 27 12b + 1 85 ln l + 0 11
× exp 5 35 − 426 24/s + 0 64v + 6 11

18

Comparing the above three methods and the error
between our proposed method and the measured overburden
damage height (Table 8), it can be seen from Table 7 that the
error of the overburden damage height and the measured
value of the N1102 working face calculated by this method
is only 3.78%, which is in allowable engineering error range.
This is 10.8% lower than the error of the “three down” proce-
dure, mainly because the coefficient selection in the empirical

Overlying
strata

3# coal seam

Hydraulic support Goaf

Return airway

Gas discharging roadway Intake airway

Conveyor roadway

Detection drillholes

3#4# 2# 1#
 

Figure 7: Schematic diagram showing endoscopic detection drilling-boreholes designed in N1102 working face.

Table 4: Construction parameters of endoscopic detection
drilling-boreholes.

Number
Inclination

(°)
Azimuth

(°)
Aperture
(mm)

Depth
(m)

1 70 270 113 96

2 63 270 113 101

3 55 270 113 110

4 45 270 113 127
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formula in the “three down” procedure is based on the statis-
tics of the entire North China region but the Lu’an mining
area is only one of them with weak pertinence; the calculation
error is 10.01% and 37.13% lower than the key layer theory
method and the multifactor fitting formula method, because
the key layer theory and the multifactor formula method are
based on hard rock fracture analysis, with less consideration
of soft rock layers which make suppression on the develop-
ment of mining fissures. On the other hand, the height of
bulking space beneath the overburden strata also plays an
important role in the development of the height of mining

fissure, which directly leads to the calculation results higher
than the actual measurement, with a large error. The method
proposed in this paper fully considered the comprehensive
influence of coal mining height, working face length, key
layer location, bulking space beneath rock mass, rock lithol-
ogy, and breaking mode, and it avoided the inaccurate calcu-
lation of overburden damage height due to plastic failure of
soft rock layer and pressure, later closure, and shrinkage in
the bulking space beneath rock formation.

4.2. Principle of Selection of Tensile Strength. Due to the sed-
imentary environment of coal-bearing strata in different
mining areas and the mineral composition, mesostructure
(particle size and shape, intergranular connection, and
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microstructure surface), density, and degree of cementation
of each rock layer lead to great difference in parameters such
as tensile strength and compressive strength related to the
overlying strata of coal seams in each mining area. At pres-
ent, in the selection of rock tensile strength for the fracture
mechanics analysis of each rock layer, the selected rock ten-
sile strength is usually referred to the rock physics and
mechanical parameter table [42] listed in the rock mechanics
book based on a large number of national experimental data
statistics, but they cannot accurately represent the physical
and mechanical parameters of each rock formation in a min-
ing area. Therefore, when applying the method proposed in
this paper to calculate the damage height of mining overbur-
den, the rock tensile strength values selected by formulas (7)
and (11) need to be tested for rock mechanics parameters of
each layer in rock stratum in the study area. The tensile
strength of the rock selected in Section 2 in this paper comes
from the experimental results of rock mechanics parameters
of each rock stratum of the 3# coal seam overburden carried
out by Wang in Yu’an coal mine, see Table 9 [37].

4.3. Applicable Conditions of Our Proposed Method. Because
the rock fracture analysis of this method was based on the
analysis of near horizontal coal seammining conditions (coal
dip angle< 5°), the self-gravity of overlying strata was a very
small component in the dip direction of the rock stratum,
but in the vertical direction of the rock stratum it can be
approximated as the whole overburden gravity. The failure
of rock strata is mainly rupture; however, for the mining

conditions of gently inclined and steeply inclined coal seams,
the vertical direction of overburden strata is the gravity of the
overlying strata× sinα (α is the dip angle of coal seam) and
the direction of the overburden strata is overburden grav-
ity× cosα. Because there were different sliding friction coeffi-
cients between the rock layers, when the dip angle of the coal
seam reaches a certain angle as well as the sliding force com-
ponent in the dip direction of the overburden strata tends to
be large enough, the rock strata tend to have sliding failure.
At this time, the main failure type of the overburden strata
was sliding failure and the failure is defined as failure of a
composite type of sliding and rupture.

Due to the different internal friction angles for different
rock layers, the rock layers in the non-near-level coal seam
mining were greatly affected by the sliding between the strata.
The failure mode of the rock stratum was not dominated by
laminar failure. Whether it can be simplified as mechanical
analysis of the plate girder model needs further study. In
addition, the control of the geological structure, subsidence
column, and water-rich conditions of the overburden should
also be considered. Geological structure not only affects the
thickness and inclination of the coal seam but also controls
the stress environment, the thickness, inclination, and
strength of the overburden strata. Collapse column directly
affects the rock strength and the upward connectivity of
mining-induced fracture, and it is also easy to mislead its
detection and identification. The rock undergoes expansion
and softening in the presence of a strong aquifer and reduces
its mechanical strength. Due to the above factors, the stress
unevenness and bearing characteristics of the rock strata
would be changed. The residual bulking characteristics of
the overburden strata after coal seam mining should be more
complicated. A large error may occur in the calculation.

5. Conclusions

Based on the mechanical analysis of the fractures of different
lithologic rocks in the overburden and the influencing factors
of the residual bulking characteristics after breaking, this
paper introduced fracture mechanics of the soft rock and
the spatial constraints of the broken rock mass to construct
a soft and hard rock fracture model. The selection principle
of parameters such as tensile strength and residual bulking
coefficient of rock in this method was established, which
effectively eliminated the limitation of the fracture mechanics
analysis method without consideration of soft rock layer
and fixed the deviation of calculation result of overburden
damage height caused by constant rock residual bulking coef-
ficient. Through the application in Yuwu coal mine, the
following conclusions were drawn:

(1) The quantitative criteria of soft and hard rock in the
calculation of overburden damage height were given,
and the fracture models of soft and hard rock layers
were constructed. It proposed the calculation formu-
las of the breaking mechanical conditions and resi-
dual bulking coefficient: Kp′ = A ln x + 0 027H +
B ln x + C ln 0 027H +D . It establishes a procedure
of judging the damage height of soft and hard rock

Table 5: Fracture numbers with different borehole depths before
and after mining.

Different borehole
depth range (m)

Fracture number (bars)
Before mining After mining

0~10 0 2

10~20 6 21

20~30 9 32

30~40 6 38

40~50 4 33

50~60 5 21

60~70 4 9

70~80 1 6
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Figure 11: Relationship curves between borehole depth and
fractures’ quantity before and after mining.
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interaction structure in overburden and calculated
that the overburden damage height of the N1102
fully mechanized caving face in Yuwu coal mine
was 51.44m; it was examined by the on-site drilling
TV method, with a result of 53.46m, a deviation of
only 2.02m, and the accuracy was about 96.22%,
greater than the calculation accuracy of the conven-
tional three theoretical methods. According to the
conditions of overlying rock in soft and hard rock
interaction structure, the method proposed in this
study fully considered the influence of the soft rock
layer fracture mode and its residual bulking charac-
teristics on overburden fracture development and
improved the calculation accuracy of overburden
damage height

(a) Soft rock (b) Hard rock

Figure 12: Fracture distribution characteristics between soft and hard rocks after mining.
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hard rocks with different borehole depths.

Table 6: Empirical formula from “three down” procedure [7].

UCS of rock (MPa) Calculation formula (m)

Hard (40–80) Hf =
100∑M

1 2∑M + 2 0 ± 8 9

Medium-hard (20–40) Hf =
100∑M

1 6∑M + 3 6 ± 5 6

Weak (10–20) Hf =
100∑M

3 1∑M + 5 0 ± 4 0

Extremely weak (<10) Hf =
100∑M

5 0∑M + 8 0 ± 3 0
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(2) Based on the imaging analysis of borehole TV, it was
concluded that there was no obvious fracture in the
fracture interval of the soft rock layer and the
low-angle fracture was dominant; the fractured
cracks of the hard rock layer had obvious fractures
and rich high-angle fractures, and its fracture
width> soft rock fractured crack width. This indi-
cated that the fracture modes of soft rock and hard
rock were mainly tensile failure and tensile shear fail-
ure, which indirectly verified the correctness of the
fracture mechanics model of soft and hard rock layers
constructed in this paper; the soft rock layer was eas-
ily compacted after breaking, and the relatively high
requirement for bulking space also indicated that
the soft rock had a restraining effect on the height
of the overburden damage

(3) It is pointed out that the selection principle of rock
tensile strength and compressive strength in this
method was based on the rock mechanics experiment
of overlying strata in the study area, given that the
method is applicable to the calculation of overburden
damage height in near horizontal coal seam mining

The applicability of the proposed method under the con-
ditions of gently inclined and steeply inclined coal seammin-
ing needs further study. The subsequent mechanism of the
influence of coal seam dip angle on overburden failure can
be systematically studied. The force distribution, failure
mode, and breaking structure of different dip angle overlying
strata should be studied. By comprehensively considering the
influence of geological structure, subsided column, and
water-rich conditions of the overburden, the in-depth sys-
tematic study of its mechanical properties is conducive to
broadening the scope of application of this method. This
has important guiding significance for optimizing the design
of gas drainage boreholes in the overburden fracture zone of
different occurrence conditions of coal seams and the evalu-
ation method of water inrush risk in coal seam mining.
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Table 7: Influence parameter list of overlying stratum failure height in N1102 working face.

Working face Mining height (m)
Hard rock lithology

ratio (%)
Tendency
length (m)

Buried
depth (m)

Advancing
speed (m/d)

Overlying strata damage
height (m)

N1102 6.3 56.63 280 420m 5 64.83

Table 8: Overlying stratum damage height calculation accuracy by 4 methods.

Working
face

Actual
measurement
of overburden
damage height

“Three down” procedure
Fitting formula
with multifactors

Key layer theory Method in this paper

Calculation
Relative
error

Calculation
Relative
error

Calculation
Relative
error

Calculation
Relative
error

N1102 53.46m 46.05m 13.86% 60.83m 13.79% 75.33m 40.91% 51.44m 3.78%

Table 9: Rock mechanical parameter measurements of overlying
strata in Yuwu coal mine [37].

Rock formation name
Tensile strength

(MPa)
Compressive
strength (MPa)

K8 sandstone
6.56~8.71

8.01
87.8~93.5

91.3

Coarse sandstone
3.24~6.11

5.12
46.7~59.8

54.6

Medium sandstone
5.78~9.29

7.63
80.1~100.9

92.4

Fine sandstone
6.14~8.81

7.34
76.5~99.6

85.7

Siltstone
3.52~5.98

5.24
50.4~65.8

58.9

Sandy mudstone
3.63~6.14

5.03
35.4~53.2

43.6

Mudstone
1.04~1.14

1.08
30.2~39.9

36.4
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Excavation unloading is a primary stress condition for engineering rock mass in deep underground. Based on the unloading stress
condition during the excavation operation, this paper employed a distinct element method (DEM) to simulate the unloading
responses of intact and preflawed rock specimens. The simulation results revealed that the unloading failure strength, unloading
damage thresholds, and cracking characteristics were largely dependent on the inclination angle α of the preflaws. With the
increase in the flaw inclination angle, the unloading failure strength of a preflawed specimen exhibited a sigmoidal curve
increasing trend, and it decreased by 5.5%-20% compared to the unloading failure strength of an intact specimen. Based on the
crack accumulation in specimens, three damage thresholds were identified under unloading condition and two damage
thresholds σci and σdi were found to be increased with the increase in the flaw inclination angle. Furthermore, when the flaw
inclination angle was smaller, cracks were initiated around the preflaws, and there were obvious axial splitting cracks in the
failure modes of preflawed specimens, while axial splitting cracks were few in the preflawed specimen with a larger flaw
inclination angle and none in the intact specimen. These unloading responses indicate that inducing preflaws can reliably
reduce the unloading failure strength and promote the cracking process of hard rock during an excavation unloading process.
Moreover, inducing preflaws with a smaller inclination angle (e.g., vertical to the unloading direction) will be more helpful for
the unloading failure and rock cracking during an excavation unloading process.

1. Introduction

With the increasing demand of minerals and energy
resources, mining operations and other resource excavations
turned to deep underground. In deep underground opera-
tions or excavations, the construction environment is
complex, usually involving high in situ stress, high geotem-
perature, and high water pressure [1–3]. The excavation
activities may induce an important effect on the deformation
and failure of rock mass in such complex environment.
Particularly, when the drill-and-blast method is used in deep
underground excavations, the high in situ stress in the
horizontal direction is unloaded instantly, accompanied by
a stress concentration in the vertical direction. In this
process, the transient released strain energy dissipates
completely in the rock mass [4]. Therefore, the underground

mining may lead to sudden and severe rock mass failure,
posing a significant threat to the safety and stability of
underground structures [5–7]. In this regard, the mechanical
excavation method with controllable energy release is
considered to be superior to the drill-and-blast method in
the operations of underground excavation such as mining
and tunneling [8]. Nowadays, mining equipment manufac-
turers are developing new machine concepts with the aim
of using a mechanical excavation method in underground
mining and tunneling operations [9]. However, the applica-
tions of mechanical cutting and excavation tools (e.g., road
headers and tunnel boring machines (TBMs)) are limited
due to the high strength and high integrity of the hard rock.
Particularly in underground deep mining, it has been clearly
demonstrated that high rock strength and integrity will
significantly influence the excavation performance of road
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headers [10] and TBMs [11, 12]. Therefore, by reducing the
rock strength and integrity, it would be possible that the
small and flexible continuous excavation machine can
perform well in hard rock underground excavation.

One of the simplest and most straightforward ways of
reducing rock strength and integrity on purpose is to induce
preflaws in the hard rock. Over the last few years, extensive
studies have been conducted to investigate the mechanical
behavior of rock materials containing preflaws. For instance,
Yang and Jing [13], Li et al. [14], and Zhang et al. [15]
explored the cracking behavior of rock containing preexist-
ing flaws, and the influences of different flaw geometries (flaw
inclination angle, flaw length, and flaw size) on the rock
failure were discussed. Bi et al. [16] studied the effect of
confining pressure on failure behaviors of preflawed rock
specimens, and the results indicated that the growth of tensile
cracks and wing cracks was restrained with the increase in
confining pressure. Lee and Jeon [17] discussed the fracture
coalescence of three different preflawed materials (i.e.,
PMMA, molded gypsum, and granite) and summarized the
common and different features of the cracking process
depending on the materials. Zhuang et al. [18] and Park
and Bobet [19] comparatively investigated the different
mechanisms of crack coalescence between open and closed
flaws, and they found that the peak stress and initiation and
coalescence stresses for closed flaws were higher than those
for open flaws. Huang et al. [20] conducted experiments on
sandstones with two preexisting flaws; the results show that
the arrangement of the flaw pair and the confining pressure
have remarkable impacts on the deformation, strength, and
crack coalescence pattern of rock. These investigations
revealed that the flaws in rock played a significant role in
the cracking and failure behavior of rock material. However,
the fracturing and failure behavior of preflawed rock in
previous studies were obtained from uniaxial or biaxial com-
pression conditions, in which the fracturing and failure char-
acteristics of preflawed rock under excavation unloading
condition have not been involved.

Under unloading condition, both experimental and
numerical investigations have been performed to study the
mechanical responses of rock materials. For example, Zhao
et al. [21] investigated the influence of the unloading rate
on strain burst under unloading conditions, and they found
that granite was more prone to occur strain burst with a
higher unloading rate. Huang and Li [22] conducted unload-
ing tests on marbles, and the results indicated that higher
initial confining pressure and unloading rate will result in
severer “flying fragment” phenomenon. Du et al. [23] inves-
tigated the unloading behavior of granite, red sandstone, and
cement mortar, showing that slabbing occurred in the granite
and sandstone specimens, whereas typical shear failures were
observed in the cement mortar samples. Zhao and He [24]
investigated the effects of granite size on its unloading behav-
ior; they found that the rock strength exhibits an increasing
trend with the decrease in a height-to-thickness ratio.
Manouchehrian and Cai [25] performed a series of numerical
studies to explore the effects of loading system stiffness,
aspect ratio of a specimen, and intermediate principal
stress on the unloading failure behavior of granite model

specimens. The associated simulation results showed that
low-stiffness loading system, tall specimen, and low interme-
diate principle stress could induce violent unloading failure.
In addition, Li et al. [26] presented a theoretical solution to
obtain the stress state of highly stressed rock under quasi-
static and intensive unloading conditions and found that
the initial stress was a critical factor that governs the rock
failure. So far, most of the previous studies concerning the
unloading responses were performed on intact rock speci-
mens, while the differences in the unloading responses
between intact rock and preflawed rock are unclear.

In recent years, the numerical method plays an important
role in researches related to rock materials [27–29]. For
example, the distinct element method (DEM) provides an
efficient access to characterize the mechanical behavior of
brittle rocks. Compared with laboratory tests, using DEM
to investigate the unloading failure behavior of preflawed
rocks has the following superiorities: (1) apart from the
variation of the flaw inclination angle, the preflawed numer-
ical specimen is exactly identical, eliminating the distur-
bances of the geometrical errors of induced preflaws or the
material heterogeneities of rock specimen in laboratory
experiments; (2) all the numerical data are accessible at any
arbitrarily instantaneous moment during the unloading
process; and (3) the cracking process of rocks involving the
initiation, propagation, and coalescence can be explicitly
exhibited. Moreover, the numerical simulation is highly
efficient, repeatable, and low-cost.

In the present study, the unloading failure responses of
intact and preflawed rocks in the excavation unloading
process are systematically investigated by DEM. First, the
fundamentals of DEM are briefly introduced. Then, the
unloading stress condition during excavation operations is
analyzed, followed by a detailed simulation description of
the unloading process on rock specimen, involving the
calibration of an intact specimen, the induction of pref-
laws, and the reproduction of an unloading stress path.
Finally, the unloading responses including unloading
failure strength, damage thresholds, and cracking process
were investigated with the consideration of the effect of
the preflaws.

2. Brief Description of DEM

The DEM-based software particle flow code (PFC) is
employed to investigate the unloading behavior of a rock
specimen. In the DEMmodel, the rock specimen is simulated
as an assembly of densely packed and bonded rigid spherical
particles, in which two adjacent particles are cemented
together by a bond (see Figure 1). The mechanical properties
of the model are controlled by the microparameters of
particles and bonds [30]:

Ec,
kn

ks
, μ , particle microparameters,

Ec,
k
n
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s , λ, σc, τc , bond microparameters,
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where Ec and Ec are Young’s moduli of the particles and
bonds, respectively, kn/ks and k

n/ks are the ratios of
normal-to-shear stiffness of the particles and bonds, respec-
tively, λ is the ratio multiplier of a parallel bond, μ is the
particle friction coefficient, and σc and τc are the tensile and
shear strengths of the bonds, respectively.

The mechanical behavior of the particle-bond system
consisted of the particle-particle contact behavior and the
parallel-bond behavior. The normal force Fn in the particle-
particle contact behavior is calculated by

Fn = knUn, 2

where Un is the overlap between particles and kn is the
normal stiffness of the particles.

The shear force Fs is computed in an incremental
fashion. When the contact is formed, Fs is initialized to zero.
Each subsequent shear-displacement increment ΔUS will
result in an increment of shear force:

ΔFs = −ksΔU s 3

The normal force Fn, shear force Fs, and the bending
moment M in the parallel-bond behavior are also computed
in an incremental fashion:

ΔFn = k
n
AΔUn,

ΔFs = −ksAΔU s,
ΔM = −knIΔθs,

4

where ΔUn, ΔU s, and Δθs are the subsequent displacement
and rotation increments and A and I are the area of bond
across section and the moment of inertia, respectively.

The following breakage criterion of the model is
employed in this study:

σmax
σc

≥ 1,

τmax
τc

≥ 1,
5

where σmax and τmax denote the maximum tensile stress
and maximum shear stress, respectively, and they are
calculated from

σmax =
−Fn

A
+ M

I
R,

τmax =
Fs

A
,

6

where R is the bond radius. These calculation equations
have received wide acceptance to simulate the fracture
mechanism of rocks [31, 32].

3. Unloading Description

3.1. Unloading Stress Condition.Uniaxial, biaxial, and triaxial
compression tests are often performed to investigate rock
mechanical property and behavior, whereas the stress condi-
tions of these compression tests are quasi-static loading, and
none of them can reflect the in situ stress variation process of
rock mass during excavation [33]. In order to better
understand the unloading process of in situ stress during
the excavation operations, the stress condition of excavation
unloading is analyzed.

During the excavation process, the stress distribution of
rock masses ahead of the working face is shown in Figure 2,
where σz is the vertical stress, σx is the horizontal stress, p0
is the in situ geostress, x is the distance between the working
face and rock mass, z is the height from the tunnel center,
and R represents a rock mass unit ahead of the working face.
As illustrated in Figure 2, the rock masses ahead of the

Load wall

Bonded
particles
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R = 𝜆 min(R(A),R(B)) 

Parallel-bond
behavior

Particle-particle
contact behavior

R
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) R (B)
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Fs

M

–

–

–

—

Figure 1: Sketch map of the bond particle model.
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working face can be divided into three zones: undisturbed
zone, elastic zone, and failure zone. Rock mass in the undis-
turbed zone is under an in situ stress condition. Rock mass in
the elastic zone is under an elastic deformation condition,
while the rock mass in the failure zone is damaged. With
the advancing of the working face, the stress distribution
ahead of the working face also moves forward (as shown in
Figures 2(a)–2(c)). Therefore, for the rock mass unit R in
an underground engineering which is ready for excavation,
it will undergo three stages of stress states during the advance
process of the working face (Figure 3). When the excavation
is just starting and the working face is far away from the rock
mass unit 0 ≤ t < t0 , the rock mass unit is under a hydro-
static in situ stress state; with the advancing of the working
face, the horizontal in situ stress on it is unloaded or released,
accompanied by an increase in the vertical in situ stress t0
≤ t < tp ; when the working face advances to the vicinity area
of the rock mass unit, the rock failure will happen tp ≤ t < tn
. During the advance process of the working face, the varia-
tion process of horizontal in situ stress can be given by

σx =
p0, 0 ≤ t < t0,
p0 f t , t0 ≤ t ≤ tn,

7

where f t is a decreasing function and represents the
unloading path of horizontal in situ stress, and different
excavation methods will induce different unloading paths.

The variation process of the vertical in situ stress is a
stress concentration process, and it will reach a peak stress
before the rock failure. The peak stress can be written as

σz max = σz/t=tp = kp0, 8

where k is the stress concentration factor, and the value of k
depends on the unloading process of horizontal in situ stress.

Such stress variation processes are the practical stress
condition that rock mass will undergo during the excavation
in high geostress, which are defined as the unloading process.
In this study, the mechanical response of a preflawed rock
specimen under such unloading process is investigated, in

𝜎x = 𝜎z = p0
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(a) Working face is far away from the rock mass unit (R)
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Figure 2: Stress distribution of rock mass ahead of the working face.
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Figure 3: Stress variation of the rock mass unit (R) with the
advancing of the working face, and t is the time of the stress
variation process.
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order to understand the unloading failure mechanism of rock
mass containing preflaws.

3.2. Numerical Specimen. In order to numerically reproduce
the unloading process of rock material, it is critical to
establish a suitable numerical model which can reproduce
the mechanical behavior of rock. The rock material for
investigation is called “Leiyang white” marble, which was
collected from Leiyang City in China. The marble has a
connected porosity of approximately 0.56% and an average
density of 2810 kg/m3. The mechanical behaviors of the
marble were obtained through a laboratory uniaxial com-
pression test and triaxial compression test at 40MPa confin-
ing pressure. In laboratory tests, all the marble specimens
were cored from an identical block to minimize the scatter
effect, and specimens were prepared with dimensions of
50mm in diameter and 100mm in height following the
ISRM-suggested method [34] (Figure 4(a)). The tests were
conducted using the MTS 815 rock mechanics system in the
Advanced Research Center at Central South University. The
specimens were loaded till failure occurs under a displace-
ment control module, and the loading rate is 0.15mm/min.

The numerical model was established with the same size
as the marble specimen (Figure 4(b)). Through adjusting the
values of microparameters (as in equation (1)) in the numer-
ical model, a series of uniaxial compression tests and triaxial

compression tests at 40MPa confining pressure were numer-
ically simulated. In the uniaxial compression numerical test,
the specimen was placed between the top and bottom load
walls. The loading rate of load walls was set to 0.05m/s. In
the numerical triaxial compression test, the specimen was
surrounded by four load walls. The confining pressure
applied to the two lateral walls was set to a constant value
of 40MPa, and the loading rate for top and bottom walls
was 0.05m/s. After a series of trial and error, a suitable set
of microparameters (Table 1) was obtained to establish
the numerical marble specimen which can reproduce the
mechanical behavior of the real marble specimen.

Table 2 shows the comparisons of the macromechanical
behavior of marble specimens from laboratorial and numer-
ical tests. In Table 2, UCS is the uniaxial compression
strength and TCS-40 refers to triaxial compression strength
at confining pressures of 40MPa. It is seen that the mechan-
ical properties of numerical marble specimens are much close
to those of real marble specimens. Therefore, the established
numerical marble specimen commendably reproduced the
mechanical properties of the real marble specimen. Figure 5
shows the comparison of laboratorial and numerical stress-
strain curves of the marble specimen. From Figure 5, it can
be seen that the numerical curves under compression tests
agree well with the laboratorial curves, including the crack
initiation and growth stage before the peak strength and the

10
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m

50 mm
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Particles

Parallel bonds

(b)

Figure 4: Intact marble specimens.

Table 1: Microparameters of the numerical specimen.

Particle microparameters Bond microparameters

Minimum radius Rmin (mm) 0.25 Parallel bond modules Ec (GPa) 58

Particle size ratio Rmax/Rmin 1.5 Tensile strength σc (MPa) 94 ± 5
Contact modules Ec (GPa) 58 Shear strength τc (MPa) 188 ± 5
Frictional coefficient μ 0.65 Stiffness ratio k

n/ks 2.5

Stiffness ratio kn/ks 2.5 Ratio multiplier λ 1.0
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unstable failure stage after the peak strength. However, the
numerical curve does not mirror the initial nonlinearity
deformation (crack closure stage) in the uniaxial compres-
sion test. This is because the real rock specimen generally
contains natural microfractures while the numerical rock
specimen consisted of a compacted assembly of rigid
particles. Moreover, the numerical curve does not show the
postpeak strain softening in the triaxial compression test at
40MPa confining pressure. Nevertheless, the discrepancies
in the nonlinearity deformation and the postpeak strain
softening between the numerical and laboratorial curves do
not cause large differences of failure modes. As shown in
Figure 6, the failure mode of the numerical marble specimen
in the uniaxial compression test showed a typical splitting
failure, and the failure mode in the triaxial compression test
is in a shear fashion. These failure modes are highly consis-
tent with those obtained in laboratory. The comparisons
presented in Table 2 and Figures 5 and 6 justified that the
calibrated numerical marble specimen has the capability of
simulating the mechanical behavior of the marble.

After establishing the suitable intact numerical marble
specimen, preflaws were created in the numerical specimen
to investigate the influence of the flaw inclination angle on
unloading responses. Technologies under consideration for

inducing preflaws in real underground rock include thermal
perturbation, high-pressure water jet, and high-power micro-
waves. These technologies use different damage mechanisms
to generate flaw networks in the rock. For simplification, in
this study, just two straight flaws were added at the center
of the numerical specimen. The geometry of the two flaws
in the numerical marble specimens is shown in Figure 7.
The flaw length L1 is 10mm, and the bridge length between
the flaws L2 is 14mm. The bridge angle β is 30°, and the
flaw inclination angle α varies from 0° to 90° in 30° interval.
The flaws were created by deleting particles in a specific
range. Since the particles in the model cannot be divided,
the surfaces of the induced flaws are not smooth as can be
observed in Figure 7.

3.3. Unloading Procedure. During the drill-and-blast excava-
tion, the release of in situ stress is a transient process. While
during the mechanical excavation, the unloading of in situ
stress is a quasi-static process [35, 36]. In the present study,
to analyze the quasi-static unloading process during the
mechanical excavation, the typical stress condition of the
quasi-static unloading process as illustrated in Section 3.1
was simulated by varying the boundary stresses on the rock
specimens. To this end, a set of self-defined functions was
encoded in the PFC program. The procedures for the unload-
ing simulation were presented in detail as follows:

Step 1 0 ≤ t < t0 . Increase the lateral pressure σ3 to the in
situ stress level, and simultaneously load the axial pressure
σ1 to the in situ stress level; then, keep them unchanged
for a while.

Step 2 t0 ≤ t < tp .Unload the lateral pressure σ3 , while the
axial pressure σ1 increases at a specified rate until the peak
stress σ1 max .

Step 3 tp ≤ t ≤ tn . After the peak stress of the specimen, the
lateral pressure σ3 is unloaded continuously to zero to
finish the unloading, while the axial pressure σ1 will
decrease spontaneously due to the failure of the specimen.

To eliminate the unloading wave effect and to keep a
quasi-static unloading process, a high-damp parameter was
adopted in the modelling. The axial pressure σ1 was
applied in a displacement-controlled manner at a rate of
0.05m/s. Through recoding the servo-controlled program,
the lateral pressure was unloaded in a linear form following

σ3 =
p0, 0 ≤ t < t0,

p0 1 − t − t0
tn − t0

, t0 ≤ t ≤ tn,
9

where p0 is the in situ stress level, initially set as 40MPa;
t is the unloading time; t0 is the initiation moment of
unloading, set as 1ms; tn is the end moment of the
unloading process, set as 3ms. Therefore, the unloading
period in the simulation was 2ms. During the numerical
simulation process in DEM, a critical and reasonable time

Table 2: Laboratorial and numerical macromechanical behavior of
the marble specimen.

Experimental
results

Numerical
results

Errors (%)

Density (g/cm3) 2.81 2.81 —

Young’s modulus (GPa) 76.4 75.6 1.05

Poisson’s ratio 0.21 0.21 —

UCS (MPa) 135.3 136.1 0.59

TCS-40 (MPa) 273.5 264.2 3.40
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Figure 5: Laboratorial and numerical stress-strain curves of the
marble specimen under compression.
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step was internally assigned in the program before each
program cycle. The time step for the current simulation is
merely about 2 2 × 10−8 s/step; thus, the unloading rate of
the lateral pressure can be translated to 4 4 × 10−4 MPa/step,
while the loading rate of the axial pressure can be
translated to 1 1 × 10−6 mm/step. Such unloading and
loading rates are low enough to simulate the quasi-static
unloading process similar to the tunnel excavation with a
mechanical method.

4. Simulation Results and Discussions

In an underground mechanical excavation process, the rock
mass undergoes the unloading process caused by stress redis-
tribution before subjecting to the cutting force of machines. If
the rock failure happens during the unloading process, the
cutting using an excavation machine will be easier, and it will
be helpful to improve the excavation efficiency. This means
that the unloading of minimum principal stress and the
concentration of maximum stress throughout the unloading
process greatly affect the subsequent cutting process of

excavation machines. Therefore, it is important to investigate
the failure behavior of rock mass during the unloading
process. In this section, the failure behavior of intact and
preflawed specimens during the unloading process will be
discussed in detail.

4.1. Unloading Failure Strength of Preflawed Specimens. The
stress variations against time for the specimens during
unloading simulations are shown in Figure 8. It can be found
that the specimens experience the typical three stress stages
which have been specified in Section 3.1. At first, the
specimen was under a hydrostatic pressure state for 1ms.
Then, the lateral stress σ3 was unloaded and the axial stress
σ1 increased to a peak value. Finally, the specimen under-
went the unloading failure stage, in which the lateral stress
σ3 was unloaded to zero and the axial stress σ1 dropped
due to specimen failure. The peak stress σ1 was defined as
unloading failure strength σus . Note that the unloading
failure strength is different from the failure strength in the
conventional compression test, which is the actual failure
strength for rock mass during the excavation process.

61°

0 MPa 40 MPa 

(a) Laboratorial failure mode

62°

0 MPa 40 MPa 

(b) Numerical failure mode

Figure 6: Laboratorial and numerical failure modes of marble specimens under compression (the red short lines in numerical specimens
represent microcracks).
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Figure 7: Numerical marble specimens containing two preflaws.
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It is seen in Figure 8 that the unloading failure strength
varies significantly for different specimens depending on
the geometry of the specimen. For the intact specimen,
the unloading failure strength is greater than that for
the preflawed specimen. Furthermore, an increase in the

unloading failure strength can be observed for the pre-
flawed specimen with the increase in the flaw inclination
angle. In order to better understand the influence of
preflaws on the strength properties of rock specimens
under unloading condition, quantitative investigations on
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Figure 8: Stress–time curves of specimens under unloading condition.
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the unloading failure strength were carried out. Figure 9
presented the correlation between the unloading failure
strength and flaw inclination angle. In addition, the
strength degradation parameter (SDP) was introduced to
compare the unloading failure strength characteristics of
the preflawed specimen and intact specimen. The SDP is
defined as

SDP = Δσus
σusi

× 100% = σusi − σusf
σusi

× 100%, 10

where σusi is the unloading failure strength of the intact
specimen and σusf is the unloading failure strength of the
preflawed specimen under the same unloading condition.

The SDP values can show the reduction degrees of the
unloading failure strength of preflawed marble specimens
relative to that of the intact marble specimen. The SDP values
of the preflawed specimens with various flaw inclination
angles indicate that the unloading failure strengths of the
preflawed specimens decrease by 5.5%–20% compared with
those of the intact specimen. Such phenomena indicate
that the existence of preflaws in the rock mass can reliably
decrease the unloading failure strength. Therefore, induc-
ing preflaws in intact hard rock is helpful to cause rock
failure during the unloading process and to improve the
cutting efficiency.

As shown in Figure 9, the unloading failure strength of
the preflawed specimen exhibits an “S”-shape rising trend
with the increase in the flaw inclination angle. This means
that the preflaws with a smaller inclination angle can reduce
the unloading failure strength to a greater extent. Previous
studies also showed that the strength of the preflawed speci-
men was closely dependent on the inclination angle of flaws
[37, 38]. To further explain the influences of preflaws on
the unloading failure strength, the stress state on the flaws
was theoretically analyzed. The stress state sketch of preflaws
under unloading condition is shown in Figure 10. The

normal stress σn and the shear stress τn on the flaw surface
can be expressed as

σn = σ1 cos2α + σ3 sin2α,

τn =
σ1 − σ3

2 sin 2α,
11

where α is the inclination angle of flaw and σ1 and σ3 are the
axial pressure and lateral pressure, respectively. It should be
noted that the flaws are open and the normal stress σn on
the flaw can induce tensile stress σb .

The normal stresses σn and shear stresses τn on the
flaws with the four different inclination angles can be calcu-
lated by substituting α = 0°, 30°, 60°, and 90° into equation

0 30 60 90

130

140

150

160

𝜎us of preflawed specimens
Sigmoidal fit

𝛼 (°)

𝜎us of the intact specimen (159.1 MPa)

𝜎
us

 (M
Pa

) SD
P 

= 
5.

5%

SD
P 

= 
8.

0%

SD
P 

= 
17

.2
%

SD
P 

= 
20

.0
%

Figure 9: Unloading failure strength σus of preflawed specimens.
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(11). It is known that the cracking of the rock material usually
presents two forms: tensile cracking or shear cracking. If the
extreme value of the tensile or shear stress appears and sat-
isfies the tensile or shear strength, then the tensile cracking
or shear cracking will happen. For the brittle rock specimen,
the tensile strength is much smaller than the shear strength,
and the tensile stress plays a dominate role in the cracking
of the rock specimen. Comparing the calculated results in
equation (11) for flaws with inclination angles of 0°, 30°,
60°, and 90°, it can be found that for the flaw with
α = 0°, its shear stress is zero τn 0° = 0 and its normal
stress is much larger than that of flaws with other inclination
angles (σn 0° = σ1, σn 0° > σn 30° > σn 60° > σn 90° ). Thus,
the induced tensile stress σb 0° is the largest and tensile
cracks are most likely to initiate and propagate around the
flaws, hence resulting in the lowest unloading failure
strength. For flaws with α = 30° and α = 60°, they suffer nearly
the same shear stresses τn 30° ≈ τn 60° ; however, the flaw
with α = 30° suffers a larger normal stress than the flaw with
α = 60°. Therefore, the induced tensile stress on the flaw with
α = 30° is larger σb 30° > σb 60° , which means that it is more
likely to initiate cracks around the flaw with α = 30°, and it
may result in a lower failure strength for the preflawed
specimen with α = 30°. For flaws with α = 90°, their shear
stress is zero τn 0° = 0 and their normal stress is the
smallest σn 90° = σ3 . In this regard, the normal stress is
decreasing and it is not great enough to initiate cracks around
the flaw. Thus, the failure of the specimen with a flaw inclina-
tion angle of 90° is not significantly affected by the flaw, and
this is the reason why its unloading failure strength is close to
the strength of the intact specimen. These findings indicate
that if we induce preflaws with a smaller inclination angle
in the specimen (i.e., vertical to the unloading direction),
cracks are more likely to initiate and propagate around the
flaws and the failure of the specimen is more easily to
happen. Therefore, during the unloading process, preflaws

with a smaller inclination angle can result in the failure of
the specimen that happens more easily.

Figure 11 shows the comparison between the unloading
failure strength and compression failure strength of speci-
mens. It can be seen that the unloading failure strength of
the intact specimen is merely 60% of the triaxial compressive
strength of the intact specimen, which is, however, approxi-
mately 1.2 times the UCS of the intact specimen. Meanwhile,
the average value of the unloading failure strength of the
preflawed specimen is approximately 50% of the triaxial
compression strength of the intact specimen and about 90%
of the UCS. The differences between the unloading failure
strength and compression strength indicate that the com-
pression strength obtained from laboratory quasi-static com-
pression experiments cannot fully represent the peak failure
strength for rock mass under excavation unloading condi-
tion. Therefore, it can be considered to use the unloading
failure strength obtained from a quasi-static unloading test
to evaluate the failure strength properties of underground
engineering rock.

4.2. Unloading Damage Thresholds of Preflawed Specimens.
In fact, fracturing of the rock specimen is a complex process
and simply measuring the peak stress does not capture this
fracturing process [39]. In order to capture some unique
features in the fracturing process, i.e., crack initiation, onset
of fracture localization, and collapse peak, some damage
thresholds are pointed out. The fracturing process of rock
specimens can be recorded by many different ways, such as
acoustic emission measurements and high-speed photogra-
phy. In laboratory compression experiments, previous
scholars determine the damage initiation and interaction
thresholds for brittle rock based on the acoustic emissions
[40, 41]. In the present study, the crack accumulation
amount was used to reflect the fracturing process, and
the damage thresholds of specimens under unloading
condition were identified by the variation of the crack
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accumulation amount. Figure 12 gives the relations of the
deviatoric stress, the crack accumulation, and the associated
axial strain response of specimens under unloading condi-
tions. It can be seen that there are two critical points on the
crack accumulation curves, i.e., point A and point B. Point
A denotes the first intersection of two tangent lines in the
crack accumulation curve, which can mark the onset of a
slight increase in cracks. Point B denotes the second intersec-
tion of two tangent lines in the crack accumulation curve,
which can mark the onset of a sharp increase in cracks.
Cracks increase in a stable manner between points A and B,

while cracks begin to increase in an unstable manner after
point B. The corresponding stress at point A is denoted as
σci, which represents the threshold stress for stable crack
initiation. The stress at point B is denoted as σcd, which is a
threshold stress for unstable crack development. Moreover,
the other critical point was the point where the first observ-
able macrocrack appears in the specimen [42]. In this study,
the stress where the first observable macrocrack appears is
defined as the other threshold, i.e., the damage initiation
stress σdi. The three damage thresholds (σci, σcd, and σdi)
for different specimens are presented in Figure 12. It can

0.0 0.5 1.0 1.5 2.0
0

20
40
60
80

100
120
140
160
180

−5

0

5

10

15

20

25

30

𝜀1 (‰) 

𝜎
1-𝜎

3 (M
Pa

)

Cr
ac

k 
ac

cu
m

ul
at

io
n 

am
ou

nt
 (×

10
0)

𝜎1-𝜎3

Intact specimen

𝜎ci

A
B

𝜎di

𝜎cd
𝜎pk

Crack accumulation amount

①
②

③
④

⑤

(a)

0.0 0.5 1.0 1.5 2.0
0

20

40

60

80

100

120

140

−5

0

5

10

15

20

25

30

Cr
ac

k 
ac

cu
m

ul
at

io
n 

am
ou

nt
 (×

10
0)

 

𝜀1 (‰) 

𝜎
1-𝜎

3 (M
Pa

)

Crack accumulation amount 

𝛼 = 0°

A
B

𝜎1-𝜎3

𝜎ci

𝜎di

𝜎cd
𝜎pk

①
②

③

④

⑤

(b)

0.0 0.5 1.0 1.5 2.0
0

20

40

60

80

100

120

140

−5

0

5

10

15

20

25

30

Cr
ac

k 
ac

cu
m

ul
at

io
n 

am
ou

nt
 (×

10
0)

𝜀1 (‰) 

𝜎
1-𝜎

3 (M
Pa

)

Crack accumulation amount 

𝛼 = 30°

A
B

𝜎1-𝜎3

𝜎ci

𝜎di

𝜎cd

𝜎pk

①

②

③

④

⑤

(c)

0.0 0.5 1.0 1.5 2.0
0

20

40

60

80

100

120

140

160

−5

0

5

10

15

20

25

30

Cr
ac

k 
ac

cu
m

ul
at

io
n 

am
ou

nt
 (×

10
0)

𝜀1 (‰) 

𝜎
1-𝜎

3 (M
Pa

)

Crack accumulation amount 

𝛼 = 60°

A
B

𝜎1-𝜎3

𝜎ci

𝜎di

𝜎cd
𝜎pk

①
②

③
④

⑤

(d)

0.0 0.5 1.0 1.5 2.0
0

20

40

60

80

100

120

140

160

−5

0

5

10

15

20

25

30

Cr
ac

k 
ac

cu
m

ul
at

io
n 

am
ou

nt
 (×

10
0)

𝜀1 (‰) 

𝜎
1-𝜎

3 (M
Pa

)

Crack accumulation amount

𝛼 = 90°

A
B

𝜎1-𝜎3

𝜎ci

𝜎di

𝜎cd
𝜎pk

①②
③

④

⑤

(e)

Figure 12: Relations among the deviatoric stress, crack accumulation, and strain of specimens under unloading condition.
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be found that σci > σdi > σcd > σpk and σpk is the peak
deviatoric stress.

For preflawed specimens, the damage threshold ratios are
plotted against the flaw inclination angle (Figure 13). It can
be seen in Figure 13 that the ratios of σci, σdi, and σcd to
the peak deviatoric stress σpk are approximately 0.75, 0.85,
and 0.97, respectively. According to previous studies, for
the intact rock specimen under uniaxial compression, the
crack initiation stress typically ranges from 0.3-0.5 UCS,
and the unstable crack development stress is approximately
0.7-0.9 UCS [43]. It can be found that the damage threshold
ratios of numerical preflawed rock specimens in the unload-
ing tests are higher than those of real intact rock specimens in
the uniaxial compression tests. This is because compared
with the uniaxial compression test, the lateral stress in the
unloading test constrains the initiation of cracks. In addition,
the numerical rock specimen is composed of rigid particles,
while the real rock specimen usually contains natural micro-
fractures. As shown in Figure 13, the ratios of the stable crack
initiation stress σci and damage initiation stress σdi rise
with the increase in the flaw inclination angle, while the
ratios of σcd change little with the increase in the flaw incli-
nation angle. It indicates that the crack initiation stress is
sensitive to the flaw inclination angle, and the preflawed
specimen with a smaller flaw inclination angle is more prone
to induce cracks under unloading condition. On the con-
trary, the stress of unstable crack development has no clear
change trend with the variation of the flaw inclination angle.

4.3. Cracking Characteristics of Preflawed Specimens under
Unloading Condition. The cracking characteristics of pre-
flawed specimens at any moment under unloading condition,
including crack distribution, crack extension, and crack
amount, can be recorded in numerical simulations. To
analyze the cracking characteristics in detail, Figure 14 shows
the crack distributions in the specimens at some specific
points during the unloading process. These specific points
are denoted by numbers which correspond to the points in
stress-strain curves in Figure 12. For example, point① refers
to the damage initiation stress in the stress-strain curve.
Point ② corresponds to a stress before the peak deviatoric
stress, and the crack count at point ② is approximately
50% of the crack count at the peak deviatoric stress (point
③). Point ④ is a stress after the peak deviatoric stress, and
the crack count at point ④ is approximately 2.5 times
the crack approximately at the peak deviatoric stress.
Point ⑤ is the stress at the end of unloading.

As shown in Figure 14, the cracking distribution and
crack extension for different specimens under unloading
condition are obviously different. To make it clearer, the
cracking process was divided into two stages, i.e., stage
I—prior to the peak deviatoric stress (including the peak
deviatoric stress,①,②, and③)—and stage II—after the peak
deviatoric stress (④ and ⑤).

In stage I, the specimens undergo the elastic deformation
and the crack initiation and propagation before reaching the
peak deviatoric stress. For the intact specimen, the cracks dis-
tribute randomly in the specimen, while for the preflawed
specimen with an inclined angle of 0°, cracks intensively

distribute around the flaw tips and flaw surfaces. This
phenomenon verifies the results of stress state analyses for
preflaws based on Figure 10 and equation (11). At an inclined
angle of 0°, the normal stress on the flaw is large enough,
making the cracks to easily initiate and propagate around
the flaw. For the preflawed specimen with an inclined angle
of 30°, cracks mainly initiate and extend along the flaws tips.
For the preflawed specimen at an inclined angle of 60°, cracks
mainly distribute at the area of flaw inner tips and make a
direct coalescence between the two preflaws. For the pre-
flawed specimen with an inclined angle of 90°, a small
number of cracks accumulate around the flaws, while many
cracks distribute randomly in the specimens. This phenome-
non verifies that the crack initiation of this specimen is less
affected by the flaws.

In stage II, for the intact specimen, the accumulation of
cracks shows as discrete shear planes, which is totally
different from the failure modes of the intact specimen under
compression condition. For the preflawed specimen with an
inclined angle of 0°, cracks continually extend from the flaw
tips and flaw surfaces. The cracks at the inner tips form a
“V”-shaped indirect coalescence between the two preflaws.
For the preflawed specimen with an inclined angle of 30°,
the cracks at the inner tip of the left flaw extend downwards
while those at the inner tip of the right flaw extend upwards;
therefore, there is no coalescence between the two preflaws.
For the preflawed specimen with an inclined angle of 60°,
the cracks which extend along the flaw tips make the speci-
men fail at a shear failure plane. For the preflawed specimen
with an inclined angle of 90°, the two preflaws do not exhibit
coalescence, and very little cracks accumulate around the
preflaws. By comparing the ultimate failure modes of speci-
mens at point ⑤, it can be found that for preflawed speci-
mens with an inclined angle of 0° and 30°, there are a lot of
axial splitting cracks (marked by dashed lines in Figure 14),
and for preflawed specimens with an inclined angle of 60°

0 30 60 90
0.70

0.75

0.80

0.85

0.90

0.95

1.00

𝜎cd / 𝜎pk
𝜎di / 𝜎pk
𝜎ci / 𝜎pk

D
am

ag
e t

hr
es

ho
ld

 ra
tio

𝛼 (°)

Figure 13: Damage threshold ratios of preflawed specimens under
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and 90°, the axial splitting cracks are little. Meanwhile, there
are nonsplitting cracks in the intact specimen. Moreover, at
the end of unloading (point ⑤), the ultimate crack amounts

of the intact specimen and preflawed specimens with inclined
angles of 0°, 30°, 60°, and 90° are 2747, 2402, 2395, 2356, and
2826, respectively. It indicates that the ultimate crack amount

① ② ③ ④ ⑤

(a) Intact specimen

① ② ③ ④ ⑤

(b) Specimen with α = 0°

① ② ③ ④ ⑤

(c) Specimen with α = 30°

① ② ③ ④ ⑤

(d) Specimen with α = 60°

① ② ③ ④ ⑤

(e) Specimen with α = 90°

Figure 14: Cracking process of specimens under unloading condition (the red short lines in numerical specimens represent microcracks).
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in specimens does not show a strong correlation with the
flaws. This is possibly because two preflaws are not enough
to make a significant difference in the crack amount for the
preflawed specimen. If more flaws (or flaw networks) are
created at a smaller inclination angle (such as 0° or 30°), then
more cracks would initiate and propagate around the flaws,
which may significantly influence the crack amount of the
preflawed specimen under the unloading condition.

5. Conclusions

Based on the unloading stress condition of hard rock in
underground excavation, numerical simulations were per-
formed to analyze the unloading responses of marble
specimens containing preflaws under unloading condition.
The unloading strength properties, damage thresholds, and
cracking characteristics of preflawed specimens with differ-
ent flaw inclination angles were deeply investigated. The
following conclusions can be summarized:

(1) The unloading failure strength of a specimen con-
taining two preflaws decreases by 5.5%-20% com-
pared to that of the intact specimen. With the
increase in the flaw inclination angle, the unloading
failure strength of a specimen containing two pref-
laws exhibits an “S”-shaped increasing trend

(2) Three damage thresholds (σci, σdi, and σcd) are deter-
mined based on the crack accumulation of specimens
under unloading condition. For preflawed specimens,
the damage threshold ratios of σci and σdi rise with
the increase in the flaw inclination angle, while the
damage threshold ratio of σcd has no clear change
trend with the variation of the flaw inclination angle

(3) Prior to the peak deviatoric stress, the cracks of
preflawed specimens are distributed in a centralized
manner around the flaw tips and flaw surfaces when
the flaw inclination angle is smaller, while the distri-
bution of the cracks for the intact specimen and
preflawed specimen with α = 90° is decentralized.
After the peak deviatoric stress, the coalescence
form between two flaws varies with the change of
the flaw inclination angle. Moreover, at the end of
unloading, there are obvious axial splitting cracks
for preflawed specimens with α = 0° and 30°, while
axial splitting cracks are little in the preflawed
specimen with α = 60° and 90° and completely
none in the intact specimen

These conclusive remarks can provide useful informa-
tion for underground mechanical excavation. For one
thing, the unloading failure strength defined in this study
can be considered a parameter to evaluate the actual
failure strength properties of rock mass in a mechanical
excavation process. For another, the findings show that
inducing flaws can reliably reduce the unloading failure
strength and promote crack initiation and propagation of
hard rock during the unloading process. Thus, inducing
preflaws in hard rock will benefit the underground

mechanical excavation. In particular, when inducing pref-
laws at a smaller flaw inclination angle, the unloading failure
and crack initiation are more likely to happen, and this
means that inducing preflaws with a smaller inclination angle
(e.g., vertical to the unloading direction) will be more helpful
to improve the excavation efficiency.
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In deep coal mines, coal before the working face is subjected to coupled highmining-induced stress and gas pressure. Such condition
may facilitate crack formation andpropagation in the coal seam, leading to serious coal and gas disasters. In this study, themechanical
properties (i.e., uniaxial compressive strength, tensile strength, and fracture toughness) of gas-containing coal with four levels of
initial gas pressure (i.e., 0.0, 0.5, 1.0, and 1.5MPa) were investigated by uniaxial compression, Brazilian disc, and notched
semicircular bending loading test. A newly developed gas-sealing device and an RMT-150 rock mechanics testing machine were
used. Fracture modes under different initial gas pressures were also determined. A theoretical method of fracture mechanics was
used to analyze crack initiation characteristics under gas adsorption state. Results show that the uniaxial compressive strength,
tensile strength, and fracture toughness of gas-containing coal decreased with increasing initial gas pressure. The tensional
fracture occurred in gas-containing coal under uniaxial compressive loading with high gas pressure. Cracks in gas-containing coal
propagated under small external loads due to the increase in effective stress of crack tip and decrease in cracking strength. This
study provided evidence for modifications of the support design of working face in deep coal mines. Furthermore, the correlations
between fracture toughness, compressive strength, and tensile strength of gas-containing coal were investigated.

1. Introduction

With the increase in the mining depth of coal mines in east-
ern China, the geological and mechanical environments of
deep mines differ from those of shallow mines. The most typ-
ical change is that the proportion of high-gas-pressure coal
seam increases (most gases are methane) and gravity stress
and mining-induced stress also increase obviously. A large
number of in situ investigations and numerical simulations
have demonstrated that the primary cracks in coal seam
before the working face will grow and generate new cracks
under high mining-induced stress, and the state of adsorbed
gas in the coal seam will also change; the direct consequence
is that the working face is prone to coal and gas outburst
accidents [1–3]. Such dynamic accidents are strong and

sudden, which can be destructive and seriously threaten the
production of coal mines. The incident mechanism is com-
plicated by coupled high gas pressure and mining-induced
stress [4, 5]. Previous studies on the dynamic disasters of
coal and gas outbursts in shallow coal seams have indicated
that the dynamic disasters of coal and gas outbursts are
mainly caused by the expansion of high gas pressure in the
coal seams. Theoretical models (i.e., instability and energy
models) are established on the basis of the traditional analy-
sis of disaster mechanism on shallow seams [6, 7]. However,
the influence of external load on coal and gas outbursts is
not accounted in these theoretical models. Consequently,
the mechanism of dynamic disasters of coal and gas out-
bursts in deep coal mines is interpreted inaccurately. In deep
mining, the mining-induced stress is obvious on high-gas
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coal seams. Therefore, the effect of coupled gas pressure and
external load on the dynamic disasters in deep coal mines
must be comprehensively considered. The mechanical prop-
erties of coal seams under the gas state have become popular
topics in coal mining.

The mechanical and adsorption properties of coals have
been experimentally and theoretically investigated over the
last two decades. On the one hand, considerable gas-sealing
equipment has been developed, and experimental studies
on the compression loading properties of gas-containing coal
have been conducted [8–11]. The strength and damage of
gas-containing coal were studied using a coupled gas-solid
experimental device by Xie et al. [12]. Their results showed
that a high initial gas pressure could decrease sample strength
and increase damage degree. The acoustic emission charac-
teristics of gas-containing coal were studied using acoustic
emission equipment, and experimental results showed that
acoustic emission energy decreased in the process of crack
splitting due to the occurrence of gas that significantly influ-
enced crack propagation [13, 14]. The macroscopic crack
propagation [15] and fracture toughness [16] of gas-
containing coal were tested with increasing initial gas pres-
sure and crack velocity and decreasing fracture toughness.
These studies mainly focused on the macroscopic mechanical
properties of raw gas-containing coal sample, and results
showed that the mechanical properties of coal were obviously
weakened by the state of adsorbed gas. On the other hand,
coal pore morphology and permeability have been experi-
mentally and theoretically investigated [17–19]. When exter-
nal stress and temperature conditions change, the effective
stress and temperature and the degree of gas desorption
increase [20]. During gas production and injection, the mor-
phological evolution of coal pores is a combined effect of
effective stress and sorption-induced matrix swelling/shrink-
age [21]. During gas extraction, the effective stress increases,
which causes cleat closure [22]. Meanwhile, desorption of gas
adsorbed on the inner coal surface results in matrix shrink-
age, thereby widening cleat aperture. As a result, the overall
morphological evolution of coal pores is determined by the
balance between these two effects. Most experimental studies
focusing on the adsorption characteristics of gas have been
conducted at adsorption expansion stress and deformation
in coal. The gas pressure in pore or crack is small compared
with the adsorption expansion stress. However, in the study
of crack initiation characteristics, the gas pressure in the pore
or crack is not negligible. Detailed studies of crack initiation
and state of adsorbed gas under external stress conditions are
limited. Coal is a typical sedimentary rock with multipore
medium. Various initial microcracks inevitably exist in coal.
The process of coal failure is essentially the process of the ini-
tiation, expansion, bifurcation, and perforation of initial
microcracks under external loads. Crack propagation and
failure in gas-containing coal are closely related to external
loads and gas occurrence due to the high gas pressure in deep
coal seams. Therefore, the mechanics and failure characteris-
tics of gas-containing coal are necessary to study on the basis
of crack initiation characteristics.

In this study, a laboratory investigation of the mechanical
properties of raw coal samples under different gas pressures is

conducted. The scenarios of increasingmining-induced stress
and gas pressure in coal seam before the working face are sim-
ulated on the basis of the analysis of field mining-induced
stress and gas pressure. The mechanical parameters of
gas-containing coal, such as uniaxial compressive strength
(σuc), tensile strength (σt), and fracture toughness (K IC),
under different initial gas pressures are tested by uniaxial
compression (UC), Brazilian disc (BD), and notched semicir-
cular bending (NSCB) loading test, respectively. The correla-
tion among the mechanical parameters is analyzed. The
weakening law of gas pressure on mechanical properties is
analyzed by a gas-containing crack initiation model, in which
the model is based on fracture mechanics and gas adsorption
characteristics. The research results have important practical
significance and application value to the stability analysis of
working face in deep coal seams with high gas pressure.

2. Experimental Procedures

2.1. Specimen Preparation. The coal specimens used in this
study are prepared from theXieqiaoCoalMine in theHuainan
mine area of China. The working face of coal seam, which
is a typical low-permeability and high-gas-pressure coal
seam, is approximately 780m underground. Microscopic
studies are performed to give insights into pore structures
and sizes using computed tomography (v tome x L300),
as shown in Figure 1. Many small pore structures exist in
the coals. The initial permeability of the coal specimens is
approximately 0.031md, the porosity is approximately
4.32%, and the average dry density is 1.395 kg/m3. The adsorp-
tion constants of the coals are 35.428m3/t and 1.163MPa−1 at
room temperature (26°C).

2.2. Experimental Setup. A novel experimental system is
constructed, in which the gas-containing coal specimens
can be tested under static loading, as shown in Figure 2.
The experimental system is developed by Anhui University
of Science and Technology; it mainly includes an RMT-150
rock mechanics testing machine, a gas-sealing device, and a
gas supply device. The gas-sealing device is placed on the
loading platform of a rock rigidity tester. The pressure head
of the tester is connected to the pressure bar of the
gas-sealing device to ensure that the sample is loaded. An
observation window composed of glass is arranged on one
side of the sealing device, which can be used to install the
sample and observe the deformation of the specimen during
the loading process. The gas supply device is connected to
the gas-sealing device through a gas pipeline. Before static
pressure is applied, the sample is placed in the gas-sealing
device. The air in the gas-sealing device is then pumped
out through an air pump to ensure that the air pressure
inside the gas-sealing device is 0.1 bar, and the gas (CH4
99%) is filled into the gas-sealing device. The gas pressure
in the gas-sealing device is compensated with a gas cylinder
to ensure that the gas pressure is constant, if the change in
the gas pressure is more than 1.5% during the processes of
static loading test. Two inline holes are drilled in the
gas-sealing device and connect the data acquisition device
with the wire line.
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2.3. Gas-Sealing Device. Before the testing, it is necessary to
keep the sample under a constant gas pressure for 24 hours
to ensure that the specimen is in the state of saturated
adsorption gas. So, the mechanical experiment for testing
gas-containing coal is difficult and strongly dependent on
the gas sealing of the equipment. In order to achieve the gas
tightness of the gas-sealing device, an O-type sealing ring is
inserted between the glass window and gas-sealing device
and ring cover plate and fixed with screws which are uni-
formly distributed on the cover plate, as shown in Figure 3.
During the stress loading process, the pressure bar needs to
slide down continuously, so the dynamic sealing element
consisting of an O-type sealing ring and two YX-type sealing
rings is adopted between the pressure bar and the gas-sealing
device, as shown in Figure 2(a). In this study, the gas pressure
sensor is used to measure the gas pressure inside the
gas-sealing device to ensure the desired steady gas condition
at room temperature for 24 hours before conducting the test.
The gas tightness under different gas pressures is examined.
As shown in Figure 4, the gas pressure decreases at the start
along with the sealing time, which is due to the methane
gas partially absorbed by the pore surface. After about five
hours, the gas pressure reaches a stable value (i.e., 0.5MPa,
1.0MPa, and 1.5MPa, respectively), which indicates that
the gas-sealing device can provide a good gas sealing for tests.

2.4. Experimental Methods. UC, BD, and NCSB loading test
are widely performed to measure uniaxial compressive
strength, tensile strength, and fracture toughness, respec-
tively [23, 24]. Three groups of specimens are prepared.
The shapes and dimensions of the three testing methods of
gas-containing coal specimens are shown in Figure 5. The
detailed testing methods of gas-containing coal are presented
as follows.

The UC tested prism specimens are 50mm in height
(H), 25mm in width (W), and 25mm in thickness (T).
The BD-tested cylindrical specimens are 50mm in diame-
ter (D) and in thickness (T). The NSCB-tested specimens
are 25mm in radius (R), 5mm in crack length (a),
20mm in thickness (B), and 30mm in span (2S). In the
processing of NSCB specimens, semicircular specimens
are cut along the diameter from rock core using a rotary
diamond-impregnated saw with a thickness of 0.3mm.

Notch is machined from the disc center perpendicular to
the diametrical direction using the diamond-impregnated
saw. The crack tip of the notch is sharpened using a dia-
mond wire saw with a thickness of 0.1mm. The specimens
for the UC, BD, and NSCB tests are prepared from the
same block of raw coal. The original undisturbed coal is
drilled perpendicular to a bedding plane to reduce the
influence of bedding face on specimen strength. In this
study, specimens without adsorbed gas are used for the
control tests, and at least five samples are prepared to
determine the mechanical parameters of the raw coal of
each group. Five replicas are selected for each condition
and with different gas pressures (i.e., 0.5, 1.0, and
1.5MPa) controlled by the gas-sealing device at room tem-
perature for 24 h.

The uniaxial compressive strength (σuc), tensile strength
(σt), and fracture toughness (K IC) [24] of coal rock samples
of different gas pressures are calculated by using equations
(1), (2), and (3), respectively.

σuc =
F

WT
, 1

σt =
2F
πDT

, 2

K IC = Y I
S
R

F πa
2RT , 3

where F is the failure load, and Y I S/R is the fracture geom-
etry factor of the sample type I crack.

In this study, S/R = 15/25 = 0 6, a/R = 0 24, and the frac-
ture geometry factor of sample type I crack can be calculated
by using the following equation [25]:

Y I
S
R

= 3 286 − 0 432 a
R

+ 0 039 exp 7 282 a
R

4

3. Experimental Results

3.1. Fracture Modes of Gas-Containing Coal. Fracture modes
are important characteristics to represent failure mechanism.
The results of previous experiments show that shear failure is
the main form of sample failure in UC test, and tensile failure
is the main form in BD and NCSB loading test. Figure 6
shows the macroscopic fracture modes of the coal specimens
for the UC, BD, and NSCB tests under different gas pressures.
For the UC test result with no gas conditions, the “V” cone
form of the failure surface is retained at the upper and lower
ends of blocks, which mainly shows shear fracture; the failure
morphology is similar to that of hard rock testing [26] (as
depicted in Figure 6(a)). However, the obvious lamellar frac-
ture damage is retained within specimens (position of lamel-
lar fracture showed by red arrows) with a gas pressure of
1.5MPa, which mainly shows tensional fracture (as pre-
sented in Figure 6(b)). For the BD and NSCB testing, the ten-
sional fracture is the major fracture mode under different gas
pressure conditions. The form of crack propagation in the
uniaxial compressive test is significantly changed by the gas
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Figure 1: Computed tomography showing microscopic pore
structures of coal.
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state on the coal specimens. With increasing gas pressure, the
mode of crack propagation is changed from traditional shear
failure to tensile failure. In the state of high gas pressure, the
tensile failure is obvious in uniaxial compressive, BD, and
NCSB loading test.

In the field of underground coal mining, the
mining-induced stress of coal seam in the front of the work-
ing face is increased; the coal seam is under obvious compres-
sive stress, and the gas pressure also increases [1]. The results
of this study show that the mode of crack propagation of
gas-containing coal gradually changes to tensile failure as
gas pressure increases. The mechanical parameters of tensile
failure are smaller than those of other forms of failure, and
the tensile failure is likely to occur under the same external
conditions [27]. Therefore, in the analysis of the safety stabil-
ity of gas-containing coal based on crack propagation,
mechanical parameters, such as fracture toughness or tensile
strength, which can directly reflect the tensile properties of
materials, should be emphasized.

3.2. Strength Characteristics of Gas-Containing Coal. The
mechanical parameters, such as uniaxial compressive
strength (σuc), tensile strength (σt), and fracture toughness
(K IC), of the specimens under the UC, BD, and NSCB load-
ing test are calculated using equations (1), (2), and (3),
respectively. All the tested specimens at various initial gas
pressures in this study are summarized in Table 1. The initial
gas pressure affects the mechanical parameters of the coal
specimens. As the gas pressure increases from no gas pres-
sure to 1.5MPa, the average σuc decreases from 23.54 to
13.75, the average σt decreases from 1.99 to 0.60, and KIC
decreases from 0.44 to 0.17. The gas attenuation coefficient
is defined as the ratio between the change value of mechani-
cal parameters under different gas pressures and the value of
mechanical parameters without gas to compare the variation
degree of mechanical parameters as affected by gas. In the
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studies by Wang et al. [28–31], the mechanical properties of
coal were investigated and the effect of contained free water
on the properties was discussed. The material strength and
fracture resistance of the coal increase with the increasing
water content, which is different from the performance of
the gas-containing coal with the increasing gas pressure. It
should be noted that the water viscosity affects the evolu-
tion of microcracks and micropores while the gas viscosity
has a little effect on the material properties. It should be
also noted that the damage on the specimen during loading
causes gas desorption which leads to the increase of gas
pressure inside the gas-containing coal. Therefore, the
gas-containing coal experiences more severe damage under
the condition of high gas pressure under the external load.
The attenuation law of the mechanical properties of
gas-containing coal under different gas pressures is shown
in Figure 7.

Figure 7 indicates that with increasing gas pressure, the
attenuation coefficient of mechanical properties under UC,
BD, and NSCB loading test with different gas pressures can
be represented by linear function relationship, and the attenu-
ation coefficient of the different loading tests of gas-containing
coal is obviously different. The attenuation coefficient of uni-
axial compressive strength is approximately 41.59% with

increasing gas pressure from no gas to 1.5MPa, which is sig-
nificantly smaller than that of tensile strength (69.85%) and
fracture toughness (61.19%). The influence of gas state on
the attenuation of tensile failure is accordingly obvious. As
influenced by deep mining of high-gas coal seam, the tensile
stress in the area near the working face is produced by the
mining unloading process under high stress [32]. The gas
states significantly reduce the tensile strength. Therefore,
the tensile failure of coal body caused by strong unloading
during mining should be avoided.

3.3. Correlation Analysis of the Fracture Toughness and
Strength Parameters of Gas Coal under Different Gas
Pressures. Crack propagation is a key factor in the fracture
of rock-like materials, and the linear elastic fracture mechan-
ics is widely used for fracture analysis, in which fracture
toughness is an important parameter [33]. In this study, three
experimental schemes are adopted to measure the mechani-
cal parameters (i.e., σuc, σt, and K IC). Some problems occur
with the measurement of fracture toughness by NSCB test-
ing, such as difficult to process specimens with prefabricated
cracks and to capture the fracture toughness critical point
caused by early failure. Therefore, for field engineering, a
simple and effective method is needed to measure fracture
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Figure 5: Optical deformation measurement device (a) UC testing, (b) BD testing, and (c) NSCB testing.
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Figure 6: Failure patterns of gas-containing coal changing with gas pressures (a) UC test with no gas, (b) UC test with 1.5MPa gas pressure,
(c) BD test with no gas, (d) BD test with 1.5MPa gas pressure, (e) NSCB test with no gas, and (f) NSCB test with 1.5MPa gas pressure.
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toughness. Previous studies have shown that the fracture
toughness of rock-like materials is related to tensile strength
and compressive strength [34, 35]; one of the dominated rea-
sons for the destruction of rock materials is the expansion of
microcracks, and the main reason for the expansion of the
microcracks is tensile stress rather than compressive and
shear stresses.

The relationship among the fracture toughness, compres-
sive strength, and tensile strength of gas-containing coal
under different gas pressure conditions is obtained in this
study through the statistics of the experimental data, as
shown in Figures 8 and 9. Fracture toughness has a good lin-
ear relationship with the tensile strength and compressive
strength of the gas-containing coal with different initial gas
pressures. The linear relationship is shown in Table 2. Frac-
ture toughness is positively correlated with compressive
strength and tensile strength, and the positive correlation
coefficient increases with the increase in gas pressure. The
linear relationship between fracture toughness and tensile
strength is better than that between fracture toughness and
compressive strength. As the gas pressure increases from no
gas to 1.5MPa, the coefficients of determination of the linear
relationship between fracture toughness and uniaxial com-
pressive strength are 0.84, 0.78, 0.56, and 0.89, and the coef-
ficients of determination of the linear relationship between

Table 1: Mean values of uniaxial compressive strength (σuc), tensile strength (σt), and fracture toughness (K IC) of coal under different gas
pressures.

Specimen σuc (MPa) Average σuc Δ σuc (%) σt (MPa) Average σt Δ σt (%) K IC (MPa·m1/2) Average K IC Δ K IC (%)

No gas

1 22.79

23.54 —

2.13

1.99 —

0.45

0.44 —

2 24.66 2.25 0.45

3 20.51 1.06 0.43

4 27.85 2.77 0.46

5 21.88 1.76 0.44

0.5MPa

1 19.73

19.7 16.31

1.62

1.64 17.68

0.36

0.34 22.56

2 23.2 2.44 0.39

3 20.68 1.94 0.37

4 18.9 1.17 0.30

5 15.96 1.04 0.30

1.0MPa

1 16.12

15.71 33.26

1.12

1.24 38.00

0.22

0.24 46.56

2 12.61 0.75 0.22

3 13.4 1.05 0.22

4 18.81 1.98 0.30

5 17.64 1.29 0.23

1.5MPa

1 14.04

13.75 41.59

0.54

0.60 69.85

0.19

0.17 61.19

2 17.8 1.01 0.23

3 12.26 0.43 0.12

4 9.03 0.33 0.11

5 15.62 0.70 0.21

0.0 0.5 1.0 1.5

0

20

40

60

80

Compressive strength

At
te

nu
at

io
n 

co
effi

ci
en

t (
%

)

Gas pressure (MPa)

Tensile strength
Fracture toughness

Figure 7: Attenuation coefficient of mechanical properties of
gas-containing coal under different gas pressures.
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fracture toughness and uniaxial compressive strength are
0.94, 0.90, 0.91, and 0.82. With the increase in gas pressure
from 0MPa to 1.5MPa, in case of σt = 0, the calculated value
of K IC using the fitting formula is reduced from 0.408 to
0.068. The linear relation between the fracture toughness
and tensile strength of gas-containing coal is close to the the-
oretical value with increasing gas pressure. Therefore, the
fracture toughness of the gas-containing coal can be accu-
rately predicted by BD testing, which will simplify the test
of fracture toughness.

4. Discussion

4.1. Basic Model of the Action of Gas in Coal. Coal is a
complex porous medium composed of solid skeleton and
pores, and its pores are gas storage sites and flow channels.
The gas adsorption on the surface of coal pores without
mining-induced stress leads to a relative equilibrium under
the joint action of in-situ stress and free gas pressure. With
the influence of coal mining, the pores are deformed by the
changes in mining-induced stress, and the partial adsorbed
gas is changed into free forms. For low-permeability coal,
the free gas in the pores cannot flow well, which causes the
gas pressure in the pores to increase. Therefore, the stress
balance of the surrounding area of the pores is changed.
The geometrical features of pores (i.e., occurring elements,
density, gap width, and connection degree) in real coal are
complex. Two assumptions are established to analyze the
crack propagation characteristics of gas-containing coal
under gas desorption and external loads. First, the perme-
ability of coal pores is low, and the pore surface is flat. Sec-
ond, the effective gas desorption rate α is defined, the
amount of gas desorption has a positive correlation with
the initial gas pressure, and the correlation coefficient is α.
The stress models of gas-containing coal are shown in
Figure 10.

4.2. Effect of Gas Pressure on the Stress Intensity Factors. The
test results and theoretical calculations show that cracking
angle is perpendicular to the maximum tensile stress, as
mode I crack propagation. The cracking angle is influenced
by stratum stress σ1. The increment in the gas pressure in
pores (△p), the effective normal stress (σN), the lateral com-
pressive stress (σT), and the shear stress (τ) are derived on
the crack plane as follows:

τ = 1
2σ1 sin 2β,

σN = 1
2 σ1 + σ1 cos 2β − Δp,

σT = 1
2 σ1 − σ1 cos 2β − Δp,

5

where β is the crack inclination angle.
A power correlation was investigated between the quan-

tity of initial gas pressure and the amount of desorption gas
by Wei et al. [36], who measured the gas desorption index
of outburst coal seams from the Gaocheng mine in China.
The gas pressure increment (△p) is calculated by the initial
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Figure 8: Relationship of fracture toughness against compressive
strength under different gas pressures.
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Table 2: Fitting function relationships.

Relationship Gas pressure Fitting function R2

σuc-KIC

No gas K IC = 0 004σuc + 0 354 0.84

0.5MPa K IC = 0 014σuc + 0 072 0.78

1.0MPa K IC = 0 009σuc + 0 095 0.56

1.5MPa K IC = 0 014σuc − 0 026 0.89

σt-KIC

No gas K IC = 0 018σt + 0 408 0.94

0.5MPa K IC = 0 069σt + 0 231 0.9

1.0MPa K IC = 0 068σt + 0 154 0.91

1.5MPa K IC = 0 173σt + 0 068 0.82
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gas pressure and the desorption rate according to the follow-
ing ideal gas equation:

Δp = αAPB, 6

where A and B are constant.
A new relationship of the stress intensity factors of modes

I crack tip (KI) and II crack tip (KII) is proposed by the theory
of fracture mechanics as follows:

KI = K I N + K I T = −σN πa + σT
ρ

a
πa

= − πa
1
2 σ1 + σ1 cos 2β − αAPB

+ πa
1
2 σ1 − σ1 cos 2β − αAPB ρ

a
,

7

K II = −τ πa = −
1
2 πaσ1 sin 2β, 8

where K I N and K I T are the stress intensity factors induced
by the effective normal stress (σN) and lateral compressive
stress (σT), a is the crack length, and ρ is the radius of the
curvature of the crack tip.

The proposed relationship shows that KI is directly pro-
portional to P and α, but KII has no correlation with P and
α. Figure 11 shows the sensitivity of P and α to a multiplica-
tion factor of K I under the same external loading. As gas
pressure increases, the stress intensity factors increase at the
same gas desorption rate. The figure indicates that the incre-
ment rate of K I is high with increasing gas desorption rate.
Under the same external loading and gas pressure of
1.5MPa, the stress intensity factor of crack tip at 100% gas
desorption rate is approximately 10 times higher than that
at 10% gas desorption rate.

4.3. Effect of Gas Pressure on Cracking Angle.Awing cracking
from the tip of initial crack in direction θ, wherein the trans-
formed mode I stress intensity factor produced by hoop

stress is maximum and greater than the fracture toughness
K IC of rock material, is the critical stress intensity factor in
mode I. The transformed stress intensity factor K I θ given
by [37] is expressed as

K I θ = KI cos3
θ

2 −
3
2KII sin θ cos θ

2 9

The crack extension criteria are defined as follows:

∂K I θ

∂θ
= 0,

∂2K I θ

∂θ2
< 0

10

A gas desorption rate of 10% is taken for example, and
the influence law of initial crack angle in gas retention is
obtained according to equations (7), (8), (9), and (10), as
shown in Figure 12. Crack initiation angle exerts a minimal
influence on the initial cracking angle, but as the gas pressure

The free gas
The adsorbed gas
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Figure 10: Schematic diagram for the pores deformation of gas-containing coal (a) Initial state, (b) Static loading.
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increases, it decreases. With no gas state, the initial cracking
angle is approximately 70°. This phenomenon is consistent
with the results reported by Li et al. [38], who measured the
cracking angle of rock under seepage pressure and far-field
stress. The initial angles of crack of 40° and 50° are taken
for example. As the gas pressure increases from 0MPa to
1.5MPa, the cracking angle reduces from 66.5° and 66.9° to
48.3°and 48.6°, respectively. The cracking angle decreases
nearly by 30%. The maximum circumferential direction of
the crack tip can be changed by the gas pressure during crack
propagation. With increasing gas pressure, the extension
angle of the wing crack becomes close to the crack inclination
angle, which leads to the failure mode as tensional fracture
that is consistent with the experimental results in this study.

4.4. Effect of Gas Pressure on Cracking Strength. The com-
pression–shear fracture criterion with compression–shear
coefficient λ12 was introduced on the basis of the theory
of Mohr–Coulomb strength by Zhou [39], as the follow-
ing equation:

λ12〠KI+〠KII = K IIC , 11

whereKIIC is the fracture toughnessof type II crack, and theK IIC
of sample can be calculated by K IC [40] as K IIC = 0 866K IC.

Equations (7) and (8) are substituted into Equation (11),
and the crack compression–shear fracture intensity of coal
under gas desorption pressure can be derived as follows:

σ1 =
2K IIC/ πa + Aσ3 + 2αAPBλ12 ρ/a − 1

B
,

A = sin 2β + λ12 1 − cos 2β −
ρ

a
1 + cos 2β ,

B = sin 2β + λ12
ρ

a
1 − cos 2β − 1 + cos 2β

12

The initial cracking intensity of crack under different gas
pressures can be calculated according to the experimental
results in this study, as shown in Figure 13. With the increase
in gas pressure, the cracking strength decreases. The results
of the theoretical analysis of stress intensity factors, cracking
angle, and cracking strength show that with the increase in
gas pressure, the crack tip stress intensity factor increases,
whereas the cracking angle and strength decrease. These
results indicate the significant influence of the initial gas
pressure on the crack propagation of coal specimen, and ten-
sional fracture is likely to happen. A gas pressure of 1MPa
and an external load of 1.5MPa are taken for example. The
normal effective stress (ES) and the cracking strength (CS)
are calculated in the desorption rates of 0, 20%, 40%, and
60%, as shown in Figure 14. At a gas desorption rate of 0
(as no gas state) and an external load of 1.5MPa, the normal
effective stress of the crack tip is obviously lower than the
cracking strength; consequently, cracks cannot expand. With
increasing gas desorption rate, the crack tip effective stress is
increased, but the cracking stress is decreased. At a gas
desorption rate of 0.6, some crack’s effective stress is greater
than the cracking strength, in which the crack angle is
between 30° and 80°. Thus, under the same external load
(as 1.5MPa), the possibility of crack expansion is increased
as the gas desorption rate increases.

Figures 13 and 14 show that the initial gas pressure and
gas desorption rate affect the effective stress and cracking
strength of the gas-containing coal specimens. As the initial
gas pressure or the gas desorption rate increases, the crack
stress intensity factors and effective stress of gas-containing
coal increase, whereas the cracking strength decreases. In
the process of coal mining of deep high-gas coal mines, the
cracks of gas-containing coal propagate under small external
loads (as mining-induced stress). Instability and failure of
coal then occur, and the failure may result in serious conse-
quences, such as coal and gas outburst accidents. Previous
studies have indicated that in the high gas-containing and
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low-permeability coal seams of deep coal mines, an increase
in external load will induce the increase in gas desorption
rate and gas pressure. Therefore, in the mining process of
deep low-permeability coal seams, not only the gas pressure
must be ensured to meet the requirements of safe mining,
but also the influence of the disturbance of mining-induced
stress on the desorption degree of the adsorption gas must
be considered. Coal and gas outburst accidents can be
avoided by reducing the disturbance of mining-induced
stress and accumulation of free gas and ensuring the safety
of coal seam mining.

5. Conclusions

The mechanical properties (i.e., uniaxial compressive strength,
tensile strength, and fracture toughness) of gas-containing
coal with four levels of initial gas pressure (i.e., 0.0, 0.5,
1.0, and 1.5MPa) are investigated in this study by using a
newly developed gas-sealing device and an RMT-150 rock
mechanics testing machine. The fracture modes and the cor-
relation among fracture toughness, compressive strength,
and tensile strength are examined. The experimental results
are verified by the theoretical analysis of crack initiation
characteristics based on fracture mechanics.

Theoretical and experimental analyses show that the uni-
axial compressive strength, tensile strength, and fracture
toughness of gas-containing coal decrease as the initial gas
pressure increases. The fracture mode of gas-containing coal
is mainly the tensile failure. An obvious linear correlation
exists between tensile strength and fracture toughness under
a high initial gas pressure. This study is meaningful to the
design and construction of high-gas and low-permeability
coal seams for deep mining. When the working face is at a
great depth and a high gas pressure, coal stability might be
vulnerable to high mining-induced stress.

In the further study, special attention should be devoted
to the accumulation of mining-induced stress and free gas
in the mining of deep mines in high-gas coal seams to pre-
vent induced dynamic disaster accidents under coupled
mining-induced stress and gas pressure. The mode of reason-
able reduction of mining-induced stress is necessary to be
further researched, given that mining-induced stress is
unavoidable in coal mining. Further test analysis of the
effects of gas state and mining-induced stress on the perme-
ability of gas-containing coal is suggested to be conducted
to reduce the accumulation of free gas by improving the per-
meability of coal seams.
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Injecting N2 to displace methane is an effective way to enhance coalbed methane drainage, and the influence radius of this process is
an important factor in borehole arrangement. To determine reasonable spacing between injection boreholes and discharge
boreholes, experimental and theoretical studies were carried out. The change of rule for the influence radius was determined
based on the flow rate changes at the discharge boreholes when injecting gas into a coal seam in the field. Based on gas
seepage-diffusion theory, a model for injecting N2 to displace coalbed methane was established. Through numerical simulation,
the time characteristics of the influence radius were analyzed. The results show the following: Under different gas injection
pressure conditions, the influence radius increases exponentially as injection time increases, but the rate of increase of the
influence radius decreases gradually. For the same injection time, the higher the injection pressure, the wider the influence
radius will be. After obtaining field results, regression analysis was applied to analyze the numerical results of gas injection at
different pressures, and then, the quantitative relationship between the injection influence radius r, the injection time t, and the
injection pressure p was found. According to the results calculated using this formula at an injection pressure of 0.5MPa, the
optimum spacing between boreholes was determined to be 1.5m at the Shigang Coal Mine. The analysis of reasonable spacing
between injection and extraction boreholes at different injection pressures shows that the reasonable spacing between boreholes
was linearly correlated with gas injection pressures. This study has important theoretical and practical significance for the
spacing between boreholes in a reasonable arrangement when injecting N2 to displace methane.

1. Introduction

As the main greenhouse gas, efforts to reduce CO2 emissions
from the combustion of fossil fuels have received increasing
attention due to concerns over global climate change in
recent years [1–3]. In particular, the injection of CO2 into
the deep coal seams to enhance coalbed methane (ECBM)
has been an efficient method for the CO2 capture, utilization,
and sequestration (CCUS) engineering [4–8]. In addition,
another alternative method to enhance the CBM recovery is
to inject the N2 into coal seams, which can efficiently reduce
the partial pressure of CH4 in the adsorption equilibrium
conditions and ultimately enhance the CH4 desorption from
the surfaces of the micro- and mesopores in coal.

At the end of the 20th century, CO2 was injected for
increasing coalbed methane (CO2-ECBM) in the United

States San Juan Basin; this approach was the prelude to
CBM coalbed gas injection in the field driving the technology
for methane [9–11]. In subsequently years, the United States
[9, 12, 13], Canada [14], Japan [5], EU [15], and China [16–
18] have started research and have conducted ECBM field
trials of various sizes. The US carried out CO2-ECBM field
test in San Juan Basin, Black Warrior Basin, Illinois Basin,
and Central Appalachian Basin. In Hokkaido, Japan, Poland,
and Alberta, Canada, field trials of different sizes were also
carried out. China United Coalbed Methane Co. Ltd. was
the first mine that conducted CO2 injection into the ground
in Jincheng, China. Next, China carried out the low-
pressure (<0.6MPa) N2-ECBM test in Pingdingshan Coal
Mine and Yangquan Coal Mine.

With the development of coalbed gas injection technolo-
gies to promote gas drainage, scholars conducted many
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experimental and theoretical studies, and their studies played
an active part in the popularization and application of the
technology [19–25]. However, when the technology for gas
injection to drain methane was used in coal mines, there were
few reports on the reasonable arrangement of injection bore-
holes and the spacing of discharge boreholes. These arrange-
ments influence the gas displacement effect. If the borehole
spacing is too large, it is easy to form blind areas in the elim-
ination outburst area, and if the spacing is too small, it is
likely to waste manpower and material resources. The
arrangement of injection borehole spacing depends on the
influence radius of the borehole. The time characteristic is
another important part of reasonable gas injection methods.
Thus, the influence radius of injection borehole and its time
characteristic need to be addressed.

2. The Basic Theory of Coalbed Methane Flow

2.1. The Gas Diffusion Equation. Assuming that the move-
ment of adsorption gas desorbing from the coal micropore
and moving to the fissure system follows Fick diffusion law,
then the equation for CH4 and N2 diffusing in the pore sys-
tem is

∂ci
∂t

+ ∇ −Di∇ci = −Qi  i = 1, 2 1

In the equation, i represents the gas composition, where
i = 1 represents CH4 and i = 2 represents N2. ci is the concen-
tration of gas in kg/m3. Di represents the diffusion coefficient
of the gas composition in m2/s. Qi is the converged item in
kg/(m3·s), reflecting the mass exchange of the matrix between
the adsorption state in the pore system and the free state in
the fissure system.

2.2. Gas Seepage Equation [11]. Assuming that the migration
of free gas in the coal seam can be treated as a fluid filtration
process, then the mass conservation equation [26] of gas
seepage in the coal is

∂mi

∂t
+ ∇ ρiv =Qi  i = 1, 2 2

In the equation, ρi is the density of the gas composition in
kg/m3 and v is the overall gas seepage speed in m/s; because
the seepage of gas in the coal seam follows Darcy’s law, the
overall flow velocity v can be expressed as

v = −
k
μi
∇p 3

In the equation, k is the permeability of coal in m2, μi is
the dynamic viscosity of gas component in N·s/m2, and ∇p
is the pressure gradient in Pa/m.

mi is the content of the gas composition i in kg/m3;
mi = ϕρi, where ϕ is porosity.

2.3. Adsorption Balance Equations of Multiple Gases. The
components of the adsorption state under the hypothetical

equilibrium pressure pi can be represented by the generalized
Langmuir equation as follows:

cpi = ρiaρc
aibipi

1 + b1p1 + b2p2
4

In this formula, ρia is the density of the gas composition
under standard conditions in kg/m3, ρc is the density of the
coal in kg/m3, ai is the limiting amount of adsorbed gas when
the component is adsorbed alone in the coal seam in m3/kg,
and bi is the component adsorption equilibrium constant in
MPa-1. Finally, p1 and p2 are the equilibrium pressures of
components 1 and 2, respectively, in MPa.

2.4. Mass Exchange Equation. The mass exchange between an
adsorption state on the coal surface and a free state in the fis-
sure system can be defined as

Qi = ci − cpi τ 5

In the equation, τ is desorption diffusion coefficient and
represents the difficulty of the adsorption state gas desorbing
and diffusing in the fracture system.

2.5. The Gas State Equation. Because the injection pressure is
usually not large, the compressibility of the gas is ignored.
Considering the gas component as an ideal gas, the ideal
gas state equation can be represented as

ρia =
Mipa
RiTa

6

In the equation, Mi is the molecular weight of the gas
component i, Pa is the gas pressure under the standard con-
dition of 0.1MPa, and Ta is the gas temperature under the
standard condition of 273K.

2.6. Coupling Equation. Plugging equations (4)~(6) into
equation (2), the result is

ϕMi

RiT
∂pi
∂t

− ∇
Mikpi
RiTμi

∇p =Qi 7
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Figure 1: Model for the numerical simulation.
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Table 1: Parameters of physical properties in numerical simulation.

Symbol Parameter Number Unit Symbol Parameter Number Unit

ρc Coal density 1 35 × 103 kg/m3 φ Coal porosity 0.05

ρ1a CH4 density 0.717 kg/m3 ρ2a N2 density 1.25 kg/m3

μ1 CH4 dynamic viscosity coefficient 1 04 × 10−5 Pa·s μ2 N2 dynamic viscosity coefficient 1 69 × 10−5 Pa·s
a1 CH4 Langmuir constant 0.03832 m3/kg a2 N2 Langmuir constant 0.01658 m3/kg

b1 CH4 Langmuir constant 0.51 1/MPa b2 N2 Langmuir constant 0.46 1/Mpa

k Permeability of coal 2 6 × 10−16 m2 pa Gas pressure under standard conditions 0.1 MPa
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Figure 2: N2 pressure in coalbed around the borehole at different
times under 0.5MPa gas injection pressure.
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Equations (1) and (7) constitute the continuity equations
of multicomponent gas diffusion and seepage in a pore fis-
sure system.

3. Numerical Simulation of Influence Radius by
Injecting N2 to Displace Coalbed Methane

3.1. Experiment Mine. In this paper, Shigang Coal Mine is
selected to carry out the test. The Shigang Coal Mine is
located in the northeast of the Qinshui Basin in China; the
geological structure of the coal seam is complex. The thick-
ness of the no. 15 coal seam, respectively, is 5.93-8.22m,
and its dip angle is approximately 8°. The gas content of the
no. 15 coal seam is 10.71-15.21m3/t, and the maximum
methane pressure is 0.76MPa.

3.2. Mathematical Model

3.2.1. Basic Assumptions. To build a numerical model for
injecting N2 displacement of coalbed methane, the following
basic information needs to be assumed: (1) The in situ stress
condition and the anisotropy of the coal seam is neglected.
(2) The original gas pressure and gas content in coal seam
are the same everywhere. (3) Gas flow in the coal seam is
an isothermal process. Adsorption and desorption conform
to the generalized Langmuir isothermal adsorption equation.
(4) In the process of gas injection, the injection pressure will
not decrease with the increase in borehole depth. The gas
pressure in the borehole stays constant. (5) Gas in the coal
seam has a constant composition.

3.2.2. Model and Boundary Conditions. Although boring
holes and injecting N2 into coal seam to displace methane
are three-dimensional processes in spacing, considering the
feasibility and effectiveness of numerical calculations, we
simplify it to a two-dimensional problem, selecting the verti-
cal direction of the borehole as the research direction. The
numerical model is shown in Figure 1.

The initial and boundary conditions of the model are
as follows:

(1) The original CH4 pressure of coalbed is p0, and the
N2 pressure is 0

p1 x, y, t t=0 = p0,
p2 x, y, t t=0 = 0

8

(2) The model boundary flow is 0, the atmospheric pres-
sure of the mine is 0.1MPa, and N2 injection pressure
is set to 0.5MPa

The engineering conditions need to be simulated as fol-
lows. The excavation roadway is 4m high. The borehole
radius is set to 90mm in the model. There is a no flow rate
boundary around the model. The injection borehole pres-
sures are 0.5MPa, 0.8MPa, 1.2MPa, and 2.0MPa. Parame-
ters of physical properties in numerical simulation are
obtained from the laboratory data of coal samples in Shigang
Coal Mine, as shown in Table 1.

3.3. Numerical Simulation and Analysis on Radius Influence
of Injecting N2. Usually, before injecting N2 into coal seam,
N2 content in coal seam was very low. Therefore, to sim-
plify numerical simulation, N2 content in coal seam was
ignored. Figure 2 shows the results of 0.5MPa gas injection
pressure, at different times around the bore-borehole-
pressure N2 cloud. It can be seen from Figure 2 that, with
the gas injection time extended, N2 pressure range gradu-
ally increased; therefore, the range in which the N2 pressure
rises from 0 to 0.05MPa is defined as the influence radius
of the gas injection.

At an injection pressure of 0.5MPa, the trend of the N2
pressure in the direction along the O-A line in the model is
shown in Figure 3. Before injection, the N2 pressure around
the borehole is 0 Pa. As the injection time increases, the influ-
ence area of N2 near the coal wall increases too. After 1 h gas
injection, the influence radius of N2 reaches 0.75m. After 4 h,
the influence radius of N2 reaches 1.40m. After 10h, the
influence radius of N2 reaches 2.10m. The trend of the N2
pressure in the direction perpendicular to the O-A line in
the model is shown in Figure 4. Before injection, the N2 pres-
sure around the borehole is 0 Pa. As the injection time
increases, the influence area of N2 near the coal wall increases
too. After 1 h gas injection, the influence radius of N2 reaches

0.3 y = 0.1195x0.272

R2 = 0.84610.25
0.2

0.15

Ra
di

us
 (m

)

Injection time (h)
0 2 4 6 8 10 12

0.1
0.05

0

Figure 5: Difference between the horizontal and vertical distances
with injection time.

Table 2: The comparison table of gas injection influence radius in vertical and horizontal directions.

Classification
Injection time (h)

1 2 3 4 5 6 7 8 9 10

Radius in horizontal direction (m) 0.75 1.00 1.20 1.40 1.50 1.70 1.80 1.90 1.90 2.10

Radius in vertical direction (m) 0.63 0.84 1.05 1.23 1.34 1.49 1.60 1.68 1.70 1.85

Difference (m) 0.12 0.16 0.15 0.17 0.16 0.21 0.20 0.22 0.20 0.25
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0.63m. After 4 h, the influence radius of N2 reaches 1.23m.
After 10h, the influence radius of N2 reaches 1.85m.

From the numerical simulation results, the difference of
the influence radius of the gas injection in horizontal direc-
tion (bedding direction) and in vertical direction (vertical
bedding direction) existed. The radius of the gas injection
in the vertical bedding direction is smaller than that in the
bedding direction, and the difference is related to the exis-
tence of the power of the gas injection time, ΔR = 0 1195
t0 272. The differences are shown in Table 2 and Figure 5.

4. Field Test of Influence Radius by Injecting
N2 to Displace Coalbed Methane

4.1. Test System. In this paper, Shigang Coal Mine is selected
to carry out the test. The Shigang Coal Mine is located in the

northeast of the Qinshui Basin in China. The basic situation
is shown in Section 3.1.

An injecting N2 system consists of the connecting pipe,
quick joint, borehole sealing device, high pressure switch,
pressure gauge, etc., as shown in Figure 6. The field test gas
source is nitrogen, which is provided by the mine pressure
duct road. The connecting lines are composed of 25mm
high-pressure pipes. The borehole sealing device uses a hard
PVC tube and polyurethane sealing, and borehole sealing
pipe is connected by quick connectors.

4.2. Test of Borehole Arrangement. The borehole arrange-
ment is shown in Figure 7. Because of the small roadway
cross section in the Shigang Coal Mine, it is hard to construct
two observation boreholes that are perpendicular to the coal
seam. Thus, it is impossible to achieve “around holes”
(Figure 7(a)). If “parallel holes” are used (Figure 7(b)), the

Roadside coal

Pressure air pipe line

(𝛷 25 mm) (𝛷 16 mm)
Sealing device Drainage drilling

High voltage switch Gas injection drilling

A A

(a) Plan

Gas injection drilling

60 m
10 m

Quick connection

90
 m

m

High voltage switch

Hole sealing section
Hole sealing tube

(b) A-A profile

Figure 6: Diagram of gas injection.
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Observation holes
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Gas injection hole
Observation holes

(b)

ri

Gas injection hole
Observation holes

(c)

Figure 7: Borehole arrangement in the effective gas injection radius test.

Table 3: Borehole parameters in the injecting N2 influence radius test.

Borehole type
Specifications and sealing requirements of borehole

Depth (m) Diameter (mm) Sealing depth (m) Sealing method

N2 injection borehole 60 94 10 Rigid PVCpipe + polyurethane entire section borehole sealing
Observation borehole 60 94 10 Rigid PVCpipe + steel pipe + polyurethane borehole sealing
Borehole spacing (m) ri = 0 8, 1, 1 5, 2, 3
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observation boreholes near the injection boreholes have a
“closure” effect on the observation boreholes far from the
injection boreholes, which may cause low or zero flow rates
in the observation boreholes far from the injection boreholes.
Thus, to avoid “closure” and to consider the convenience and
accuracy of borehole construction, a single measuring bore-
hole arrangement is adopted (Figure 7(c)). By enlarging the
spacing between injection boreholes and observation bore-
holes, the influence radii at different times are measured.
The design of the borehole parameters is shown in Table 3.

4.3. Test Result and Analysis. After discharging the borehole
continuously for approximately 12 h, the field gas injection
started. The flow rate before gas injection was balanced. In
the process of gas injection, the gas injected in a coal seam
accumulated in the coal, and then it formed a large pressure
difference between injection borehole and discharge ?bore-
hole, so the coalbed methane moved from the high-
pressure side (injection borehole) to the low-pressure side
(discharge borehole). At an early stage of gas injection, the
flow rate of discharge borehole increased obviously. As the
injection time increased, the flow rate of discharge borehole
tended to rise steadily in spite of some local instability until
the maximum mix flow rate of discharge borehole appeared.
Then, the data were measured continuously with the varia-
tion of not more than 5%. The data variation condition of
each group is shown in Figure 8.

It can be seen from Figure 8, when the spacing between
the injection borehole and the discharge borehole is 0.8m,
the mix flow rate reached the peak of 12.08 L/min after 1 h.
When the spacing between the injection borehole and the
discharge borehole is 1m, the mix flow rate reached the peak
of 11.11 L/min after 2 h. When the spacing between the injec-
tion borehole and the discharge borehole is 1.5m, the mix
flow rate reached the peak of 10.52 L/min after 4 h. When
the spacing between the injection borehole and the discharge
borehole is 2m, the mix flow rate reached the peak of
9.15 L/min after 7 h. When the spacing between the injection

borehole and the discharge borehole is 3m, the mix flow rate
does not appear within 10 h. This observation means that
when the injection pressure is 0.5MPa, after 10 h of injection,
the influence radius is less than 3m. The field test data are
shown in Table 4.
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Table 4: Test results for the influence radius.

N2 injection time (h)
N2 injection

influence radius (m)

Increase radius
before and after N2
injection flow rate

1 0.8 10.9

2 1.0 6.7

4 1.5 6.6

7 2.0 7.2
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Table 4 shows that the influence radius increases as the
injection time increases. However, as the injection time
increases, the increase in the gas injection influence radius
per unit time decreases. When the influence radius increases
from 1.5m to 2.0m, the injection time increases by 3 h, while
at the same time, the influence radius increases by only 0.5m.

The results of the numerical simulation and the field test
are shown in Figure 9. The influence radius measured by
numerical simulation is close to the influence radius
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Figure 10: N2 pressure along O-A direction under different gas injection pressures.
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Table 5: The fitting formula and fitting coefficient.

Gas injection pressure
(MPa) r = AtB A B R2

0.5 r = 0 7245t0 438 0.7495 0.446 0.99803

0.8 r = 0 9947t0 4491 0.9947 0.4491 0.99641

1.2 r = 1 2072t0 4544 1.2072 0.4544 0.99729

1.6 r = 1 3294t0 4605 1.3294 0.4605 0.99522

2.0 r = 1 4878t0 4704 1.4878 0.4704 0.98169
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measured from the field test. Field test results are slightly
higher than the results of numerical simulation because the
model in numerical simulation is simplified, and the fissure
in the coal, which may have an influence on the permeability,
is ignored. Because the results of numerical simulation and
the field test have consistency, the numerical model and the
simulation may be considered reliable.

5. Reasonable Arrangement of Borehole

5.1. Influence Radius of Borehole under Different Injection
Pressures. Adopting the numerical model above, by changing
the injection pressure, the impact of the injection pressure on
the influence radius of the gas injection is studied, as we can
see in Figure 10. At other injection pressures, the N2 pressure
around the boreholes has the same properties as when the
injection pressure is 0.5MPa. The influence radius increases
with increasing time. When the injection pressure is
0.8MPa, the N2 influence radius reaches 1m after 1 h of
injection. The N2 influence radius reaches 1.8m after 4 h of
injection. The N2 influence radius reaches 2.7m after 10 h
of injection. When the injection pressure is 1.2MPa, the N2
influence radius reaches 1.2m after 1 h of injection. The N2
influence radius reaches 2.2m after 4 h of injection. The N2
influence radius reaches 3.5m after 10h of injection. When
the injection pressure is 1.6MPa, the N2 influence radius
reaches 1.3m after 1 h of injection. The influence radius of
N2 reaches 2.6m after 4 h of injection. The influence radius
of N2 reaches 3.8m after 10 h of injection.When the injection
pressure is 2.0MPa, the influence radius of N2 reaches 1.5m
after 1 h of injection. The influence radius of N2 reaches 3.0m
after 4 h of injection. The influence radius of N2 reaches 4.6m
after 10h of injection.

Meanwhile, from Figure 10, it can be seen that under the
condition of equal injection time, the higher the injection
pressure, the greater the influence radius will be. At injection
pressures of 0.8MPa, 1.2MPa, 1.76MPa, and 2.0MPa, the
influence radii reach 1m, 1.2m, 1.3m, and 1.5m, respec-
tively, after 1 h. The influence radii reach 1.8m, 2.2m,
2.6m, and 3.0m, respectively, after 4 h. The influence radius
under different injection pressures and injection times is

shown in Figure 11. Their relation can be fitted by power
exponents. The fitting parameters are shown in Table 5.
The degree of fitting reaches to over 0.98.

r = AtB 9

Injection pressure is an important factor in the influ-
ence radius. A and B are coefficients of the influence radius
fitting formula for gas injection, and the relation between
the two coefficients and the injection pressure p is shown
in Figure 12. Coefficients A and B are both linear with
respect to the injection pressure p. Plugging the relation
between A and B into formula (9) yields the formula for
the variation of the influence radius with time under differ-
ent injection pressures.

r = 0 57298p + 0 47513 t0 01593p+0 43664 10

In order to verify the calculation formula (10), the reli-
ability, through the formula at 0.5MPa gas injection radius
of influence of different conditions of gas injection time and
with the results of the field test and numerical simulation
results, was analyzed, as shown in Table 6. As can be seen
from Table 6, both the numerical simulation results, or
using the fitting formula (10), calculation results are consis-
tent with the results of the field test; the error does not
exceed 10%.
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Figure 12: Coefficients of A and B under different gas injection pressures.

Table 6: Comparison of the calculation results and the test results.

Gas
injection
time (h)

Radius
of field
test (m)

Radius of
numerical
simulation

(m)

Error

Formula
(11)
radius
(m)

Relative
error

1 0.8 0.75 6.25% 0.76 4.80%

2 1.0 1.0 0 1.04 3.65%

4 1.5 1.4 6.67% 1.41 5.96%

7 2.0 1.8 10% 1.81 9.54%
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5.2. Reasonable Arrangement. To determine reasonable
parameters for injection borehole, the increasing rate of
influence radius under different injection pressures is calcu-
lated using the quantitative relation formula (11) between
influence radius and injection time and injection pressure,
as shown in Figure 13.

η =
rj+1 − r j
t j+1 − t j

× 100% 11

In the formula, r j+1 and rj are the influence radii at times
t j+1 and t j. η is the increasing rate of influence radius from
time t j to time t j+1.

From Figures 13 and 14, it can be seen that the influ-
ence radius of the gas injection increases with the injection
time, but the increment decreases with time. Thus, the
increment of the influence radius per unit time will
decrease to the limit as time increases. This observation
means that if the injection time is long enough, the
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influence radius will not increase even though the injection
time continues to increase. When the increment of the
influence radius is less than 5% per unit time, further
increases in time are unnecessary. To improve the field
injection efficiency and ensure that the gas will discharge
quickly after drill hole, the borehole arrangement used in
the field adopts 10% as the rate increases. As shown in
Figure 13, the injection time is approximately 5.3 h. From
Figure 14, a reasonable spacing between injection borehole
and discharge borehole is obtained. For the Shigang no.
15 coal seam, when the injection pressure is 0.5MPa, the
calculated reasonable spacing between injection borehole
and discharge borehole is 1.56m, and we used 1.6m in
the field test. For other injection pressures, the reasonable
spacing between injection borehole and discharge borehole
is shown in Figure 15. Their reasonable spacing L is linearly
correlated with pressure p, and the relation can be repre-
sented as follows:

L = 0 924 + 1 255p,
R2 = 0 9998

12

6. Conclusions

Based on numerical simulation and field test analysis of the
time characteristics of the injecting N2 influence radius, we
conclude the following:

(3) The influence radius and injection time can both be
expressed as exponents, and their fitting degrees are
linear with injection pressure. Based on this and the
results obtained from the relation between the influ-
ence radius and the injection time, the pressure tends
to agree with the results obtained from the field test.
The difference is no more than 10%

(4) Reasonable spacing between injection boreholes
and discharge boreholes can be determined from
the increasing rate of the influence radius. When
the increasing rate of the influence radius is less
than 10%, the influence radius is the reasonable
spacing of the boreholes. Using this method, the
reasonable spacing between the injection borehole
and the discharge borehole at Shigang Coal Mine
was determined to be 1.56m, and 1.5m was used
for the field test

(5) At different injection pressures, the reasonable
spacing between injection boreholes and discharge
boreholes tend to be linearly related to the injec-
tion pressure
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An RMT-150B electrohydraulic servo testing system was used to perform uniaxial compression and uniaxial grading relaxation
(creep) tests. The deformation, strength, and failure characteristics of the progressive failure process of coal samples under three
loading modes were analyzed. The analysis results show that the prepeak stress-strain curve of the coal samples and the load
relationships are not clear and that the whole compression process of coal still showed compression, elastic, yielding, and failure
stages. The local stress drop characteristics during our relaxation creep grading tests showed no clear peak value and showed a
yield curve with the shape of a conventional single plateau. The values of the mechanical parameters of axial compression were
significantly higher than those obtained in the grade relaxation (creep) tests, which showed the mechanical parameters of coal
samples with aging characteristics. In the relaxation (creep) tests, when the stress ratio was less than 70%, the relaxation (creep)
characteristics of the sample were not clear. When the ratio of stress relaxation (creep) was more than 70% in the relaxation
(creep) tests during displacement (stress) with a constant relaxation (creep) over the duration of the test, the evolution,
development, and convergence of microcracks in the coal samples were observed. Relaxation (creep) stress was higher, failure
duration was shorter, and the duration of failure was longer. For fully mechanized coal faces, increasing the support resistance
and timely moving the support after coal cutting may prevent rib spalling accidents by reducing coal stress and exposure time in
the front of the working face. Additionally, routine uniaxial compressive failures showed a simple form, having a clear
tension-shear dual rupture surface. The staged relaxation creep failure testing of coal is more complex. The entire coal samples
were divided into many thin-sheet debris via gradual collapse and shedding, and the number of cracks increased significantly,
showing evident lateral expansion characteristics that are similar to the rib spalling characteristics in high coal mining working faces.

1. Introduction

When a coal body develops primary joints and fissures, it
loses strength and its brittle failure characteristics worsen.
When coal stress (strain) exceeds a certain critical value,
microcracks continue to expand, which causes progressive
failure of the coal body over time when the stress (strain)
level is lower than the peak strength of the coal body (strain).
A fully mechanized working face primarily exhibits a clear
time-delayed progressive wall caving, indicating that coal
wall spalling of the working face does not occur immediately

after coal cutting; rather, it will happen after a period of time
(lag) after the coal is cut. The lag time of coal wall spalling is
affected by many factors, including buried depth, mining
height, coal body structure, and mining technology. Coal
wall spalling is prone to cause roof flaking. Serious coal wall
spalling not only affects the normal production of a fully
mechanized working face and damages the equipment on
the working face but also threatens the safety of personnel,
causing unsafe working conditions for coal mine produc-
tion. Coal wall spalling is always the main factor affecting
the safe operation of a fully mechanized mining face and
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the realization of high yield and efficiency. The characteris-
tics of progressive failure over time of a coal body must be
considered as one of its most important mechanical charac-
teristics. Studies on the characteristics of time-delayed pro-
gressive failure for coal rock bodies primarily consist of
rheological (i.e., relaxation and creep) experiments carried
out in laboratories.

1.1. Research Results of Rock Relaxation Experiments. Yang
et al. conducted a uniaxial compression time-delayed failure
experiment on marble and found that circumferential
strain upon the occurrence of marble time-delayed failure
is clearly larger than axial strain [1]. Feng et al. conducted a
stress-relaxation experiment on several metamorphic rocks
after applying a peak load and classified the results for these
rocks as source rock burst or exciting rock burst [2]. Tang
and Pan conducted a relaxation experiment on rocks under
peak load deformation conditions and suggested that the
stress relaxation curves of rocks under such conditions
exhibit characteristics of step-like declination [3]. Li con-
ducted an experimental study on the relaxation four types
of rocks under uniaxial compression conditions, and the
results indicate that the relaxation curves of these rocks were
either continuous or stepwise [4]. Yang et al. conducted uni-
axial and triaxial variable-stress-path relaxation and creep
experiments on salt rocks and concluded that the steady
creep rate of salt rocks is only a function of stress and does
not depend on the load history [5]. Tian et al. conducted a
series of triaxial relaxation tests on argillaceous sandstone
under confining pressures and found that the relaxation
stress during the fast relaxation stage increases with the initial
deviatoric stress of the relaxation steps and is almost inde-
pendent of the confining pressure [6]. Paraskevopoulou
et al. measured similar stress-time responses at different load
levels, indicating the existence of three distinct stages of stress
relaxation. In the first stage, 55% to 95% of the total stress
relaxation takes place [7].

1.2. Research Results of Rock Creep Experiments. Xu et al. and
Liu et al. conducted experimental studies on the time-delayed
characteristics of deep-buried marble in Jinping [8, 9]. Yu
et al. performed conventional triaxial and comparative triax-
ial creep experiments on saturated silty mudstone and found
that the characteristics of rock creep are different from those
of rock relaxation and that stress relaxation characteristics
cannot be simply derived from the creep characteristics of
the rock [10]. Han et al. conducted a creep experiment on
thin-layered rock with different loading directions [11]. Li
conducted a triaxial compression creep experiment on a silty
mudstone and found that the radial creep of rock entered a
stage of accelerated creeping prior to axial creep, suggest-
ing that it is more reasonable to determine whether creep
destruction occurs to silty mudstone using the characteristics
of radial creep [12]. Liu et al. conducted an experiment on the
static fatigue effects with long-term loading on deep-buried
marble in Jinping and proposed using the expansion index
to elaborate on the deformation characteristics and failure
modes of the rock samples used [13]. Wang et al. developed
a new constitutive model in terms of the time fractal

derivative to describe the full creep regions of granite. The
proposed fractal model can characterize the creep behavior
of granite especially during the accelerating stage, in which
the classical models cannot predict [14]. Hamza and Stace
explored the relationship between instantaneous (short-
term) stiffness and creep properties and determined that con-
finement plays an important role in closing up rock joints and
stiffening up fractured rock specimens [15]. Singh et al. dis-
cussed an approach to predict the creep behavior of rock salt
using a uniaxial compression testing machine. Their pro-
posed model can predict the stress-strain response of rock
salt with a fair accuracy under both loading and unloading
conditions [16]. Wang et al. conducted a self-developed triax-
ial creep experiment system for gas-bearing coal rock samples
and suggested that the creep characteristics and the creep
stress of gas-bearing coal samples are affected by confining
pressure and gas pressure factors [17]. Zhang et al. employed
constant axial pressure to conduct a stepwise unloading con-
fining pressure experiment with different unloading veloci-
ties on tectonic coal and analyzed the energy variation law
of coal samples during the unloading process [18]. A nonlin-
ear elastoviscoplastic rheological model containing various
deformation components is proposed, the proportion of the
viscoplastic strain component in the creep strain is increased
with higher deviatoric stress, and it can describe both the
loading and unloading creep behavior precisely [19, 20].

The aforementioned researchers conducted creep and
relaxation experiments on rock. Because of certain factors,
namely, primitive joint fracture development, low strength,
discreteness, and difficulties in the preparation of coal sam-
ples, our understanding of the characteristic rules of the
time-delayed progressive failure of coal samples under the
action of uniaxial compression staged relaxation (creep)
remains insufficient. The joint effect of the coal body and
the support in front of the working face means that the over-
lying portion of the rock layer is stable for a short time. There
is a certain deformation (load) effect on the working face of
coal walls, and coal bodies exhibit a time-delayed progressive
wall caving phenomenon. It is necessary to study the charac-
teristics of the time-delayed progressive failure of coal sam-
ples in a laboratory environment under different strain
(stress) conditions. Based on this and using the RMT-150B
electrohydraulic servo rock test system, we conducted uniax-
ial compression and uniaxial staged relaxation (creep) exper-
iments on coal samples from the upper (middle) stratified
layer of a coalbed in the Zhaogu no. 2 mine. We analyzed
the characteristics of the time-delayed progressive deforma-
tion and destruction of these coal samples under three types
of loads and acquired a deeper understanding of the mecha-
nisms of the time-delayed progressive slab destruction of coal
walls on the working face. The research results provide a ref-
erence for the prevention and treatment of time-delayed coal
wall spalling on the working face of the Zhaogu no. 2 mine.

2. Characteristics of Samples and
Experimental Methods

2.1. Characteristics of Samples. The coal samples were taken
from the upper (middle) stratified layer of the coal wall on
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working face 12011 of the Zhaogu no. 2 mine. Coal blocks
with a size of approximately 25 × 25 × 25 cm3 were drilled
and collected from dense holes along the vertical bedding.
After water cooling, the collected samples were turned into
standard test pieces with a diameter of 50mm and a length
of 100mm. This accuracy satisfies the regulation require-
ments [15]. To minimize dispersion in the experimental
results, we selected coal samples from the same layer that
were relatively complete, without clear visual defects and
with a roughly equal natural density and longitudinal wave
velocity for our comparative experiments. The coal samples
from the upper stratified layer were numbered as MS1–
MS6, and the coal samples from the middle stratified layer
were numbered as MZ1–MZ6.

2.2. Experimental Equipment. The experiments were con-
ducted on an RMT-150B electrohydraulic servo rock test
system. We adopted a 100 kN force sensor to measure
the axial load; its accuracy was 1 0 × 10−3 kN. We used a
5.0mm displacement sensor to measure the axial compres-
sion deformation and two 2.5mm displacement sensors
to measure the circumferential deformation, all with an
accuracy of 1 0 × 10−3 mm. The system used has a good
dynamic response function. It automatically collected the
load and deformation information during the experimental
process, which was displayed in real time to obtain the
whole-process stress-strain curve of the uniaxial compression
staged creep (relaxation) of the coal samples.

2.3. Experimental Method. The uniaxial compression experi-
ments can be divided according to the loading type applied,
which were conventional uniaxial compression, uniaxial
compression staged relaxation, and uniaxial compression
staged creep, as shown in Figure 1.

(1) Conventional uniaxial compression. After the coal
sample was positioned, the axial and circumferential
displacement sensors were adjusted and preloaded
to their respective positions, and the displacement
control was set to continuously apply a load at a load-
ing velocity of 0.002mm/s until the coal sample was
completely destroyed

(2) Uniaxial compression staged relaxation. Based on
the results of the conventional uniaxial compression
experiments, the displacement control was set so as
to observe the real-time load and deformation values
at a loading velocity of 0.002mm/s. When the load
reached approximately 50% of its peak value, the
axial deformation was maintained constant for
the relaxation experiment, and the duration of the
relaxation on each level was approximately 10min.
Then, the axial load was increased by 3 to 5 kN
to conduct the relaxation experiment for the next
level and repeated this process until the coal sample
was destroyed

(3) Uniaxial compression staged creep. Based on the
results of the conventional uniaxial compression
experiments, the load control was set so as to observe

the real-time load values at a loading velocity of
0.1 kN/s. When the axial load reached approximately
50% of its peak value, we maintained the axial
load constant for approximately 10min. Then, we
increased the axial load by 3 to 5 kN to conduct the
constant load test for the next level for approximately
10min and repeated this procedure until the coal
sample was destroyed

3. Experimental Results and Analysis

3.1. Experimental Results. Tables 1 and 2 show the results of
the conventional uniaxial and staged relaxation (creep)
experiments for the coal samples, respectively. In Table 1,
D,H, ρ, V , σc, ET, E50, and μ are the diameter, height, natural
density, longitudinal wave velocity, uniaxial peak strength
(relaxation, creep), modulus of elasticity, deformation modu-
lus, and Poisson’s ratio of the coal sample, respectively.

Table 1 shows that the mechanical parameters of the coal
samples obtained for the three loading types have some dis-
creteness. To intuitively reflect this feature, Figure 2 shows
the basic parameters of the coal samples from the middle
and upper stratified layers and the coefficients of variation
for the experimental results. By analyzing Figure 2, we can
see that the coefficients of variation for the basic parameters
(D, H, ρ, and V) of the coal samples from the middle and
upper stratified layers were very small and generally did not
exceed 5%; however, the coefficients of variation for the
mechanical parameters (σc, E, E50, and μ) were relatively
large, above 18%.

The discreteness of the uniaxial compression peak
strength is especially significant, and the coefficients of
variation for the coal samples from the middle and upper
stratified layers were 31.9% and 30.4%, respectively. The
coefficients of variation for the elastic modulus, deformation
modulus, and Poisson’s ratio exceed 18.0%, which indicates
the heterogeneous characteristics of the coal samples.

From Table 1, because of the crossing joint fractures dis-
tributed inside the coal sample and because the different
directions and sizes of the joint cracks have varying degrees
of influence on the deformation and strength of the coal
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samples, the results of the uniaxial compression experiment
were relatively discrete. Nonetheless, the average values of
three samples can be used to characterize the mechanical
characteristics of different loading modes. The peak strengths
of the uniaxial compression tests for the six coal samples of
the upper stratified layer ranged from 12.10 to 33.39MPa,
with an average peak strength of 25.13MPa; these samples
are hard coal. The peak strengths were relatively low for
coal samples MZ2 and MZ5, which showed a relatively
poor integrity and yielded values of 19.58 and 12.10MPa,
respectively. On the other hand, the peak strengths were
relatively high for coal samples MZ1 and MZ3, which
showed a relatively good integrity and yielded values of
33.39 and 31.97MPa, respectively. The highest and lowest
peak strengths showed two- to three-fold differences. The
peak strengths of the conventional uniaxial compression

tests ranged from 19.58 to 33.39MPa, with an average
of 28.31MPa; the elastic modulus ranged from 3.95 to
4.44GPa, with an average of 4.13MPa; the deformation
modulus ranged from 2.71 to 3.62GPa, with an average of
3.09MPa; and Poisson’s ratios ranged from 0.26 to 0.36, with
an average of 0.31. The peak strengths of the uniaxial staged
relaxation tests ranged from 12.10 to 27.31MPa, with an
average of 21.97MPa; the elastic modulus ranged from 2.40
to 3.81GPa, with an average of 3.45MPa; the deformation
modulus ranged from 1.53 to 3.40GPa, with an average of
2.66MPa; and Poisson’s ratios ranged from 0.21 to 0.30, with
an average of 0.28. In comparison with the conventional uni-
axial experiment, the peak strength, elastic modulus, defor-
mation modulus, and Poisson’s ratio obtained in the staged
relaxation experiment declined by 22.45%, 16.5%, 13.82%,
and 8.60%, respectively.

In comparison with the coal sample from the upper strat-
ified layer, the peak strengths of the coal samples from the
stratified layer in the middle were relatively low, as expected.
The peak strengths of the uniaxial compression test for the

Table 1: Test results for coal samples subjected to uniaxial compression and step relaxation.

Position Type Coal number D/mm H/mm ρ/kg·m−3 V/m·s−1 σc/MPa ET/GPa E50/GPa μ

Middle

Conventional uniaxial

MZ1 49.4 103.7 1478 1865 33.39 4.44 3.62 0.31

MZ2 49.5 102.9 1482 1780 19.58 4.01 2.71 0.36

MZ3 49.4 100.4 1476 1770 31.97 3.95 2.93 0.26

Stepwise relaxation

MZ4 49.5 98.0 1437 1795 26.46 4.15 3.05 0.33

MZ5 49.5 99.3 1470 1770 12.10 2.40 1.53 0.21

MZ6 49.5 101.1 1438 1893 27.31 3.81 3.40 0.31

Higher stratification

Conventional uniaxial

MS1 49.30 104.10 1470 1882 15.16 3.49 2.17 0.23

MS2 49.50 100.60 1479 1729 15.28 3.30 1.95 0.36

MS3 49.50 101.50 1461 1774 17.43 3.33 1.95 0.34

Stepwise creep

MS4 49.70 102.40 1471 1965 7.97 2.16 1.64 0.19

MS5 49.50 100.90 1469 1755 8.42 2.04 1.20 0.21

MS6 49.50 98.20 1483 1839 15.50 3.65 2.71 0.30

Table 2: Test results of the uniaxial compression step relaxation
tests.

Coal
number

Progression
ε1/
10−3

σs/
MPa

σr/σc /% t/s
Δσ/
MPa

Δε3/
10−3

MZ4

① 4.26 13.07 49 603 0.18 0.00

② 4.87 15.57 59 692 0.12 0.00

③ 5.51 18.11 68 573 0.11 0.04

④ 6.15 20.64 78 642 1.30 4.28

⑤ 7.26 23.44 89 555 1.10 2.37

⑥ 8.18 26.46 100 589 4.98 16.68

⑦ 9.04 21.00 79 128 5.47 3.40

MZ5

① 5.82 10.15 84 587 0.17 4.65

② 6.62 11.74 94 590 0.90 12.85

③ 7.61 6.92 57 587 5.80 10.95

MZ6

① 3.11 10.43 38 577 0.07 0.00

② 3.85 13.04 48 594 0.04 0.00

③ 4.50 15.56 57 572 0.12 0.00

④ 5.17 18.25 67 545 0.08 0.05

⑤ 5.79 20.85 76 549 0.11 0.04

⑥ 6.48 23.58 86 535 0.64 0.14
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Figure 2: Basic parameters of coal samples and histograms of
coefficients of variation obtained from the test results.
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six coal samples ranged from 7.97 to 17.43MPa, with an
average of 13.29MPa, which signifies medium-hard coal.
The peak strengths of the uniaxial compression tests for the
three coal samples ranged from 15.16 to 17.43MPa, with an
average of 16.96MPa; the elastic modulus ranged from 3.30
to 3.49GPa, with an average of 3.37MPa; the deformation
modulus ranged from 1.95 to 2.17GPa, with an average
of 2.02MPa; and Poisson’s ratios ranged from 0.23 to 0.36,
with an average of 0.31. The peak strengths of the staged
creep tests ranged from 7.97 to 15.50MPa, with an average
of 10.63MPa; the elastic modulus ranged from 2.04 to
3.65GPa, with an average of 2.62MPa; the deformation
modulus ranged from 1.20 to 2.71GPa, with an average of
1.85MPa; and Poisson’s ratios ranged from 0.19 to 0.30, with
an average of 0.23. In comparison with the conventional uni-
axial experiment, the peak strengths, elastic modulus, defor-
mation modulus, and Poisson’s ratios obtained for the
loading of staged creep experiments declined by 33.38%,
22.40%, 8.57%, and 24.73%, respectively.

According to the analysis presented above, we can see
that the mechanical parameters of coal samples not only
depend on factors such as the size and distribution direc-
tion of joint cracks inside them but also they are related to
the loading type and mode. The mechanical parameters
obtained in the uniaxial compression experiment are clearly
higher than the values of the staged relaxation (creep) load-
ing experiment, indicating that the mechanical parameters of
the coal samples show the characteristics of time-delayed
progressive failure.

Figure 3 shows the whole-process stress-strain curve of
the uniaxial compression and staged relaxation (creep)
experiments for three coal samples. We can see from

Figure 3 that, under the three loading types, there is no clear
difference in the stress-strain curves before the peak strength
was applied, and the deformation failure after the peak is
related to the loading type. The coal sample goes through
the stages of compaction, elasticity, yield, and failure during
the entire compression process. There is staged destruction
for a portion of the coal samples from the middle (upper)
stratified layer after the peak uniaxial compression is reached,
and the stress curve exhibits a stepwise decline, as shown by
coal samples MZ1 andMZ3 in Figure 3(a) and MS1 and MS2
in Figure 3(c). After the peak, there are two to three periods
of rapid stress decline. After the first stress decline, the bear-
ing force continues to increase as the axial compression
deformation increases, and then, the stress decreases again,
showing the brittleness characteristics of the coal samples.

Figure 3(b) shows the whole-process stress-strain curve
of the uniaxial staged relaxation loading experiment for the
coal samples from the stratified layer in the middle. During
the relaxation period, characteristics of region-wise stress
decline were observed, and the value of these stress declines
is related to the relaxation stress level. The higher the relaxa-
tion stress level is, the more pronounced the stress decrease
becomes. Figure 3(d) shows that, in the uniaxial staged creep
experiment on the coal samples, coal samples MS4, MS5, and
MS6 were sequentially loaded on levels 2, 3, and 4. The creep
loading stress level was relatively low for the first three levels
for coal sample MS6. When the loading stress of coal sample
MS6 was lower than its yield strength, the internal damage of
the coal sample was very small during the creep period, and
the axial strain of the coal sample was not clear, which dem-
onstrates characteristics that are essentially the same as those
of conventional uniaxial compression deformation. That is,
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Figure 3: Stress-strain curves of the uniaxial compression and step loading tests.
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the stress-strain curve was smooth without fluctuations. Dur-
ing the constant loading process on level 4, the loading stress
level exceeded the yield strength of the coal sample. During
the creep period, as the creep time increased, the axial defor-
mation of the coal sample continued to increase, and the
stress slightly fluctuated. When the axial deformation reaches
the peak strain, the coal samples eventually fail. There was no
clear peak point for coal samples MS5, MS6, and MS4, which
all showed a yield plateau in their curves and whose stress
values rapidly declined after the peak.

3.2. Results of the Uniaxial Compression Experiment. Before
we conducted the uniaxial staged relaxation (creep) experi-
ment, we first conducted the conventional uniaxial com-
pression experiment, which was convenient for reasonably
determining the relaxation (creep) stress levels and grade of
the samples. The uniaxial staged relaxation (creep) loading

experiment can proceed smoothly and is also convenient
for comparingmechanical parameters under the three loading
types considered, thus obtaining the rules behind the charac-
teristics of time-delayed progressive failure for additional coal
samples. Figure 4 shows the whole-process stress (strain,
energy) time curves for the uniaxial compression of coal
sample MS2 (because of space limitations, the results for
the other coal samples are not shown in this paper).

It should be noted that the deformation and failure
energy of coal samples during loading can be divided into
stress-strain curves and strain axes:

U =
ε1

0
σ1dε1 1

According to the definition of the definite integral shown
in equation (1), the sum of the areas of small trapezoidal
strips can be carried out using the stress-strain curve:

U = 〠
n

i=0

1
2

σi1 + σi+1
1 εi+11 − εi1 2

In equation (2), n is the calculated sample number of the
axial stress-strain curve at any time during the test, i is the
sampling point, and σ and ε are the stress and the strain at
the sampling point, respectively.

As shown in Figure 4, during conventional uniaxial com-
pression and under the condition of setting the displacement
control to apply a continuous load, the axial strain of coal
samples exhibited a linear relationship with time. The accu-
mulated energy during the loading process continued to
increase, as shown in Figure 4(b). During the loading process,
owing to the influence of primitive joint fractures inside the
coal samples, the primitive joint cracks that occurred during
the initial stage of the loading process gradually closed, and
the stress-strain curve became concave and gradually steeper.
The enhancement of the axial deformation was relatively fast,
the increase of the circumferential deformation was slow, and
the volumetric strain gradually increased. During this stage
(OA), the accumulated energy of the coal samples was rela-
tively low, and part of the accumulated energy was consumed
by the closure of cracks. As the axial stress increased into the
elastic stage, the axial stress and the axial and circumferential
strains exhibit a roughly linear relationship, showing the
elastic characteristics of the coal samples. The coal samples
stored a significant amount of elastic energy during this stage
(AB). When the axial load reached 70% of the peak load, the
coal sample entered the yield stage (BC). As the axial load
increased, the materials with a relatively low strength inside
the coal sample were the first to yield and fail, and then, the
primitive fissures slipped. New microcracks continuously
appeared, evolved, developed, and converged, making the
stress-strain curve deviate from a straight line and gradu-
ally decelerate. The velocity of the axial strain remained
unchanged. At this stage, high-strength materials will bear
an even higher stress and gradually yield, get damaged, and
fail. The circumferential strain accelerated as the stress
increased, reaching approximately 90% of the peak strength.

0

5

10

15

20

−15 −10 −5 0 5 10

�휎
 (M

Pa
)

�휎 − �휀3

�휎 − �휀v C

D
E

F

G

H

�휀1 (�휀3, �휀v) (10−3)

A

B

�휎 − �휀1

(a)

0

5

10

15

20

0

3

6

9

12

15

W − t

�휎 − t

�휎
 (M

Pa
), 
W

 (1
0 

kJ
·m

−3
)

t (s) 

H

G

F

E

D

C

A

B

0 20 40 60 80 100

�휀1 − t

�휀 (
10

−3
)

(b)

−20

−10

0

10

0 20 40 60 80 100
t (s )

A B
C

D E

F

G

H

�휀1 − t

�휀v − t

�휀1 − t

�휀 (
10

−3
)

(c)

Figure 4: Stress (strain, energy) versus time curves for MS2 under
uniaxial compression.
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There was a surge in the circumferential strain, indicating
that the volumetric strain of the coal samples changed from
increasing to decreasing. To put it differently, the volume of
the coal samples began to increase. This phenomenon of vol-
ume expansion is a warning sign of coal sample failure. The
coal sample is locally destroyed, while the main body struc-
ture can still bear a load. Once the stress reaches its peak
strength, the macroscopic fractures cause the destruction of
the load-bearing skeleton. The carrying capacity of the mac-
roscopic crack slips decline, and the accumulated energy of the
coal samples prior to the peak is released after the peak, forc-
ing the coal samples to gradually lose their stability and fail.

Figure 4 shows that there was a rapid staged stress decline
after the peak in coal sample MS2. Upon reaching the peak
strength, the first rapid stress decline (C→D) occurred
instantaneously, and longitudinal cracks appeared locally
inside the coal sample. The circumferential strain slightly
increased, but the volume of the coal sample did not exceed
the original volume. As the axial compression strain
increased, the carrying capacity increased with small ampli-
tude changes until point E, at which the second fast stress
decline (E→ F) occurred. The longitudinal cracks penetrated
to form macroscopic cracks. The circumferential strain rap-
idly increased and the volumetric strain rapidly expanded,
causing a volume expansion. Then, as the axial deformation
continued to increase and the carrying capacity increased
with small fluctuations until point G, the third rapid stress
decline (G→H) occurred. At this stage, the circumferential

strain of the coal samples multiplied, and their volume rap-
idly expanded and longitudinally transversed the fractures.
As the coal body is compressed to break, the coal sample
loses its stability and fails. This indicates that upon uniaxial
compression of the coal samples, internal damage to the coal
samples is gradually generated; they exhibited a tensional
staged fracture, lost their stability, and failed after the peak,
showing the brittleness characteristic of the coal samples.

3.3. Results of the Uniaxial Staged Relaxation Experiment.
Table 2 shows the results of the uniaxial compression staged
relaxation experiment for three coal samples from the strati-
fied layers in the middle. In this table, σs is the relaxation
stress, σs/σc is the relaxation stress ratio (namely, the ratio
between relaxation stress and peak strength), t is the duration
of relaxation, Δσ is the magnitude of the stress decline during
the relaxation period, and ε1 and Δε3 are the amplitudes of
the increases in the axial and circumferential strains during
the staged relaxation period, respectively. The strength of
coal samples MZ4 and MZ6 was relatively high; there were
five to six relaxations before the peak and one relaxation after
the peak. The strength of coal sample MZ5 was clearly low,
and there were two relaxations before the peak and one relax-
ation after the peak. Figure 5 shows the whole-process stress
(strain, energy) versus time curve of the uniaxial compres-
sion staged relaxation experiment for coal sample MZ4
(because of space limitations, the results for coal samples
MZ5 and MZ6 are not shown).
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Figure 5: Complete stress (strain, energy) versus time curves for the uniaxial compression step relaxation of coal sample MZ4.
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Our analysis indicates that the characteristics of the
whole-process stress-strain curve shown in Figure 5 for the
uniaxial compression staged relaxation of coal sample MZ4
are roughly the same as those of the conventional uniaxial
compression; there is no clear difference. The variations in
the stress (strain and energy) versus time curve during the
staged relaxation loading process exhibit a clear difference,
and the strain and energy versus time curve exhibits a step-
wise increase before the loading stress reaches its peak
strength. That is, the axial strain remained unchanged dur-
ing the relaxation period, whereas the circumferential strain
and axial stress exhibited different features over time. The
test machine did not operate on the samples during the
relaxation period.

During the initial loading stage, the primitive fissures
of the coal samples were closed. The axial strain was rela-
tively large, and the circumferential (volume) strain was
relatively small. When level 1 was loaded with 13.07MPa
(with a stress ratio of 49%) for a 603 s period, the magni-
tude of the stress decline was 0.18MPa and the circumfer-
ential strain remained unchanged; when level 2 was loaded
with 15.57MPa (with a stress ratio of 59%) for a 692 s period,
the magnitude of the stress decline was 0.12MPa and the
circumferential strain remained unchanged; when level 3
was loaded with 18.11MPa (with a stress ratio of 68%)
for a 573 s period, the magnitude of the stress decline was
0.11MPa and the circumferential strain slightly increased.
Therefore, the relaxation stress ratio was lower than 68.
When the sample was loaded with 18.11MPa (with a
stress ratio of %), the magnitude of the stress decline did
not exceed 0.20MPa and the magnitude of the axial strain
increased by 29.3%. The circumferential strain remained
essentially unchanged, which indicates that it had reached
the elastic stable state inside the coal sample and that no
damage was done inside the coal sample during the first
three relaxation periods.

When level 4 was loaded with 20.64MPa (with a stress
ratio of 78%) for a 642 s period, the stress declined relatively
fast in the first 33 s and then remained unchanged. The mag-
nitude of the stress decline was 1.30MPa, and the magnitude
of the circumferential strain increase was 4 28 × 10−3, which
indicates that the relaxation stress ratio was higher than

78%. Although the axial deformation no longer increased,
the test machine did not operate on the coal samples during
relaxation, and the microcracks inside the coal sample grad-
ually germinated, evolved, and developed by relying on the
energy accumulated by the coal sample during the preced-
ing period. When level 5 was loaded with 23.44MPa (with
a stress ratio of 89.0%) for a 555 s period, the stress
declined relatively fast during the first 200 s and then
remained unchanged. The total magnitude of the decline
was 1.10MPa, and the total magnitude of the circumferential
strain increase was 2 37 × 10−3.

When level 6 was loaded with 20.64MPa (with a stress
ratio of 100%) for the relaxation test, a mutation phenome-
non occurred in the stress-strain curve of the coal sample.
For the sake of convenience, we zoomed in to show the stress
(strain, energy) versus time curve during the relaxation
period on levels 6 and 7, as shown in Figure 6. We can see
from Figure 6 that during the 589 s period for the relaxation
of level 6, the stress showed the occurrence of a phenomenon
consisting of multiple declines, and the magnitude of the
stress decline reached 4.98MPa. The circumferential strain
rapidly increased, and the amplitude of the increase reached
18 67 × 10−3. It can be seen that when the relaxation stress
was higher than the peak strength of the coal sample, even
though the test machine did not supply energy during the
relaxation period, the elastic energy accumulated by the
high-strength materials inside the coal sample could be con-
tinuously released, forcing the low-strength materials inside
the coal sample to continuously yield and fail. The micro-
cracks inside the coal sample constantly evolved, developed,
and converged as the relaxation period went on, eventually
forming macroscopic cracks that reduced the carrying capac-
ity of the coal sample. When the stress decreased to a peak
value of 21.0MPa (with a stress ratio of 79%), we conducted
relaxation on level 7 after the peak. During a 128 s period, the
stress of the main bearing skeleton inside the coal sample
constantly adjusted and exhibited a steady decline with fluc-
tuations; the magnitude of the stress decline was 5.47MPa.
The axial strain rapidly increased, and then, the circumferen-
tial and volumetric strains rapidly increased. The coal sample
continuously shed fragments, eventually lost its stability, and
failed; the carrying capacity rapidly declined to zero.
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Figure 6: Stress (strain, energy) versus time curves for the sixth and seventh state relaxation tests.
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The analysis presented above indicates that the deforma-
tion and strength of coal samples during uniaxial staged
relaxation experiments are closely related to the relaxation
stress ratio (time). The relaxation stress ratio on level 4 of
coal sample MZ4 was 78%, the relaxation stress ratio on level
1 of coal sample MZ5 was 84%, and the relaxation stress ratio
on level 5 of coal sample MZ6 was 76%. Thus, the time char-
acteristics of relaxation become apparent. To put it differ-
ently, the stress decline of the coal sample is evident when
the circumferential and volumetric strains begin to increase.

3.4. Results of the Uniaxial Staged Creep Experiment. Table 3
shows the results of the uniaxial staged creep experiment for
the coal samples from the upper stratified layer. In this table,
σr is the creep stress, σr/σc is the creep stress ratio (i.e., the
ratio between creep and peak strengths), t is the creep time,
Σt is the cumulative time of the experiment, and Δε1 and
Δε3 are the increments of the axial and circumferential
strains during the staged creep period, respectively. We can
see from Tables 1 and 3 that the compression strength of coal
sample MS5 was clearly low. After the creep on level 2, coal
sample MS4 was again destroyed during the loading process,
and the peak strength was 7.97MPa. The compression
strength of coal sample MS6 was relatively high. Coal sample
MS6 lost its stability and failed during the creep process on
level 4, and the peak strength was 15.50MPa. The compres-
sion strength of coal sample MS5 was between these two,
and its peak strength was 8.42MPa. Coal sample MS5 lost
its stability and failed during the creep process on level 3.

Figure 7 shows the whole-process stress (strain, energy)
versus time curves of the uniaxial staged creep experiment
for coal sample MS6, which was taken from the upper strat-
ified layer (because of space limitations, the results for coal
samples MS4 and MS5 are not shown). Compared with the
relaxation experiment shown in Figure 5, the uniaxial staged
creep experiment was different. Upon uniaxial staged creep,
the axial stress of the coal sample exhibited a roughly step-
wise increase with time. During the staged creep period,
the axial stress remained constant. The axial strain (energy)
continued to increase, and the test machine constantly sup-
plied energy to the coal samples. From the results of the uni-
axial staged creep experiments on the coal samples, it can
be seen that the characteristics of the axial strain (energy)

variations over time are clearly different from those of the
uniaxial compression.

When the sample was loaded with 7.90MPa (with a stress
ratio of 51%) on level 1 while maintaining stress constant, the
axial (circumferential) strain did not change considerably for
a 583 s period, and the magnitude of the enhancement was
0 1 × 103. When level 2 was loaded with 10.46MPa (with a
stress ratio of 67%) and while maintaining stress constant
for a 598 s period, the axial and circumferential strains were
roughly equal, and the magnitudes of the enhancements were
0 08 × 103 and 0 09 × 103, respectively. When level 3 was
loaded with 13.00MPa (with a stress ratio of 84%) while
maintaining axial stress constant for a 630 s period, the
increase of the axial strain was slow whereas the increase of
the circumferential strain was fast, with the magnitudes of
the enhancements being 0 09 × 103 and 0 22 × 103, respec-
tively. The volumetric strain began to decrease, which means
that the interior of the coal sample was constantly dam-
aged that and microcracks gradually germinated, evolved,
developed, and converged. When level 4 was loaded with
15.50MPa (with a stress ratio of 100%), the coal sample grad-
ually lost its stability and failed. For ease of description, the
stress (strain, energy) versus time curve during the creep
period on level 4 was expanded and is shown in Figure 8.

By analyzing Figure 8, we can see that when the staged
creep stress approached its peak strength, even though the
axial stress of the coal sample remained essentially constant,
the increase of the axial strain was slow. However, the
circumferential strain rapidly increased, and its value was
much larger than that of the axial strain. The volume rapidly
expanded, and the coal sample was suddenly destroyed after
205 s. It is clear from Figure 8(a) that the strain-time curve is
similar to the uniaxial compression creep experiment curve
for normal rock, and thus, we can divide this creep curve
into three stages, namely, instantaneous creep (I), steady
creep (II), and accelerated creep (III). However, there are still
essential differences between the uniaxial staged creep and
conventional uniaxial creep experiments. The primary differ-
ences are as follows: (1) the stress in the conventional creep
experiments was higher than the long-time strength and
lower than the instantaneous peak strength, whereas in the
uniaxial staged loading experiments, the loading stress level
on the last level was close to the uniaxial compression instan-
taneous peak strength of the coal samples; (2) the duration of
the conventional creep experiments was relatively long, while
the duration of the staged creep experiments was relatively
short; and (3) when the samples were close to failure, the
form of the time versus strain curves during the acceleration
stage was also different, and the deformation velocity at the
acceleration stage was relatively slow in the conventional
creep experiments and relatively fast for the staged creep
experiments. This is because the destruction of rocks
during conventional creep experiments is caused by the slow
slipping dislocation of crystals, while the destruction of the
coal samples during uniaxial staged creep experiments is
primarily caused by the rapid opening and breaking of
vertical cracks.

In summary, during the relaxation (creep) experiments,
when the relaxation (creep) stress ratio was lower than

Table 3: Parameters of coal samples under step loading.

Coal
number

Progression
σr/
MPa

σr/σc /
%

t/s
Δε1/
10−3

Δε3/
10−3

Σt/s

MS4
① 5.21 65 568 0.29 0.03 675

② 6.96 87 1074 1.08 0.18 1831

MS5

① 5.25 62 592 0.02 0.00 700

② 7.00 83 856 0.23 0.21 1600

③ 8.42 100 25 0.32 0.39 1654

MS6

① 7.90 51 583 0.10 0.10 746

② 10.46 67 598 0.08 0.09 1404

③ 13.00 84 630 0.09 0.22 2094

④ 15.50 100 205 0.25 2.06 2362
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70%, the characteristics of the relaxation (creep) effects are
not clear; when the relaxation (creep) stress ratio was higher
than 70%, even though the axial strain (stress) remained con-
stant during relaxation, the energy accumulated by the mate-
rials with a relatively high strength inside the coal samples
could cause the materials with a relatively low strength to
get gradually damaged and fail as time went on and cause
newmicrocracks to constantly evolve, develop, and converge.

High-strength materials can bear a higher stress and gradu-
ally tend to fail, and the carrying capacity of coal samples will
constantly decline as relaxation time passes. During the creep
period, the axial and circumferential deformations of coal
samples gradually increase, and their volume constantly
expands. Even when the stress is lower than the peak
strength, maintaining a constant strain (stress) over a long
period of time can also make the coal body yield and fail.
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Figure 7: Complete stress (strain, energy) versus time curves for the step loading tests.
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The higher the relaxation (creep) stress level is, the shorter
the duration of damage becomes. Conversely, the duration
of damage becomes longer when the stress level is lower.
Therefore, for a fully mechanized mining face, by increasing
the resistance of the support, timely moving the support after
coal cutting, reducing the stress of the coal body in front of
the working face, and shortening the exposure time of the
coal wall, we can effectively prevent the occurrence of coal
wall spalling accidents.

3.5. Failure Characteristics. The conventional uniaxial and
uniaxial staged relaxation (creep) failure of coal samples from
the middle and upper stratified layer is shown in Figure 9; we
also provide sketches of the cracks.

It can be seen from Figure 9 that the coal failures in the
conventional uniaxial experiments were relatively simple
and had an evident tension-shear dual fracture surface. The
number of cracks was relatively small and the fracture plane
was roughly parallel to the loading direction, such as frac-
tured surface A of coal sample MZ2. The majority of the coal
samples exhibited one or several dominant cracks, which
expanded and initialized the cracking process. When the
secondary cracks could not fully expand, the entire coal sam-
ple was broken into many blocks. While the coal samples
showed tensional cracks, these were also accompanied by
shear-type slip surfaces, such as the shear-type slip surfaces
B and C of coal samples MZ1 and MZ3 from the stratified
layer in the middle, as shown in Figure 9(a). Figure 9(c)
shows the two tensile cracks, A and B, which first appeared
in coal sample MS1 from the upper stratified layer. As the
stress increased, a staged fracture appears in the middle of
a thin sheet to form the transversal crack C, which is in
agreement with the characteristics of the multiple stress
decreases on the stress-strain curve after the peak shown in
Figure 2 for coal sample MS1. Coal samples MS2 and MS4
showed two shear-type slip surfaces and eventually exhibited
X- and V-type failure forms.

The lateral expansion of the coal samples was somewhat
evident, such as in coal block D of coal sample MZ4 and coal
block F of coal sample MZ5 from the stratified layer in the
middle, as shown in Figure 9(b). Figure 9(d) shows that coal
samples MS4 and MS6 had many longitudinal cracks parallel
to the loading direction and that shear-type secondary cracks
were generated at many locations.

4. Discussion

As the axial load increased, the materials with a relatively low
strength inside the coal sample were the first to yield and fail,
and then, the primitive fissures slipped. New microcracks
continuously appeared, evolved, developed, and converged,
making the stress-strain curve deviate from a straight line
and gradually decelerate. The velocity of the axial strain
remained unchanged. At this stage, high-strength materials
will bear an even higher stress and gradually yield, get
damaged, and fail. The shear cracks initiate followed by
a large and abrupt compressive strain jump and then quickly
propagate in an unstable manner resulting in the failure
of specimens.

Because of the crossing joint fractures distributed inside
the coal sample and because the different directions and sizes
of the joint cracks have varying degrees of influence on the
deformation and strength of the coal samples, the results of
the uniaxial compression experiment were relatively discrete.
Nonetheless, the average values of three samples can be used
to characterize the mechanical characteristics of different
loading modes.

Although the axial deformation no longer increased, the
test machine did not operate on the coal samples during
relaxation, and the microcracks inside the coal sample grad-
ually germinated, evolved, and developed by relying on the
energy accumulated by the coal sample during the preceding
period. When the relaxation stress ratio was higher than 70,
the time characteristics of relaxation become apparent. To
put it differently, the stress decline of the coal sample is evi-
dent when the circumferential and volumetric strains begin
to increase. Yang et al. conducted a uniaxial compression
time-delayed failure experiment on marble and found that
the circumferential strain upon the occurrence of marble
time-delayed failure is clearly larger than the axial strain
[1]. The analysis presented above indicates that the deforma-
tion and strength of the coal samples during uniaxial staged
relaxation experiments are closely related to the relaxation
stress ratio (time).

Compared with the conventional uniaxial experiments,
in the staged relaxation (creep) experiments, the microfis-
sures of the coal samples were fully developed and the failure
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Figure 9: Failure modes of coal samples for the uniaxial
compression and step loading tests.
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forms were relatively complex because the duration of the
loading process was relatively long. The cracks primarily
expanded along the loading direction and then broke into
many relatively thin sheets and sheet clastics. This is because
in the staged relaxation (creep) experiments, under the action
of stress below the peak strength, the microcracks inside the
coal sample had sufficient time to slowly expand. Eventually,
in addition to forming one or several dominant macrocracks,
expansion will also form many secondary cracks, which split
the entire coal sample into many thin-sheet clastics that grad-
ually collapse and shed, and thus, the number of cracks
increases. The staged relaxation (creep) experiments of the
coal samples demonstrated failure characteristics that are
extremely similar to the failure characteristics of coal wall
spalling on the working faces of coal mines.

5. Conclusions

(1) The stress-strain curves before the peak value for coal
samples under conventional uniaxial compression
and graded relaxation (creep) loading are not differ-
ent from each other, and both show stages of com-
paction, elasticity, yield, and failure. Local stress
drops appear during stage relaxation, and there is
no clear peak point in the graded creep tests, in which
a yield plateau appears

(2) The mechanical parameters obtained in the conven-
tional uniaxial compression tests are clearly higher
than those obtained in the uniaxial compression
staged relaxation tests, which shows that the mechan-
ical parameters of coal samples are time-sensitive

(3) When the stress ratio was lower than 70, the stress
relaxation (creep) was not evident. When the
relaxation (creep) stress ratio was higher than 70,
the displacement (stress) remained constant during
relaxation (creep). As the relaxation (creep) time
passed, the internal microcracks in the coal contin-
ued to evolve, develop, and converge. The higher
the stress level of relaxation (creep) was, the shorter
the damage duration was and the longer the damage
duration was. In fully mechanized coal faces, coal-
wall- and cover-related accidents can be effectively
prevented by raising the supporting resistance and
moving the frame support in time after cutting coal,
thus reducing the stress of the coal body in the face
front and shortening the time of coal wall exposure

(4) Conventional uniaxial compression failure is simple
and clearly presents tension-shear double-fracture
surfaces. The failure forms of the coal samples were
more complicated during the stage relaxation (creep)
tests. The entire coal samples were divided into
many thin fragments via collapsing and shedding,
and the number of cracks consequently increased,
showing evident lateral expansion characteristics.
These were very similar to the characteristics of
the delayed failure of coal walls and cover in high
mining faces
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Supplementary Materials

We conducted uniaxial compression and uniaxial staged
relaxation (creep) experiments on coal samples from the
upper (middle) stratified layer of a coalbed in the Zhaogu
no. 2 mine. The coal samples from the upper stratified layer
were numbered as MS1–MS6, and the coal samples from
the middle stratified layer were numbered as MZ1–MZ6.
(1) According to the loading type applied, the uniaxial
compression experiments can be divided into conventional
uniaxial compression, uniaxial compression stepwise relax-
ation, and uniaxial compression stepwise creep. There are
twelve coal samples and twelve experimental data files
with prefix titled “conventional uniaxial,” “stepwise relaxa-
tion,” and “stepwise creep” as supplementary material to
our manuscript, respectively. (2) Table 1 shows the results
of the conventional uniaxial and staged relaxation (creep)
experiments for the coal samples, respectively. And D, H, ρ,
V , σc, ET, E50, and μ are the diameter, height, natural density,
longitudinal wave velocity, uniaxial peak strength (relaxa-
tion, creep), modulus of elasticity, deformation modulus,
and Poisson’s ratio of the coal sample, respectively. (3) The
experiments were conducted on an RMT-150B electrohy-
draulic servo rock test system. It automatically collected the
load and deformation information during the experimental
process. Each experimental data file consists of the load and
deformation information, namely, time, axial force, axial
deformation, lateral deformation, axial stress, axial strain, lat-
eral strain, volumetric strain, time, and energy. The figures
(Figures 3~8) in the manuscript were displayed in real time
to obtain the whole-process stress-strain curve of the uniaxial
compression staged creep (relaxation), stress (strain, energy)
versus time curves and complete stress (strain, energy) versus
time curves of the coal samples. (Supplementary Materials)
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This paper proposes a new roadheader-assisted coal cutter (RACC) based on the tensile failure mechanism of coal. An innovative
mining method, called the cutting inside and spalling outside mining (CISOM) method, is developed based on this new RACC.
The mechanical model is established, and the working mechanism of the new CISOM method is illustrated using a column
model and a beam model. The mechanical models reveal that the tensile stress causes greater deflection than compressive
stress. The deflection and mining width demonstrates a quadratic relationship. To understand the stratum behaviors and
improve mining efficiency, the stability of a working face owned by Jincheng Coal Mining Group in Shanxi is analyzed using
UDEC numerical simulation. Numerical results indicate that the optimal values of the parameter are 0.8m width for the inside
cutting and 0.4m width for the outside spalling at #1305 working face. The newly developed RACC was successfully applied at
#1305 working face. The field results showed that the recovery rate of CISOM method is over 90%; i.e., it is improved by 20%
in comparison with the traditional method.

1. Introduction

Scientized mining and green mining have attracted increas-
ing attention as more developers have seen its benefit of
high mining rate and low energy consumption [1]. For thick
seam mining, this issue is even more important. However,
for coal seams with complicated geological conditions, low
coal recovery rate and high energy consumption have
always been a problem as they affect the economic efficiency
of operators.

To solve these problems, the current research aims at
improving the efficiency of coal breaking, reducing mining
costs and support investment, and ensuring the stability of
the working face. Longwall mining has been widely adopted
in both hard-rock and soft-rock mining environments [2, 3].
Longwall top coal caving (LTCC) has been well studied and
widely applied in mining thick coal seams to improve recov-
ery efficiency [4, 5], partly because caved coal was extracted
from the area behind shields as well as the sheared face.
Unver and Yasitli [6] suggested to uniformly fracture the

top coal as much as possible to decrease the dilution and
increase the extraction ratio and production efficiency. Yasi-
tli and Unver [7] indicated that analysis of 3-D stresses
around a longwall face can help increase mining efficiency.
Saeedi et al. [8] suggested that increasing the size of coal pil-
lar could secure the stability of roof and improve recovery of
longwall top coal caving (LTCC). Xia et al. and Wiley [9, 10]
studied the mechanisms that the borehole hydraulic coal
mining system (BHCMS) causes fragmentation of coal
seams using a high-pressure water jet in order to improve
mining efficiency and coal recovery rate. Fourie et al. [11]
discussed a new-generation XLP equipment, and higher pro-
duction and greater efficiencies for mining were achieved
using this equipment. The wide stall mining method [12]
was proposed and demonstrated the advantages of optimiz-
ing recovery safety during thick coal exploitation by both
laboratory and field investigations. Si et al. [13] introduced
an intelligent multisensor data fusion identification method
using the parallel quasi-Newton neural network to efficiently
and accurately identify the drilling condition. The DFN
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model indicated that the P32 volumetric fracture intensity
strongly controls the overall fragmentation of the rock mass,
which is of great benefit to optimizing the caving process
and improving the efficiency of coal mining [14]. Liu et al.
[15, 16] studied the rock-breaking performance of roadhea-
der and conical cutter and found that the rock breaking
effect can be improved under the action of the water jet.

The previous studies were mainly based on the tradi-
tional compressive-shear breakage mining method. How-
ever, coals are brittle material; e.g., typically the tensile
strength of a coal is only about 10% of its compressive
strength. On the other hand, the research on coal’s tensile
fracture mechanism is limited.

To improvemining efficiency, reduce the supporting cost,
and secure the stability of working face in thick coal seam
conditions, in this work, we propose a new roadheader-
assisted coal cutter (RACC) based on coal’s tensile failure
mechanism. To obtain the optimum parameters of cutting
inside width and spalling outside width for #1305 fully mech-
anized mining face with large mining height working face of
Jincheng Coal Mining Group, Shanxi, China, numerical anal-
ysis in UDEC is conducted.

2. Background

#1305 fully mechanized working face with large mining
height applies the retrograde style comprehensive mechani-
cal mining method. #3 coal is the primary minable coal
seam. The design production capacity of the mine is
0.9Mt/a. Coal seam thickness is 4.6m~5.5m with an aver-
age thickness of 5m. Coal seam inclination is 1°~8°, and
the average inclination is 3°. The seam is nearly flat. The

mining area is 25,381m2. However, because of the con-
straints imposed by the geological structure and industrial
square pillar of the power plant, the mine faced four chal-
lenges, including poor mining conditions, low mining
efficiency, high energy consumption, and poor stability at
the working face. Statistics show that the average mining
rate per day is 2050 t/d, and the production capacity is
0.75Mt/a, which cannot meet the design requirements.
The production efficiency of the mine is too low.

Therefore, it is essential to increase the coal recovery
rate by improving mining speed and reducing energy con-
sumption during the mining process. This paper proposes
a new roadheader-assisted coal cutter based on the tensile
failure mechanism of coal to improve the mining efficiency.
The theoretical background on the working mechanism of
the new roadheader is discussed in the next section.

3. Mechanical Analysis

Coal is a brittle material, and it has relatively high compres-
sive strength and low tensile strength. The tensile strength of
coal is only about 10% of its compressive strength, and the
energy required to break the coal mass by tension is much
smaller than that by compression or shearing. In the process
of coal failure, the coal wall may be idealized as a column
model and a beam model. The coal mass is broken by the
combination of roof compressive stress and the horizontal
tensile stress.

The mechanical model of the coal wall is shown in
Figure 1(a), which can be decomposed into two simpler sub-
models, i.e., a column model (Figure 1(b)) and a beam model
(Figure 1(c)); the deflection of the coal wall can be obtained
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(a) Mechanical analysis of the coal wall
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(c) Beam model

Figure 1: Mechanical models.
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using the superposition method. The column will deflect
under the compressive load from the roof (F1). The beamwill
also deflect under the lateral uniform load (q). The overall
deflection can be achieved by superimposing the deflections
obtained from these two submodels.

3.1. The Column Model. As shown in Figure 1(b), the coal
sidewall is conceptualized as a column with one end fixed
and the other end hinged. In the axial direction, we have
F1 = F4 = F. In order to obtain the deflection of the column,
the coordinate system shown in Figure 1(b) is used to
describe the problem. The x-axis is in the axial compression
column, and vertical downward is the positive x-direction.
Taking the central point in the coal wall as the origin, we
assumed that the deflection at any cross-section from the ori-
gin is ω1. The deflection is caused by blending moment in
each cross-section. If F is the absolute value, ω is positive,
and M is negative, and vice versa. Therefore,

M x = Fω1 − F3 h + x 1

The deflection curve equation of the column is

d2ω1
dx2

= −
M x
EI

, 2

where E is the modulus of elasticity and I is the centroidal
principal moment of the inertia of an area.

Meanwhile, substituting (1) into (2), we obtain

ω1′′ = −
1
EI

Fω1 − F3 h + x 3

Assuming that

k2 = F
EI

4

Combining the differential equations (1), (2), and (3), the
deflection equation may be written as

ω1 = A sin k h − x + B cos k h − x + F3
F

h + x ,

ω1′ = −Ak cos k h − x + Bk sin k h − x + F3
F
,

ω1′′ = −Ak2 sin k h − x + Bk2 cos k h − x , 5

where A and B are the integral constants.
According to Sun et al. [17] and the column theory, the

coal wall deflection under pure compressive load is

ω1 =
2hF3
F1

sin k h − x
2h + cos k h − x + h − x

2h 6

3.2. The BeamModel.As is shown in Figure 1(c), the coal wall
may be seen as a beam with one end fixed and other end
hinged. The deflection is caused by the lateral uniform load

q. According to Yang [18], the following stress function can
be obtained:

φ = q −
x2

4 + 3
8
x2y
h

+ y3

8h3
l2 −

2h2
5 −

1
8h3

x2y3 −
y5

5
7

Taking into the boundary condition, we have

σx =
q
2J y h2 − x2 + 2y y2

3 −
h2

5 σy = −
q
2J

y3

3 − h2y + 2
3 h

3 ,

τxy = −
q
2J h2 − y2 x

8

According to the stress-strain relations, we have

∂v
∂x

= hq
EJ

υxy2 + dv x
dx

,

∂u
∂y

= hq
EJ

2 + υ xy2 −
x3

3 + 4h2 − 2
5 b

2 − υb2 x + du y
dy

,

v x = hq
EJ

1
12 x

4 + 4
5 b

2 − 2h2 + 4
5 vb

2 x2 + 5
3 h

2 −
2
5 b

2 − vb2 hx

+ h4

4 + 8
5 b

2h2 + 5
2 vb

2h2 h

9

Under the interaction of the vertical compressive stress
from the roof and the lateral horizontal uniform load q, the
overall deflection ω of the coal wall can be calculated:

ω = v x + ω1 =
hq
EJ

1
12 x

4 + 4
5 b

2 − 2h2 + 4
5 υb

2 x2

+ 5
3 h

2 −
2
5 b

2 − υb2 hx + h4

4 + 8
5 b

2h2 + 5
2 υb

2h2 h

+ 2hF3
F1

sin k h − x
4 49 + cos k h − x + h − x

2h ,

ω′ x = h q
EJ

x3

3 + 8
5 b

2 − 4h2 + 8
5 υb

2 x + 5
3 h

2 −
2
5 b

2 − υb2 h

+ 2hF3
F1

−k cos k h − x
4 49 − sin k h − x −

1
2h ,

10

where

J = 2
3 δh

3 11

In #1305 fully mechanized working face with large min-
ing height, h=2.5m, b=0.6m, υ=0.3, and buried depth
H=405m.
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From the deflection equations above, we can see that

v x > >ω1 x , 12

which indicates that the deflection produced by the tensile
stress is much greater than that produced by the compressive
stress.

Assuming that ω is the maximum value and b is a param-
eter to be determined, then we have

ω′ b = 
hq
EJ

8
5 x

2 υ + 1 −
4
5 + 2υ hx + 16

5 + 5υ h3 b

13

It can be seen that, while b > 0, ω′ b > 0, ω also increases
with b in the form of parabolic.

The calculation results above indicate that, if the coal
mining machine can break the coal by tensile stress during
coal mining, its efficiency will be much higher than the tradi-
tional method which is based on the compressive failure
mechanism. This method is valid for the coals which have
high compressive strength and low tensile strength.

4. Roadheader Assisted Coal Cutter

Traditional drum shearer is demanding on the power
because high external compressive and shear stresses are
required to be applied on the coal mass for direct cutting.
Additionally, compressive and shear stresses may cause
severe stratum behavior and threaten stability of working
face. The theoretical analysis in the section above indicated
that for the same power consumption, the tensile stress
induces larger deflection than compressive stress. To
improve the mining efficiency, we propose a new mining
method called cutting the inside and spalling outside min-
ing (CISOM) method based on the principle of tensile
fracture mechanism.

This tensile failure-based RACC is innovative as no sim-
ilar approaches have been proposed before; i.e., it overturns
the traditional concept of coal mining in which coal mass is
broken by compressive shearing failure. Application of this
RACC in #1305 working face made its production capacity
increase to 2500 t/d from 2050 t/d (with traditional shearer)
and coal mining rate increase by 20%. The power of new
roadheader-assisted coal cutter is only 0.67 times that of
the traditional shearer. The main technical parameters of
the new RACC are shown in Table 1.

Note that this new RACC can be applied in both thin and
thick coal seams.

The components and filed schematic diagrams of the
new roadheader-assisted coal cutter are shown in Figures 2
and 3. The key components are 1 and 7. The cutting head
has blades for cutting coal directly by applying compressive
and shear stress on the coal. The cutting arm spalls the coal
behind the cutting head. The web depth is usually 1200mm
for both the traditional and the new roadheader-assisted coal
cutters. The traditional shearer achieves mining coal by
drum rotation. The new roadheader-assisted coal cutter,

however, first cuts 800mm web depth of the coal using the
cutting head (part I, Figure 4), then spalls 400mm web
depth of the coal (part II, Figure 4). The mining of part I
is called cutting inside; it is based on the compressive-
shear failure which is similar to the principle of the tradi-
tional mining methods. The mining of part II is called
spalling outside. It is relatively easy to crush the coal using
this part because of the combined effect of roof pressure,
the coal’s self-gravity, and the tensile stress by the cutting
arm. Based on its working process, this method is called
the DSIOM method. Figure 5 shows the layout of the
CISOM method. Figure 4 shows the A-A profile, and
Figure 6 shows the top view.

5. Numerical Simulations

In order to further study the impact of parameters on the
stability, the numerical simulation is carried out in UDEC
to analyze the stability at #1305 working face of Jincheng
Coal Mining Group in Shanxi, China. A numerical model
mesh of rock mass after excavation is shown Figure 7. The
model extensions are 50m × 36m. When the part of “cutting
inside” in Figure 7 is mined, the obvious bending shows that
the “spalling outside” is easy to crush. Roller boundary
condition is applied to the lateral and bottom boundaries
of the model. A vertical stress of 10.3MPa is applied on
the top boundary of the model to simulate the overburden
load. Meanwhile, the Mohr-Coulomb constitutive model is
assigned to the numerical model. The material parameters
in the numerical simulation are summarized in Table 2.

In order to analyze the stability, the deflections of the roof
squad and the coal wall are monitored at different monitor-
ing points. The horizontal monitoring points are installed
in the upper part of the coal wall to monitor the roof squat,
and the distances away from the working face are 0m to7m
with an interval of 0.5m. The vertical monitoring points
are installed in the coal wall to monitor deflection, and the
distances away from the roof are 0m to 5m with a spacing
of 0.5m. Figure 8 shows the horizontal points from R1 to
R15 and vertical monitoring points from W1 to W11.

The schemes of different cutting widths are simulated
from 0.4m to1.2m. The relatively optimal parameters of
CISOM are obtained by comparing the deflections of the roof
squad and coal wall under different schemes as shown in
Table 3. The width of plastic zone, the roof squat, and the
maximum deflection of the coal wall are analyzed. The results
are shown in Figures 9–11, respectively.

Table 1: Main technical parameters of the new RACC.

Main technical index Parameters

Production capacity (t/h) 250

Mining height (m) 2.4~5.6
Drum diameter (mm) Φ= 800

Web depth (m) 1.2

Total installed power (kW) 190

Size (mm)
4700∗2370∗2342 (length∗

width∗height)
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As seen in Figures 9–11, as the tensile strength decreases,
the plastic area in coal mass increases, which indicates that
the smaller width makes this part of the coal easier to be
spalled. When the cutting width is about 0.8m, the plastic
area increases significantly. However, the expanded plastic
area will threaten the stability of the working face. The max
deflection of the coal wall is 98.14mm, 100.35mm,
103.41mm, 121.5mm, 141.5mm, 185.8mm, 203.1mm, and
221.2mm from scheme 1 to scheme 8, respectively. With
the increase of the cutting width and the decrease of the spal-
ling width, the max deflection of the coal wall increases grad-
ually. When the cutting width is more than 0.8m, #1305
working face has the risk of running into instability. The
max deflection of the coal wall shows an approximate para-
bolic increasing trend, which matches the theoretical analysis
above. The deflection of the coal wall shows the similar trend.

In summary, for #1305 fully mechanized work face with
large mining height, in order to ensure the stability of the
working face, the optimum parameter value for CISOM
method is to set the cutting inside width to 0.8m and spalling
outside width to 0.4m.

6. Practical Application

To explore the practical application of cutting inside width as
0.8m and spalling outside width as 0.4m at #1305 working

Cutting head

Scrape conveyor

Figure 3: Field schematic diagrams of the new roadheader-assisted
coal cutter.

1 2 3 4 5 6 7 8

9

2342 m
m

4700 mm
1-cutting head
2-road wheel components
3-outrigger components
4-case assembly
5-joint

6-slideway
7-cutting arm
8-revolving bed
9-coal loading drum
10-blade

10

Figure 2: Components of the new roadheader-assisted coal cutter.
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Table 2: Physical mechanic parameters.

Lithology Bulk (GPa) Shear (GPa) Friction (°) Cohesion (MPa) Tensile (MPa) Density (kg/m3)

Fine-sand stone 11.2 5.9 27.56 2.21 9.19 2510

Silty-sand stone 14.4 7.5 33 2.42 9.43 2431

Medium-sand stone 15.5 7.9 26 2.32 9.21 2287

Mud stone 8.2 4.3 23 4.3 8.65 2400

3# coal 5.1 2.6 24.8 1.3 3.1 1450
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face, the resistance distribution of hydraulic supports and
economic benefits are studied. The percentage of statistical
work resistance in each section is analyzed according to mass
data recorded by computers which are about 80,000 data sets
recorded in each group.

The circulation end resistance is the last working resis-
tance of the hydraulic supporter when the working face
advances forward in one round of excavation. The circula-
tion end resistance distribution of hydraulic supports is
shown in Figure 12. The distribution of the circulation
end resistance is dispersed, and its average is about
2000 kN. Moreover, more than half of hydraulic supports
are above 2500 kN. The maximum circulation end resis-
tance is more than 5000 kN. Only a few hydraulic supports
have load significantly larger than the rated working resis-
tance of 5500 kN. The above analysis shows the hydraulic
support can meet the requirements of roof support and
the working face is in a stable state.

The weighted working resistance distribution of hydrau-
lic supports is shown in Figure 13. The average distribu-
tion of time-weighted working resistance is relatively
centralized between 2000 and 3000 kN. There are a few
hydraulic supports whose maximum working resistance is
obviously higher than rated working resistance (5500 kN).
Therefore, the hydraulic support meets the requirements
of roof support.

According to the field test, the following conclusions may
be drawn:

(1) The new RACC can greatly improve the coal min-
ing efficiency at the working face thus resulting in
significant economic benefits. If the designed mine
capacity is 0.9Mt/a, in comparison with the tradi-
tional shearer which is based on compressive-
shear failure (recovery rate is 60%~70%), the
recovery rate of the new RACC is over 90% and
the mining height is 6m. According to coal mining
capacity per day, the recovery rate in the working
face is improved by 20%. The increased profit is
73 million yuan (RMB) per year when the new
CISOM method is applied for #1305 fully

Table 3: Simulation scheme.

Scheme
Spalling
width (m)

Cutting
width (m)

Scheme
Spalling
width (m)

Cutting
width (m)

1 0.4 0.8 5 0.8 0.4

2 0.5 0.7 6 0.9 0.3

3 0.6 0.6 7 1 0.2

4 0.7 0.5 8 1.2 0
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Figure 9: Plastic zone width versus cutting width.
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mechanized working face of Jincheng Coal Mining
Group, Shanxi, China

(2) Based on the field test, the work resistance and end
resistance of hydraulic support are within the allow-
able range. The new CISOMmethod based on tensile
failure mechanism can improve the safety of working
face and reduce underground pressure. Meanwhile,
the new CISOM method can better secure the stabil-
ity of the roof and coal wall and ensure the rapid
advancement at the working face

In summary, the field test of #1305 working face
shows that the CISOM method by using RACC not only

is more efficient but also can ensure the stability of the
working face.

7. Conclusions

In this work, the mechanical principles of the tensile
failure mechanism based RACC are explained and then a
practical application is presented. The following conclu-
sions may be drawn:

(1) The beam model indicates that the deflection of
coal mass at the working face caused by tensile
stress is larger than that caused by compressive
stress. Meanwhile, the deflection ω and the width
obey a parabolic relationship. The theory shows
that the CISOM method by using RACC is rela-
tively easier for mining coal than the traditional
shearer mining method.

(2) An innovative roadheader-assisted coal cutter by
applying tensile stress on the coal is proposed for
the first time. It is totally different from the tradi-
tional concept of mining coal and induces coal
fracture by compressive stress. Based on a practical
application case study, the production capacity of a
working face is increased by 20%. Additionally, the
new roadheader-assisted coal cutter can be applied
on both thin and thick coal seams.

(3) The numerical analysis of the stability of a work face
demonstrates that the optimum parameter value for
this CISOM method is to choose the cutting inside
width as 0.8m and spalling outside width as 0.4m.

(4) The field observations show that the new roadheader-
assisted coal cutter has the advantages of improving
mining efficiency. The recovery rate is improved by
20% for #1305 fully mechanized working face owned
by Jincheng Coal Mining Group, Shanxi, China.

Symbols

Φ: Stress function (N)
q: Lateral uniform load (N/m2)
F1: Roof compressive force (N)
F2: Horizontal force in the coal roof (N)
F4: Vertical supporting force in the coal seam floor (N)
M: Bending moment (N·m)
h: Half of mining height (m)
I: Centroidal principal moment of inertia of an area (m4)
b: Half of mining width (m)
ω: Overall deflections of coal wall (m)
u: Deflection in the x direction (m)
v: Deflection in the y direction (m)
F3 : Horizontal force in the coal floor (N)
E: Modulus of elasticity (Pa)
σx: Stress in the x direction (Pa)
τxy : Shear stress (Pa)
ω1: Coal wall deflection for the pure compression bar (m)
δ: Thickness of the coal wall (m).
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In coal mines, underground reservoir systems can increase the availability of water and are an effective technical approach for the
protection and utilization of water resources. The stability of coal pillar dams is the key factor in the safety and stability of these
underground water storage systems. However, coal pillar dams must operate in complex environments that combine
dynamic-static superimposed stress fields and water immersion; moreover, coal pillar dams subjected to both stress and seepage
are more susceptible to damage and even collapse. In this study, a seepage-stress coupling model of a coal pillar dam was
constructed using the Universal Distinct Element Code (UDEC) simulation software. This model provides a platform for
analyzing the characteristics of fracture development in surrounding rock in active mines and the coupled development of crack
fields and seepage fields in coal pillar dams. Methods were developed for (1) calculating the water content for the coal pillar
dam numerical simulation model and (2) reducing water immersion weakening. The maximum seepage width of a coal pillar
dam subjected to water immersion was obtained, and a damage and failure evolution mechanism for coal pillar dams
experiencing flooding was developed. The results provide a scientific basis for enhancing the stability control of coal pillar dams
and are of great significance for realizing water conservation in coal mines.

1. Introduction

The protection and utilization of water resources are a major
challenge in the green mining of coal [1]. High-intensity
mining can have a significant environmental impact, and
the negative environmental effects caused by coal mining
are becoming more prominent [2]. At the same time, the
construction of mining areas brings difficulties such as water
acquisition, comprehensive utilization of water resources,
and water rights allocation [3–5]. Therefore, coordinating
coal mining and the protection and utilization of water
resources are a key issue in the green mining of coal, partic-
ularly in arid and semiarid areas, where water resources are
scarce and the surface ecology is fragile (e.g., the coal-rich
regions of western China).

The mining of coal seams leads to breakages and move-
ment in the overlying strata, which changes the distribution
of groundwater flow fields. A groundwater funnel with a goaf
as the gathering area and a water flowing fractured zone as
the center of seepage are formed, causing excessive loss of
ground and surface water; this can cause environmental
damage such as the death of vegetation and the intensifica-
tion of desertification [6, 7], as shown in Figure 1.

Storing water in underground goafs, connecting coal pil-
lars with artificial dams, and constructing mine water storage
and water intake facilities allow for the development of
underground reservoir systems which represent an effective
means of protecting and utilizing water resources in coal
mines. Where a goaf space is very large and pores and fissures
are extremely developed, the underground goaf can be used
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to store water, thus increasing the total water resources avail-
able in the mine area [8]. Moreover, when a large number of
granule particles remain in the goaf, they provide the ability
to absorb pollution by effectively removing suspended parti-
cles and colloid materials from the mine water [9, 10]. This
purified mine water can be used for tasks such as dust reduc-
tion, coal washing, and irrigation.

Scholars have conducted extensive research into engi-
neering practices that improve the protection and utilization
of coal mine water resources. Outside of China, mine water
discharged from the coal mining process is generally
regarded as a valuable water resource. Typically, large-flow,
high-head pumps are used to forcibly drain the aquifers of
the main coal seam and mine water that has not been pol-
luted by mining is discharged directly into the ground,
resulting in a high mine water utilization rate. For example,
in the 1980s, the utilization rate of coal mine water in the
United States was 81%; in 1995, the utilization rate of
coal mine water at Donbass mine, Ukraine, exceeded 90%
[11–13]. India and Japan have established underground
reservoirs for storing groundwater using rock formations
[14, 15]; these have been generally formed by intercepting
and storing groundwater using a water-intercepting wall;
however, the cost is relatively high. Poland has proposed
the use of goafs to store water resources, and the suitability
of abandoned mines for water storage in goafs, wells, and
mining fissures has been considered. However, permanently
sealing underground spaces is costly, particularly in the case
of deep mines, and as a result, no further research has been

conducted and practical uses have not been established
[16]. Although the idea of using goafs for water storage and
reuse has been proposed, no complete technical system of
underground reservoir construction has been established
and practical verification is lacking.

After the impoundment of underground reservoirs,
coal pillar dams become complex environments in which
both a dynamic-static superimposed stress field and water
immersion coexist; mechanical parameters such as the
strength, elastic modulus, and cohesion of the coal sub-
jected to water immersion can change significantly. A coal
pillar dam under the coupling of stress and seepage is
more susceptible to damage and even collapse. To study
the damage and fracture mechanisms of coal pillar dams
immersed in water, this study employed UDEC (Universal
Distinct Element Code) to establish a numerical calculation
model on the basis of the geological conditions and opera-
tional state of an underground reservoir. We examined (1)
the characteristics of fracture development in surrounding
rock influenced by a complex stress field, (2) the evolution
of fracture fields and seepage fields in coal pillar dams, and
(3) the damage and failure mechanisms of a coal pillar dam
immersed in water. The study addresses the urgent need
for construction of underground reservoirs, while consid-
ering long-term operational safety and important scientific
issues related to energy development and environmental
protection. Our findings provide a scientific basis for realiz-
ing the long-term safe operation of coal mine groundwater
reservoir systems.
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Figure 1: Water environmental damage processes and pathways triggered by longwall mining.
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2. Engineering Background

The Bulianta Coal Mine is located in the China Shendong
Mining Area, which has a shortage of water resources
and a fragile ecological environment. The surface water
system in the mining area is relatively developed, as shown
in Figure 2. The Huhewusu, Bulian, and Huojitu rivers are
perennial surface waters, while other rivers are seasonal
streams. The mean annual rainfall in the mining area is
396mm and the mean annual evaporation is 2457.4mm;
the surface water evaporation is much greater than the

precipitation. The geomorphological features and geologi-
cal structure of the mining area are not conducive to the
formation of natural groundwater reservoirs.

The production water used in the Bulianta Coal Mine
is mainly extracted from groundwater resources. In the past,
the water produced by coal mining was mainly discharged
onto the ground and was not properly utilized. To alleviate
the shortage of mine water, an underground reservoir project
was successfully implemented. The #1 reservoir is located in
the goaf of the 22301–22305 working panels and is the per-
manent source of water for the mine. The water storage
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Figure 2: Schematic diagram of the surface water system in the area around the Bulianta Coal Mine.
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capacity is 800,000m3; the current water storage height is
2.4m, and 182,000m3 is being stored. The water supply
and drainage system are shown in Figure 3.

The reservoir dam is composed of the coal seam safety
pillar and an artificially constructed dam, as shown in
Figure 4(a). The stability of the coal pillar dam is a key factor
in the safe and stable operation of the underground reservoir
system. After a working face is mined, the rock strata collapse
and stress is redistributed. As shown in Figure 4(b), the stress
environment of the coal pillar dam changes from a single
stress state to a complex stress environment, where stress
is superimposed by the overlying rock column pressure,
the bearing pressure of the stope, the lateral pressure stress
from the broken roof, and microearthquakes in the mine.
In the meantime, water immersion changes the mechanical
response and deformation characteristics of the coal.

3. Influence of Water Immersion on Coal

3.1. Characteristics of Coal Weakened by Water Immersion.
Scholars have conducted extensive research into the mechan-
ical parameters of a coal body immersed in water. According
to an experiment by Liu et al. [17], the uniaxial compressive
strength (σbc) and uniaxial tensile strength (σt) of coal
decrease with an increase in moisture content (MC). Guo
[18] conducted a mechanical test by soaking coal samples
and found that the uniaxial compressive strength and elastic
modulus of the coal samples were nonlinearly related to the
moisture content of the coal samples. Through a chamfering
shear test, Niu [19] found that the cohesion (c) and internal
friction angle (φ) of coal decrease with an increase in mois-
ture content; this relationship is illustrated in Figure 5.

Coal strength reduction due to water immersion is
known as coal weakening. The weakening coefficient (y)
indicates the degree of influence of water on the coal strength
weakening. Figure 5 shows that as the moisture content of the
coal increases and the elastic modulus, compressive strength,
cohesion, and internal friction angle of the coal are all weak-
ened to different degrees. Among them, the degree of weak-
ening of the compressive strength is the highest and the
degree of weakening of the internal friction angle is the low-
est. An increase in moisture content from 0% to 8% has a
significant effect on the weakening of the elastic modulus.
After the moisture content exceeds 8%, the elastic modulus
coefficient remains stable. Increasing the moisture content
from 0% to 15% has a more pronounced effect on the weak-
ening of the compressive strength of the coal. When the
moisture content is greater than 15%, the compressive
strength of the coal sample is less than 5% of the compres-
sive strength at a moisture content of 0%.

3.2. Numerical Inversion of Uniaxial Compression
Experiments. To verify the reliability of the numerical calcu-
lation model grid partition and selected parameters for a coal
pillar dam immersed in water, a UDEC uniaxial compression
calculation model with a width of 50mm and a height of
100mm was established. The numerical calculation model
consisted of 111 Voronoi blocks. The upper and lower ends
of the block were rigid loading plates. The Mohr-Coulomb
failure criterion was applied to the block elements. The joints
adopted the Mohr-Coulomb slip surface strength criterion,
and the experiments were carried out according to the veloc-
ity loading mode and stress displacement curve in the model
test monitoring process. The numerical calculation model is
shown in Figure 6(a), the mechanical parameters of the
model are listed in Table 1, and the results generated by the
model are shown in Figures 6(b), 6(c), and 7.

As shown in Figure 6(b), the center of the specimen
appeared to swell under the action of rigid loading plates
at both ends. The displacement of the specimen close to
the loading plates at both ends was mainly in the vertical
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Figure 4: Structure and stress environment diagrams for coal pillar
dams in underground reservoirs.
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direction, while the center displacement of the specimen was
mainly in the horizontal direction. As shown in Figure 6(c),
except for some areas near the loading plates, the specimens
were in a plastic state after loading. An X-shaped conjugate
bevel shear failure zone was formed in the middle of the

specimen, indicating that the failure of the specimen was
mainly affected by the shear stress on the displacement vector
transformation surface.

As shown in Figure 7, the stress displacement curve of
the UDEC numerical model is basically consistent with that

50 mm
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m

Stress monitoring area

(a) Numerical model diagram

0.0002 0.0023

(b) Displacement vector distribution (c) Plastic zone distribution

Figure 6: Numerical model and simulation result.

Table 1: Physical and mechanical properties of coal.

Volumetric weight
ρ (kN·m−3)

Elastic modulus
E (GPa)

Shear modulus
K (MPa)

Tensile strength
(σt) (MPa)

Cohesion c
(MPa)

Internal friction
angle φ (°)

Poisson ratio μ
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Figure 7: Uniaxial compression stress displacement curve.
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of the uniaxial compression test. The compressive strength of
the UDEC simulation was 7.17MPa, the compressive
strength of the coal sample under uniaxial compression was
6.85MPa, and the overall difference was relatively small. At
this time, the mechanical parameters and grid division used
in the numerical calculation model can simulate the uniaxial
compression process of the coal.

To verify whether the relationship between the coal
weakening coefficient andmoisture content in Figure 5 is also
valid in the numerical simulation, the mechanical parameters
in Table 1 were substituted into the corresponding formulas,
the mechanical parameter weakening coefficients were
obtained when the moisture content was 5%, and the
mechanical parameters were obtained after weakening, as
shown in Table 2. These parameters were then used in the
numerical calculations to obtain the corresponding uniaxial
compression stress displacement curve, as shown in Figure 8.

According to Figure 5, the weakening coefficient of
compressive strength is 0.3595 when the moisture content
is 5% and the theoretical compressive strength is 2.58MPa.
Figure 8 shows that the compressive strength of the numer-
ical model with weakened mechanical parameters was
2.26MPa. It is considered that the correlation coefficient
between the physical and mechanical properties of the coal
sample and the moisture content is reliable. This indicates
that numerical simulation reflects the influence of mois-
ture content on mechanical properties.

4. Seepage Field Distribution Characteristics of
Coal Pillar Dams

4.1. Construction of Numerical Model. To study the
fracture-seepage distribution characteristics and damage
evolution law of coal pillar dams immersed in water, a UDEC
numerical calculation model was established on the basis of
actual geological conditions. As shown in Figure 9, the model
was 250m wide and 180m high. Divided into 12 strata, the
rock strata were divided into different sizes according to the
mechanical characteristics of the coal and rock mass and
the calculation requirements.

The upper boundary of the numerical model adopts the
free boundary condition. The left and right boundaries limit
the horizontal velocity, and the lower boundary limits the
vertical velocity. The Mohr-Coulomb strength criterion is
adopted for the vertical model block element, and the
Mohr-Coulomb strength criterion for joint surface contact
is adopted. The mechanical parameters selected at various
layers of the model are shown in Table 3, and the gravity
acceleration is 10m/s2. There are 50m protection pillars at
both ends of the modulus.

Both the left and right boundaries and the lower bound-
ary of the model were set as impervious boundaries. Accord-
ing to the operation of underground reservoirs, a 24 kPa head
pressure was applied to the auxiliary roadway in the mined
working face.

4.2. Plastic Zone Development in a Coal Pillar Dam after
Mining the Face. After mining on the working face, the redis-
tribution of stress results in plastic failure in the coal. The
development of a plastic zone in the surrounding rock of
the roadway is shown in Figure 10.

A half-circle-shaped plastic zone appears in the coal wall
of the roadway. The plastic zone depths of the two auxiliary
roadway ribs are approximately 1.64m and 1.93m, while
the plastic zone depth of the ventilation roadway is approxi-
mately 2.77m. Owing to the influence of roof rotation defor-
mation, the plastic zone is formed above the roadway.
Moreover, the width of the plastic zone decreases gradually
as it is far away from the goaf.

4.3. Seepage Field Distribution of Coal Pillar Dams after
Reservoir Impoundment. There are numerous mutually
conducting and penetrating cracks in the surrounding rock
of a roadway subjected to repeated mining. After being stored
underground, water flows into the coal pillar dam along
cracks that are under hydrostatic pressure. As shown in
Figure 11, the distribution of seepage pressure in the coal
pillar dam is triangular and the maximum penetration width
is about 6.56m. There are also numerous penetrating cracks
in the coal floor, which is subjected to repeated mining. The
maximum infiltration width in the floor is about 8.48m,
and the maximum infiltration depth is about 4m.

Table 2: Physical and mechanical properties of coal after weakening.

Moisture content
(MC) (%)

Volumetric weight
ρ (kN·m−3)

Elastic modulus
E (GPa)

Shear modulus
K (MPa)

Tensile strength
(σt) (MPa)

Cohesion
c (MPa)

Internal friction
angle φ (°)

Poisson
ratio μ

0 15.00 14.00 3.00 0.30 1.80 25 0.22

5 15.00 6.52 1.40 0.11 1.74 21.68 0.22
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5. Damage Evolution of the Coal Pillar
Subjected to Water Weakening

After impoundment of an underground reservoir, the cracks
in the coal pillar dam are filled with water. Water has physical
and chemical effects on coal, including lubrication, weaken-
ing, and slime. Water weakening of coal is one of the main

reasons for coal damage after water immersion, as water
immersion will aggravate the damage and deterioration of
coal. A numerical simulation that does not consider the effect
of water immersion on the weakening of coal can only reflect
how changes in the stress environment cause damage and
deterioration in coal. To study the damage and deterioration
characteristics of a coal pillar dam subjected to water

250 m

 
18

0 
m

Auxiliary roadway
Ventilation roadway

Fully mechanized longwall coal mining face

Aeolian sand

Medium-grain sandstone

Sandy mudstone

Siltstone

1-2 coal

Medium-grain sandstone

Siltstone

Sandy mudstone

Clay rock

2-2 coal

Mudstone

Fine sandstone

1.4 m

1.4 m

2.5 m

5.0 m

4.0 m

1.4 m 1.4 m 1.4 m2.5 m

Roadway supporting method

Figure 9: Schematic diagram of numerical calculation for seepage and fracture of a coal pillar.

Table 3: Physical and mechanical properties of coal and rock.

Lithology Thickness (m)
Volumetric weight

ρ (kN·m−3)
Elastic modulus

E (GPa)
Compressive strength

σbc (MPa)
Poisson
ratio μ

Aeolian sand 10 15.8 — — —

Medium-grain sandstone 11 23.9 33 45.3 0.25

Sandy mudstone 49 22.4 23 22.8 0.28

Siltstone 33 23.5 35 40.6 0.25

1−2 coal 6 14.8 15 6.6 0.35

Medium-grain sandstone 11 23.9 33 45.3 0.25

Siltstone 30 23.5 35 40.6 0.25

Sandy mudstone 6 22.4 23 22.8 0.28

2−2 coal 7 15.1 14 6.6 0.22

Mudstone 2 22.3 20 20.7 0.3

Clay rock 5 20.4 35 19.6 0.28

Fine sandstone 15 23.4 13 6.6 0.22

At yield surface
Yielded in past
Tensile failure

0 5 m

Auxiliary
 roadway

1.64 m 1.93 m 2.77 m

Ventilation
roadway

Figure 10: Distribution map of the plastic zone of the coal pillar.
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weakening, the relationship between the mechanical param-
eters of the coal body and the moisture content in Figure 5
should be entered into the numerical calculation model.
Simulation results obtained in this manner can be used to
approximately characterize the damage evolution of coal
pillar dams subjected to water immersion.

5.1. Representation Method of Moisture Content in Numerical
Calculation. The UDEC numerical simulation model consists
of block and contact units. In the process of software

operation, a block will model rotations, displacements, and
deformations as the stress environment changes, while a con-
tact models slips and opens. A contact in the open state forms
a seepage channel for the liquid in the numerical simulation.
On the basis of not considering the possible chemical action
of coal and fluid and assuming that coal and fluid are incom-
pressible and the density is invariable, this paper suggested
that the cavity formed by moving block will be filled with
fluid under the influence of seepage pressure and no fluid will
flow into the cavity without seepage pressure. And that
means that the moisture content of the processing unit is
related to the distribution range of seepage pressure and the
opening of contact between the blocks, as shown in Figure 12.

It can be seen from Figure 12 that as the result of mining
action, the block has been displaced. The normal displace-
ment of block B1 relative to the initial position is d1, the nor-
mal displacement of block B2 relative to the initial position is
d2, and the contact length is l. The area of the space formed
by the block displacement at this time is l × d1 + d2 . In
this case, if in contact with nonzero seepage pressure, it
can be considered that the cavity formed by the contact
opening is filled with fluid. Then the volume of cavity can

44

6.56 m

8.48 m

Ventilation
roadway

2.00 m

 roadway
Auxiliary

0 5 m kPa£ º4
Fluid pressure

Figure 11: Distribution map of the seepage field of the coal pillar.
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Figure 12: Representation of moisture content method.
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be approximately equivalent to the volume of the fluid,
and the moisture content in the numerical model can be
expressed as

η = ρ1 ld1 + ld2
ρ1 ld1 + ld2 + ρ2 VB1 + VB2 +VB3

, 1

where η is the moisture content (%), ρ1 is the fluid density, l is
the contact length, d1/d2 is the normal displacement of the
block, ρ2 is the block density, and VB1/VB2/VB3 is the
block area.

To simplify data processing and improve the accuracy of
moisture content in the numerical model, the coal pillar dam
numerical model is divided into 1× 1m grids (Figure 13).

Each grid is treated as a processing unit, and the moisture
content of the unit is obtained by data processing, taking grid
F1 as an example (Figure 14).

As shown in Figure 14, the F1 processing unit consists of
all or part of nine blocks and contacts. In the numerical

model, the “print block ID” command is used to index the
contact number corresponding to the block; the “print con-
tact ID” command is then used to retrieve the length and
normal displacement of the corresponding contact and to
summarize the acquired block and contact data, as shown
in Table 4.

The moisture content of the F1 processing unit can be
expressed as

ηF1 =
ρ1∑ld

ρ1∑ld + ρ2∑V
, 2

where ηF1 is the moisture content of the F1 processing
unit (%), ρ1 is the fluid density, ρ2 is the block density,
∑ld is the sum of void areas of the contact with nonzero
seepage pressure in the processing unit, and ∑V is the
sum of block area of the F1 processing unit. After calculation,
ηF1 = 4 72%.

It can be seen from Figure 5 that when the moisture
content is 4.72%, the internal friction angle weakening
coefficient is 0.8728, the cohesion weakening coefficient is
0.9667, the elastic modulus weakening coefficient is 0.4776,
and the compressive strength weakening coefficient is
0.3795. The mechanical parameters of the F1 processing unit
after water weakening treatment are shown in Table 5:

The numerical simulation mechanical parameters
obtained through water immersion weakening are assigned
to the block of the F1 processing unit. According to the
same processing method, the moisture content of the other
processing units was calculated separately and the mechani-
cal parameters after weakening were determined; these
are assigned to the corresponding unit blocks. The pro-
cessing flow chart is shown in Figure 15. Secondary weak-
ening treatments were carried out for processing units
whose seepage field distribution changed significantly in the
numerical model.

5.2. Plastic Zone Development Law of the Coal Pillar Dam
Subjected to Water Weakening. The plastic zone develop-
ment of the coal pillar dam is shown in Figure 16.

After weakening the mechanical parameters of the
numerical model of the coal pillar, the plastic zone depths
of the two auxiliary roadway ribs are 1.85m and 2.25m,
which are 0.21m and 0.32m greater than their original
respective preweakened states.

The depth of the plastic zone at the bottom of the venti-
lation roadway rib is deeper than that at the upper; the depth
of the plastic zone at the bottom is about 8.25m, which is
5.48m greater than that before the water weakening. As they
were affected by the distribution characteristics of the seep-
age field, the area and depth of the weakened area under
the coal pillar dams are relatively large. As a result, the coal
is more susceptible to plastic failure and the development of
fissures is intensified; this, in turn, causes the seepage field
to expand deep into the coal pillar dams.

As a result of water immersion, the strength of coal is
decreased and it is more likely to become damaged and lose
its bearing capacity. As a result, the stress is transferred to the
deep part of the coal, which aggravates the stress environment

Table 4: Block and contact information of the F1 processing unit.

Block ID
Block

area (s2)
Contact ID

Contact
length (m)

Normal
displacement (mm)

2547213 0.1507

8110032 0.2194 5.0399

2548431 0.4316 5.4270

2548284 0.0849 0.7235

2548607 0.4763 5.5610

2548519 0.0134 6.9820

2535070 0.0152
8100550 0.2194 5.0288

8104822 0.1463 6.664

2540996 0.0349
8109856 0.1463 6.661

2541440 0.2385 2.8444

2549665 0.2356

2548343 0.4316 5.5590

2541075 0.2385 3.5144

2550886 0.3578 5.7025

8091739 0.4967 9.1313

2559699 0.0612
2550844 0.3578 8.0616

2558729 0.4967 9.5340

2558373 0.1833

2548242 0.0849 1.2428

2551033 0.4967 7.3613

2558494 0.4967 8.0590

2558641 0.4707 7.3750

2549383 0.1448 5.1230

2560705 0.1176
2558553 0.4707 6.3380

2549471 0.3007 1.2508

2549187 0.1533

2548607 0.4763 5.5610

2549266 0.1448 5.0460

2549005 0.3007 2.0306

2540361 0.2002 0.8095

2538882 0.0010
2540420 0.0134 6.3420

2540319 0.2002 0.8101

〠V 0.9528 〠ld 0.0472
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of the surrounding rock of the excavation space and exacer-
bates the degree of damage that occurs there. This can be con-
firmed by the fact that after water weakening treatment, the
increments in the zone growth width and plastic zone width
gradually decrease as the stress deepens into the coal.

5.3. Seepage Field Distribution in the Coal Pillar Dam after
Water Weakening. The seepage field distribution of the coal
pillar dam is shown in Figure 17.

After the water weakening treatment, the seepage pres-
sure in the coal pillar dam was triangular and the maximum
seepage width was about 10.63m, which is 4.07m higher

than that before treatment; the maximum seepage width in
the coal floor was about 13.96m, which is 5.48m higher than
that before treatment.

As the result of water immersion, the degree of damage to
the coal pillar dam was aggravated; thus, a higher number of
interpenetrating fractures developed and fluid flowed into
the deep coal pillar dam. The coal that was not affected by
the water immersion weakened, which further reduced the
effective bearing area of the coal pillar and caused the stress
environment of the coal pillar to deteriorate. As a result of
the deterioration of the stress environment and the reduction
in the effective bearing capacity, coal pillar dam damage was

Table 5: Physical and mechanical properties of coal after weakening of the F1 processing unit.

Moisture content
MC (%)

Volumetric weight
ρ (kN·m−3)

Elastic modulus
E (GPa)

Shear modulus
K (MPa)

Tensile strength
(σt) (MPa)

Cohesion
c (MPa)

Internal friction
angle φ (°)

Poisson
ratio μ

0 15.00 14.00 3.00 0.30 1.80 25 0.22

4.72 15.00 6.69 1.43 0.11 1.74 21.82 0.22

Initial equilibrium Fluid calculation

The numerical model satisfies the 
calculation accuracy and the speed

requirement?

Divide the study area into several
processing units

Gets information
about the block in
the processing unit

Gets information
about the contect

in the processing unit

Calculate the moisture content of the 
processing unit

Determine the weakening coefficient 
of mechanical properties

Calculation of mechanical parameters 
after weakening

Determine the model
simulation area

Generate the numerical model

Set boundary and initial 
conditions

Mechanical equilibrium 
under initial conditions

Excavation road way and
working face

Get the result of static 
analysis

No

Set initial and boundary
conditions for the fluid

Set block fluid mechanics
parameters

Yes

Get fluid calculation results

Yes

No

Does the static calculation result in
the expected effect?

Does the study area attain the
equilibrium state of damage 

evolution?

No

Th
e evolution law

 of w
ater soaking and softening dam

age

Figure 15: Flow chart for calculating mechanical properties after weakening calculation.
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intensified and the water-guiding cracks penetrated deeper
into the coal pillar.

6. Conclusions

(1) An underground reservoir system is an effective
means of protecting and utilizing water resources.
However, the coal pillar dams required by such sys-
tems must operate in complex environments that
combine dynamic-static superimposed stress fields
and water immersion. Meanwhile, water immersion
changes the mechanical response and deformation
characteristics of the coal. A coal pillar dam under
the coupling of stress and seepage is more susceptible
to damage and even collapse. Therefore, the stability
of coal pillar dams is a key factor in the safe and stable
operation of underground reservoir systems

(2) By extracting the block and contact data in the
numerical model, a method for characterizing the
moisture content of the numerical simulation model
was proposed for the first time. Compared with the
original numerical simulation results, there were sig-
nificant differences in the plastic zone depth and
seepage field distribution of the coal pillar dam after
a water weakening treatment. The results generated
by the numerical model after the water weakening
treatment were more consistent with the characteris-
tics of coal pillar dams damaged by water immersion

(3) The seepage field of a coal pillar dam has a triangular
shape. After the water weakening treatment, the max-
imum seepage width in the coal pillar increases from
6.56m to 10.63m and the maximum seepage width
in the coal seam floor increases from 8.48m to
13.96m, resulting in respective increases of 4.07m
and 5.48m. The plastic zone widths of the auxiliary
roadways are 1.85m and 2.25m, and the plastic zone
width of the laneway of the ventilation roadway is
8.25m; respectively, these values are 0.21m, 0.32m,
and 5.48m higher than the values recorded before
the water weakening treatment

(4) Owing to the distribution characteristics of the seep-
age field, the degree of damage to the coal pillar dam
increased and more interpenetrating fissures devel-
oped, which in turn caused the seepage field to
expand deep into the coal pillars. Meanwhile, the
deep coal pillars that were not affected by water
immersion caused further damage to the coal pillar
dams, which in turn caused the seepage field to
expand deep into the coal pillars. As a result, the coal
that was not affected by water weakening was weak-
ened and the degree of damage to the coal pillar
dam was further aggravated

Data Availability

The data used to support the findings of this study are
included within the article.
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Figure 16: Distribution map of the plastic zone of the coal pillar after weakening.
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Figure 17: Seepage field distribution of the coal pillar after weakening.
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Comprehensive mechanization solid backfilling mining is a new technology developed in China for coal mining and surface
subsidence control. Based on a gangue-backfilling project in the Yangzhuang Coal Mine, the characteristics of underlying
strata and surface deformation were studied by similar-material simulation method. When the ratio of the sponge to foam
was 1 : 3, the mixture can simulate well the deformation characteristics of gangues in the similar-material model. On this
basis, the movement and deformation characteristics of the overlying strata caused by gangue-backfilling mining were
studied. The findings indicate that compared with caving mining, the expansion coefficient of overlying strata, the interlayer
fracture, and the subsidence value were smaller in backfilling mining, with the integral overlying strata subsidence occurring.
Meanwhile, the reduction ratio of surface subsidence after backfilling mining was more than 85%, verified by the subsidence-
monitoring results. The research outcomes in this paper have significance for coal resource exploitation of similar mines
around the world.

1. Introduction

Coal mining creates a large amount of gangues, which
are deposited in gangue dumps on the ground. According
to statistics [1], China may have around 4.5 billion tons
of accumulated gangue emissions with a total area of
about 150 million hectares. Moreover, with the highly
intensive exploitation of coal resources, coal gangues are
growing by 150 million to 200 million tons per year.
Also, annual emissions of coal ash from power plants
within mining areas are currently about 500 million tons,
and the annual new exploitation is 50 million to 70 mil-
lion tons per year. Due to long-term exposure to the air,
the harmful substances in coal gangues, such as sulfur,
will seep into the underground in the rain, causing soil
contamination and underground water contamination
[2]. On the other hand, considerable coal resources are
buried under buildings, railways, and water bodies, in
which about 13.79 billion tons of coal resource are buried

in the coal mines of China according to the literature [3].
For example, in the Kailuan coal mine, the coal ratio
under the buildings, railways, and water bodies reached
86%, while in several other coal mines, the proportion
even reached 100%.

With this background, comprehensive mechanization
solid backfilling mining technology emerged in China. In
2008, the Xinwen Mining Group cooperated with the China
University of Mining and Technology to conduct compre-
hensive theoretical research and technological innovation.
They successfully developed a new comprehensive mecha-
nization gangue-backfilling system, which improved the
gangue-backfilling effect in the gob area and realizing safe
coal mining under buildings [4, 5]. Miao et al. [6], Zhang
et al. [7], Ju et al. [8], and Seryakov [9] investigated the
system and equipment of the comprehensive mechanized
solid backfilling and promoted the development of back-
filling mining technology. Currently, solid backfilling coal
mining technology has been applied to dozens of large
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mines to exploit coal resources buried under buildings,
railways, and water bodies, including the Zhaizhen Coal
Mine of the Xinwen Mining Bureau, Jining No. 3 Coal
Mine of the Yanzhou Mining Bureau, Yangzhuang Coal
Mine of the Huaibei Mining Bureau, and Tangshan Coal
Mine of the Kailuan Mining Bureau [10–13].

Solid backfilling coal mining technology is an environ-
mentally compatible solid waste-processing technology and
is the main technology for surface subsidence control. Fill-
ing the gob area with solid materials (such as gangue, coal
ash, drift sand, and waste disposal) which occupy the
space previously occupied by coal mining operations, solid
backfilling reduces the moving space between roof strata
and the floor strata, thereby realizing the goal of surface
subsidence control. However, in previous researches, there
was a lack of systematic analysis and evaluation of the sur-
face subsidence effect of comprehensive mechanization
solid backfilling mining. Therefore, this paper analyzed the
surface subsidence control mechanism of gangue-backfilling
mining by the physical simulation method and evaluates
the actual control effect of gangue-backfilling mining on
surface subsidence through the experiment completed by
the research group.

2. Overlying Strata Movement of Solid
Waste Backfilling Mining through
Similar-Material Simulation

Surface subsidence is primarily caused by underground
mining. The most direct and effective method to control sur-
face subsidence is to fill the gob area during underground
mining. This section used the physical simulation method
to analyze the subsidence control mechanism of gangue-
backfilling mining.

2.1. Similarity Theory and Similar-Material Model Principles.
Based on a similar principle, the rock size is reduced accord-
ing to a certain proportion. The model is made of similar
materials (including sand, gypsum, and mica sheet) and then
coal mining is simulated in the model, observing the move-
ment and damage of the rock formation. In the field of coal
mining, the similar-material model is an effective method
to study the failure phenomenon of rock mass due to coal
mining [14–18].

Because of the different scales between coal fields and
laboratory experiments, model materials must be selected
to maintain a meaningful physical proportion to the field
conditions. The modeling materials need to be tested,
and their properties should satisfy similarity theory princi-
ples [16, 19]. According to similarity theory, strength,
velocity, and time should follow the relationship described
below:

Cl

cvct
= 1, 1

where Cl is the constant of geometry similarity, Cv is the
constant of velocity similarity, and Ct is the constant of

time similarity between prototype and model. Cl, Cσ, and
Cρ can be calculated as follows:

cl =
lp
lm

,

cv =
vp
vm

,

ct =
tp
tm

,

2

where the subscript p stands for the prototype, m stands
for the model, l stands for the length, v stands for the
velocity, and t stands for the time.

The reliability of similarity model test results depends on
the correct selection and rational proportion of a series of
similar materials. The physical and mechanical parameters
of the rock stratum were determined by Brazilian and com-
pressive tests of rock, and the rock of the modeling material
was calculated according to the similarity theory. Reference
[16] and previous experience were used to calculate the
proportion of different types of materials. The samples
were prepared according to the ratios of the different types
of materials they were calculated from, and then the com-
pression and Brazilian test was carried out to adjust the
material ratio.

2.2. Similar-Material Simulation Experimental Scheme. Based
on the geological and mining conditions of the working face
in the Yangzhuang Coal Mine (as shown in Table 1), the
physical simulation method is adopted to study the rock
strata movement characteristics during the backfilling min-
ing process. The physical dimension of the physical model
is 3m× 0.3m× 1.1m. The 100 cm unexploited area is left as
the boundary of the model, while the excavated length
is 100 cm and 5 cm for each excavation. Close-range pho-
togrammetry [20] has been applied to monitor the dis-
placement and fracture development of the model. The

Table 1: Strata simulation material ratio scheme in the physical
model.

Lithology
Quality ratio

(sand :mica : cement)

Cement quality ratio
(gypsum : calcium

carbonate)

The floor
(fine sandstone)

71 : 13 : 16 7 : 3

Coal 80 : 17 : 3 7 : 3

Sandy mudstone
interbed

71 : 23 : 6 3 : 7

Siltstone 79 : 16 : 5 5 : 5

Fine sandstone 74 : 16 : 10 5 : 5

Fine siltstone
interbed

74 : 16 : 10 3 : 7

Weathered
mudstone

73 : 23 : 4 5 : 5

Topsoil 80 : 18 : 2 3 : 7
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displacement monitoring precision of the model can reach
0.5mm, and Figure 1 shows the layout of the model. In order
to compare the overlying strata and surface deformation by
backfilling mining and caving method, a comparative model
whose roof is controlled by the caving method has been made
(other conditions are the same except for the roof control).
Figure 2 shows the gangue compression stress-strain rela-
tionship of the Yangzhuang Coal Mine.

2.3. The Ratio Scheme of Similar Gangue Material. In order to
simulate the compression process of the actual backfilling
bodies, the compression stress-strain relationship of simu-
lated materials should be consistent with the stress-strain
relationship of gangue. After many experiments, sponge
and foam were chosen as the similar simulation material of
gangues [10]. Due to the different properties of gangues, such
as the type of mother rock, lumpiness, and backfilling
density, there exist certain differences between compaction
degree and compression modulus of the filling bodies.
Although the chosen materials have stable compression
performance, especially the sponge and foamed plastics, it
is difficult to reflect the requirements of different compres-
sion ratios for the simulated materials. In view of the fact that
the stress-strain relationship between the simulated material
and the gangue-backfilling material is consistent with the
logistic model, a method to change the mining thickness is
proposed to improve its closeness. The principle of the
method is to consider simulated materials and the coal seam
as a kind of mixture of the backfilling bodies and simulated
materials based on the same strain. The stress-strain curve
of the mixture is then changed by altering the thickness of
the coal seam to improve the closeness between simulation
materials and gangues.

In this paper, the plastic foam and no. 40 sponge are
mixed in a ratio of 1 : 3, 1 : 2, and 1 : 1 (as shown in
Figure 3). Figure 4 shows the stress-strain relationship.

As shown in Figure 4, there are large differences between
the different proportions of the mixture. These differences
are related not only to the ratio but also to the hardness of
the two materials. Therefore, a double-layer mixed material
or multilayer mixed material can be used to simulate differ-
ent gangue-filling materials. By comparing the stress-strain
relationship of gangues in the physical model with the
stress-strain relationship of sponge and foam mixed mate-
rials in different ratios, it can be found that when the ratio

is 1 : 3, the stress-strain relationship of the mixed material is
consistent with the gangue’s stress-strain relationship in
real-world conditions, as shown in Figure 5.

As shown in Figure 5, the stress-strain relationship calcu-
lated by the native gangues according to the similarity ratio
requirements is effectively consistent with the stress-strain
relationship calculated by mixed materials of sponge and
foam by the proportion of 1 : 3; when the strain is less than
4 kPa, the two curves are basically overlapping. After 4 kPa,
the two curves begin to separate, but there was no big
difference. When the strain reaches 15 kPa, the strain are
0.27 and 0.274, respectively. If the mining thickness is 5m,
the actual subsidence difference is approximately 20mm,
which is caused by the different similar-material ratios.
Obviously, this is far less than other aspects of errors (such
as rock strata ratio error, thickness error of the coal seam,
and model shrinkage), so this scheme is entirely feasible to
simulate the raw gangue.

2.4. Comparative Analysis of Overlying Strata Deformation
between Gangue-Backfilling Mining and Caving Mining.
The similar-material model and excavation experiments
were conducted according to the experimental framework
described above. The results of similar-material simulation
in backfilling mining indicate that the structure of the
overlying strata presents continuous medium characteristics
and there is no evidence of general destruction during the
working face exploitation. Figure 6 displays the overburden

Figure 1: Photo of similar-material model.
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Figure 2: The gangue compression stress-strain relationship.
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failure characteristics during the model excavation by the
backfilling mining method. Figure 7 shows the overbur-
den failure characteristics during model excavation by
the caving method.

In Figure 6, the overlying strata has no obvious caving
zone, only the fissure zone and the bending zone. There are
no apparent vertical fractures in the working face. During
the mining process, the smaller horizontal fissures will occur
between the rock strata. As the working face advances, the
horizontal fissures will be compacted and disappear under
the overburden pressure. Meanwhile, the overlying strata
subsidence will arise, but the subsidence is relatively slow
and the subsidence velocity does not change suddenly. In

Figure 7, the distribution of the caving zone, fissure zone,
and bending zone is very clear in the overlying strata of the
caving model. In addition, the vertical fractures are obvious
in the working face, and the subsidence of overlying strata
is fiercely uneven. In order to compare and analyze the over-
lying strata deformation conditions in the backfilling and
caving model, the monitoring result is used for comparison,
as illustrated in Figure 8. As can be seen in the backfilling
mining model, the roof subsidence is slow, while roof subsi-
dence is acute in the caving model. The decrease rate of the
roof subsidence is 73%, proving that backfilling mining
can effectively control the movement and deformation of
overlying strata.

Sponge

Polyfoam

(a)

Polyfoam

Sponge

(b)

Polyfoam

Sponge

(c)

Figure 3: Sketch map of foam and sponge with different ratios.
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Figure 4: Mixture’s stress-strain relationship with different ratios: (a) sponge and foam 1 : 3; (b) sponge and foam 1 : 2; (c) sponge and
foam 1 : 1.
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In order to analyze the differences of surface point move-
ment velocity between backfilling mining and caving mining,
the surface points in the middle of the goaf (point L in
Figure 7) are selected to draw the correlation curves of the
surface point subsidence velocity by caving mining and
backfilling mining.

From Figure 9, the surface subsidence velocity of back-
filling mining is much less than that of caving mining. In
addition, the change in surface subsidence velocity is not
noticeable, without an apparent stage of increase and
decrease of subsidence velocity.

In order to quantitatively compare and analyze the
interlayer fractures in the backfilling mining model and
the caving mining model, the vertical expansion evaluation
index of the rock strata is introduced into the model. The
vertical expansion coefficient is defined as the distance
ratio before and after the strata movement at two adjacent
points of the same vertical level [21]. Wang defines the
distance ratio as

k = hn−n+1′
hn−n+1

, 3

where hn−n+1′ is the distance between the two points after
the mining-induced deformation (m), and hn−n+1 is the
distance between the two points before the mining-
induced deformation (m).

Based on this definition, the rock expansion of the roof
in the backfilling mining model and caving mining model
was obtained from calculation (K in Figures 6 and 7). The
comparison results can be seen in Figure 10. It shows that
in the backfilling mining, the expansion coefficient of
overlying strata is smaller, the interlayer fracture is lesser,
and the integral overlying strata subsidence occurs.

When the mining area is large enough (bigger than
the critical mining area), the surface subsidence Wg can
be expressed as

Wg =m − h − Δ 4

Correspondingly, the subsidence coefficient qg can be
expressed as

qg = 1 − h + Δ
m

, 5

where h is the height of the filling body after compression of
the overlying strata (m), m is the thickness of the coal seam
(m), and Δ is the bulking of the overlying strata.

The analysis of the above formulas shows that the control
degree of surface subsidence caused by gangue-backfilling
depends on the height of the filling body under the influence
and bulking of the overlying strata. The simulation results
indicate that gangue-backfilling mining has less disturbance
in the overlying strata. There is no caving zone in the overly-
ing strata and the height of fracture zone is lower, resulting in
a smaller amount of bulking. At this point, the height of the
filling body after compression is the key to control the subsi-
dence due to gangue-backfilling mining. The ratio of the
height of compacted filling body to the thickness of the coal
seam is defined as the filling ratio. With the development
of China’s gangue-backfilling technology, the filling ratio
of gangue-backfilling mining can reach more than 85%.
Therefore, by ignoring the bulking of the overlying strata,
the surface subsidence coefficient can be less than 0.15 by
dense gangue filling. When considering the effects of bulk-
ing of overlying strata, the subsidence coefficient may be
much smaller.

Based on the influence function theory, for the caving
method, the surface subsidence W at any point at any time
can be expressed as follows:

W =W0 f t , 6

whereW0 =mq cos α, α is the dip angle of the coal seam, and
f t is the surface subsidence time function.

Wg =Wg0 f t , 7

where Wg0 stands for the final subsidence of the surface
point by using backfilling mining.

Based on equations (6) and (7), the ratio of surface subsi-
dence velocity between gangue backfilling and caving mining
is as follows:

v
vg

= W0
Wg0

8

The analysis of formula (8) shows that the degree of
surface subsidence due to gangue backfilling is less than the
caving method, so the surface point subsidence velocity of
gangue backfilling is smaller than the caving method. On
the other hand, the surface subsidence space by gangue-
backfilling mining comes from the compression of the filling
body by the overburden pressure. Therefore, the subsi-
dence space gradually reaches the maximum Wg0 with
the recovering of overburden pressure. At this point, the
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Figure 5: Contrast of stress-strain relationship between coal gangue
and simulation materials.
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surface subsidence velocity due to gangue backfilling will
be further decreased.

3. Surface Subsidence Control Effect
Evaluation under Solid Waste
Backfilling Mining

The south side of the III644 working face in the Yangzhuang
Coal Mine is an unexploited area, and the north side is the
III642 working face. The east is the exploited NII624 working
face, and the west is the unexploited area. The working face of
III644 has an inclination length of 115m and a strike width of
315m. Above the working faces are Dongguan village, No. 2
Middle School of Suixi County, the second branch of Kouzi
Winery in Suixi County, and many other structures. The
ground elevation is around 31.2m. The coal seams in the
III644 working face are relatively stable, and the structure
of coal seam is simple with the upper elevation being
−328m and the lower elevation being −483m. The average
thickness of coal seams is 2.7m and the dip angle is about
18°. The exploitation of the III644 working face started from
October 2012 and ended in December 2013. In the mining
process, the gangues are filled and compacted into the gob
area to achieve effective roof management, which is the first
experiment in the Huaibei mining area.

The gangue-backfilling materials are the washing
gangues from the coal preparation plant in the Yangzhuang
Coal Mine. The gangue was crushed before the backfilling
process to control the maximum particle size of the gangue

to be less than 30mm. The broken gangues are then screened,
and the distribution of particle size is shown in Figure 11.
Meanwhile, a compression test is conducted to acquire
the gangue compression characteristics. The compressive
stress-strain curves of the gangue are obtained.

The gangue-backfilling ratio is designed to be 85%. That
is, the height of compressed gangue should be no less than
2.3m under the original rock stress levels. In the actual
backfilling method, the gangues backfilled in the goaf are
weighted to ensure the designed backfilling ratio. According
to the gangue compressive stress-strain relationships and
the density of filling gangues, it is required that the mass ratio

0

−5

−10

−15

−20

−25Su
bs

id
en

ce
 v

al
ue

 (m
m

)

−30
0 500 1000 1500

Distance (mm)
2000 2500

Backfilling mining
Caving mining

3000

Figure 8: Roof subsidence curve comparison.

Figure 6: Overburden failure characteristics in model excavation by backfilling mining.

Figure 7: Overburden failure characteristics in model excavation by caving method.
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of filling gangues to the exploited coal should be no less than
1.3 after many experiments, which can meet the design
requirement of the backfilling ratio.

In order to monitor the surface subsidence caused by
backfilling mining, an observation line is placed above the
III644 working face, as shown by the blue line in Figure 12.

The surface observation station conducted condition 18
subsidence observations from Sept. 15, 2012, to Jun. 7,
2014. Figure 13 is the final curve of surface subsidence in
the III644 working face.

It can be seen from Figure 13 that the maximum surface
subsidence in the III644 working face is 170mm at the
point of BK8. The final surface subsidence is 1746mm pre-
dicted by the widely used probability integral method and
the caving mining method. Therefore, the surface subsi-
dence reduction ratio is 90% after solid backfilling mining,
and the maximum surface deformation value is much less
than the critical deformation of a common bungalow with
a brick-concrete structure. According to the field studies,
the surface buildings (structures) are under normal use,

without apparent evidence of cracks and destruction, as
shown in Figure 14.

4. Conclusions

In this paper, the physical simulation method is used to
analyze the overlying strata movement characteristics and
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surface subsidence control mechanism of gangue-backfilling
mining. Then, the control effect of gangue-backfilling mining
on surface subsidence was evaluated through the measure-
ment results. The major conclusions are as follows:

(1) In similar-material simulation experiments, different
proportions of foam and sponge materials can be
applied to better simulate the stress-strain character-
istics of gangue material. When the ratio of sponge
and foam was 1 : 3, this mixture can simulate well
the deformation characteristics of gangues of the
Yangzhuang Coal Mine in the similar-material
model.

(2) Similar-material simulation results show that the
caving zone in the overlying strata was not obvious,
only the fissure zone and the bending zone. Com-
pared with caving mining, the expansion coefficient
of overlying strata, the interlayer fracture, and the
subsidence value of overlying strata are smaller in
the backfilling mining, and integral overlying strata
subsidence occurs.

(3) The control effect of surface subsidence during the
gangue-backfilling mining is mainly determined by
the amount of compression of the backfilling bodies
under overburden pressure. According to the existing
gangue-backfilling mining technology, the surface
subsidence coefficient can reach less than 0.15

(4) The backfilling mining practice in the Yangzhuang
Coal Mine of the Huaibei Mining Bureau indicates
that solid backfilling mining can effectively control
surface subsidence and the subsidence reduction
ratio is around 90%. The mining area surface
buildings (structures) are under normal use, with
on obvious evidence of cracks and destruction.
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Protective coal seam mining (PCSM) is one of the most significant mitigation measures of regional outburst in the process of deep
coal seam mining, which has high outburst risk in China. During the PCSM process, the phenomenon of methane concentration
exceeding the limit usually occurs in the working face. It is vital to understand factors affecting gas emission from the protective
seam working face (PSWF) and to obtain an equation for determining the quantity of gas emission. A gas seepage model (GSM)
was developed to simulate the gas emission during the process of upper PCSM. In this study, an equation was formulated to
determine the quantity of gas desorbed from the protected seam into PSWF. These equations have been developed by using
Fick’s second law of diffusion and Darcy’s flow law. The relationship between permeability and stress was described in an
elastic-plastic state, and the mechanics of surrounding rock were investigated. It can be concluded from GSM that the initial gas
pressure of protected seam, the characteristics of interlayer rocks, and the ventilation pressure of PSWF were the main factors
that influenced the desorption of gas emission from the protected seam into PSWF. The developed GSM was tested for
calculating gas emission quantity from the PCSM process by utilizing the actual geological condition data of a coal mine, which
is located in Hancheng, China. The results have shown great agreement with obtained field measurements, which is done by
combining the fitting curve of ventilation air methane quantity for PSWF with an interlayer spacing. A loss coefficient (δ) of
1.012× 10−3 was obtained in this study.

1. Introduction

Coal and gas outburst accident is a complex dynamic phe-
nomenon, which occurs frequently in coal mines in China.
Because of its sudden occurrence and intense destructiveness,
the accident endangers both coal mine production and per-
sonnel safety. It also causes immense economic losses to min-
ing companies [1–3]. To address this issue, many research
studies have been conducted nationally. These studies have
elucidated the outburst mechanism in coal and gas; more-
over, outburst risk indexes and mitigation measures have
been proposed in these studies [4–6]. Protective coal seam

mining (PCSM) is preferentially used to release coal seam
pressure and enhance permeability. It is one of the main out-
burst mitigation measures in China, mainly because gas con-
tent and its associated outburst risk are relatively low. By
extracting the protective seam, the associated pressure is
released and it substantially increases the permeability of
the protected seam. Pressure relief gas extraction is enhanced
consequently [7–9]. During protective coal seam mining
(PCSM), the phenomenon of methane concentration exceed-
ing the limit usually occurs in the protective seam working
face (PSWF). Because the protected seam offers gas pressure
relief, a large amount of gas is desorbed and flows into PSWF.
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This is the main reason why methane concentration exceeds
the limit in the PCSM process. To guarantee safe mining and
to improve methane mining, pressure relief gas extraction
technology is used currently [10–12]. Presently, more atten-
tion is paid to pressure relief effect of the protected seam,
but factors causing methane concentration to exceed the
limit are ignored during PCSM [13, 14]. A qualitative
method is mainly used to estimate pressure relief gas seepage,
which is not applicable for gas drainage and control [15–17].
Besides, there are few studies on the main influencing factors
of pressure relief gas seepage. It is also not conducive to the
extraction and control of pressure relief gas. Thus, a quanti-
tative analysis of seepage characteristics of pressure relief
gas is of great significance to the layout of gas drainage bore-
holes and the mining parameters of protective coal seam.

In this paper, previous studies on coal and rock perme-
ability have been summarized. Stress-strain relationship,
stress changes, and failure depth of the floor have been deter-
mined in the process of PCSM. Based on review results, GSM
is established and its equation is used for calculating the
quantity of gas desorbed from the protected seam into the
protective seam during PCSM. The influencing factors were
also identified by analyzing the seepage process. Finally, the
model is validated with the data from an in situ ventilation
air methane of the PSWF in a coal mine, which is located
in Hancheng, China. The results indicate that the established
GSM completely agreed with obtained field measurements.

2. Previous Studies on the Evolution
Law of Permeability

Ever since the proposition of Darcy’s law, rock permeability
research has always been an attractive and ongoing research
field. After years of development and research, two main
types of the permeability model were established: porosity-
permeability model and stress-permeability model. These
models are represented by Palmer-Mansoori’s (P-M) and
Gray’s model, respectively [18]. In the coal permeability
model proposed by Gray [19], ground and expansion/shrink-
age stress caused by adsorption/desorption gases was investi-
gated comprehensively.

σe
h − σeh0 = −

v
1 − v

p − p0 + E
1 − v

Δεs
Δps

Δps 1

Here, σe
h is the effective horizontal stress, which is

expressed in MPa; σe
h0 is the initial effective horizontal stress,

which is expressed in MPa; Δps is the change in adsorption
equilibrium pressure, which is expressed in MPa; Δεs is the
strain change in unit, which is caused by change in adsorp-
tion equilibrium pressure; v is the Poisson’s ratio; p is gas
pressure and p0 is initial gas pressure, which are expressed
in MPa; and E is the elastic modulus in GPa.

As shown in (2), Seidle et al. [20] proposed a more con-
cise expression.

k = k0e
−3cf σ−σ0 2

Herein, cf is the cleat volume compressibility with respect
to changes in effective stress normal to the cleat, k0 is initial
cleat permeability at initial effective stress σ0, and k is cleat
permeability at effective stress σ.

Equation (2) has been used in several laboratory experi-
ments, which have been conducted to develop fitting regres-
sion equations. As shown in (3), Ren and Edwards [21]
proposed that permeability and stress relation were associ-
ated with intact rock.

k = k0e
−0 25 σ−σ0 3

Whittles et al. [22] summarized the relationship
between the permeability of rock fracture surface and prin-
cipal stress. Equation (4) is used for calculating fracture
surface permeability.

k = k1
σ1 + σ3

2
m

4

Here, σ1 and σ3 are minimum and maximum confining
stresses, respectively, which are expressed in MPa; k1 is
intrinsic permeability expressed in m2 when σ1 + σ3 /2 =
1MPa; and m is a material parameter found by regression
analysis. In a study conducted by Whittles et al., the values
of −0.8616 and 2.613× 10−13 m2 were determined for m
and k1, respectively. [22].

The most representative permeability model proposed by
Palmer and Mansoori [23] and Palmer et al. [24] was
expressed as

φ

φ0
= 1 + cm

φ0
p − p0 + ε1

φ0

K
M

− 1 p
pε + p

−
p0

pε + p0
,

cm = g
M

− γ
K
M

+ f − 1 ,

k
k0

= φ

φ0

3
,

5

where φ is porosity; φ0 is initial porosity; K is the bulk
modulus in GPa; M is the constrained axial modulus in
GPa; γ is the solid compressibility, which is also known as
grain compressibility; ps is atmospheric pressure under stan-
dard condition, which is expressed in MPa; and f is a fraction
whose value varies between 0 and 1. A value of 0 and 1 is rec-
ommended for vertical and horizontal cleats, respectively.

In principle, the porosity-permeability or stress-
permeability model is defined as the change in effective stress,
which changes the internal structure of coal and rock fracture
and deforms the matrix or even leads to its failure. The per-
meability of the rock mass is affected consequently. This is
also the main theoretical principle for evaluating permeabil-
ity enhancement and pressure relief of protective seam min-
ing. Cheng et al. [25] proposed a theoretical model for
permeability evolution and pressure relief of coal, which con-
tains gas in deep PCSM. The existing ground stress in the
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deep seam, which changes effective stress, was considered,
and it controlled permeability directly or indirectly. Further-
more, the existing fractures as well as new fractures were
further extended and governed by the PCSM process. The
influence of coal matrix deformation on permeability alter-
ation can be ignored. By assuming effective stress, gas
adsorption/desorption, and strain as variables, a theoretical
model for enhancing coal permeability was established [25]:

k
k0

= 1 + εV0 − εV + fm εm0 − εm
φ0

3

× 1 − φ0
1 − φ0 − εV0 − εV + fm εm0 − εm

2 6

Here, ε is the strain, the subscript “0” refers to the initial
point, the subscript “m” refers to the coal matrix, the sub-
script “V” refers to the volume, and fm is the influence factor,
which ranges between 0 and 1, and the desorption and
shrinkage of the coal matrix affected the strain of fracture.

Because the relationship between permeability and stress
is different for fractured and intact coal and rock masses, the
failure of the rock mass between protective and protected
seams was considered in any study, which was associated
with GSM during PCSM.

3. Gas Seepage Model of Upper Protective
Seam Mining

The gas seepage model (GSM) was established with upper
PCSM, which mainly depends on the gas source and seepage
media. The gas source is mostly dependent on the protected
seam, and seepage media is largely associated with interbed-
ded rock mass. As shown in Figure 1, King [26] determined
various types of coal seam gas migration by using numerical
simulation. In the protective seam mining process, a large
amount of gas was desorbed from the bottom of the protec-
tive seam, providing pressure relief as well as coal and rock
expansion. This was the main source of gas, which flows into
PSWF through the interbedded rock mass.

Different failure mechanisms are associated with the
interbedded rock mass, which depends on its lithology
and its distance to the floor of the protective seam. The cor-
responding gas permeability also varies in this experiment.
There are two types of interbedded rock masses, namely,
elastic intact and plastic fractured rock masses. Flow pro-
cess could be divided into three stages from the protected
seam to PSWF: (1) gas desorption occurs by providing pres-
sure relief in the protected seam, (2) the gas seepage stage
occurs through the intact rock mass, and 3) the gas seepage
stage occurs through the fractured rock mass. To simplify
the developed model, the following assumptions were made
for analysis:

(1) The entire model system has the same constant
temperature

(2) The interaction between water and other gases was
ignored, i.e., only gas is modeled

(3) Gas flows along the shortest path in the fractured
rock

(4) Gas is regarded as an ideal gas; the dynamic viscosity
and the diffusion coefficient are considered as con-
stant values

Several studies show that there are three main states for
in situ coal seam gas, namely, absorbed gas, free gas, and dis-
solved gas. In the process of pressure relief and expansion of
the coal seam, the released gas was mainly absorbed with the
formation of the coal seam. The desorption process works as
the reverse mechanism of the absorption process, which is
governed by the Langmuir equation [27]. In gas desorption
stage, gas diffuses into elastic rock as pores of the intact rock
mass are relatively small. The process of diffusion obeys an
unsteady and nonequilibrium desorption model, which is
known as Fick’s second law.

Q =D × c − c0
H

× A 7

Herein, Q is the quantity of gas diffusing in unit time,
which is expressed in m3/s; D is the diffusion coefficient;
c − c0 is the concentration difference; H is the distance of
the cleat, which is expressed in meters; and A is the pore area,
which is expressed in m2. The normal gas is assumed to obey
the state equation of ideal gas:

PV =NRT 8

Herein, P is the ideal gas pressure, which is expressed in
MPa; V is the ideal gas volume, which is expressed in m3;
N is the amount of substance of gas, which is expressed in
mol; T is thermodynamic temperature of ideal gas, which is
expressed in Kelvin; R is the ideal gas constant.

Equation 9 illustrates the relationship between the con-
centration of gas and the amount of gas substrate:

c = N
V

9

Gas pressure of the protective seam was denoted as P1,
and the distance was denoted as H. Gas pressure of intact
rock mass was assumed to be equal to atmospheric pressure
(P0). Equation (10) was used for calculating gas quantity
(Q1), which diffuses into intact rock mass:

Q1 =D × p1 − p0
HRT

× A 10

When gas diffuses into the intact rock mass, it enters
the seepage stage of intact and fractured rock masses.

Desorption from internal
coal surfaces

Diffusion through the
matrix and micropore

Fluid flow in natural
fracture network

Figure 1: Gas transport mechanisms in the reservoir [26].
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Equation (11) shows that gas seepage in the rock mass fol-
lows Darcy’s Law.

Q = K × P − P0
μl

× A 11

Here, Q is the quantity of seepage gas, which is expressed
in m3/s; K is permeability of rock, which is expressed in m2−;
P − P0 is the pressure difference, which is expressed in Pa; l is
the distance of seepage, which is expressed in meters; A is
seepage area, which is expressed in m2; and μ is the dynamic
viscosity coefficient, which is expressed in MPa·s. Equation
(12) was used to calculate gas pressure after the stage of intact
rock mass. As shown in (12), the vertical length of the intact
rock mass is known as l1. According to flow conservation
principle, the permeability of the intact rock mass is known
as k2.

pz = p1 −
Dμl1 p1 − p0

k2HRT
12

Gas flows (Q2) from the protected seam to PSWF in
fractured rock mass, which was calculated by utilizing
(13). Rock permeability is called k3, l2 is called vertical
length, and ventilation pressure of PSWF is p2.

Q2 =
p1 − p2
μl2

−
Dμl1 p1 − p0

k2HRT
k3A 13

After PCSM, (14) was used for calculating maximum
and minimum principle stresses at any point for the frac-
tured rock mass [28].

σ1, σ3 =
q1
π
θ ± 1

π
q12 + q22 sin θ + q2θ + γl

cos α 14

Herein, q1 is the vertical stress that acts on the floor,
which is expressed in MPa; q2 is the horizontal stress,
which is expressed in MPa; and α is the angle of the coal
seam, which is expressed in degrees. As shown in Figure 2,
θ = θ1 − θ2, where θ1 and θ2 are angles of the connection
between the point and the floor, and they are also
expressed in degrees; l is the vertical distance between
the point M and the floor of the protective seam, which
is expressed in meters; and γ is the rock density, which
is expressed in MN/m3.

The permeability-stress model was chosen for determin-
ing permeability of intact and fractured rock masses. By
using laboratory data fitted with (3) and (4), the shortest path
was chosen, i.e., θ = 0. Suppose that stress of the intact rock
mass is γl, the original rock mass stress is γh, and h is the bur-
ied depth of the protected seam. This assumption is based on
the fact that in the actual production process, most gases
released from the protected seam do not diffuse into PSWF.
By continuously advancing the working face, gas pressure
of the protected seam is reduced gradually. Equation (15)
must be multiplied with a loss of coefficient δ. By substituting
parameters into (13), (15) is obtained as follows:

q1

q2

Protective seam

Protected seam

Fick diffusion

Darcy seepage
M

Working face
l

l2

l1

Intact
rock mass

Fractured
rock mass

𝜃2

𝜃1

a

Figure 2: Coal seam gas diffusion and seepage.

Q2 =
Aδ p1 − Dμl1 p1 − p0 / k0HRT l1

0 e
−0 25γ l1+l2−h−x dx − p2

l2
0 k1 γx/cos α mdx

μl2

= p1 − Dγμl1 p1 − p0 / 4k0HRT e−0 25γ l2−h − e−0 25γ l1+l2−h − p2 Aδk1γ
ml2

m

m + 1 μ cosmα
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Figure 2 summarizes the entire GSM of the upper PCSM.
Equation (15) shows that there are three main factors

associated with gas quantity, which can cause gas to flow into
PSWF from the protected seam, namely

(1) the initial gas pressure of the protected seam

(2) interlayer spacing of interbedded rock mass, the
percentage of fractured and intact rock mass, and
the permeability coefficient of fractured and intact
rock mass

(3) the ventilation pressure of PSWF and seepage area of
the floor

4. Analysis of Floor Failure Depth

4.1. Theoretical Calculation Model for Floor Fracture
Development Depth. The most significant part of the analysis
is to determine floor failure depth according to GSM of the
protected seam, which was introduced in Section 3. The
methods of calculating floor failure depth consisted of theo-
retical calculation and empirical regression equation.

The coal mining process transfers the overburden load to
the coal body ahead of the working face and compacts falling
rock in the goaf by forming a peak region for bearing pres-
sure. In front of the working face, the floor rock was in a state
of compression, experiencing compressive displacement. In
the goaf behind the working face, the floor rock was in a
stress relief zone, and it experienced expansive displacement.
Shear failure normally occurs in floor rocks because of shear
deformation, which are located at the border of compression
and expansion regions. In a conventional advancing process
of the working face, there are three stages of stress in the
floor: stress escalation before mining, stress drop after min-
ing, and stress recovery. These stages of stress repeatedly
occur with advancing of the working face. In surrounding
floor areas of the working face, stress distribution on the floor
rock mass was affected by mining. It was divided into four
horizontal regions: (1) original rock stress region, (2) com-
pression region, (3) expansion region, and (4) stress recovery
region. The distribution of floor strata was divided into the

following four vertical zones: (i) broken zone, (ii) newly dam-
aged zone, (iii) originally damaged zone, and (iv) fractured
zone [29]. Figure 3 shows the areas of the floor, which were
influenced by bearing pressure.

According to elastic-plastic mechanics and Mohr-
Coulomb strength theory, a plastic zone was formed in the
floor rock with plastic deformation. It was within a certain
range of the working face floor when bearing pressure reached
or exceeded the pressure limit value.

When the bearing pressure reached maximum capacity,
part of the rock failed completely by joining plastic zones of
rock mass in the surrounding region of bearing pressure.
With plastic deformation of the rock mass, a continuous slip
surface is formed in the goaf direction.

The maximum failure depth of the floor, which is caused
by stress concentration under ultimate bearing pressure con-
ditions of the floor rock, can be obtained by using (16). The
ultimate bearing capacity of strata was calculated using
Mohr-Coulomb failure criterion [30].

The width of the plastic area was calculated by using (16).
Equation (17) was used for determining the maximum failure
depth of the floor.

L′ = a × 1
1 − nmγH/ 2σM + nmγH

2
− 1

or L′ = 0 015H,

16

h = L′ cos β
2 cos π/4 + β/2 × e π/4+β/2 ×tan β 17

Here, a, which is expressed in meters, is twice of roof-
control distance in the working face; nm is the maximum
coefficient of stress concentration; σM is the ultimate stress
of the coal body edge, which is expressed in MPa; H is the
vertical distance from the working face to the ground surface,
which is expressed in meters; and β is the internal friction
angle of floor strata, which is expressed in degrees.
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Figure 3: Floor failure depth caused by the bearing pressure.
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Equation (18) is used for theoretical calculation of failure
depth of the floor [31].

h = 1 57γ2H2L

4Rc
2 18

Here, h is the depth of the broken zone and L is the length
of the working face, both of which are expressed in meters,
and Rc is the uniaxial compressive strength of the rock, which
is expressed in MPa.

In previous studies, statistical analysis was conducted to
determine failure depth of the floor during the coal mining
process in various mines. Corresponding linear regression
equation was formed by using multivariate linear and non-
linear statistical analysis methods. Some of the typical equa-
tions are as follows [31–33]:

h = 0 0113H + 6 25 ln L
40 + 2 52 ln Mh

1 48 , 19

h = 0 0111L + 0 006H + 4 541f c − 0 009α − 2 4, 20

h = −2 0234 + 1 48 × 10−26H9 + 0 1016L
+ 0 1913α + 1 0637Mh − 5 5536D + 7 5070I

21

Here, Mh is the mining height of the coal seam, which is
expressed in meters; D is the failure resistance capability of
the floor; and I is the factor related to existence of cutting
fault or failure situation of the broken zone. By utilizing
the aforementioned equations for estimating floor failure
depth, the length of intact and fractured rock masses in
GSM was obtained.

For a case study in a certain coal mine in Hancheng
city, Shanxi province, China, the verification procedure

and associated calculations are described in the follow-
ing subsections.

The actual two PSWFs were used to verify the model. The
distance along the strike was 1142m, with 180m of inclined
width for PSWF4216. For PSWF4215, the distance along
the strike is 1158m with 200m of inclined width. These
two working faces are located in the No.2 coal seam; the
thickness of the coal seam was about 0–2.5m and the average
thickness was 1m. The depth of the No.2 coal seam was
430m. The spacing of the No.2 coal seam and the underlying
No.3 coal seam (the protected seam) was in the range of
9.8–20.7m, with the average spacing being 15.5m. The gas
content of this protective coal seam is not high, and the
pressure was 0.55MPa. The lower No.3 coal seam had out-
burst risk. When the relative gas emission of the No.3 coal
seam rose to 27.82m3/t, gas pressure became 2.03MPa and
coal seam was of low permeability. Table 1 shows the sur-
rounding rock of the working face and mechanical param-
eters of the rock mass. Figure 4 shows the borehole diagram
of the working face.

In order to verify the accuracy of the developed GSM in
the protected seam, floor failure depth during excavation
process of the working face was determined first. Using the-
oretical equations (16)–(18) and the data obtained from
mining (H is 430m, β is 40°, L is 180m, γ is 0.025 kg/cm3,
and Rc is 21.59MPa), the failure floor depths were estimated
to be 15.2m and 17.52m. Using regression equations 19–21
and the obtained values (Mh is 1.2m, α is 0°, D is 0.2, I is 0,
and f is 3), floor failure depths were estimated to be 13.73m,
15.80m, and 16.44m. By considering the results of both the-
oretical and regression equations, the calculated floor failure
depth was found to be in the range of 13.73 to 17.52m, with
an average failure depth of 15.625m. This value was found
to be very close to the actual average interlayer spacing in
the mine. To further determine failure depth of the floor,

Table 1: Physical and mechanical parameters of the rock and coal.

Serial
number

Lithology
Thickness

(m)
Density
(kg·m−3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Cohesion
(MPa)

Internal friction
angle (°)

Strength of
extension (MPa)

1 Fine sandstone 8.01 2500 3.0 1.5 2.0 35 1.5

2 Siltstone 2.99 2400 2.6 1.6 2.2 36 1.5

3 Coal line 0.49 1450 1.8 1.0 1.5 30 1.0

4 Siltstone 3.67 2500 2.6 1.6 2.2 36 1.5

5 Fine sandstone 4.23 2500 2.9 1.9 2.8 39 1.8

6 2# coal seam 1.00 1450 1.8 1.0 1.5 30 1.0

7 Sandy mudstone 2.58 2300 2.0 1.3 2.0 38 1.5

8 Siltstone 4.92 2400 2.6 1.6 2.2 36 1.5

9
Middle-fine
sandstone

8.11 2600 4.0 2.4 2.8 38 2.8

10 Siltstone 1.98 2400 2.6 1.6 2.2 36 1.5

11 3# coal seam 6.09 1400 1.8 1 1.5 30 1.0

12 Sandy mudstone 2.97 2400 2.0 1.3 1.5 30 1.2

13 Fine sandstone 5.03 2500 2.8 1.8 2.9 36 1.7

14
Middle-fine
sandstone

45.64 2500 3.0 1.5 2.0 35 1.5
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numerical analysis was carried out by using UDEC numeri-
cal simulation software.

4.2. Numerical Simulation for Floor Fracture Development
Depth. The Mohr-Coulomb constitutive model was used for
simulation, and rock mechanics parameters are presented
in Table 1. A schematic diagram of the model is presented
in Figure 5. The length of the model was 300m, and it has
a width of 80m. The roof of the protective seam was divided
into a layered structure by using JSET. Structural breakage
was not observed in the floor strata between the protective
and protected seams, which were similar to the roof of the

protective seam. Strata and rock parameters had different
thicknesses. As shown in Figure 5, floor strata were divided
into a polygon with congruent sides by using the 2D VORO-
NOI polygon generator. In this numerical model, deformable
and rigid polygons are available in UDEC. However, individ-
ual polygons cannot break, i.e., all fractures must follow
polygonal boundaries. The cemented contacts between two
polygons can rupture through shear or tension depending
on the stress state and properties of the contact surface.
Therefore, fracture development can be realistically simu-
lated through the contact rupture initiation, growth, and
nucleation. The force-displacement relationship for a contact

Fine sandstone8.01

2.99

0.49

3.67

4.23

1.00

2.58

4.92

8.11

1.98

6.09

2.97

5.03

Coal line

Siltstone

Fine sandstone

2# coal seam

Sandy mudstone

Siltstone

Middle-fine
sandstone

Siltstone

3# coal seam

Sandy mudstone

Fine sandstone

Siltstone

Middle-fine
sandstone

45.64

Protected coal seam Protective coal seam

Columnar �ickness (m) Lithology

Figure 4: Borehole diagram of the working face.

80
 m

300 m

Protective seam

Floor rock strata
Protected seam

Figure 5: Schematic diagram of the numerical model.
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is determined by normal (Kn) and shear (Ks) stiffness of the
contact. The contact properties, cohesion, tensile strength,
and friction angle define the contact strength. Fractures are
created when the stress level at the interface exceeds a thresh-
old value in either the tension or shear. The constitutive con-
tact model is shown in Figure 6.

The PSWF starts excavation 50m away from the left side
edge of the model, excavating 5m at each step for a 100m
distance. Figure 7 illustrates that the working face of advanc-
ing floor fractures develops gradually in depth while the
range of fracture development enlarges continuously. When
PSWF achieves an advancing distance of 30m, the rock mass
between protective and protected seams is connected by frac-
tures but the development of fracture is sparse. The develop-
ment gets more intensive when the advancing distance is

35m. At an advancing distance of 40m, the protected seam
is covered by fractures. This causes the gas to desorb from
the protected seam and flow into PSWF.

Based on the results of the numerical simulation and
theoretical calculations, it was inferred that floor fracture
develops on the protected seam during the PCSM process.
Consequently, it can be considered that there is no intact
rock mass between protective and protected seams. This
assumption was deliberated in the following calculations.

5. Gas Seepage Model Verification

It is challenging to physically measure most of the parameters
in GSM, while some parameters remain unchanged under
same geological conditions. However, it can be concluded
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Figure 6: Constitutive model of the contact in UDEC: (a) normal and shear stiffness between blocks; (b) constitutive behavior in shear and
tension (i = s, n) [34].
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Figure 7: Floor fracture depth diagram with the different advancing distance.
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from the aforementioned analysis that interbedded rock
masses are all fractured rock masses. Equation (15) can be
simplified into

Q2 =
p1 − p2 Aδk1 γl2

m

m + 1 μ
22

Based on the actual data for the considered PSWF4216 in
Hancheng, China, the parameters associated with gas are as
follows: P1 = 2 03MPa (the gas pressure of the protected coal
seam), P2 = 0 1 MPa (the gas pressure of PSWF), γ = 0 025
MN/m3, and the floor area (inclined width of PSWF×floor
width) of the working face is 180m2 and 200m2 for
PSWF4216 and PSWF4215, respectively. The value of μ for
gas is 1.75× 10−11MPa·s. The m and k1 are assigned as
−0.8616 and 2.613× 10−13 m2, respectively, which were intro-
duced in the literature [22]. By substituting the above data
into (22), the gas emission from the protected face was calcu-
lated by using

Qg m3/min = 60Q2 = 53986 01 × δl−0 8616 23

Between protective and protected seams, the altering
values associated with interlayer spacing were obtained from
a gas drainage borehole. This was placed in the floor of the air
return gateway. After the working face advances to a distance
of 30m, floor fractures of PSWF can develop into the pro-
tected seam. The data from ventilation air methane in the
working face were also used after it advances to a distance
of 30m. As shown in Figure 8, the scatter diagram and fitting
curve of ventilation air methane were obtained with inter-
layer spacing of PSWF4216 along the corresponding inter-
layer spacing data.

The loss coefficient (δ) was calculated by using the scatter
diagram of ventilation air methane (Figure 8). The correla-
tion coefficient (R2) of the fitting equation was 0.9022, which
shows an acceptable fitting situation for engineering mea-
sured data. These findings confirm that (22) was used for cal-
culating gas emission quantity in the protective seam, which

corresponds precisely with field measurement. In addition,
a loss coefficient (δ) of 1.012× 10−3 was obtained. In order
to further verify the correctness of GSM, the loss coefficient
(δ) of 1.012× 10−3 and parameters of PSWF4215 (only the
floor area of PSWF4215 was different from PSWF4216.) were
substituted into (22). Figure 9 shows the theoretical curve,
which was drawn according to (22) of PSWF4215. Figure 9
shows that the measured data can match well with the
theoretical curve, which further validates the feasibility
and effectiveness of the proposed GSM.

6. Discussions

In the process of deep seam mining, PCSM has become one
of the most significant measures of regional outburst mitiga-
tion as the inherent outburst risk is high. During the PCSM
process, the phenomenon of methane concentration exceed-
ing the limit usually occurs in the working face. It is very
important to understand the factors affecting gas emission
of PSWF and to develop an equation for calculating its quan-
tity. In this study, a GSM was developed for the process of the
upper PCSM. Using the equation of GSM, the quantity of gas
desorbed from the protected seam into the protective seam
was estimated. Fick’s second law of diffusion and Darcy’s
flow law were used for this estimation. Moreover, the rela-
tionship between permeability and stress was investigated
in an elastic-plastic state. The mechanics of the surrounding
rock was also investigated in this paper. There are four
assumptions and several simplifications used in the establish-
ment of GSM; it greatly simplifies computational complexity
and reduces the selection of parameters in engineering calcu-
lations. As shown in (15), it is simpler and easier to use GSM.
This model does not need to spend a lot of time and money
for additional field tests, and there are no additional uncer-
tainty factors in GSM. For engineering application, this
model has distinctive advantages and high efficiency. How-
ever, temperature, gas component, and moisture content
are factors governing assumptions and simplifications. They
also affect the permeability of coal and rock, reducing the

Gas seepage model (eq. (15))

Gas quantity diffusing into the intact rock (eq. (10))

Gas pressure after the stage of intact rock mass seepage (eq. (12))

Gas quantity f rom the protected seam to the working face (eq. (13))

Failure depth of the floor

Theoretical model (eqs. (16)–(18))
Typical model (eqs. (19)–(21))
Numerical simulation (UDEC)

Permeability of the
intact rock (eq. (3))

Permeability of the fracture
 rock (eq. (4) and eq. (14))

Gas desorption from the protected coal seam (eq. (7))

Diffusing

Seepage in intact rock Length of intact rock

Length of fracture rock

Seepage in fracture rock

Stage 1

Stage 2

Stage 3

Figure 10: Calculation process of the gas seepage model.
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accuracy of the model. In future work, the above factors are
considered in GSM.

7. Conclusions

In the process of PCSM, surrounding rock permeability was
divided into two types, namely, failure plastic and elastic rock
masses. The relationships between rock permeability and
stress were also summarized under these two evolution types,
which provides theoretical basis for GSM between protective
and protected seams. Eventually, gas emission from the pro-
tected seam was classified in three stages, namely, (1) the gas
desorption stage from the protected seam with pressure
relief, (2) the gas seepage stage in the intact rock mass, and
(3) the gas seepage stage in fractured rock mass (Figure 10).
From these equations, it can be concluded that the initial
gas pressure of the protected seam, the characteristics of
interlayer rocks, and the ventilation pressure of the working
face were the main influencing factors of gas emission quan-
tity, which flowed from the protected coal seam to PSWF.

The actual geological conditions of a protective seam
were investigated in a coal mine, which was located in Han-
cheng, China. The GSM was used to calculate gas emission
quantity from the protected seam. The modeling results cor-
respond precisely with field measurement by considering the
fitting curve of ventilation air methane quantity for
PSWF4216 and PSWF4215 with an interlayer spacing and
loss coefficient (δ) of 1.012× 10−3. It is worth noting that
actual conditions are simplified by the model proposed in
this paper. These conditions were based on some aforemen-
tioned assumptions. In future study, gas emission from the
goaf and its influencing factors were identified. Furthermore,
some of the parameters in these equations were adjusted
based on the analysis of additional field data measurements
from the working face of the PCSM process. Future study will
help us to further mitigate gas accumulation risk in the
PCSM process.
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In underground coal mines, shear-induced changes in regional fluid flow are a major factor causing water inrushes from faults
into working faces. Shear slip along preexisting fractures tends to be activated during hydraulic fracturing, and this movement
can either enhance or diminish hydraulic fracturing efficiency. To prevent water inrush disasters and further hydraulic
fracturing, understanding the evolution of shear-induced permeability in fractures in sedimentary rock is very important. In
this study, the evolution of shear-induced permeability in saw-cut sandstone fractures with three different types of surface
roughness was investigated by conducting triaxial shear tests and examining the 3-D topography of the unsheared and sheared
fracture surfaces. The results allow several important conclusions to be drawn. (1) The permeability of fractures follows a
three-stage shear-displacement-dependent evolution. The permeability remains unchanged in the first stable stage. After that,
permeability decreases sharply with increasing shear displacement. Finally, the permeability enters a second stable stage. (2)
The shear stress versus shear-displacement curves can also be divided into three stages, namely, a stress adjustment stage, a
stage of increasing stress, and a stable stage. During the experiments, the fractures always experienced stick-slip shear in the
stable stage. The oscillations of the shear stress in the stick-slip stage had a higher frequency for fractures with rougher
surfaces. In addition, the rougher surfaces exhibited a greater permeability drop after shearing than that shown by smoother
fracture surfaces. (3) The 3-D scanning results imply that the coupled effects of grinding (plus scraping) and sealing lead to
decreased permeability. During shearing, the fracture walls grind and scrape against each other resulting in partial flattening of
the fracture surface and the production of fault gouge in the fracture. This leads in turn to the flow pathways being partially
sealed by crushed mineral grains.

1. Introduction

During underground coal mining, mining-triggered shear
failure of roof strata, hydraulic fracturing-induced shear
slip of preexisting fractures, and fault slip-activated
groundwater inrushes can occur if the preexisting hydraulic
and mechanical equilibrium conditions are disrupted [1–6].
Faults in sedimentary rocks that are dominated by defor-
mation bands tend to act as barriers to fluid flow, and
these faults compartmentalize fluids, whereas faults charac-
terized by discrete fractures act as fluid pathways [7–12]. In
sedimentary formations, shear slip of fractured rock associ-
ated with dilation or compaction can significantly change

fracture permeability, thus affecting fluid flow [13–15].
Enhanced fluid flows may be beneficial for desorbing of
coal seam gas and increasing geothermal energy extraction
[16–21], but this enhanced flow will be disadvantageous
for groundwater protection and mining [22]. Therefore,
to achieve safe and efficient mining in coal seams, knowl-
edge of the evolution of fracture permeability with shearing
is very important.

Rock fractures tend to remain stable under equilibrium
hydraulic and mechanical conditions. When stresses are
redistributed by mining or excavation, deformation events
like strata movement or rock failure can be triggered. This
deformation can greatly influence the permeability of
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fractures. The spatial variability of fault and fracture perme-
ability is complex [23]. The mechanisms of shear-induced
permeability evolution differ because of the complexity of
rock discontinuities and the anisotropy of rocks.

The permeability of fractured rock masses is stress
dependent [24]. In general, the evolution of shear-induced
permeability is affected by several factors including the stress
state, fracture geometry, porosity evolution, and the effects
of cementation and grain size reduction. Shear-induced per-
meability reduction can also be caused by shear-enhanced
compaction [25].

Fracture geometry is also an important factor in the
dilation or compression of fracture apertures during
shearing [26–28]. Rougher fractures with greater surface
topography commonly undergo slip opening due to mis-
matched surfaces. This mismatch results in increased frac-
ture apertures (or opening). For smoother fracture surfaces,
dilation may be changed to compression resulting in a
permeability decrease.

Part of the shear-induced permeability evolution of
fractures is related to the development or destruction of
porosity, for example, porosity increase due to dilation or
dissolution/scraping [29–31]. Porosity can be reduced by
the formation of gouge or chemical compaction and chemi-
cal precipitation [32, 33]. Permeability can be enhanced
because of shear dilation, but it can also be reduced by the
formation of gouge [33–38]. In addition, fractures acting as
fluid pathways may become impermeable during deforma-
tion if they become partially cemented; this will limit the
amount of fluid that can pass through the fracture [39]. That
is to say, the permeability of fractures may decrease during
deformation because the gouge or cement produced during
slip can block fluid flow [40].

Grain size is an important factor, and in some cases, it is
the determining factor for fracture permeability. This is par-
ticularly true for clay-rich samples. Experimental studies
have found that coarse-grained gouge is the most permeable
and that gouge permeability decreases after shearing. Con-
versely, fine-grained gouge in most cases has a lower perme-
ability, but its permeability does not change significantly after
shearing [41]. Thus, it appears that coarse grains or rough
surfaces can be transformed into fine grains and a smooth
surface, during shearing, and this can cause permeability to
decrease. There are also other mechanisms that contribute
to the long-term sealing and healing effect of fractures and
faults after shearing [42, 43].

In this study, we focused on investigating the evolution of
shear-induced permeability in saw-cut fractures in sandstone
and on the basic mechanisms leading to permeability
changes. To this end, we conducted triaxial shear and water
injection tests and analyzed the fracture surfaces before and
after shearing. This paper is organized as follows. The first
sections describe the sample preparation, the shearing test,
and the fracture surface analysis method. Next, the test
results are described and their bearing on coupled shear
and fracture permeability discussed. In addition, the results
of profile tests are presented and used to discuss the mecha-
nisms of permeability changes during shearing. Finally, sev-
eral important conclusions are drawn.

2. Materials and Methodology

2.1. Sample Preparation. Sandstone was used to conduct
the shear-permeability tests. Sandstone blocks (Figure 1(a))
were collected from an open pit mine. The blocks were
carefully selected to exclude fractures, discontinuities, and

(a) (b) (c) (d)

(e) (f) (g) (h)

Sandstone block

Drilling bite

Samples
25mm

50
m

m

Saw-cut surfaces

#120 #36#80

Silicon carbide

Saw-cut surfaces

Sample coupon

Teflon
tape 

Figure 1: Sample preparation: (a) sandstone block; (b) coring; (c) cylinders with the diameter of 25mm and the height of 50mm; (d) halved
semicylindrical samples; (e) #120 Grit, #80 Grit, and #36 Grit (a lower value implies a coarser silicon carbide powder, thus implying a rougher
surface); (f) grinding the planar surfaces by silicon carbide powder; (g) ground surfaces; (h) combining the specimen by Teflon tape.
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microcracks in the blocks that could influence the test results.
The blocks were cut into cylinders with a diameter of 25mm
and height of 50mm (Figures 1(b) and 1(c)). Both ends of the
cylindrical samples were ground to ensure uniform end con-
ditions. The physical and mechanical properties of sandstone
are shown in Table 1.

To achieve the shear test of fractures, each sandstone
sample was cut in half longitudinally with a rock saw to
form two half cylinders (Figure 1(d)). The cut surfaces were
ground to remove surface irregularities that might influ-
ence the test results. This was done using different grain size
grinding powders, namely, #36, #80, and #120 grit silicon
carbide (Figures 1(e), 1(f), and 1(g)). It should be noted that
lower value implies coarser powder. The fracture surfaces
ground with the #36, #80, and #120 grit powders were called
#36 Grit, #80 Grit, and #120 Grit surfaces, respectively. The
ground half cylinder blocks were joined to make the shear-
permeability test specimen. To allow for slip displacement
during shearing, the blocks were offset from one another with
an initial offset of 10mm. The blocks were held together with
Teflon tape (Figure 1(h)).

2.2. Shear-Permeability Testing Apparatus and Test
Procedures. The shear-permeability tests were performed
using a triaxial test system (Figure 2). This system consists

of three main parts: pumps, the triaxial compression press,
and monitoring equipment. The triaxial compression press
has three servocontrolled pumps. The press has a maximum
pressure capacity of 70.0MPa, and the pumps can provide a
maximum flow rate of 100ml/min. The minimum flow rate
of each pump is 0.01ml/min, and the display resolution of
the pressure transducer (an Omega PX409) is 1× 10−3 Pa.
The pumps can be controlled to provide a constant pressure
or a constant flow rate. The triaxial pressure cell was used to
shear the specimens along the saw-cut fracture under a con-
fining pressure. However, the shearing test could not be con-
ducted in an unmodified triaxial cell because the offset ends
of the specimens (Figure 1(h)) could not be sealed. Therefore,
two steel ring spacers were used to protect the latex mem-
brane in the triaxial cell and to ensure that the specimen
was sheared. It should be noted that although the specimens
were wrapped with Teflon tape, friction between the triaxial
cell’s confining latex membrane and specimen surface could
not be entirely eliminated but it was minimized to some
extent by the Teflon tape. Therefore, the stress recorded for
the pressure platens on the triaxial press was no doubt some-
what higher than the shear stress experienced by the fracture.
This was an unavoidable experimental limitation.

The shearing tests were conducted by following these
steps: (1) place a specimen in the center of the triaxial cell,

Table 1: Physical and mechanical properties of sandstone.

Uniaxial compression strength Elastic modulus Tensile strength Density

Physicomechanical properties 64.0MPa 9.8MPa 3.4MPa 2650 kg/m3

Shearing

Pump 1

Confining

Pump 2

Injecting

Pump 3

Tank

Outlet Inlet

Specimens

Shear pressure
Confining pressure

Steel spacer
Steel spacer

DAQ

Flow pathway

Sealing

Figure 2: Shear-permeability test apparatus.
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(2) apply a servocontrolled confining pressure of 3.0MPa
with the confining pressure pump, (3) provide a constant
injection pressure of 0.25MPa from the injection pump, (4)
shear the sample with a constant shear velocity of 10μm/s
with pressure from the shearing pump, and (5) record the
pressure and flow rates during shearing. Three sandstone
specimens, each with a different surface roughness, were
tested using this procedure. All the experiments were per-
formed at room temperature (~20°C).

2.3. Surface Roughness Measurement. Three-dimensional
reconstructions of the saw-cut-simulated fracture surfaces
were created both before and after shearing using a non-
contact confocal profilometer. The profilometer consists of
a nanomodule, a demodulator, and related software. The
profilometer can collect 3-D data from an area with a maxi-
mum dimension of 10mm× 10mm. A 0.1μm measurement
step was used to scan the sample surfaces. The scan velocity
and acquisition rate were set at 20mm/s and 1000Hz, respec-
tively. The 3-D reconstructions were analyzed using the
software provided by the profilometer’s manufacturer. The
tested parameters (root mean square height, skewness, kurto-
sis, maximum peak height, maximum pit height, maximum
height, and arithmetic mean height) were calculated accord-
ing to International Organization for Standardization (ISO)
25178 [44].

The 3-D reconstructions of unsheared and sheared
surfaces were created by placing the specimens on the profil-
ometer platform, selecting the area for scanning, setting the
scanning parameters, and then automatically scanning the
selected area using the profilomtere’s software. The three
specimens were scanned before and after shearing.

3. Permeability of Fractures:
Theoretical Backgrounds

The cubic law, assuming that the fracture consists of the
region bounded by two perfectly smooth parallel plates sepa-
rated from each other by a constant distance, has tradition-
ally been employed to describe the fluid flow through rock
fractures (Figure 3). According to this model, the permeabil-
ity in the fracture is defined as [45]

kf =
b2

12 , 1

where kf (m2) is the permeability of the fracture with an
aperture of b (m).

If the flow is steady and isothermal, the relationship
between the flow rate and pressure drop in a fracture can
be developed from Darcy’s law and expressed as

Q = −
kf AΔP

μl
, 2

where Q (m3/s) and ΔP (Pa) are the flow rate and pressure
drop, respectively. The fracture parameters A (m2) and l

(m) denote the cross-sectional flow area and fracture
length, respectively. A = bw and w (m) is the fracture width.
μ (Pa·s) is the viscosity of fluid which is 1 005 × 10−3 Pa · s
for water at 20°C.

By combining equations (1) and (2), we can derive the
basic equation describing the permeability of a fracture with
an aperture of b. It should be noted that the sample length
l increases with shearing time t during the shear process.
Therefore, the permeability can be expressed as

kf = −
3Qμ l0 + vtt

6wΔP

2/3

, 3

where vt (m/s) is the shearing velocity.

4. Results and Discussion

4.1. Evolution of Shear-Induced Permeability in Sandstone
Fractures. Figure 4 presents the shear-permeability evolution
of sandstone fractures for the three different types of surface
roughness studied, the #36 Grit, #80 Grit, and #120 Grit
surfaces. The graphs on the left in Figure 4 show the shear
stresses and permeability values in the fractures during the
entire experiment; the graphs on the right show stages of sta-
ble shear and permeability changes magnified from the
graphs on the left. In these figures, the black lines represent
shear versus displacement and the red lines show permeabil-
ity versus displacement.

4.1.1. Shear Behavior. The shear stress-displacement curves
for the saw-cut fractures can be divided into three stages:
(1) a stress adjustment stage, (2) a stage showing increasing
stress, and (3) a stable shear stage. During the stress adjust-
ment stage, the shear-displacement curve’s convexity is
downward; this stage persists from 0mm to about 1mm dis-
placement. During the increasing stress stage, the shear stress
rises with increasing shear displacement. This stage ends
when peak shear strength is reached, and the stage is followed
by the stable shear stage.

It is generally acknowledged that a fracture’s surface
roughness increases its shear resistance. Hence, the peak
shear strength for a fracture in rock should be greater for a

x
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RockFracture
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Figure 3: Scheme of flow between parallel plates.
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fracture with a rougher surface. As mentioned in the method-
ology section, Section 2.2, the shear stress imposed by the tri-
axial press on the pressure cell during the tests was higher
than the actual shear stress experienced by the fractures in

the specimens because of the friction between the confining
latex membrane and the sample surface. However, we believe
that the shapes of the curves reflect the actual failure response
of the fractures.
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Figure 4: Shear-induced permeability evolution of sandstone fractures: (a-1) shear response and permeability evolution of #36 Grit
fracture; (a-2) shear response and permeability evolution of #36 Grit fracture during stable shear stage; (b-1) shear response and
permeability evolution of #80 Grit fracture; (b-2) shear response and permeability evolution of #80 Grit fracture during stable shear
stage; (c-1) shear response and permeability evolution of #120 Grit fracture; (c-2) shear response and permeability evolution of #120
Grit fracture during stable shear stage.
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The most important factor affecting a fracture’s shear
behavior is the size and condition of the contact area between
the fracture walls. Contact areas can possess different types of
roughness and apertures and be subjected to different normal
effective stresses [46]. For these experiments using modified
saw-cut-simulated fractures under a constant effective stress,
the evolution of the fracture aperture is mainly controlled by
the fracture surface roughness. That is, the changes in shear
stress during the stable shear stage should depend only on
the roughness of the fracture. As can be seen from the graphs
on the right side of Figure 4, the shear-displacement curves
become smoother as the roughness of the fracture surface
decreases. After the shear stress peaks, the shear stress oscil-
lates with a high frequency for the fracture roughened with
#36 grit. This is unstable stick-slip behavior [47], and shear-
ing probably decreases fracture surface roughness, reduces
grain sizes, and rotates crushed grains. For the fracture
roughened with #80 grit, the shear stress oscillates at a much
lower frequency, and the fracture ground with #120 grit is
even more stable. This progression indicates that stick-slip
behavior diminishes as surface roughness decreases. Shearing
a rougher surface results in greater shear stress oscillations.

4.1.2. Permeability Evolution. The evolution of shear-induced
permeability in fractures is related to changes in porosity and
grain size. In Figure 4, the red lines show the evolution of
shear-induced permeability. The permeability curves can be
divided into three stages: (1) a stable stage, (2) a stage of
decreasing permeability, and (3) a second stable stage.

In the first stable permeability stages that are shown
in Figures 4(a-1), 4(b-1), and 4(c-1), although the shear
stresses increase, the permeability values remain fairly con-
stant. This suggests that the initial stress adjustments do
not affect the aperture of the fracture significantly. The per-
meability values at the beginning of the first stable stages
(at 0mm displacement) are 7.1× 10−8 m2, 3.5× 10−8 m2,

and 2.8× 10−8 m2 for the #36 Grit, #80 Grit, and #120 Grit
fractures, respectively.

In the decreasing permeability stage, the permeability
values decrease sharply as the shear displacements and shear
stresses increase. This may be caused by the destruction of
surface roughness, grain size reductions, and the rotation
of crushed grains. These decreasing permeability values are
consistent with the fault gouge–grain size relationship
reported by Morrow et al. [41]. The results from the experi-
ments run for this study show that a rougher fracture surface
has a higher initial permeability and a larger permeability
reduction after shearing than a smoother fracture surface.
This result is analogous to the behavior reported for coarse-
grained and fine-grained fault gouges. In addition, the rates
at which the permeability is reduced in the permeability-
decreasing stages are roughness dependent in that the perme-
ability values along the rougher surfaces decrease more
quickly than does the permeability for the sample with a
smoother surface. This is because a rougher surface is flat-
tened more quickly during shearing.

In the second stable stages, the permeability values
oscillate. In the later stages of the experiments, the rock
specimen’s fracture surfaces are smoother and this results
in fewer perturbations in the permeability versus shear-
displacement curves. This change in permeability behavior
is consistent with less stick-slip on the fracture surfaces.

Figure 5 shows the initial and final permeability values
before and after the shearing tests for the three fractures.
The changes in permeability decrease with decreasing frac-
ture roughness. For most fractures, a rougher surface results
in a higher porosity. During shearing, the rough fracture
walls are smoothed and crushed grains can easily fill the frac-
ture. With further shearing, the size of the crushed grains
may be reduced further.

4.2. Evolution of Shear-Induced Surface Roughness. Photo-
graphs of the unsheared and sheared fracture surfaces are
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Figure 5: Permeability values of sandstone fractures before and after shearing tests: (a) permeability values before and after shearing; (b)
permeability drops of sandstone fractures.

6 Geofluids



1.0 cm

0
1.0 cm

0

20

0

5

10

15

𝜇
m

1.0 cm

0
1.0 cm

0

#36 Grit
before shearing

#36 Grit
after shearing

Grains

18

0

3

12

9

6

15

𝜇
m

(a)

#80 Grit
Before shearing

#80#80#80#8#80#80#8#8#80#80#80#8000#80#80#80#80#8080#80#8000#808#80#8#80#800#8#888#8080#80080#80#8#800#800##80#8000#800#80# 000000 GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGrrrrrrrrrrrrrrrrrrrrrrrrrrrrritititititititititititititititititititttittttittttititiititiittti
BeBeBeBeBeBBeBeBeBBeBeBeBeeBeBeBeBeBeBeBBeBeBeBeBeBeBeeBeBeeBBeeeBBBBeBBBBBBBBeBBBBeefffffffffffffffffffffffffffffffffffffffffffffooooooooooooooooooooooooooooooooooofffffffffffffffffffffffffffffffffffffffffff rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrreeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee sssssssssssssssssssssssssssssssssssssshhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhheeaeeaeeaeaeaeaaeaeaeaeaeaeaeeaeaeaeaaeaeaeaaeaeeaeaeeaeaaeaaeeeeeeaearrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrriiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnggggggggggggggggggggggggggggggggggggggggggggggggg

1.0 cm

0

1.0 cm

0

1.0 cm

0

1.0 cm

0

0

3

9

12

6

15

𝜇
m

𝜇
m

0

3

9

12

6

15

#80 Grit
before shearing

#80 Grit
after shearing

(b)

Figure 6: Continued.
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presented in Figure 6 along with 3-D profilometer images of
10mm× 10mm areas near the center of each fracture. The
upper and lower photographs in Figures 6(a)–6(c) show
the unsheared and sheared fracture surfaces for each spec-
imen, and the corresponding 3-D profilometer scans are on
the right.

During shearing, the rough fracture surfaces were ground
down and the coarse grains on the rough surfaces were
crushed into fine powder. This resulted in a significant reduc-
tion in fracture aperture and permeability. This permeability
decrease may be linked directly to the microstructural evolu-
tion of the flow pathways [23], which occurs via a complex
interplay between matrix compaction and cataclastic fracture
sealing. In addition, the gouge/wear effect is unavoidable dur-
ing frictional sliding [32]. During sliding, gouge is produced
and the presence of the gouge causes a further decrease in
fracture permeability.

As mentioned above, 3-D views of portions of the fracture
surfaces are shown on the right side of Figure 6. As can be seen
from the photographs and 3-D images, the sheared surfaces
are all scraped and the rougher the unsheared surface is,
the more it has been scraped. Greater scraping may enhance
permeability to some extent, but this scraping is dominated
by abrasion. Intuitively, one might think that the surfaces
would become rougher after being scraped, but the results
suggest that this is not the case.

The test parameters were derived from the 3-D scanning
results. Figure 7 shows the effect of shearing on the arithmetic

mean height (Sa), root mean square height (Sq), maximum
pit height (Sv), and maximum peak height (Sp) values. These
parameters can be expressed as

Sa = 1
A
∬ Z x, y dx dy,

Sq = 1
A
∬Z2 x, y dx dy,

Sz = Sp + Sv,
Sp = max Z x, y ,

4

where Z x, y is the height of the surface point under the cor-
responding x-location and y-location. A is the scanning area
of the sample surface.

In Figure 7, the black data points correspond to the
parameters before shearing and the red data points mark
the parameters after shearing. All of the parameters decrease
with decreasing roughness, and most of them also decrease
after shearing. However, as can be seen in Figures 7(a) and
7(b), the Sa and Sq values for the #36 Grit fracture surface
are nearly the same or slightly greater after shearing. This
may be due to scraping because, as mentioned, scraping can
conceivably lead to an increase in permeability. The changes
in permeability are caused not only by roughness reduction
and scraping but also by the gouge being sealed by clay min-
erals or crushed grains. Therefore, it can be concluded that
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Figure 6: Unsheared and sheared fracture surfaces and the corresponding 3-D views: (a) #36 Grit; (b) #80 Grit; (c) #120 Grit.
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the coupled grinding (plus scraping) and sealing effects could
be the fundamental mechanism leading to decreased perme-
ability in sheared sandstone fractures.

5. Conclusions

To understand the evolution of shear-induced permeability
in saw-cut sandstone fractures with different types of rough-
ness, we have presented the results from a suite of three
experiments. These results allowed the mechanics of shear-
permeability evolution to be deliberated, and several conclu-
sions have been drawn:

(1) The shear stress-displacement curves for the saw-cut
fractures can be divided into three stages: a stress
adjustment stage, a stage of increasing stress, and a

stable shear stage. Similarly, the corresponding
permeability-displacement curves can also be divided
into three stages, namely, a stable stage, a stage of
decreasing permeability, and a second stable stage

(2) A rougher fracture surface undergoes greater dam-
age during shearing. The greater the initial surface
roughness, the greater the permeability drop after
shearing

(3) The coupled effects of grinding (plus scraping) and
sealing lead to a decrease in permeability. During
shearing, fracture walls grind and scrape against each
other, and this results in partial flattening of the frac-
ture surface and the production of fault gouge in the
fracture. In turn, this leads to flow pathways being
blocked by crushed mineral grains
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Figure 7: Surface parameters of unsheared and sheared sandstone fractures: (a) arithmetical mean height Sa; (b) root mean square height Sq;
(c) maximum pit height Sv; (d) maximum peak height Sp.
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By utilizing the improved split Hopkinson pressure bar (SHPB) test device, uniaxial, constant-speed cyclic, and variable-speed
cyclic impact compression tests were conducted on weakly weathered granite samples. By combining nuclear magnetic
resonance (NMR) and triaxial seepage tests, this study investigated the change laws in the mechanical properties, porosity
evolution, and permeability coefficients of the samples under cyclic impacts. The results showed that in constant-speed cyclic
impacts with increasing impact times, deformation modulus decreased, whilst porosity firstly decreased and then increased.
Furthermore, dynamic peak strength firstly increased and then decreased whereas peak strain constantly increased before failure
of the samples. In the variable-speed cyclic impacts, as impact times increased, deformation modulus firstly increased and then
declined with damage occurring after four impact times. The compaction process weakened and even disappeared with
increasing initial porosity. Three types of pores were found in the samples that changed in multiscale under cyclic loading. In
general, small pores extended to medium- and large-sized pores. After three variable-speed cyclic impacts, the porosity of the
samples was larger than the initial porosity and the permeability coefficient was greater than its initial value. The results
demonstrate that the purpose of enhancing permeability and keeping the ore body stable can be achieved by conducting three
variable-speed cyclic impacts on the samples.

1. Introduction

In situ leach mining has numerous advantages as it is a rel-
atively simple process and is low-cost and environment-
friendly. It is an approach that is widely used to extract or
recover low-grade ore bodies, such as uranium, copper, gold,
and ion-adsorbed rare earth minerals that are difficult to
recover using conventional mining methods [1]. However,
the promotion of in situ leach mining in ion-adsorbed rare
earth ores is mainly limited by the permeability of ore bodies
[2]. Due to many prominent contradictions of rare earth
deposits that are associated with low-permeability weathered
granites in an in situ leach mining process [3], the develop-
ment and utilization of ion-adsorbed rare earth ores are

significantly restricted. By referring to the permeability
enhancement methods proposed for in situ leach mining
of low-permeability oil and gas fields, coalbed methane
(CBM), and sandstone-type uranium deposits [4–8], the cen-
tral concept of “blasting with small dosages and precisely
controlled time delay” in rare earth ore bodies has been
proposed. In this process, blasting stress waves are used to
generate multiple dynamic disturbances on the rare earth
ore bodies and change the internal mesostructure, thus
enhancing permeability and maintaining ore body stability.
Blasting and permeability enhancement of ore deposits asso-
ciated with low-permeability weakly weathered granites are a
rapid, complex, and continuous process. The essence is the
accumulation of internal damage of rocks under multiple
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disturbances of blasting stress waves, which is shown as the
expansion and connection of mesocracks and enhancement
of macropermeability.

Zhang and Zhao [9] summarized dynamic testing tech-
nologies for rock materials, which provides references for
carrying out laboratory tests on blasting-induced permeabil-
ity enhancement. Damage evolution of rock internal defects
under dynamic disturbance was of great significance to its
permeability, and there were plenty of theoretical achieve-
ments in this field. Using nuclear magnetic resonance
(NMR) technology, Zhou et al. [10] studied the evolution
process of microscopic damage of rocks under freeze-thaw
cycles and analyzed the influences of freeze-thaw cycle times
and porosity on dynamic and static mechanical properties.
Based on the split Hopkinson pressure bar (SHPB) test, Xia
et al. [11] researched the effects of microstructures on defor-
mation characteristics and failure modes of Barre granite
(BG). Wang et al. [12, 13] studied the mechanical properties
and mesofracture evolution of coal samples with different
water contents under static and dynamic loads and dynamic
and static combined loads. Gong et al. [14, 15] studied the
mechanical properties of rock under one-dimensional and
three-dimensional dynamic and static combination and the
law of internal crack propagation. Li et al. [16] investigated
the dynamic characteristics of granites under impact loads,
obtaining the change laws of stress-strain curves under cyclic
impacts. Through uniaxial cyclic impact loading on granites
by carrying out SHPB, Zhu et al. [17] revealed the damage
laws and mechanisms of multiple blasting on rock masses
in engineering construction. Based on a triaxial seepage test,
Liu et al. [18] investigated the evolution of permeability in
sandstones with and without mud under different loading
conditions and analyzed the factors influencing permeabil-
ity changes. Based on studies on the permeability of ion-
adsorbed rare earth ores by combining with hydrodynamics,
Tian et al. [19] obtained that porosity is positively correlated
with permeability. It is therefore of great significance to
investigate blasting-induced permeability enhancement to
gain further understanding of pore structure, pore distribu-
tion, and damage evolution under cyclic impact of weakly
weathered granites.

Taking weakly weathered granites as research objects,
this study conducted uniaxial, constant-speed cyclic, and
variable-speed cyclic impact compression tests using the
improved SHPB device [20]. The evolution laws of pore dam-
age have been studied using NMR technology. Furthermore,
by conducting triaxial seepage tests with the GDS-VIS device,
the permeability coefficients before and after impacts were
determined. This provides a theoretical basis and engineering
guidance for correctly understanding blasting and perme-
ability enhancement mechanisms of ore deposits associated
with low-permeability weakly weathered granites and for sci-
entifically designing optimal blasting parameters.

2. Experiment

2.1. Specimen Preparation. Samples of weakly weathered
granites were obtained from weakly weathered strata (with
a burial depth of 10m) in a rare earth mine in Anyuan

County (Southern Jiangxi Province, China). The samples
were coarse biotite granites formed in the early Yanshanian
Period (from Jurassic to early Cretaceous) and comprised
feldspar, quartz, biotite, and a small amount of clay min-
erals. According to guidelines from the International Soci-
ety for Rock Mechanics (ISRM), the blanks of rock samples
were processed in the laboratory into cylinder samples with
a diameter of 50mm. For samples in static load tests (includ-
ing uniaxial compression test and indirect tensile test), they
were prepared in accordance with length-to-diameter ratios
being 2 and 0.5. In the uniaxial impact compression test,
the samples were prepared with a length-to-diameter ratio
of 1. By studying size effects of brittle materials such as rocks
under impact loads, Dai et al. [21] found that a length-to-
diameter ratio ranging between 0.5 and 2 had slight influ-
ences on test results. Research conducted by Zhou et al.
[22] showed that length-to-diameter ratios of 0.5 and 1
were feasible. In the dynamic and static loading tests, the
nonparallelism and nonperpendicularity of the end faces of
the samples were less than 0.02mm. Figure 1 shows some
processed samples. To avoid the impacts of moisture on test
results, all processed samples were dried for 24h in the 101-1
electrothermal oven blowing constant temperature at 108°C
and then put into dryers for cooling to room temperature.
The longitudinal wave velocity vp was tested using an RSM-
SY5 intelligent acoustic detector.

The basic mechanical performance test was conducted
on dried samples of weakly weathered granites using an
RMT-150 C test machine produced by the Key Laboratory
of Mining Projects in Jiangxi Province, China. The physical
and mechanical parameters are shown in Table 1. Figure 2
demonstrates the failure modes of rock samples in the static
load test. The Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence test was carried out, and nq was calculated after
performing dry/wet vacuum saturated water treatment on
samples using an NM-60 NMR analyzer manufactured
by Shanghai Niumag Electronic Technology Co. Ltd., which
was combined with vacuum saturation devices. The basic

L/D = 2

L/D = 1

Figure 1: Processed weakly weathered granite specimens [23]. “The
figure is reproduced from Yan et al. [23] (under the Creative
Commons Attribution License/public domain).”
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principle of NMR core measurement is available from previ-
ously published studies [24, 25].

2.2. Test Devices and Principle

2.2.1. Uniaxial Impact Compression Test. The impact test was
performed using the dynamic and static combined loading
test system [20] in Jiangxi University of Science and Technol-
ogy (Ganzhou City, China). Figure 3 displays the SHPB test
system with a diameter of 50.00mm. The striker and bars
of the device were made of 40 Cr alloy steel with a density
of 7810 kg/m3 and a longitudinal wave velocity of 5400m/s.
The elastic limit and wave impedance were 800MPa and
42TPa/s, respectively. In addition, the lengths of the inci-
dent, transmitted, and absorption bars were 2.0m, 1.5m,
and 0.5m, respectively. P-C vibration could be eliminated
by the cone-shaped striker, thus realizing a loading at a con-
stant strain rate. The diameter and length of the striker were
50.00mm and 360.10mm, respectively [26–29].

In the impact tests, the incident strain εI t , reflected
strain εR t , and transmitted strain εT t could be indirectly
calculated measuring voltages of resistance strain gauges
pasted on the incident bar and transmitted bar. Based on
one-dimensional stress wave theory, the strain rate εdc t ,
strain εdc t , and stress σdc t of brittle, weakly weathered
granites were accurately calculated using the three-wave
method [9, 30, 31]. The expressions are shown as

σdc t =
AeEe

2A
εI t + εR t + εT t , 1

εdc t = −
ce
L

τ

0
εI t + εR t − εT t dt, 2

εdc t = −
ce
L

ιI t + εR t − εT t , 3

where A and L indicate the cross-sectional area and length
of the samples separately. Ee and Ae represent the elastic
modulus and the cross-sectional area of the pressure bar,
respectively. ce denotes the longitudinal wave velocity of the
pressure bar and ce = Ee/ρe, where ρe and τ show the mate-
rial density of the pressure bar and the duration of stress
waves, respectively.

2.2.2. Triaxial Seepage Test. The test was completed using
the GDS-VIS400kN HPTAS high-pressure temperature-
controlled triaxial rheometer for rocks produced by the
GDS Company, United Kingdom. Equipped with the virtual
infinite stiffness load frame (VIS) developed by the GDS
Company, this system had a GDS feedback control system

and matched GDSLAB software. The system could be used
to conduct uniaxial and triaxial compression tests, rheo-
logical testing of the rocks, and seepage-stress coupling
test. The axial, confining, and seepage pressures were applied
utilizing three independent systems. The test parameters
were set on the computer and operated through the man-
ual controller. The maximum axial load was 400 kN. The
confining pressure ranged from 0 to 32MPa, and the pore
water pressure varied from 0 to 32MPa. The test system is
shown in Figure 4.

Using the steady-state method, the permeability test was
performed on weakly weathered granite samples before and
after impacts, that is, the osmotic pressure difference formed
in the two ends of the rock samples, to record the inflow vol-
ume V of seepage water, lateral confining pressure, and
osmotic pressure difference. The expression is [18, 32]

k = μLQ
AΔp , 4

whereQ indicates the flow of fluids passing through rocks per
unit time (cm3/s). A represents the cross-sectional area of
fluids flowing through rocks (cm2). μ shows the viscosity of
fluids (1.0× 10−3 Pa·s of water at 20°C). L denotes the length
of rocks (cm). Δp and k demonstrate the pressure difference
before and after fluids flowing through the rocks (MPa) and
the permeability coefficient of rocks, respectively.

2.3. Testing Procedure. The test process was as follows:

(1) Rock samples were processed into standard cylinders
required in the test, and longitudinal wave velocities
of each sample were tested, to minimize inconsistent
weathering of samples. The uniaxial compression
and indirect tensile tests were conducted on the sam-
ples to obtain basic mechanical parameters

(2) The NMR test was conducted on the samples that
had undergone the uniaxial impact compression
test to measure porosity and characterize the T2 spec-
trum distribution of the pore structures. Moreover,

Table 1: Physicomechanical parameters of weakly weathered
granites.

ρ (kg·m−3) ε (s−1) σqc (MPa) σqt (MPa) E (GPa) μ

2312 1.0× 10−7 28.164 4.71 7.821 0.281

Remarks: ρ is the density, ε is the strain rate, σqc is the quasi-static
compressive strength, σqt is the quasi-static tensile strength, E is the elastic
modulus, and μ is Poisson’s ratio.

(a) (b)

Figure 2: Failure modes of rock specimens under static loads: (a)
the uniaxial compression failure with (b) the indirect tensile failure.
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the samples were uniformly divided into three
groups, i.e., M group (single impact group at different
impact velocities), N group (constant-speed cyclic
impact to crack), and O group (variable-speed cyclic
impact to crack)

(3) Impact tests were conducted on the M, N, and O
groups. Before the impact test, the stress balance at
both ends of the rock sample was checked to ensure
the accuracy of the obtained test data [33]. Since the
depth of the sample was shallow, the influence of
axial pressure and confining pressure on the experi-
mental results was not considered. In the tests, the
contact surfaces of the samples and bars were uni-
formly smeared with lubricating oil to reduce friction
effects on the end faces [21]. The impact velocity of
the striker was controlled by adjusting the impact
pressures and positions of the striker in the emission

cavity. Single impact tests were conducted on the
M group at velocities of about 4.0, 5.0, 6.0, 7.0, and
8.0m/s, to determine the threshold value of cyclic
impact loads [16]. Constant-speed cyclic impact tests
were conducted at velocities of 4.0, 5.0, and 6.0m/s.
Variable-speed tests were performed at 4.1, 5.3,
6.3, and 7.0m/s. On this basis, pore evolution laws
of weakly weathered granites under multiple impact
loads were investigated and effective porosity was
characterized

(4) This study carried out triaxial seepage tests on the
samples with porosity ranging from 2% to 5% in the
O group before impacts and after three impacts. Per-
meability coefficients were determined before and
after impacts. According to the reference values of
pore water pressure in the in situ leach mining of rare
earth mines, the pore water pressure at the water inlet

Pressure
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was kept unchanged at 0.6MPa, whilst that at the
water outlet was atmospheric pressure. Moreover,
the confining pressure was larger than the seepage
pressure and set to 2MPa. In the seepage test, the
influence of burial depth on permeability coeffi-
cients was large and therefore could not be ignored,
so 0.25MPa of the axial load was applied. Specific
operations of the seepage tests are given in the liter-
ature [18, 32], and installation of the samples is
shown in Figure 5

3. Results and Discussion

3.1. Determination of the Threshold Value of Cyclic Impact
Velocity. Weakly weathered granite samples with porosity
ranging from 1.5% to 7% were used to determine the thresh-
old value of cyclic impact loads. The influences of impact
velocity of the striker and initial porosity on dynamic peak
strength were also determined [34]. In accordance with a pre-
vious study [16], only when the dynamic peak strength was
larger than 80% of the uniaxial compressive strength can
effective damages be generated in the rocks. For samples with
a small porosity, the impact was conducted at a low velocity.
If samples were damaged, it can be speculated that samples
with a large porosity can also be damaged at the same impact
velocity. If the dynamic peak strength of the samples is lower
than 80% of the uniaxial compressive strength, the minimum
impact velocity increased. Samples with a large porosity were
impacted at a large velocity. If the samples were not damaged,
the maximum impact velocity is accelerated. If they are dam-
aged, samples with minimum porosity are impacted. When
samples with minimum porosity are damaged, the maximum
impact velocity was reduced. Using the above method, the
upper and lower limits of impact velocity were determined
and divided into control groups of single impact tests with
different impact velocities according to constant gradients.
Through multiple trial impacts, the test for determining
threshold values of the cyclic impact loads was carried out

with impact velocity being approximately 4m/s~8m/s. The
test results are displayed in Table 2. Rock samples subjected
to impact at a velocity of about 4~6m/s showed no obvious
surface damage, and the dynamic peak strength is larger
than 80% of the uniaxial compressive strength. Moreover,
effective porosity changed significantly, indicating that effec-
tive damage was generated inside. When impact velocity was
approximately 7m/s, small cracks appeared on the side of
the samples near to the incident bar in the axial direction
and extended to the middle of the samples which did not
connect, as shown in Figure 6(a). When impact velocity is
approximately 8m/s, splitting failure is shown in the axial
direction of the samples, as demonstrated in Figure 6(b).
Therefore, the cyclic impact velocity that caused effective
damage ranged from 4 to 7m/s.

Figure 7 shows the stress-strain curves of the samples at
different impact velocities. By combining with Table 2, it
can be seen that in the allowable value range of the test, when
the increment of v was 1m/s and change amplitude of nq was
less than 0.5%, the dynamic peak strength was controlled by
v; when the change amplitude of nq was larger than 0.5%, the
dynamic peak strength was mainly affected by nq; and when
the increment of v was larger than 1m/s, the dynamic peak
strength was greatly influenced by v. Moreover, the strain
rate was slightly affected by porosity, showing sensitivity to
impact velocities. As shown in Figure 7, rebound of the
stress-strain curve after the peak strength weakened but
did not disappear with increased impact velocity which
may be explained as follows. When the samples were not
completely crushed but only had open cracks in local areas,
stress waves could still be transmitted between the incident
and the transmitted bar through the samples and rock sam-
ples that had certain bearing capacity. The stress-strain
curves of each rock sample were basically the same in a bar-
bell shape, and the initial tangent modulus overlapped. The
deviation of M3 was large, which was because of its structure
and distribution of internal initial defects. Strains of M4 and
M5 corresponded to equal dynamic peak strength which was
larger than those on the other curves. This indicated that
there was a critical strain value (0.005) from plastic deforma-
tion to macroscopic failure of weakly weathered granites
under single impacts.

3.2. Constant-Speed Cyclic Impact. The three groups of
weakly weathered granite samples underwent constant-
speed cyclic impact loading at impact velocities of 4, 5, and
6m/s. Porosity was measured on the intact rock samples
before and after each impact using the NMR device, and
the test results are shown in Table 3. As demonstrated in
the table, with increasing impact velocity, the impact times
for samples to form macrocracks reduced significantly. The
average strain rate in the first impact increased with impact
velocity, and the dynamic peak strength was dispersed. This
was influenced by many factors including impact velocity,
initial defects, and the degree of weathering.

To study the dynamic characteristics of weakly weath-
ered granites under constant-speed cyclic impacts, the strain
signal waveforms, stress-strain curves, and failure modes

Flow in

Flow out

Bottom cap

Rock sample

Rubber tube

Permeable stone

Top cap

O-shaped
rubber ring

Permeable stone

Confining
pressure

Figure 5: Schematic diagram of rock sample installation.
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of N-1-2, N-2-1, and N-3-3 were analyzed, as displayed
in Figure 8.

As shown in Figure 8(a), with decreasing impact velocity,
the amplitude of strain signal waveforms was reduced.
Incident waves in each cyclic impact showed good reproduc-
ibility and were consistent. As impact times increased, the
amplitude of the reflected waves increased because the num-
ber of pores in the samples increased after multiple impacts

and superimposed effects [35, 36] were generated from
the multiple reflections of stress waves. After the cyclic
impacts, the amplitude of transmitted waves reduced and
waveforms increased more obviously. This was due to irre-
versible deformation in the rocks which constantly increased.
In other words, at a certain incident energy, reflected energy
and energy consumption of irreversible deformation increased
[37], whilst transmitted energy decreased correspondingly.
Different degrees of microelastic deformations existed whilst
plastic deformation occurred in the samples. Elastic strain
energy accumulated in the unloading was released in the form
of a pulse and had effects on the transmitted bar causing a sud-
den jump of the transmitted waves.

In Figure 8(b), the dynamic peak strength decreased with
reducing impact velocity and firstly showed an increase and
then a decrease in change law with increasing impact
times. Peak strain corresponding to dynamic peak strength
increased with growing impact times on the whole. The
peak strains reduced partially at the stage when the sam-
ples were about to be damaged and were minimal in the last
impact. In the first impacts on the samples, internal pores
and fissures were gradually compacted (Figure 9), raising
the dynamic strength of rocks. In each impact, irreversible
deformation occurred to the samples which gradually accu-
mulated to constantly increased peak strain. When plastic
deformation accumulated to a certain level, cracks in the
sample subjected to the last impact rapidly connected to gen-
erate macrocracks and degrade mechanical performance.
Under these conditions, peak strength could be reached
under small deformation and stress levels but did not reduce
to zero with increasing strain, indicating that the samples had
certain bearing capacity. Before the samples were broken, the
elasticity moduli of the stress-strain energy curves were

Table 2: Single impact at different impact speeds.

No. v (m·s−1) nq (%)
L
D ρ (g·cm−3) vp (m·s−1) σdc (MPa) εdc (s

−1) Observation

M1 4 3.929 1.032 2.249 1671 23.37 22.15 No damage

M2 5 3.755 1.026 2.253 1808 28.33 29.45 No damage

M3 6 4.026 1.038 2.161 1745 28.70 34.05 No damage

M4 7 4.545 1.031 2.258 1746 27.67 47.46 Damage

M5 8 6.806 1.053 2.226 1543 30.96 54.78 Damage

Remarks: v is the approximate impact velocity, nq is the porosity, L/D is the slenderness ratio, ρ is the density, vp is the longitudinal wave velocity, σdc is the
dynamic compressive strengths, and εdc is the average strain rate.

(a) (b)

Figure 6: Single impact loading specimen failure mode: (a) M4 (v = 7m/s) and (b) M5 (v= 8m/s).
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basically the same and the deformation moduli gradually
reduced with increasing impact times. Some energy was
consumed due to the expansion of initial cracks and the
generation of new cracks under cyclic impact loads, which
weakened load transfer capacity of the samples to further
cause decreased deformation [17]. Failure modes of the sam-
ples under cyclic impacts (Figure 8(c)) were different from
those under single impacts (Figure 6). Under cyclic impacts,
small connected open cracks which were not parallel to load-
ing direction appeared and showed small branches. Damage
to the samples under cyclic dynamic disturbances belonged
to damaged failure and was a progressive process. The failure
mode was closely correlated with the generation, distribu-
tion, and expansion of internal cracks.

The above analyses found that the dynamic charac-
teristics of weakly weathered granites under constant-speed
cyclic impacts were greatly affected by mesostructure and
the evolution process of mesostructure could be repre-
sented by porosity. Figure 9 shows the relationship between
porosity of the samples subjected to impacts and different
impact times.

It can be seen that porosity firstly decreased and then
increased with impact times. The decrease in porosity during
the compaction process was generally smaller than the
increment of porosity in the growth process. Also, the larger
the initial porosity, the more obvious the occurrence of the
described changes. After the samples with similar initial
porosity underwent cyclic impact loading, the porosities
of each sample were approximate when fatigue damage
occurred and impact times reduced with increasing impact
velocity. By combining these data with the study of Deng
et al. [38], irreversible deformation including generation of
small-sized pores and compaction of large-sized pores took
place in mesostructures of weakly weathered granite samples
after experiencing each impact. During the compaction pro-
cess, the volume of generated small-sized pores was smaller
than that of the large-sized pores, which was shown as a
reduction in porosity on the whole. In the growth process,
small-sized pores further extended, nucleated, and connected

until failure of the samples occurred. In Section 3.3, further
analysis was conducted based on transverse relaxation time
T2 spectra.

3.3. Variable-Speed Cyclic Impact. According to Sections 3.1
and 3.2, for ore deposits related to low-permeability weakly
weathered granites, cyclic impact loading had more signifi-
cant damaging effects and the increase in porosity of the sam-
ples could be controlled by cyclic times. In this way, samples
were not damaged completely with increasing porosity and
showed certain bearing capacity, to ensure stability of ore
bodies in production. Using the blasting technique with pre-
cisely controlled time delay, the finite cyclic impact loads
were applied on low-permeability ore bodies. When utilizing
differential blasting technology, due to reflection, transmis-
sion, and superstition of blasting waves in different medium
interfaces [39], impact loads acting on the objective ore bod-
ies were difficult to reach due to the effects of constant-speed
cyclic impacts. The mechanical properties and pore evolution
characteristics of weakly weathered granites under variable-
speed cyclic impacts should be considered. Figure 10 displays
the stress-strain curves and transverse relaxation time T2
spectra of three typical samples in the O group.

In Figure 10, the initial porosities of the three samples
increased and the number of internal mesocracks rose suc-
cessively. As shown in the stress-stain curves, the dynamic
peak strength reduced and the peak strain increased after
the first impact. When the impact velocity for each of the
samples was approximate, the more the internal cracks, the
larger the number of cracks that activated and extended dur-
ing the loading process. These changes correspondingly
increased the deformation and energy dissipation of defor-
mation on the whole. Meanwhile, the load transfer capacity
of the rocks weakened, thus reducing the dynamic peak
strength. Under four impacts, the initial elasticity moduli of
each sample were basically the same and the deformation
moduli firstly increased and then decreased. The curve of
the last impact was different from that of the constant-
speed cyclic impact (the peak strain was larger than 0.005),

Table 3: Constant-velocity cyclic impact test data.

No. v (m·s−1) nq (%)
L
D ρ (g·cm−3) vp (m·s−1) σdc (MPa) εdc (s

−1) n

N-1-1

6

2.867 1.030 2.335 1794 29.78 37.97 6

N-1-2 3.220 1.032 2.295 1745 38.50 42.21 8

N-1-3 1.876 1.005 2.510 2083 43.89 39.82 7

N-1-4 2.854 1.021 2.328 1903 44.67 30.20 6

N-2-1

5

4.688 1.037 2.198 1663 36.26 24.70 9

N-2-2 2.173 1.020 2.392 1923 48.41 24.33 10

N-2-3 1.764 1.021 2.571 2113 57.50 27.92 14

N-2-4 3.604 1.029 2.296 1773 21.77 20.56 12

N-3-1

4

3.194 1.017 2.285 1879 31.76 19.46 15

N-3-2 1.834 1.030 2.428 1970 38.68 18.16 19

N-3-3 3.199 1.022 2.284 1842 36.80 16.50 16

N-3-4 3.359 1.037 2.288 1786 27.98 18.39 11

Remarks: v is the approximate impact velocity, nq is the initial porosity, L/D is the slenderness ratio, ρ is the density, vp is the longitudinal wave velocity, σdc is
the first impact dynamic compressive strengths, εdc is the first impact average strain rate, and n is the cumulative impact.
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Figure 8: Dynamic response of weakly weathered granites under cyclic impacts of approximately constant velocity: (a) strain signal
waveform, (b) stress-strain curve, and (c) failure modes.
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which was the same as the failure curve of samples under sin-
gle impacts. This indicated that during this process, the sam-
ples were suddenly damaged and not induced by gradually
accumulated damage.

From the NMR T2 spectrum and Figure 11, the com-
paction process can be found in the first two impacts. Pores
in the rocks showed a positive correlation with transverse
relaxation time of fluids in pores [40]. T2 spectrum distribu-
tion of weakly weathered granite samples before and after
impacts maintained three peak values. Pores in the samples
were roughly divided into three types, i.e., small, medium,
and large pores according to their sizes, corresponding to
three wave peaks in T2 spectrum (from left to right). After

each impact, the distribution of the T2 spectrum changed,
indicating that the proportion of pores of each size dynam-
ically changed with influences of cyclic impact disturbances.
These multiscale changes were found, involving the con-
stant generation of new micropores and the development
and extension of initial micropores to medium- and large-
sized pores. After the third and fourth impacts, large and
medium pores changed most significantly [10]. The overall
shape of the T2 spectrum shifted to the right, and NMR sig-
nals of large pores were enhanced. This showed that with
the increase in impact times, small pores were developed
to medium- and large-sized pores until macroscopic damage
occurred [41].

−1 0 1 2 3 4 5 6 7 8 9
1

2

3

4

5

6

N-1-1
N-1-2
N-1-3
N-1-4

n
q
 (%

)

Impact times

(a)

−2 0 2 4 6 8 10 12 14 16
1

2

3

4

5

6

N-2-1
N-2-2
N-2-3
N-2-4

n
q
 (%

)

Impact times

(b)

0 5 10 15 20
1

2

3

4

5

6

N-3-1
N-3-2
N-3-3
N-3-4

n
q
 (%

)

Impact times

(c)

Figure 9: The relationship between effective porosity and impact times.
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Figure 10: Stress-strain curve and T2 spectrum of weakly weathered granites.
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As demonstrated in Figure 11, the larger the initial poros-
ity, the higher the degree of concentration of microcracks in
the samples. Under the disturbance of cyclic impacts, cracks
in the samples with a large porosity extended and connected
at a faster rate and to a larger degree. This demonstrated that
the growth rate of porosity and porosity before damage were
relatively large. Also, the compaction process gradually
weakened until it disappeared with an increase in initial
porosity of the samples.

3.4. Relationship between Pore Change and Permeability
Coefficient. In Section 3.1, only one unconnected crack was
generated in the samples with an impact velocity of approx-
imately 7m/s, which could not reach the ideal permeability
enhancement effects. In Section 3.2, many impact times were
required to generate macroscopic damage and the compac-
tion process was relatively long during which damage to
the surrounding rocks accumulated and overall stability
of ore bodies reduced. Using the scheme of cyclic impacts
with increasing velocity, the impact times in the compaction
process could be effectively reduced, avoiding accumula-
tion of damage. After the third impact, porosity was larger
than the initial porosity. After the fourth impact, the sam-
ples were damaged and the bearing capacity had signifi-
cantly decreased, which could not meet the requirements
for stability. In the test, it was reasonable to carry out
variable-speed cyclic impacts in triplicate, which was better
than the constant-speed cyclic impacts in practice. How-
ever, whether the permeability changes after three impacts
met the requirements of permeability enhancement should
be considered.

The triaxial seepage tests were conducted on the samples
in the O group before impacts and after three variable-speed
cyclic impacts. Figure 12 shows the changes of porosity and
permeability coefficients of some samples in the O group

before and after three impacts. The samples were numbered
according to porosity from small to large.

As displayed in Figure 12, the increment in porosity after
cyclic impacts increased with initial porosity, which corre-
sponded to Section 3.3. The initial permeability coefficient
was positively correlated with porosity [19], but this relation-
ship was not always true. This demonstrated that the porosity
of rocks affected permeability, and the permeability coeffi-
cient depended on the number of seepage channels formed
by internal defects in rocks and the content of clay minerals
[18, 42, 43]. After cyclic impacts, the permeability coefficient
increased and the increment rose with the increment in
porosity. However, it did not always follow this law. When
the permeability coefficient was firstly determined, the con-
nected seepage channels were formed under the pore water
pressures in rocks. After the first impact, the seepage chan-
nels in the samples were compacted or extended, and new
microcracks were formed. In general, the volume of com-
pacted cracks was larger than that of the extending and gen-
erated microcracks. In the last two impacts, crack expansion
and connection were mainly shown in the samples to form
new seepage channels. The weathering degrees of different
weakly weathered granite samples had small differences
which are reflected by the content of internal clay minerals.
Moreover, the clays could be found on the fractures of the
damaged samples. Owing to the presence of clays blocking
seepage channels, the permeability of mine seams was
reduced, showing that the permeability coefficient of some
samples with large porosity was smaller than that of the sam-
ples with small porosity. The structure and distribution of
initial defects in the rocks determined the damage degree
after cyclic impacts affecting the permeability coefficient.
The test results showed that after three impacts, the effects
of the above factors on permeability coefficient could be
avoided. This forms sufficient seepage channels, achieving
the goal of enhancing permeability of ore bodies.
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4. Conclusions

This study conducted uniaxial, constant-speed cyclic, and
variable-speed cyclic impact compression tests on weakly
weathered granites using an improved SHPB device. By com-
bining with NM-60 NMR analysis and GDS-VIS triaxial
seepage test, the research analyzed the pore evolution of
rocks and changes of permeability coefficient. This provides
theoretical references and test methods for blasting-induced
permeability enhancement processes. Based on the summari-
zation and analysis of the test results, the following conclu-
sions can be made:

(1) Under single impacts of weakly weathered granites,
the cyclic impact velocity that could generate effective
damage ranged from 4 to 7m/s. There was a critical
strain value from the damage of rocks to macroscopic
failure. When the peak strain was larger than 0.005,
rocks were damaged

(2) Under variable-speed cyclic impacts, with a decrease
in impact velocity, the cyclic times of impact to cause
fracture increased, whilst the amplitudes of dynamic
peak strength and strain signal waveforms were
reduced. With increasing cyclic times of impact load-
ing, the deformation modulus decreased, whilst the
dynamic peak strength firstly increased and then
decreased. Moreover, peak strain was the smallest
when rock failure occurred under the impact. Rock
failure resulted from the accumulation of damages
which was a progressive process. The porosity
showed an initial decrease and then increase with
increasing impact times

(3) Under variable-speed cyclic impacts, both dynamic
peak strength and deformation modulus firstly
increased and then decreased. There were three
scales of pores in weakly weathered granites and
small pores extended to medium-sized and then
large-sized pores under cyclic impacts. After four
impacts on the samples, the larger the initial poros-
ity, the weaker the compaction process which also
disappeared. After the third impact, the porosity
was the largest

(4) After the variable-speed cyclic impacts had been
repeated three times on weakly weathered granites,
the influences of content of clay minerals, weathering
degree, initial pore structure, and distribution on
permeability coefficient could be avoided. As a result,
the permeability coefficient increased, achieving the
goal of blasting-induced permeability enhancement,
whilst the relationship of increasing permeability
coefficient with an increase in porosity is not applica-
ble to all cases

In addition, this study conducted laboratory tests of
blasting-induced permeability enhancement on ion-adsorbed
rare earth ores in granite weathering crust. The design of blast-
ing parameters needs to be further determined by combining
these data with outdoor similarity tests in the future.
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A serious groundwater inrush occurred at the Wangjialing coal mine on March 28, 2010. Great effort from all over the country was
taken during the postaccident rescue. However, triggered by accumulated water in the upper abandoned tunnels and goafs of a
nearby closed individually owned coal mine, it caused great damage, including 38 deaths and direct economic losses of over
49 million yuan. The inrush water was from the abandoned tunnels and goafs, which were filled subsequently by
groundwater from the sandstone aquifer in the roof of the coal seam. The passage formed in the west roof of the heading
face of the air return tunnel in the 20101 first mining face. Unidentified distribution and water-filled degree of the
abandoned tunnels and goafs are critical bases for the accident. That important regulations for abundant groundwater
exploration and release were not carried out thoroughly was another fatal cause leading to the accident. The poor awareness
of water hazard controlling also contributed to the accident to a large extent.

1. Introduction

In recent years, due to the complicated geological conditions
induced by increasing mining depth, water inrush disasters
have occurred at several coal mines in China, although the
numbers of accidents and deaths caused by them are decreas-
ing [1, 2]. Detailed information is illustrated in Figure 1.
Some strong water inrush disasters once brought great
damage [3–6].

In fact, many researches have been conducted due to
great damage of the water inrushes that occurred at coal
mines all over the world. Formation mechanism, probability
assessment, and control techniques of the water inrushes
were key issues to be solved. As a basis, the formation
mechanism was studied at first and some valuable theories
were obtained [7–18]. Subsequently, more and more prac-
tical methods appeared and began to be used for probabil-
ity assessing of the coal mine water inrushes. “Water
inrush coefficient” method, “three maps-two predictions”
method, “vulnerability index” method, and “five maps-two

coefficients” method began to be applied gradually during
underground coal mining [19–23].

Fortunately, with underground coal mining going on,
many effective and comprehensive techniques formed and
began to be applied for control of the water inrushes
[24, 25]. According to practical effects, the above ones can
be divided furtherly into exploration techniques, prevention
techniques, grouting techniques, discharging techniques,
draining techniques, and damming techniques [26, 27].
The exploration techniques include integrated geophysical
prospecting technique and surface and ground drilling
techniques [28–32]. The prevention techniques include con-
struction of waterproof coal pillar, waterproof door, and
sluice wall. The grouting techniques include fault grouting,
fractured rock mass grouting, and karst collapse column
grouting [33–35]. The discharging techniques are applied to
decrease pressures of the confined water from the roof and
floor of coal seams to safe values for the safe underground
mining. The draining techniques include mainly the draining
system and equipment. The damming techniques are applied
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mainly to prevent surface water from rushing into adjacent
pits. Finally, the above techniques should be applied indi-
vidually or integratedly according to the special geological
condition uncovered during underground mining.

Unfortunately, on March 28, 2010, a disastrous water
inrush occurred at the drivage working face of the 20101 air
return tunnel at the Wangjialing coal mine, Shanxi province,
China. When the accident happened, 261 miners were work-
ing underground. 108 miners managed to escape shortly after
the accident. However, 153 workers were trapped in the pit.
115 miners were saved after great rescue effort was con-
ducted. Unfortunately, the accident drowned 38 miners and
caused direct economic losses of over 49 million yuan in
the end.

2. The Area

TheWangjialing coal mine, which is located in the southwest
of Xiangning county, Shanxi province, China, is a newly built
affiliate mine of Huajin Coking Coal Co. Ltd. Its design
production capacity was 6.0 million tons of coal per year.
The coal mine began to be built on January 16, 2007, and
on March 27, 2010, the total length of the built tunnels
in 20101 first mining face reached 2795m. According to
the original schedule, coal production would begin in
October 2010.

The Wangjialing coal field shapes an abnormal rectangle
and its long axis extends towards the NE direction. Its area is
over 176 km2 and the geological reserve is 2.287 billion tons.
Its exploitable reserve is 1.100 billion tons.

3. Geological Conditions

Coal-bearing strata in the Wangjialing coal field include
the Benxi Formation and the Taiyuan Formation in the
Carboniferous System and the Shanxi Formation in the
Permian System. However, the main coal-bearing strata are
in the latter two formations. 5-layer exploitable coal seams,
named, respectively, the No.2, the No.3, the No.7, the
No.10, and the No.12 from the top down, formed in the coal

field. The No.2 and the No.10 are suitable to be exploited in
the entire coal field. However, the No.3 is almost suitable
and the No.7 and the No.12 are not suitable to be exploited
in the entire coal field, respectively.

5-layer main aquifers from the top down formed in the
coal field. They are loose gravel pore aquifers in the
Quaternary System, sandstone fissure aquifer in bottom of
the Upper Shihezi Formation of the Permian System, sand-
stone fissure aquifer in the Lower Shihezi Formation of the
Permian System, karst fissure aquifer in the Taiyuan Forma-
tion of the Carboniferous System, and karst fissure aquifer in
the Upper Majiagou Formation of the Middle Ordovician
System, respectively. Rainfall, goaf area water, confined water
from the sandstone aquifers, and karst water from the
limestone aquifers in the Taiyuan Formation and the Upper
Majiagou Formation are the main possible components of
the mine water. Goaf areas, faults, caving, and fractured
zones due to underground coal mining are the main possible
passages for contribution of the mine water.

The strata and aquifer distribution is shown in Figure 2.

4. The Mining

4.1. Mining History. There once appeared many individually
owned coal mines in the Wangjialing coal field. Their annual
coal productions were all lower. There were 114 of them.
Their mining began in the 1980s and lasted for 20–30 years.
Up to several years before the above water inrush accident,
they were almost closed due to the poor ventilation condi-
tions and groundwater accumulations in their tunnels. How-
ever, 18 individually owned coal mines were still in mining.
Their mining was concentrated in the No.2 coal seam, and
the mining scope was concentrated in the southern part of
the coal field, where the buried depth of the coal seam was
relatively low. Their mining depths were about 100–300m
and the largest depth reached 500m. Geological and mining
conditions of these coal mines were almost unidentified,
unrecorded, or missed. It brought great threat to the follow-
ing underground mining at the Wangjialing coal mine.
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Figure 1: Feature of coal mine water disasters that occurred in China in recent years.
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4.2. Tunnel Drivage. Horizontal and inclined tunnels were
constructed for the underground mining of the No.2 coal
seam whose thickness is 6.20m on average. More specifi-
cally, as shown in Figure 3, the individual length of each
horizontal tunnel was 12.7 km. Inclined tunnels consisted
of the Laoyaotou inclined shaft, Xijiagou inclined shaft, and
Diezigou inclined shaft. The water inrush occurred at the
Diezigou mining area. As shown in Figure 3, construction
objects of this mining area included an air intake inclined
shaft, an air return inclined shaft, a central air return tunnel,
a central transportation tunnel, an auxiliary transportation
tunnel, and several mining face tunnels.

Before the accident, two inclined shafts had been
constructed. The central air return tunnel, the central trans-
portation tunnel, and the auxiliary transportation tunnel
had been constructed more than half. The mining tunnels
had been constructed over 20 percent. All tunnels in this

mining area were constructed along the floor of the No.2 coal
seam as shown in Figure 4 and fluctuated with ups and
downs of the coal seam. The minimum and the maximum
floor elevation of the constructed tunnels was 553.94 and
594.97m a.s.l., respectively.

The precise location of the water inrush, point A in
Figure 4, was located on the roof of the heading face of the
air return tunnel, line AC in Figure 4, 20101 first mining face.
The height of the tunnel was 3.7m and its width was 5.6m.
The tunnel began to be constructed on October 1, 2009,
and its length reached 797.8m at 8 a.m. on March 28, 2010,
i.e., line AC in Figure 4. The tunnel began to descend slightly
from point B to point A as shown in Figure 4. Structural
cables or bolts with meshes supported the tunnel. Detecting
groundwater near the tunneling face in advance by applying
geophysical techniques including direct current electric
method and Rayleigh wave method accompanied the
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Figure 3: Distribution of tunnels at the Wangjialing coal mine.
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Figure 4: Distribution of tunnels at the Diezigou mining area.
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tunnels’ constructing. However, drilling for verifying results
of the geophysical prospecting was not conducted at the
same time.

5. The Accident

5.1. Sequence of the Water Inrush. At 10 a.m. on March 28,
2010, the air return tunnel at the 20101 first mining face
developed 3m furtherly and the support began to be
conducted. At 10:30 a.m., four streams of water inflow, about
7m to the heading face and about 0.3m to the floor, appeared
obviously in the north wall of the tunnel. The diameter of
each stream was about 0.1m, and the water yield was about
3m3/h. In the following time, the water yield increased
furtherly and the accumulated water under the inflow points
increased consequently although the water drainage had
been strengthened.

At 13:15, a stream with a depth of about 0.2m flowed out
continuously at point B from point A as shown in Figure 4,
where the central air return tunnel and the air return tunnel
in the 20101 first mining face intersected. What is more, the
coal dust concentration in the air return tunnel was increas-
ing dramatically. At 13:40, all underground workers were
asked to escape and go up. However, the workers in the air
return tunnel were out of touch by wire telephone. At about
14:10, the AB segment, as shown in Figure 4, of the air return
tunnel was flooded wholly. At 16:40, the estimated elevation
of the accumulated water reached 579m a.s.l. and kept rising.
At 10 a.m. on March 29, the measured elevation of the
accumulated underground water reached 583m a.s.l.

261 miners worked underground when the accident
occurred. 108 miners went up successfully after the accident.
Unfortunately, 153 miners were trapped.

5.2. The Rescue. On March 28, the former Chinese president
and general secretary of the Communist Party of China
(CPC) Central Committee, HU Jintao, and former Chinese
prime minister, WEN Jiabao, made important instructions
urgently and requested that effective rescue should be
conducted instantly to save all underground miners. On the
evening of that day, former vice prime minister, ZHANG
Dejiang, public officials from former State Administration
of Work Safety and Shanxi provincial government, and
experts from all over the country reached the Wangjialing

coal mine and took part in the site rescue. In the early
morning on March 29, rescue instruction, whose content
was groundwater draining and tunnel ventilating firstly to
save the trapped miners scientifically, was made and imple-
mented instantly. Subsequently, a detailed rescue scheme
including a large-scale groundwater draining by high-power
submerged pumps, ground boreholes’ drilling to drain water,
and underground horizontal boreholes’ drilling to divert the
accumulated water was carried out with our best efforts to
save the trapped miners. Tens of professional teams took
part in the site rescue and the number of the site rescuers
was over 6000.

On April 1, a ground borehole crossed the auxiliary
transportation tunnel and a great amount of high-pressure
airflow ejected out. On the morning of April 2, the airflow
ceased to eject. At about 14:00, continuous beat noise on
the drill pipe, the first signal of the survivors, spread from
the bottom of the borehole. At about 16:00, sufficient liquid
food was conveyed to the auxiliary transportation tunnel
through the borehole.

At 22:00 on April 4, the total drainage reached 0.3
million m3 and the water table of the accumulated water
got a 15m drop down. Some submerged tunnels reappeared
gradually. Tens of professional teams began to rescue the
trapped miners into the tunnels instantly. At 23:30, 9 survi-
vors were found in the central air return tunnel. An hour
later, they succeeded to go up and got proper medical
treatment. In the afternoon of April 5, 115 survivors in total
went up and got proper medical treatment.

Unfortunately, 38 trapped miners were killed by the
disastrous accident.

6. Site Reconnaissance after the Rescue

According to the site reconnaissance, as shown in
Figure 5(a), the precise location of the inrush water passage,
point A in Figure 4, was located in the roof of the heading
face of the air return tunnel, line AC in Figure 4, in the
20101 first mining face. Based on site measurement, the
elevation of the tunnel floor near the heading face was
549.2m a.s.l. The elevation of the tunnel roof here was
553.0m a.s.l. The maximum width of the inrush water
passage was 6.3m and the maximum height was 2.2m.

Entrance of
the water inrush

a

(a)

2.8m

2.
2m

b

(b)

Figure 5: Location of the inrush water passage.
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The inrush water passage was almost a rectangle with a
length of 2.8m and height of 2.2m as shown in
Figure 5(b). The accumulated groundwater rushed into the
tunnel under construction through the middle part of the
rectangle intensively.

As shown in Figure 6, the distance between the heading
face of the air return tunnel in the 20101 first mining face
at the Wangjialing coal mine and east wall of the No.1
abandoned tunnel of the individually owned closed coal
mine was 0.8m. As shown in Figure 7, the distance between
the floor of the No.1 abandoned tunnel and the roof of the
air retune tunnel was 0.8m, too. Due to strong washout of
the accumulated water, obvious damage, including cavings
in the roof and pits in the floor, appeared near the water
passage in the No.1 abandoned tunnel. A new enlarged
cross section with a width of 4.6m and height of 4.6m
formed. However, the abandoned tunnel here had been
almost filled up by coal mud and caving rocks. As shown
in Figure 8, obvious roof caving with a height of about
2.2m near the water passage in the abandoned tunnel
formed. The No.1 abandoned tunnel was constructed along
the roof of the No.2 coal seam and supported by horizontal
timber beams and vertical timber posts as shown in
Figure 9. The original height of the tunnel was 2.2m and
the width was 3.5m. The tunnel descended towards north
and the slope angle was about 3 degrees. As shown in
Figure 10, much water still accumulated. The tunnel
ascended south and the slope angle was about 10 degrees.
As shown in Figure 11, the tunnel towards south was
empty. Additionally, there existed other two abandoned
tunnels. As shown in Figure 6, one was the No.2 aban-
doned tunnel and the other was the No.3 abandoned
tunnel. The distance between the south wall of the No.2
tunnel and north wall of the air return tunnel was 3.7m.
The detected length of the No.2 tunnel was about 9.7m
as shown in Figure 12. The No.3 tunnel was supported by
timber as shown in Figure 13. Cross-section sizes of these
two tunnels were almost equal. Widths were both 2.4m
and heights were both 2.2m.

7. Inrush Water Features

7.1. Inrush Water Source. According to comprehensive
analyses, the inrush water was from the abandoned tunnels
and goafs due to nearby mining of the No.2 coal seam of
the closed individually owned coal mines, which were filled
subsequently by groundwater from the sandstone aquifer in
the roof of the coal seam. Reasons are as follows.

(1) According to results of the water quality analysis
conducted in the postaccident, as shown in Table 1,
hydrochemical components of the inrush water and
that of the water from the sandstone aquifer are
almost similar. Their hydrochemical types are the
same, i.e., HCO3-Na waters. However, its main
hydrochemical components are obviously different
with those of the water from the nearby Ordovician
limestone aquifer. The hydrochemical type of the
latter is Cl·SO4-Ca·Mg water

(2) The maximum elevation of the inrush water accumu-
lated in the tunnels at the Wangjialing coal mine was
about 583m a.s.l. However, the elevation of Ordovi-
cian limestone water at the coal mine varied from
442m to 559m a.s.l. The former was 24m higher
than the maximum of the latter. The Diezigou No.1
groundwater supply well, which was mining the
Ordovician limestone water, was 1320m away from
the water inrush site. As the nearest one to the
accident site, the elevation of the Ordovician lime-
stone water in the well was 526m a.s.l. It was 27m
lower than that of the water inrush site. Therefore,
the underlying Ordovician limestone water did not
supply the accumulated groundwater in the aban-
doned tunnels of the individually owned closed coal
mine. On the other hand, the elevation of the sand-
stone water in the roof of the No.2 coal seam varied
from 829m to 919m a.s.l. What is more, the floor
elevation of the abandoned tunnels varied from
554m to about 585m a.s.l. As a result, the sandstone
water filled the abandoned tunnels and goafs of the
individually owned closed coal mine

(3) According to the investigative record, within 26
minutes after the initial water inrush, i.e., from
13:12 to 13:38 on March 28, the tunnels with a vol-
ume of 18,387m3 were flooded. As a result, the peak
inflow rate was 42,432m3/h. However, in the follow-
ing time, i.e., from 13:38 on March 28 to 10:00 on
March 29, the inrush water filled the equal volume
of the tunnels, i.e., 18,387m3 to 583m a.s.l. There-
fore, the second peak inflow rate was 5661m3/h. Dra-
matic decrease of the inflow rate behaved in a typical
characteristic of the inrush water from the goaf

(4) On the basis of results of the inrush water drainage
and its drop down, the water table dropped 0.01m,
i.e., from 582.265m to 582.255m a.s.l., from 17:00
to 18:00 on March 31. Meanwhile, the outflow
rate was 1354.5m3 in this period. However, the
water table dropped 0.13m, i.e., from 571.09m to
570.96m a.s.l., from 10:00 to 11:00 a.m. on April 4.

No.20101 air return tunnelInrush water
passage

N

No.2 abandoned tunnel

No.3 abandoned
tunnel

No.1 abandoned tunnel

9.7m

3.
7m

0.8m

5.
6m

Figure 6: Plane location of the inrush water passage.
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Meanwhile, the outflow rate was 1382.5m3/h. The
latter drop down of the water table underwent a
dramatical rise, i.e., 13 times larger than that of the
former, when the two outflow volumes were almost
equal. Based on the above fact, a conclusion, which
the supply of the inrush water was not in positive
correlation with the water table drawdown, was

drawn. The fact also behaved in a typical characteris-
tic of the inrush water from the goaf

7.2. Inrush Water Passage. The inrush water passage formed
in the west roof of the heading face of the air return tunnel in
the 20101 first mining face as shown in Figure 6. With the
tunnel’s driving, as shown in Figure 7, when the width of
the coal wall between the heading face and the proximal wall

2.
2m

3.
7m

3.5m

0.8m

Coal mud

0.
8m

No. 1
abandoned

tunnel

1.
6m

Inrush water
passage

No. 20101 air return tunnel

A big coal rock carried by inrush
water from the abandoned tunnels 

Figure 7: Cross section of the inrush water passage.

2.
2m

 

Figure 8: Roof caving in the No.1 abandoned tunnel.

Figure 9: Timber support in the No.1 abandoned tunnel.

North 

Figure 10: The accumulated water in the No.1 abandoned tunnel.

Uphill direction

Figure 11: Uphill direction in the No.1 abandoned tunnel.
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of the No.1 abandoned tunnel decreased to 0.8m, the thin
wall, where it had been damaged by the accumulated goaf
water before the accident and its effective waterproof
thickness was less than 0.8m, was eventually broken by the
high-pressure inrush water accumulated previously in the
abandoned tunnels and goafs of the individually closed coal
mine. In the following time, a great amount of the accumu-
lated water flooded the tunnels of the Wangjialing coal mine
to 583m a.s.l. and caused great damage.

8. Causes of the Disaster

Some key causes inducing the disastrous accident are
inferred as follows.

(1) Unidentified hydrogeological conditions near the air
return tunnel in the 20101 first mining face,
especially the unknown distribution and water-filled
degree of the abandoned tunnels and goafs of the
closed individually owned coal mine, are critical
bases for the groundwater inrush disaster. As stated
above, a great number of goafs formed due to the
almost 30-year underground coal mining of the
closed individually owned coal mines in the Wang-
jialing coal field. Their distribution, water-filled
condition, and supply source were all unidentified,
which were all great handicaps for the following coal
mining at the Wangjialing coal mine. In fact, the
tunnels’ construction once uncovered some aban-
doned tunnels and goafs two times. What is more,
some site investigations and three-dimensional
seismic exploration were conducted subsequently to
identify the locations of the abandoned tunnels and

goafs. However, the exploration was not carried out
in the entire coal field. During construction of the
air return tunnel, the exploration in the 20101 first
mining face was not completed

(2) Some regulations for exploration and release of abun-
dant groundwater were not carried out thoroughly.
Additionally, adopted exploration techniques were
not comprehensive. Before the accident, geophysical
exploration techniques including electrical resistivity
method and Rayleigh wave method were completed
in late March 2010 for the driving safety of the air
return tunnel in the 20101 first mining face. What
is more, some abnormal areas of abundant ground-
water were identified. Unfortunately, its serious effect
was not anticipated. Drilling was not conducted to
verify the water abundance in the abnormal areas
for assessing probable consequence. On the con-
trary, the conclusion whose content was that the
following tunneling would be safe was made. It is
a great mistake

(3) Miners’ awareness of water hazard controlling was
poor. Although some obvious signs that indicated
the forthcoming water inrush appeared, the miners
did not take effective measures for their life safety.
Some water accumulated on the floor and some water
seeped from the roof several times in the air return
tunnel of the 20101 first mining face from March
2010. However, any effective measure was not carried
out for its controlling. More seriously, the time lasted
for about 2 hours and 42 minutes from the moment
of obvious sign appearing to the moment of large-
scale water inrush, i.e., from 10:30 to 13:12 on March
28, 2010. During this period, although some on-site
inspections were conducted, effective response mea-
sures for ensuring the safety of the miners’ lives, for
example, miners retreating, were not taken. As a
result, many miners were trapped by the water
inrush. It was a great decision-making mistake

9. Conclusions and Suggestions

The strong water inrush caused great damage. The postacci-
dent effective rescue obtained a great success. The inrush
water was from the abandoned tunnels and goafs due to
nearby mining in the No.2 coal seam of a closed individually
owned coal mine, which were filled subsequently by ground-
water from the sandstone aquifer in the roof of the coal seam.
The passage formed in the west roof of the heading face of the
air return tunnel in the 20101 first mining face. Unidentified
hydrogeological conditions near the air return tunnel, espe-
cially the unknown distribution and water-filled degree of
the abandoned tunnels and goafs of the closed individually
owned coal mine, are critical bases for the accident. That
important regulations for exploration and release of abun-
dant groundwater were not carried out thoroughly which
was another fatal cause leading to the accident. The poor
awareness of water hazard controlling also contributed the
accident to a large extent.

No.3 abandoned
tunnel 

Figure 13: No.3 abandoned tunnel.
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Figure 12: No.2 abandoned tunnel.
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Great lessons are drawn as follows.

(1) The important principle in Regulations on Coal Mine
Water Hazard Controlling must be carried out
thoroughly during underground coal mining. It can
be detailed into four steps [25]. Step no. 1: based on
the hydrogeological condition identification, water
rush risk should be assessed and forecasted to the coal
mining threatened by groundwater. Step no. 2: explo-
ration should be conducted for controlling or even
eliminating the probable water inrush according to
the risk assessment result. Step no. 3: tunneling
should be permitted only after site explorations and
groundwater draining are conducted to ensure the
tunneling safety. Step no. 4: underground coal
mining should be permitted only after the probable
water inrush is controlled thoroughly. Basic hydro-
geological work should be emphasized furtherly.
Theoretical and practical research whose content
concentrates on water hazard exploration, preven-
tion, and elimination should be conducted regularly.
The important principle that geophysical exploration
must be followed by drilling to verify the former’s
result should be abided by unswervingly in under-
ground hydrogeological exploration

(2) Independent organization and perfect system should
be constructed for coal mine water hazard control-
ling. Sufficient funds should also be provided. After-
wards, medium and long-term controlling plans
should be put forward and implemented in the future

(3) The awareness for water hazard controlling of the
miners must be strengthened. Their ability to

recognize some signs of the hazard should be
developed so that the hazard can be treated quickly
and properly

(4) The underground mining distribution in different
time periods should be identified to secure the
present mining at a coal mine

(5) The underground mining of individually owned
coal mines should be supervised strictly. Their min-
ing should follow some related regulations and laws.
Their mining depths and boundaries should be
limited strictly. Their illegal mining must be pun-
ished judicially
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Table 1: Results of the groundwater quality analysis unit: mg⋅l−1/X%.

Source The inrush water The Ordovician water
The P+C sandstone water in the roof of the

No.2 coal seam
Sampling site The water pump outlet No.1 supply well S5 hydrological hole

Sampling time 2010.3.28 2010.3.31 2010.4.2 2009.3.11 2008.8.6

Total hardness 101.17 91.88 73.8 1454.2 12.46

Ca2+ 23.45/4.88 26.22/3.54 20.58/4.48 324.97/48.76 3.33/1.06

Mg2+ 10.35/3.55 6.41/2.23 5.44/1.95 156.06/38.60 1.01/0.53

Na+ 495.00/0.70
495.93/91.36 489.18/92.80 94.67/12.38 355.40/92.28

K+ 6.60/89.76

Fe3+ 1.60/0.36 0.19/0.04 0.23/0.04 1.52/0.24 0.34/0.10

Total cation 540.52/100 532.20/100 518.31/100 577.30/100 360.20/100

Cl− 69.51/8.00 60.98/7.28 50.33/6.19 515.92/43.75 52.86/9.48

SO4
2− 204.42/17.33 205.39/18.11 195.92/17.78 537.55/33.65 159.70/21.14

HCO3
− 1110.01/74.10 1072.74/74.46 1015.83/72.61 456.29/22.48 580.09/60.44

F− 2.64/0.57 2.96/0.68 3.40/0.78 —

Total anion 1386.66/100 1340.99/100 1285.89/100 1512.17/100 835.36/100

pH value 7.62 7.91 8.35 7.44 8.3

Salinity — 1310 1350 2089.47 1195.56

Hydrochemical type HCO3-Na HCO3-Na HCO3-Na Cl·SO4-Ca·Mg HCO3-Na
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The mechanical properties and permeability evolution of sand-infilled rock joints during the shear process is an important issue in
rock engineering, such as it pertains to hydraulic fractures filled with proppant. Shear can disrupt the preexisting hydraulic and
mechanical equilibrium conditions, thus affecting fluid flow. In this study, we simulate the shear behavior of rock joints with
variable roughness and sand infilling thickness using the discrete element code PFC2D. Rock joint roughness is evaluated by the
joint roughness coefficient (JRC), and sand infilling thickness is evaluated by a thickness ratio (i.e., ratio of infill thickness to
rock height) ranging from 0.02 to 0.20. The results show that peak shear strength decreases with the thickness ratio in a relation
that can be expressed by a hyperbolic function. We also measure the permeability evolution during shearing and find that the
permeability of infilled rock joints increases with both the thickness ratio and JRC.

1. Introduction

The mechanical and hydraulic properties of rock joints are of
great significance in rock engineering, including near-field
modeling of activated faults [1–3], petroleum, shale, and
geothermal reservoirs [4–9]. Shear stimulation of existing
fracture networks is considered a method for permeability
enhancement in geothermal systems [10–12]. Similar to fault
zones (Figures 1(a) and 1(b)) with continuous infilled gouge
layers [13, 14], weathered joints (Figure 1(c)) are generally
filled with undeformed minerals, which can significantly
influence the mechanical properties and permeability of rock
masses [15]. The shear behavior and permeability of filled
discontinuities in rock are determined by several parameters,
including the infill thickness and joint surface roughness
[16–18]. Although the influence of joint roughness and infill
thickness on rock mechanics has been studied previously, the

coupled effect of these parameters on the mechanical behav-
ior and permeability evolution of filled discontinuities is
rarely reported.

Shear failure occurs when a frictional threshold value is
reached. A sand-infilled rock joint can dramatically reduce
the shear failure strength of a rock mass, and the infilled
materials can dominate the shear behavior of intact rock
due to its relatively low frictional properties [19–22]. The
infill thickness plays a vital role in estimating the mechanical
behavior of a rock mass. Specifically, a thicker infill implies a
smaller peak shear strength [23, 24]. Several models have
been proposed to predict the peak shear strength of infilled
joints by considering the ratio of infill thickness (t) to the
height of an idealized (i.e., regular or planar) joint wall asper-
ity (a) [25–29]. In these models, shear strength decreases
with t prior to reaching the critical value t/a. However,
natural rock joints commonly have undulating surfaces,
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and the resistance of the roughness may pose a significant
difference to that of a hypothetical smooth surface. Hence,
it is difficult to estimate the shear strength of natural joints
because a reasonable t/a ratio is not easily determined.

In order to characterize natural joint roughness, Barton
[30] introduced the joint roughness coefficient (JRC), which
varies from 0 to 20, corresponding to the smoothest to
the roughest joint surfaces. Based on the JRC, Barton and
Choubey [31] established an empirical law of rock joint fric-
tion to estimate the shear strength of rock joints. Numerous
subsequent studies have been conducted to investigate shear
strength criteria [32–35], mechanical behavior [36–39], and
porosity and/or permeability evolution of infilled joints
[40–43]. Coupled shear-flow experiments of a single rock
joint have also been performed to study the effect of joint
shear deformation on the permeability evolution of rock
joints [44–52]. Specifically, Ye et al. conducted a series of
novel shear stimulation experiments to probe the fundamen-
tal principle of permeability enhancement in rock joints. The
experimental results demonstrate that dilatant shear defor-
mation and cracks propagation are two crucial and integral
mechanisms for permeability creation in rock joints.

Fluid flow through a single rough fracture varies with
shear displacement. More specifically, the permeability of a
rock mass decreases with loading stress and increases with
shear-induced dilation. However, research on the coupled
effects of JRCs and infill thickness on permeability evolution
is underreported in the literature. In this study, we numeri-
cally simulate the shearing process of infilled rock joints
using particle flow code (PFC) software. The paper is orga-
nized as follows: the distinct element numerical method
and material parameters are introduced in Section 2, the
simulation procedure is illustrated in Section 3, and results
and discussion are presented in Section 4. Finally, several
important conclusions are drawn in Section 5.

2. Numerical Method and Material Parameters

2.1. Description of DEM and PFC2D. The distinct element
method (DEM) is based on solving Newton’s second law

of motion for an assembly of particles with a predefined
constitutive model applied to the grain-grain contacts [53].
Particle flow code 2D (PFC2D) is a two dimensional program
based on DEM theory [54, 55]. In PFC2D, particles are
idealized as rigid particles that interact with one another at
their contacts.

The calculation cycle in PFC2D is a time-stepping
algorithm, and the contact force is updated by the force-
displacement law. When particles come into contact, the
contact forces are calculated as a function of relative displace-
ments and specified stiffness. The linear relationships can be
expressed as follows:

Fn
i = KnUnni,

ΔFs
i = KsΔUs

i ,
1

where Fn
i represents the total normal force, Kn is the normal

stiffness, Un is the total normal displacement, ni is the unit
normal vector to the contact plane, ΔFi

s is the relative shear
force, and Ks and ΔUi

s are the shear stiffness and relative
shear displacement, respectively.

For sand-infilled discontinuities, we only consider the
frictional parts of particles. Thus, in the direct shear
numerical simulation, shear slip occurs when the iteratively
checked contact force exceeds the maximum allowable shear
contact force.

Fs
i ≥ Fmax

s = μ Fn
i , 2

where μ represents the friction coefficient at the contact.

2.2. Contact Bond Model. The numerically simulated
specimens consist of two groups, intact rock and infill,
represented as yellow and red particles, respectively, in
Figures 2(a) and 2(b). An intact rock with joints is repre-
sented as a heterogeneous material of cemented grains. A
real cement is present in sedimentary rock, while granular
interlock in crystalline rock (e.g., granite) can be consid-
ered the notional cement. A parallel bond provides the

Host rock
�e infill

(a)

(b)

(c)

Figure 1: (a) 3D schematic diagram of the infill in a rock mass during shearing. (b) Photograph of a fault with internal alignment of infilled
materials (modified from Kirkland et al. [66]). (c) Photograph of a joint filled with clay minerals.
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mechanical behavior of a cement-like material substance
between two contacting particles [56]. The parallel bond
component acts in parallel with the linear component
and establishes an elastic interaction between the pieces
(Figure 2(c)). Parallel bonds, which can transmit both
force and moment between pieces, have been success-
fully employed in estimating the mechanical behavior
of rocks [57–59].

2.3. Permeability Enhancement Model. A sigmoidal logarith-
mic function is employed to illustrate the permeability versus
shear displacement curve [60].

k = kmax
1 + exp ln n ⋅ 1 − 2 ⋅ d − d5 / d95 − d5

, 3

where kmax is the maximum increment in permeability, k
is the permeability change, d is the shear displacement,
n is a constant related to the intrinsic property of the
materials, and d5 and d95 are shear displacements at which
5% and 95% of the total permeability enhancement has
occurred, respectively.

According to equation (3), the relative difference in
permeability is

k
k0

= kmax/ 1 + exp ln n ⋅ 1 − 2 ⋅ ε − ε5 / ε95 − ε5
k0

4

Combining equations (3) and (4), we obtain

ϕ = ϕmax
1 + exp ln n ⋅ 1 − 2 ⋅ ε − ε5 / ε95 − ε5

5

Equation (4) can be rearranged as

k
k0

= 1 + ϕmax
1 + exp ln n ⋅ 1 − 2 ⋅ ε − ε5 / ε95 − ε5

−
ϕmax

1 + exp ln n ⋅ 1 − 2 ⋅ ε0 − ε5 / ε95 − ε5

3
,

6

where k0 is the initial permeability, ε is the shear strain, ε5
and ε95 are shear strains at which 5% and 95% of the total
permeability has occurred, respectively, and n equals 11.0.

2.4. Material Parameters. As shown in Figure 2(a), the
numerically simulated granite specimen consists of upper
and the lower halves and the infilled material (assumed as
nonbonded to which a zero bond strength is assigned). The
elastic behavior of the granular assembly is represented by
assigning an effective modulus and normal-to-shear stiffness
ratio to the grain-to-grain contacts. The average, maxi-
mum, and minimum ball radius were 3 9 × 10−3 mm, 3 0 ×
10−3 mm, and 4 8 × 10−3 mm, respectively. Each ball had at
least three contacts with other neighboring balls, and balls
without contacts were algorithmically identified as floaters.
Different material parameters, including the normal-to-
shear stiffness ratio, calibrated Young’s modulus, and uniax-
ial compressive strength (UCS) are listed in Table 1.

3. Numerical Simulation Design

The direct shear configuration consists of two sets of densely
packed particles of nonuniform size and a gouge sandwiched
between them (Figure 3(a)). The two sets represent the upper
and lower rocks, respectively. In the DEM modelling, 4811
particles were packed into a rectangular box with a length
of 60mm and height of 40mm. The profiles of the infilled
assembly were attributed by fitting five typical joint rough-
ness curves [31]. In the numerical simulation of the shear
tests, five groups of specimens (i.e., T1 to T5) were

N
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m
al

Shear

Kn
Ks

μ

Piece
1

Piece 2

Parent rock particle
Infill particle

Parallel contact bond
Flat-joint contact bond

(a) (b)

(c)

Figure 2: Infilled joint and contact models. (a) Numerically simulated specimen with an infilled joint. The yellow and red particles represent
the intact rock and infill, respectively. (b) Magnified picture of Figure 2(a). (c) Components of the linear parallel contact bond model.
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compacted, and five typical JRCs (i.e., 0–2, 4–6, 8–10, 14–16,
and 18–20) and five infill thickness ratios ranging from 0.02
to 0.2 were considered (Figure 3(b)). The simulation param-
eters are listed in Table 2. Figure 4 shows several assembled
specimens with variable roughness and infill thickness.

The simulated specimens were compacted and tested as
follows: (1) generation of rock specimens, (2) identification
of the roughed infill with a certain thickness and JRC, (3)
removal of floating particles, (4) application of a linear paral-
lel contact bond to the intact rock and fill, (5) application of a
constant normal stress of 20MPa on the wall using the servo
control algorithm in all numerical runs, (6) shearing of the
upper half using a shear rate of 0.1mm/s, and (7) termination

of the shearing process when a shear strain of 0.10 is reached.
During the shearing process, mechanical and physical
parameters (e.g., shear stress and porosity) were recorded in
real time.

4. Results and Discussion

Our numerical simulation results indicate that evolution
of the shear strength and permeability of rock joints is
strongly related to the infill thickness ratio (t/h) and JRC.
Section 4.1 describes the effect of the thickness ratio on the
shear behavior of infilled joints, and Section 4.2 demonstrates
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Figure 3: Simulation design and distribution of infill profiles with different joint rough coefficients (JRCs). (a) The height and width of the
simulated specimens are 40mm and 60mm, respectively. The upper half of the specimenmoved to the right at a constant shear rate, while the
lower part was confined by the servo-controlled wall to maintain the constant normal stress. (b) Profiles of the employed JRCs.

Table 2: Simulation parameters.

Group Specimens number JRC Infill thickness ratio t/h Shear rate (mm/s) Normal stress (MPa)

T1 T1–1~T1–5 0–2 0.02, 0.05, 0.10, 0.15, 0.20 0.1 20

T2 T2–1~T2–5 4–6 0.02, 0.05, 0.10, 0.15, 0.20 0.1 20

T3 T3–1~T3–5 8–10 0.02, 0.05, 0.10, 0.15, 0.20 0.1 20

T4 T4–1~T4–5 14–16 0.02, 0.05, 0.10, 0.15, 0.20 0.1 20

T5 T5–1~T5–5 18–20 0.02, 0.05, 0.10, 0.15, 0.20 0.1 20

Table 1: Mechanical and physical parameters of granite and infill.

Granite Infilled sand Unit

Density 2600 2000 kg/m3

Radius 3 × 10−3~4 8 × 10−3 3 × 10−3~4 8 × 10−3 mm

Average radius 3 9 × 10−3 3 9 × 10−3 mm

Interparticle friction 0.577 0.577 N/A

Normal-to-shear stiffness ratio 2.5 1.0 N/A

Parallel bond effective modulus 5 5 GPa

Parallel bond tensile strength 60 0 MPa

Parallel bond cohesion 120 0 MPa

Calibrated Young’s modulus 30.0 0 GPa

Calibrated UCS 181 0 MPa
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the coupled effects of the thickness ratio and JRC on the
permeability evolution.

4.1. Effect of t/h on the Shear Behavior of Infilled Joints

4.1.1. Peak and Residual Shear Strength. Figure 5 illustrates
shear stress-shear strain curves of infilled specimens with
various thickness ratios and JRCs. Shear behavior near the
peak shear strength is shown in the magnified plots, i.e.,
Figures 5(a-2)–5(e-2). Prior to the peak shear strength, elastic
and yield stages increase quickly, and the shear stress-shear
strain curves undergo a gradual decline after reaching the
peak strength.

As can been seen in Figures 5(a-2)–5(e-2), a greater infill
thickness ratio implies a higher peak shear strain. Similarly,
the residual shear strength increases with the infill thickness
ratio. However, the residual shear strengths are similar after
a relative high thickness ratio is exceeded (e.g., t/h = 0 10).
The shear strength is therefore predominantly governed by
the infill and trends toward a stable value [26].

Peak and residual shear strengths are plotted in
Figures 6(a) and 6(b), respectively, and the simulated data
are listed in Table 3. A higher thickness ratio clearly implies
a smaller peak shear strength, which is consistent with previ-
ous studies [22, 23, 61]. A critical thickness of 0.05 divides the
peak shear strength versus thickness ratio curves into two
stages. Prior to the critical value, the peak shear strength
drops sharply with increasing thickness ratio, while a slight
decrease can be identified afterwards. Interestingly, a higher
residual shear strength, corresponding to a greater thickness
ratio, is observed before reaching a critical thickness ratio
of 0.10.

4.1.2. Peak Shear Strength Model. Infilled material in joints
can reduce the peak shear strength of rock masses. More
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Figure 4: Typical infill distributions of the simulated specimens.
(a-1)–(a-3) Specimens with an equal JRC of 0–2 and infill
thickness ratios (t/h) of 0.02, 0.1, and 0.2, respectively. (b-1)–(b-3)
Specimens with an equal JRC of 8–10 and t/h of 0.02, 0.1, and 0.2,
respectively. (c-1)–(c-3) Specimens with an equal JRC of 18–20
and t/h of 0.02, 0.1 and 0.2, respectively.
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Figure 5: Shear stress-shear strain curves and peak shear strengths
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specifically, a thicker infill implies a smaller shear strength
[23, 24]. The relationship between shear strength and thick-
ness ratio can be expressed by the following function [26]:

τ

σn f illed
= τ/σn clean or unf illed + Δτ

σn
,

Δτ
σn

= t/a
α t/a + β

,
7

where τ/σn is the normalized shear strength of the infilled or
unfilled rock joints,△τ is the variation of the stress (MPa), σn
is the normal load (MPa), t is the thickness of the infill (m),
and a refers to the height of the rock (m) and is a constant.
α and β are constants that depend on the normal load and
surface roughness, and their magnitudes can be obtained by
a regression of the simulated data.

According to the hyperbolic function, Indraratna et al.
[24] developed a conceptual normalized shear strength
model for infilled joints that can be expressed as

τ

σn
= tan ϕp × 1 −m × t

tcr

a

+ tan ϕf

× 2
1 + tcr/t/m

b

,
8

where φp is the friction angle of intact rock, kcr is the ratio of
infill thickness to the critical thickness (kcr = t/tcr), φf is the
friction angle of the infilling material, and m, a, and b are
constants. Curves fitted according to equation (8) and key
regressive parameters are presented in Figure 6(a). The
mechanical parameters are listed in Table 3.

4.2. Coupled Effects of t/h and JRC on the Permeability
Evolution of Infilled Joints

4.2.1. Permeability Evolution. Dilation or compaction usually
occur during the direct shear test [31, 62] and can have a
substantial effect on the permeability evolution of an
infilled rock mass, which can be directly measured in phys-
ical experiments by monitoring change in specimen layer
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Figure 6: Relation between the infill thickness ratio and normalized shear and residual strengths. (a) Normalized peak shear strength versus
thickness ratio. (b) Normalized residual shear strength versus thickness ratio.

Table 3: Normalized peak and residual shear strengths.

Thickness
Normalized peak shear strength Normalized residual shear strength

JRC JRC
0–2 4–6 8–10 14–16 18–20 0–2 4–6 8–10 14–16 18–20

0.02 0.63 0.615 0.625 0.645 0.955 0.18 0.155 0.225 0.135 0.25

0.05 0.57 0.562 0.705 0.6 0.66 0.38 0.26 0.375 0.255 0.35

0.1 0.545 0.545 0.665 0.63 0.64 0.4 0.335 0.44 0.355 0.46

0.15 0.555 0.56 0.615 0.57 0.63 0.435 0.36 0.48 0.325 0.47

0.2 0.54 0.545 0.6 0.545 0.61 0.435 0.37 0.515 0.37 0.47
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Figure 7: Typical relative difference in permeability versus shear strain with different joint roughness coefficients (JCRs) of (a) 0–2, (b) 4–6,
(c) 8–10, (d) 14–16, and (e) 18–20.
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thickness. Although permeability and porosity are closely
related, the evolution of porosity is difficult to observe
during real experiments.

Assuming that the rock matrix is assumed imperme-
able and fluid only flows through the porous infills within
the void spaces of the fracture. Permeability is normally
enhanced during shear slip and dilation. To illustrate the
relationship between permeability and shear strain, we
employed an existing model to predict the permeability
of infilled joints by iterating the derived porosity. The
model proposed by Segall and Rice [63] using the test data
from Marone et al. [46] indicates that permeability evolution
can be estimated by either porosity or specimens thickness
[64, 65]. An estimation of the permeability can be expressed
as follows:

k
k0

≅ 1 + ΔH
H

3
, 9

ΔH
H

≅ Δϕ = ϕ − ϕ0, 10

where k/k0 is the relative difference in permeability,△H/H is
the relative difference in specimen thickness, and △ϕ is the
relative difference in porosity.

According to equations (9) and (10), the relative differ-
ence in permeability (for convenience, termed as perme-
ability) can be obtained. The evolution of permeability is
illustrated in Figure 7. It is clear that permeability
increases approximately linearly with increasing shear
strain before the yield stage is reached. However, permeabil-
ity tends to maintain a stable value after the critical shear
strain is attained. The thickness ratio has a key effect on the
permeability of infilled rock joints. More specifically, perme-
ability increases with the thickness ratio. The simulated data
are included in Table 4.

As shown in Figure 7, permeability increases rapidly
with shear strain before the yield stage is reached, during
which the permeability trends to a constant value. The
relation between the relative difference in permeability
and shear displacement can be represented by a sigmoidal
logarithmic function as shown in equation (6). The calibrated
curves are plotted in Figure 7. The regressive curves show
good agreement with the simulated results. In addition,

the increasing stage, yield stage, and stable stage are also
well illustrated.

4.2.2. Effects of t/h and JRC on Permeability Evolution.
Figure 8 and Table 4 show the effects of the JRC and
thickness ratio on the relative difference in permeability. It
is clear that permeability increases with both t/h and JRC.
In the permeability versus thickness ratio curves, perme-
ability increases rapidly at first; however, the growth ratio
then decreases gradually after the peak permeability is
reached. This result is consistent with the findings byMarone
et al. [46].

Permeability increases with both the thickness ratio and
JRC, which may be explained by the following two reasons.
Firstly, loose media in joints can be assumed as tectonically
crushed rock materials or the product of the decomposition
or joint weathering, and the bond strength between joint
surfaces is zero [23, 24]. The particles of infilled materials
are unbonded but can still resist one another through surface
friction, which means that these particles would be rear-
ranged throughout the entire test. This rearrangement is
affected by the applied normal stress and joint roughness.
The rearrangement activity would be more intense with a
thicker infill, which may result in a larger porosity variation
as particles mechanically degrade one another. Secondly, as
can be seen from Figure 8(b), a higher JRC corresponding
to greater permeability due to greater joint dilation can be
expected with a relatively higher JRC.

5. Conclusions

In this paper, the coupled effects of JRC and sand-infilled
thickness on the shear behavior and permeability evolution
were studied by conducting numerical simulations using
PFC2D. Five groups of JRCs were adopted to represent joints
with different roughness, and five groups of infill thickness
ratios were used to study the impact of infill thickness on
the shear behavior and permeability evolution. Several
important conclusions can be drawn.

(1) Peak and residual shear strength were determined in
the simulated direct shear tests, and the effects of the
infill thickness are significant. The peak shear
strength decreases with the thickness ratio in the
form of a hyperbolic function. A critical thickness
ratio of 0.05 divides the thickness ratio-peak shear
strength curves into two stages, i.e., sharp drop
stage and slight decrease stage. However, the resid-
ual shear strength increases with the thickness ratio
before a critical thickness ratio is reached, after which
point the residual shear strength trends toward a
constant value

(2) The permeability evolution during a direct shear test
can be estimated using the relative porosity differ-
ence. Permeability is enhanced by increasing shear
strain, and a sigmoidal logarithmic function can be
employed to illustrate their relationship

Table 4: Effect of thickness ratio (t/h) and the joint roughness
coefficient (JRC) on yield permeability.

Thickness ratio
JRC

0–2 0–2 0–2
t/h k/k0 t/h k/k0 t/h k/k0
0.02 1.07 0.02 1.07 0.02 1.07

0.05 1.15 0.05 1.15 0.05 1.15

0.1 1.24 0.1 1.24 0.1 1.24

0.15 1.31 0.15 1.31 0.15 1.31

0.2 1.35 0.2 1.35 0.2 1.35
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(3) The thickness ratio and JRC have coupled effects on
the permeability evolution of infilled rock joints.
More specifically, permeability increases with both
the thickness ratio (t/h) and JRC. The permeability
versus thickness ratio curves show that permeability
increases significantly at first; however, the growth
ratio decreases gradually when the thickness ratio
reaches a critical value
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During the last several decades, researchers have made significant advances in sedimentary environment interpretation of grain-
size analysis, but these improvements have often depended on the subjective experience of the researcher and were usually
combined with other methods. Currently, researchers have been using a larger number of data mining and knowledge
discovering methods to explore the potential relationships in sediment grain-size analysis. In this paper, we will apply bipartite
graph theory to construct a Sample/Grain-Size network model and then construct a Sample network model projected from this
bipartite network. Furthermore, we will use the Mini Batch K-means algorithm with the most appropriate parameters
(reassignment ratio ϵ = 0 025 and mini batch= 25) to cluster the sediment samples. We will use four representative evaluation
indices to verify the precision of the clustering result. Simulation results demonstrate that this algorithm can divide the Sample
network into three sedimentary categorical clusters: marine, fluvial, and lacustrine. According to the results of previous studies
obtained from a variety of indices, the precision of experimental results about sediment grain-size category is up to 0.92254367,
a fact which shows that this method of analyzing sedimentary environment by grain size is extremely effective and accurate.

1. Introduction

Data mining, knowledge discovery, and machine learning
algorithms have virtually permeated into research in various
fields [1–4]. The complex network as a significant method
of data mining gives top priority to discovering concealed
information between things. Therefore, a great number of
researchers from various research fields, including mathe-
matics, physics, biology, chemistry, and oceanology, used
the complex network to explore the potential relationships
between data [5–9]. The complex network has some charac-
teristics: self-similarity, self-organization, scale-free, small-
world, community structure (cluster), and node centrality.
The community structure is one of the most important traits
because it can objectively reflect the potential relationships
between nodes. A community is made of one group of nodes

within which the links between nodes are densely connected
but between which they are sparsely connected with other
clusters [10, 11].

The grain-size analysis is one of the basic tools for classi-
fying sedimentary environments, an analysis which can pro-
vide important clues to the provenance, transport history,
and depositional conditions [12]. In general, the representa-
tive statistical parameters of grain-size analysis involve
median, mode, mean, separation parameter, skewness, and
kurtosis [13]. During the last few decades, two computing
methods of grain-size parameters were developed: the
graphical method and the moment method [12]. Blott and
Pye (2011) presented that these two analysis methods had
some advantages and disadvantages in computing sediment
grain-size samples with various parameters. As most sedi-
ments are polymodal, curve shape and statistical measures
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usually simply reflect the relative magnitude and separa-
tion of populations. Polymodal grain-size spectrum can be
considered as a result of the superposition of several unimo-
dal components [14]. Many works have shown that differ-
ent grain-size distribution is related to special transport and
deposition process [15]. Three kinds of functions are com-
monly used to fit the grain-size distribution: Normal func-
tion, Lognormal function, and Weibull function [15]. Base
on experimental results, Sun et al. [15] found that the
Weibull function was appropriate for the mathematical
description of the grain-size distribution of all kinds of sedi-
ments while the application of Normal function for fluvial
and lacustrine sediments was also acceptable. Although these
methods, especially Weibull function, performed well in
sediment in fitting grain-size distribution, they often need
subjective experience of the researchers, and the definite cri-
teria for environmental determination have not been given.
Based on the data of borehole Lz908, Yi et al. analyzed the
evolution of the sedimentary environment. Besides grain-
size data, they also used the data of magnetic susceptibility,
tree pollen, radiocarbon dating, and optically stimulated
luminescence (OSL) dating [16, 17]. Can the same conclu-
sion be obtained by using only the grain-size data which are
the relatively convenient and low-priced indices?

In this paper, we introduce complex network into the
data modeling of sediment grain-size data. Based on the
theory of bipartite graph [18], we construct the Sample/
Grain-Size bipartite weighted network model which can
objectively reflect the association relationships between sedi-
ment samples and grain sizes. By using projection, we will
construct the Sample network model from the bipartite
network. After repeatedly testing based on tens of representa-
tive clustering algorithms, we have selected the Mini Batch
K-means algorithm [19], an optimization algorithm com-
bined with the K-means algorithm [20], and the classical
batch algorithm [21] to split the Sample nodes into their cat-
egories and find the relationships between the sedimentary
environment and grain size. After 400 tests, we can find the
most appropriate parameters in Mini Batch K-means algo-
rithm. Finally, we will use four evaluation indices AMI,
NMI, completeness, and precision to verify the accuracy
and efficiency of clustering divisions.

2. Evaluation Functions

In the research field of complex networks, researchers always
use several representative performance evaluation indices
AMI, NMI, completeness, and precision to verify the accu-
racy and efficiency of clustering divisions. It is universally
acknowledged that the higher the value of one index is, the
better the result of clustering division is. Therefore, we will
also use these four evaluation indices to verify the clustering
result of sediment grain-size samples.

2.1. NMI and AMI. Normalized Mutual Information (NMI)
[22, 23] is an approach to measure shared information
between two data distribution by the information theory in
which entropy is defined as the information included in a dis-
tribution [24].

MI U , V = 〠
U

i=1
〠
V

j=1
P i, j log P i, j

P i P′ j
, 1

where P i, j = Ui ∩Ui /N represents the probability that an
object picks at random falls into both classes Ui and V j. The
two label assignments U and V have the corresponding
entropy H U and H V defined as follows:

H U = −〠
U

i=1
P i log P i , 2

where P i = Ui /N is the probability that an object picked at
random from U falls into class Ui. The equation H V has
the similar definition P′ j with P i .

H V = −〠
V

j=1
P′ j log P′ j 3

The NMI and the Adjusted Mutual Information (AMI)
[25] are defined as

NMI U , V = MI U , V
H U H V

,

AMI U , V = MI − E MI
max H U ,H V − E MI ,

4

where E MI is the expected value for MI. The range of NMI
and AMI is 0, 1 and −1, 1 , respectively.

2.2. Completeness. Based on the standard partitioning pre-
cious study results of known grain-size samples, conditional
entropy analysis is used to define some intuitive measures.
The completeness assigns all nodes in the given class to the
same cluster [26, 27]. The completeness is formally given by

c = 1 − H K C
H K

, 5

where H K is the entropy of the classes and H C ∣ K
is the conditional entropy of the classes given the cluster
assignments.

2.3. Precision. Precision [28] (P) is the number of true posi-
tives (Tp) over Tp plus the number of false positives (Fp).
The precision is given by

P =
Tp

Tp + Fp
6

3. Dataset of Sediment/Grain-Size

The sediment samples of this study came from borehole
Lz908 (37° 09′N, 118° 58′E), which is located in the southern
Bohai Sea, China (Figure 1). The borehole was drilled to
101.3m below the surface in 2007, and the recovery rate
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reached 75%. The existing research results show that this
region developed into three transgressive layers from late
Pleistocene, and the thickness of fluvial, lacustrine, and
marine sediments reached 2000–3000m in this basin [16].
We extracted 2141 sediment samples of grain size from the
borehole based on a 2 cm interval. We tested the grain size
by using a thorough pretreatment method at the First Insti-
tute of Oceanography, State Oceanic Administration, China.
The measuring instrument for grain size was a Mastersizer
2000 laser particle analyzer produced by the UK company
Malvern; the measurement range was 0.02–2000μm; the
repeated measuring error was less than 3%.

We calculate the Phi value of every sediment sample by
using 51 sequences (Table 1), which represent the corre-
sponding magnitude of various grain sizes. The data describe
the percentage of the magnitude of each grain size accounting
for the total magnitude of the grain size. Consequently, we
constructed a dataset X with the 2141× 51 matrix, where
Xij denoted the percentage composition of the jth grain size
in the ith sample (Table 1).

4. Construction of Sample/Grain-Size
Bipartite Network

In this paper, we construct the Sample/Grain-Size network
based on the bipartite graph theory [18] in which the
graph is denoted as G = V , E , where V is the node set and
E represents the edge set. In the bipartite graph theory, V is
divided into two disjoint subsets A, B , whereA is one class
of nodes and B represents the other class; E denotes the asso-
ciation relationships between a node in the set A and a node
in the set B.

According to this theory, the construction process
of Sample/Grain-Size bipartite weighted network model is
as follows.

In this process, one class, A, is the sample nodes and
another class, B, denotes the grain-size nodes. As shown in
Figure 2, the sample node numbered as Lz04-076 includes
several grain-size nodes with the magnitude of 7.25–7.00. If
the sample node includes a grain-size node, an edge will exist
between this sample node and the corresponding grain-size
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38˚N 38˚N

0 km 100 km

NN
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Yantai

Bohai Sea

Yellow Sea

Figure 1: The location of borehole Lz908.

Table 1: The dataset of “Sediment/Grain-Size” in the borehole Lz908.

No. of samples No. of layers
Depth of
top (m)

Depth of
bottom (m)

>11.75(φ) 11.75~11.50 … 0.25~0.00 0.00~− 0.25 −0.25~− 0.50 <−0.5 (φ)

Lz01-01 0001 2.45 2.47 0.00 17% 0.00 0.00 0.00 0.00

… … … … … … … … … …

Lz59-77 2141 101.32 101.34 0.00 16% 0.00 0.00 0.00 0.00

(The size of sediment samples is 2141, and the number of various magnitudes of grain size is 51; 0.17 denotes the percentage of grain sizes with the magnitude of
11.75~11.50 accounting for the total number of 51 magnitudes of grain size in sample Lz01-01).

3Geofluids



node. The weight of edge denotes the number of grain sizes
included in one sample. Based on this regular, we construct
the final Sample/Grain-Size bipartite weighted network
model as follows (Figure 3).

In this bipartite network, we identify the grain-size nodes
as a green color, corresponding to the 51 class grain sizes
with different magnitudes; we mark sample nodes as a pink
color, corresponding to 2141 sets of samples. This model
can clearly reflect the association relationships between the
sample nodes and the grain-size nodes.

We construct a Sample network model projected from
the Sample/Grain-Size bipartite network model (Figure 4).
The Sample network model has 2141 nodes and 44,198 edges;
a node denotes a sample and an edge represents that the two
samples contain a grain size with the same magnitude. The
weight of edge shows the frequency of the two samples hav-
ing the same grain size.

5. Sediment Grain-Size Sample Analysis Based
on Mini Batch K-Means

5.1. Idea of Sediment Grain-Size Data Analysis. In this paper,
we cluster the Sample network model by the Mini Batch K-
means algorithm. In the processing of every iteration time
for the sediment samples, we randomly extract the mini
batch subsamples from the total samples and update every
mini batch sample by using the method of convex combina-
tion. At the same time, we use the per-center learning rates to
increase the speed of the convergence rate. As the iteration
times increased, we detect the convergence condition of this

algorithm when the clustering result has no change in succes-
sive iterations. In the end, we divide the sample nodes into
several clusters.

5.2. Steps of Sediment Grain-Size Sample Data Analysis

Step 1 Randomly extract b mini batch subsamples M
from sediment sample dataset X with 2141 sam-
ples and 51 properties

Step 2 Randomly select k samples as the initial clustering
centers; save them into an array C storing k clus-
tering centers which will be changed as the algo-
rithm runs

Step 3 Select a sample x from M; calculate the clustering
central sample node dx having the nearest dis-
tance to the sample x by using Euclidean distance;
save results in an array d. The Euclidean distance
is as follows:

f C, x =min 〠
c∈C

〠
51

i=1
xi − ci

2, 7

where f C, x indicates the nearest Euclidean dis-
tance between the sample x and the central nodes
in C. The ith property in the sample x is xi

Step 4 Acquire sample x and dx; update the per-center
counter v:

v c ← v c + 1 8

Step 5 Get the real-time per-center learning rates η, which
speeds up the convergence of this algorithm

η← 1
v c

9

Step 6 Take the gradient step:

c← 1 − η c + ηx 10

Step 7 IfM = null, all the samples have been divided into
a cluster, otherwise, return to step 4

Figure 3: The Sample/Grain-Size bipartite weighted network
model.

Lz04b-076 10.00-9.75

7.25-7.00
Lz12-44

Lz15-21
10.25-10.00

Lz39-52 10.50-10.25

7.25-7.00

Lz04b-076

Figure 2: Construction process of the Sample/Grain-Size bipartite
weighted network model.

Figure 4: The Sample network model.
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Step 8 If iteration time≤ t, return to step 1. The algo-
rithm will stop when the convergence condition
is satisfied or the iteration time> t

Algorithms 1 and 2 show the pseudocode of Mini Batch
K-means algorithm for sediment sample data processing.

6. Simulations and Analysis

6.1. Multi-Index Analysis of Clustering Results. In this
paper, we use the four indices AMI, NMI, completeness,
and precision to verify the clustering result of sediment
samples. We set the classical two parameters as mini batch
and reassignment ratio in theMini Batch K-means algorithm.
After repeatedly testing 400 times, we acquire the corre-
sponding results in Table 2. The maximum values in different

evaluation indices are marked as bold numbers: 0.40919072,
0.41485376, 0.44747697, and 0.92254367.

6.2. Heatmap Analysis of Clustering Results. The following
heatmaps can objectively reflect the accuracy and efficiency
of the clustering division of sediment sample data calculated
by Mini Batch K-means algorithms. In each figure, every
square represents the index score with different mini batch
and reassignment ratio in a certain evaluation index. The var-
ious colors in the rightmost dashboard show the different
scores, and the score range of every index is 0, 1 . The grada-
tion of color in every square represents the size of the value.

As shown in Figures 5 and 6, the AMI can acquire
the maximum value 0.40919072 when reassignment ratio
ϵ = 0 025 and mini batch=25. The maximum value of
NMI is 0.41485376 under the same parameters.

Mini Batch K-Means
Input: the dataset of grain size is X; the number of initial clusters k is 3; the iteration times is t;

the mini batch is b.
Output: the set of clustering labels is C; the cluster label of every sample is c.
Initialize every sample label as c ∈ C.
v← 0;
for i = 1 to t do

M← b //extract randomly b mini batch sub-samples M from X.
for x ∈M do

dx ← f C, x ; //calculate and storage the clustering central sample dx
end for
for x ∈M do

c← dx ; //acquire the central sample dx
v c ← v c + 1; //update the per-center counter v

η← 1
v c

; //get the real-time per-center learning rates η

c← 1 − η c + ηx; //take gradient step
end for

end for

Algorithm 1: Pseudocode of Mini Batch K-means algorithm for sediment sample data processing.

ϵ − L1: an ϵ −Accurate Projection to L1 Ball
Input: ϵ tolerance, L1-ball radius λ, vector c ∈ Rm

if c 1 ≤ λ + ε then exit
upper← c ∞ ; lower← 0 ; current← c 1
while current > λ 1 + ϵ or current < λ do

θ← upper + lower
2 0

current← 〠
ci≠0

max 0, ci − θ

if current ≤ λ then upper← θ else lower← θ
end while
for i = 1 to m do

ci ← sign ci ∗max 0, ci − θ
end for

Algorithm 2: Pseudocode of Mini Batch K-means algorithm for sediment sample data processing.
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Figure 5: Heatmap of AMI scores.
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Based on Figures 7 and 8, the completeness and pre-
cision can acquire the maximum values 0.44747697 and
0.92254367, respectively, when reassignment ratio ϵ = 0 025
and mini batch=25.

Through clustering analysis, we can assign these samples
to their actual sediment clusters. Objectively, precision is
the most significant index from these four performance
evaluation indices. By analyzing the simulation results above,
we can know that the clustering result of sediment grain-size
samples calculated by Mini Batch K-means algorithm with
appropriate parameters, ϵ = 0 025 and mini batch=25,
has high precision: 0.92254367. The other three indices can
also acquire maximum values: AMI= 0.40919072, NMI=
0.41485376, and completeness = 0.44747697.

6.3. Network Characteristic Analysis of Clustering Results and
Comparison with Other Studies. We calculate the clustering
result of sediment grain-size samples by using the Mini Batch
K-means algorithm with the most appropriate parameters,

ϵ = 0 025 and mini batch=25. The simulation results are in
Table 3 and Figure 9.

According to Table 3 and Figure 9, we divide the Sample
network model into three clusters calculated by the Mini
Batch K-means algorithm. Yi et al. divided the sedimentary
environment of Lz908 through a variety of indices in the
representative manuscripts [12, 16]. Compared with their
results, the three clusters correspond three sedimentary envi-
ronments: marine, fluvial, and lacustrine. The green cluster
shows that these samples can be assigned to the marine
sediment category; the orange cluster indicates that these
samples can be split into fluvial; the blue cluster represents
that these samples can be divided into lacustrine. This net-
work can require a high precision, 0.92254367, of clustering
division when the parameters of Mini Batch K-means algo-
rithm are set as ϵ = 0 025 and mini batch=25. Furthermore,
we find that most of the different points with precious studies
are located at the junction of different sediment types
(Figure 10). These results show that this method of analyzing
sedimentary environment by using grain size is extremely
effective and accurate.

7. Conclusions

During the last several decades, researchers have made signif-
icant advances in the environmental interpretation of grain-
size analyses, but the definite criteria for environmental
determination have not been given. Previous studies often
overemphasized the subjective experience of the researcher
and usually combined grain-size analysis with other methods
and rarely used only grain size for sedimentary environment
analysis. Recently, complex networks have been playing an
increasingly significant role in data mining and knowledge
discovery because they can reveal the potential relationship
and concealed information between things. In this paper,
we use complex networks and the bipartite graph theory to
construct a Sample/Grain-Size network model and a Sample
network model. Furthermore, we use the Mini Batch K-
means algorithm to cluster the sediment grain-size samples.
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Figure 8: Heatmap of precision scores.

Table 3: Clusters of sediment grain-size samples.

No. Clusters Number of samples Percentage (%)

1 Marine 338 15.787

2 Fluvial 781 36.478

3 Lacustrine 1022 47.735

Figure 9: The clusters in the Sample network model.
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We use the representative evaluation indices AMI, NMI,
completeness, and precision to verify the precision of the
clustering results for the sample division. Simulation results
show that this algorithm can divide the Sample network into
three clusters—marine, fluvial, and lacustrine—a fact which
is almost identical to the division in the classical manuscripts.
At the same time, the evaluation indices can also acquire
high values when we set the appropriate parameters as ϵ =
0 025 and mini batch=25. The results also denote that the

clustering results are efficient; for example, the samples that
have the same classification with traditional method are up
to 0.92254367, an excellent calculation result through a rela-
tively convenient and low-priced way.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.
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A governing equation of drawdown was put forward to describe the one-dimensional large-strain consolidation behavior of an
aquitard without consideration of the creeping effect. An analytical solution was derived to characterize the drawdown variation
in the aquitard subjected to sudden hydraulic head decline in adjacent confined aquifer. The characteristics of the groundwater
dynamics and water balance in the aquitard have been analyzed based on the analytical solution. A comparison analysis of
results has been made between the large-strain theory and the classical small-strain theory. The type-curve fitting method was
used to determine the hydrogeological parameters, on the basis of the observed variations of aquitard deformation with time.
The analytical solution was thus validated by a comparison with the observed experimental results. It is found that the water
drainage of aquitard is obviously delayed in response to the water head decline in the adjacent aquifer. All delayed water release
from the aquitard terminates when the consolidation time reaches the value of l2/cv0. The aquitard deformation predicted by the
large-strain theory is less than that given by the small-strain theory, and the prediction discrepancy of these two theories
increases with the increasing soil compressibility.

1. Introduction

A multilayered aquifer system usually consists of aquifers of
relatively high permeability alternating with aquitards of
relatively low permeability in between [1]. Aquitards may
extend over large land areas throughout the earth, covering
entire basins or alluvial plains, and sometimes they even
extend into the sea, such as the Dakota aquifer system in
the United States and the Yangtze Delta in China [2–4].
Abundant groundwater stored in the aquitards can be used
for water supply when the aquifers are developed [5]. The
role of aquitards in the subsurface groundwater system has
been increasingly recognized in many respects. The ground-
water dynamics in the aquitard is closely related to the
groundwater exploitation, groundwater contamination,
underground storage utilization, and land subsidence [6, 7].

Aquitards consist of fine sediments such as clay and silt in
low-energy depositional environments [8, 9]. Aquitards,
whose compressibility is often much larger than aquifers,

are capable of releasing substantial quantities of water from
the original storage in the process of dissipation of excess
pore water pressure [10]. The laboratory measurement and
regional groundwater flow modeling have demonstrated that
the permeability of aquitard is not zero [8, 11]. The hydraulic
conductivity in an aquitard is usually less than 10−8m/s, and
the permeability varies over a large range from 10−15 to
10−23 m2 [12].

The understanding of the groundwater dynamics and
water balance is of great importance to the prediction, evalu-
ation, and control of land subsidence, and it is also meaning-
ful to the groundwater resource evaluation and exploitation,
as well as the analysis of contaminant and heat transport in
the aquifer system [13–15]. Many studies have recently been
carried out in terms of the groundwater flow and depletion in
the aquitard. A deconvolution method was proposed [16], by
which the drawdown in the confining layer can be calculated
on the basis of the water head in neighboring aquifers. In par-
ticular, this water head may fluctuate in an arbitrary manner,
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which is not necessarily caused by a prescribed pumping
regime [16]. As the water head varies in the confining layer,
the water flow through it can be described by Darcy’s law,
which gives a direct estimation of water depletion. Konikow
and Neuzil [3] presented a simplified method to estimate
the groundwater depletion from the confining layers, and
the computational errors were generally small. An analytical
approach was proposed by Li et al. [5] to evaluate the deple-
tion of groundwater in the confining layers throughout the
entire exploitation history and also within limited periods,
especially when there are few data on the drawdown history
of the pumped aquifer. Alternatively, numerical models can
be used to analyze the groundwater depletion in the confin-
ing layers by providing abundant information of the
aquifer-confining layer system [17, 18]. However, it should
be pointed out that the aforementioned studies were mostly
done based on Terzaghi’s theory of one-dimensional consol-
idation for saturated clays.

Since the hydraulic properties of the confining layers of
low permeability are usually not well understood, it is
difficult to manage effectively the groundwater resources
and have an accurate description of contaminant transport
in the confined aquifer systems [19]. In general, the hydraulic
conductivity and specific storage of an aquitard can be deter-
mined by the laboratory and in situ experiments [20–22]. For
example, Burbey [23] used a graphical technique to deter-
mine the hydrogeological parameters by taking advantages
of the time-subsidence data in a pumping test. In terms of
this graphic technique, the straight-line portion of semi-log
plot of time-compaction data represents the aquitard
compaction. A type-curve fitting method was proposed by
Zhou et al. [4] to calculate the hydraulic conductivity and
specific storativity with the observed flux in response to the
sudden decline of water head in the adjacent confined
aquifer. Zhuang et al. [19] proposed a type-curve fitting
method to estimate the hydraulic conductivity and specific
storativity of an aquitard on the basis of the aquitard com-
paction variation and a piecewise linear function describing
the drawdown history of the underlying aquifer. Konikow
and Neuzil [3] presented a general relationship between
the porosity n and the hydraulic conductivity by consider-
ing the clay content of the aquitard and a relationship
between n and specific storativity by considering the
consolidation degree. The parameters of aquitard were
assumed to be constant during the consolidation process
in the aforementioned studies.

Researchers have also investigated the groundwater
dynamics and water balance in the small-strain consolidated
aquitard [4, 6]. For the large-strain consolidated aquitard
(e.g., spatially the newly formed sedimentary soft soil), the
variation of hydraulic properties is nonlinear during the
consolidation of aquitard [24–26]. The small-strain consoli-
dation theory is not suitable when the deformation of
aquitard is larger than 10% of its thickness [27–29]. In this
paper, an analytical solution was proposed to account for
the drawdown variation in an aquitard subjected to large-
strain consolidation, given that the water head in the adjacent
confined aquifer suffers from a sudden decline. The charac-
teristics of the groundwater dynamics, water balance, and

aquitard deformation were accordingly analyzed. Addition-
ally, a type-curve fitting method was presented for the
determination of hydrogeological parameters, and the
obtained parameters were validated by the experiments.

2. Theoretical Background

2.1. Mathematical Model and Analytical Solution. A multi-
layered aquifer-confining layer system was considered in this
study. The system consists of an aquitard of infinite lateral
extent, which are bounded by two aquifers lying, respectively,
above and below the aquitard. The initial thickness of
aquitard is l. The aquitard is assumed to be homogeneous
and saturated and to have a unified thickness (see Figure 1).

In the multilayered aquifer-confining layer system, the
scalar equivalent hydraulic conductivity of each aquifer
exceeds that of the aquitard by at least two orders of magni-
tude. The seepage in the aquitard follows the path of the least
resistance; that is, water flows downward in the vertical direc-
tion and enters the aquifer with a sharp refraction at the
interface between the aquitard and the aquifer. Therefore, it
is reasonable to consider the water flow in the confining layer
to be essentially vertical [16, 30]. The Lagrangian coordinate
a was used, which was assumed to be positive in vertically
downward direction, with the coordinate origin located at
the top surface of the aquitard (see Figure 1).

With the soil particles and pore water assumed to be
incompressible, the equations for one-dimensional large-
strain consolidation of saturated clay in the Lagrangian
coordinate system are given as follows [31]:

∂σ
∂a

= Gs + e γw
1 + e0

, 1

where σ is the total vertical stress; Gs is the specific gravity of
solid particles, and γw is the unit weight of water; e = e a, t
is the void ratio at time t; e0 = e a, 0 is the initial void ratio.

∂u
∂a

= ∂ uhs + uh + p
∂a

, 2

Unconfined aquifer or surface water

Aquitard

Confined aquifer

O

a

l

Figure 1: Conceptual model of the multilayered aquifer-confining
layer system.
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where u is the total pore water pressure; uhs is the hydrostatic
pore water pressure; uh is the long-term departure of pore
water pressure from the hydrostatic pore water pressure
due to a hydraulic gradient across the soil layer, and p is the
excess pore water pressure.

The equilibrium of fluid phase requires

∂uhs
∂a

= 1 + e γw
1 + e0

3

And the effective stress principle is given as

σ = σ′ + u, 4

where σ′ is the effective vertical stress.
Darcy’s law is given as

e
1 + e

vw − vs = −
kv 1 + e0
γw 1 + e

∂uh
∂a

+ ∂p
∂a

, 5

where vw and vs are the velocities of the pore water and soil
particle relative to the datum plane; kv is the hydraulic con-
ductivity of clay in the vertical direction.

Equation (5) shows that the water flow velocity can be
decomposed into two components, including one part
arising from a long-term hydraulic gradient across the con-
solidating soil layer and the other part relating to the excess
pore water pressure gradients. The governing equation of
continuity of pore water flow is

∂
∂a

e
1 + e

vw − vs = −
1

1 + e0

∂e
∂t

6

The governing equation of consolidation is just the
combination of (5) and (6).

1
γw

∂
∂a

kv 1 + e0
1 + e

∂p
∂a

= 1
1 + e0

∂e
∂t

7

The nonlinear variations of the compressibility and
permeability of soil in large-strain consolidation process are
assumed to, respectively, abide by (8) [32] and (9) [26], and
soil creeping here is not taken into account.

mv1 = −
1

1 + e
de

dσ′
= 1 + e
1 + e0

mv = const, 8

kv = kv0
1 + e
1 + e0

2
, 9

where cv0 = kv0/ mv1γw is the consolidation coefficient of
aquitard, kv0 is the initial hydraulic conductivity of the
aquitard, and mv and mv1 are the coefficients of compress-
ibility of the aquitard at small- and large-strain states,
respectively. It should be noted that the small-strain consol-
idation theory does not consider the variation of hydraulic
properties of consolidating aquitard, and it is not suitable
when the deformation of aquitard is larger than 10% of

its thickness, while the large-strain consolidation theory
considers the nonlinear variations of the compressibility
and permeability of the aquitard.

The relationship between void ratio e and total pore
water pressure u is given as

1 + e
1 + e0

= exp −mv1 σ − u − σ0′ , 10

where σ0′ is the initial effective vertical stress.
The decrease of excess pore water pressure equals the

increase of drawdown when the total stress is constant.
Therefore, the relation of void ratio e with the drawdown s
(i.e., the hydraulic head decline) of the aquitard is obtained as

1 + e
1 + e0

= exp −Sss , 11

where Ss =mv1γw is the specific storativity of the aquitard.
Substituting (8), (9), and (11) into (7) gives

cv0
∂2s
∂a2

− Ss
∂s
∂a

2
= ∂s
∂t

12

The water head is assumed not to vary in the aquifer
above the aquitard, and it is assumed to decline by φ in the
confining aquifer underlying the aquitard. Equation (12) is
solved at the following initial and boundary conditions.

s a, 0 = 0, 0 < a < l, 13

s 0, t = 0, t > 0, 14

s l, t = φ, t > 0 15

The analytical solution of drawdown variation with the
large-strain consolidation theory is facilitated by the use of
the variable transformation and separation (Appendix).

s a, t = −
1
Ss

ln 1 − 1 − exp −Ssφ

a
l
+ 2
π
〠
∞

n=1

−1 n

n
e− n2π2cv0t/l2 ⋅ sin nπa

l

16

2.2. Groundwater Dynamics in the Aquitard. According to
Darcy’s law, the flux per unit horizontal area at the position
a and time t in the aquitard can be expressed as

q a, t = kv0
1 + e
1 + e0

2 ∂s
∂a

1 + e0
1 + e

17
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Substituting the expression of s into (17) gives

q a, t = cv0 1 − exp −Ssφ
l

1 + 2〠
∞

n=1
−1 ne− n2π2cv0t/l2 cos nπa

l

18

The cumulative fluxes at the surface and bottom of the
aquitard are, respectively, determined to be

Q 0, t =
t

0
q 0, t dt = cv0 1 − exp −Ssφ

l

t + 2l2
π2cv0

〠
∞

n=1

−1 n

n2
e− n2π2cv0t/l2 − 1 ,

19

Q l, t =
t

0
q l, t dt = cv0 1 − exp −Ssφ

l

t + 2l2
π2cv0

〠
∞

n=1

1
n2

e− n2π2cv0t/l2 − 1
20

2.3. Groundwater Balance of the Aquitard. The bottom of
the aquitard is fixed, so the aquitard settlement can be
expressed as

S a, t =
l

a

e0 − e
1 + e0

da =
l

a
1 − 1 + e

1 + e0
da

=
l

a
1 − exp −Sss da

21

Integrating (21) by replacing s with (16) yields the
settlement at any point in the aquitard

S a, t = l
2 1 − exp −Ssφ

1 − a2

l2
−

4
π2 〠

∞

n=1

1
n2

e− n2π2cvt/l2 1 − −1 n cos nπa
l

22

The settlement at the top surface of the aquitard is
then given as

S 0, t = l
2 1 − exp −Ssφ

1 − 4
π2 〠

∞

n=1

1
n2

e− n2π2cvt/l2 1 − −1 n
23

Furthermore, the final settlement of the aquitard is
identified by letting t⟶∞

S∞ = S 0,∞ = 1
2 1 − exp −Ssφ 24

The cumulative fluxes at the top and bottom of the
aquitard are given in a dimensionless form, respectively, as

Q 0, t = 2t + 4
π2 〠

∞

n=1

−1 n

n2
1 − e−n

2π2t , 25

Q 1, t = 2t + 4
π2 〠

∞

n=1

1
n2

1 − e−n
2π2t , 26

t = cv0t

l2
, 27

where t denotes the dimensionless time. According to the
water balance principle, the water released from the entire
thickness range of the aquitard is equal to the difference of
the cumulative fluxes per unit horizontal area at the top
and bottom of the aquitard.

Q t =Q 1, t −Q 0, t = 1 − 4
π2 〠

∞

n=1

1
n2

e−n
2π2t 1 − −1 n

28

The water balance results of the aquitard are shown in
Figure 2. The curves of a = 0 and a = 1 represent the
cumulative fluxes at the top and bottom surfaces of the
aquitard, respectively. The curve Q t represents the
cumulative water release of the aquitard. Three character-
istic evolution stages are observed in Figure 2. At the ini-
tial stage (i.e., 0 < t < 0 1), the cumulative flux is zero at
the cross section a = 0. The cumulative flux increases sig-
nificantly at the cross section a = 1, owing to the cumula-
tive water release of the aquitard. At the middle stage (i.e.,
0 1 < t < 0 7), the cumulative water release of the aquitard
increases slowly. The cumulative flux increases slightly,
and the increase rate tends to be stable at the cross section
a = 0. Also, the increase rate of cumulative flux tends to be
steady at the cross section a = 1, indicating that the
underlying aquifer is recharged not only by the released
water of the aquitard but also by the leakage from the
upper aquifer. At the last stage (i.e., t < 0 7), the cumula-
tive flux at the cross section a = 0 is larger than the
cumulative water release of the aquitard. The main sup-
ply source at the cross section a = 1 is the cumulative flux
at the cross section a = 0. The curves of a = 0 and a = 1 are
parallel to each other, indicating that the water release tends
to be completed.

2.4. Identification of the Parameters of the Aquitard. To deter-
mine the hydrogeological parameters of the aquitard while
the water head declines by φ in the adjacent confined aquifer,
we express (23) in a dimensionless form for simplicity

S 0, t = S 0, t
S∞

= 1 − 4
π2 〠

∞

n=1

1
n2

e−n
2π2t 1 − −1 n 29

It is assumed that the soil particles and pore water
are incompressible. Therefore, the settlement at the top
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surface of the aquitard equals the cumulative water release of
the aquitard.

The logarithmic forms of (23) and (27) are, respectively,
expressed as

lg S 0, t = lg S 0, t + lg 1
S∞

, 30

lg t = lg t + lg cv
l2

31

The standard curve of S 0, t is presented in Figure 3. The
second terms at the right side of (30) and (31) are constant.
Therefore, in the logarithmic plot, the test curve of the flux
S 0, t is analogous to the type curve of the dimensionless
flux S at a = 0 (see Figure 4 for reference). The curve of
S 0, t is superposed onto the standard curve of S, and
meanwhile, the axes of the two graphs are kept to be par-
allel to each other. There is a horizontal difference of cv/l2
and a vertical difference of 1/S∞ between these two curves.
The matched point is chosen to be the intersection point
of the standard curve with the test curve of S 0, t . The
coordinates of matched point S, S, t, and t are then
substituted into (32), (33), and (34) to determine the
hydrogeological parameters.

cv0 =
t
t
l2, 32

Ss = −
1
φ
ln 1 − 2S

lS
, 33

kv0 = −
tl2

tφ
ln 1 − 2S

lS
34

3. Results and Discussion

The proposed analytical solutions in this paper for calculat-
ing the drawdown and depletion of the aquitard are evaluated
by solving a large-strain consolidation problem. The draw-
down of underlying confined aquifer is 10m, and the water
head of ground surface water (or unconfined aquifer) is
assumed to be unchanged. A comparison analysis is also
performed between the results obtained by the large-strain
and small-strain consolidation theories. The large-strain
theory herein refers to the analytical solution developed
in this paper, and the small-strain consolidation theory is
the Terzaghi’s one-dimensional consolidation theory. The
initial thickness of the aquitard is 10m. The aquitard
parameters used in the large-strain consolidation analysis
are kv0 = 10−9 m/s, Ss = 0 01, 0.02, 0.03, 0.04m−1. The corre-
sponding compressibility coefficients are 1, 2, 3, and
4MPa−1. In the small-strain analysis, the values of specific
storativity and hydraulic conductivity are the same as those
used in the large-strain consolidation analysis.
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Figure 2: Water balance curves.
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Figure 3: Settlement in a dimensionless form at the top of the
aquitard.
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The spatial distributions of drawdown in the aquitard
with different specific storativity values (Ss = 0 01, 0.02,
0.03, 0.04m−1) at t = 4 years were calculated using the large-
and small-strain theories. The results in Figure 5 indicate that
the drawdown in the aquitard increases with the decreasing
specific storativity. The excess pore water pressure dissipates
more quickly at a relatively small specific storativity. It is also
observed that the drawdown obtained by the large-strain the-
ory is less than that obtained by the small-strain theory. The
dissipation of excess pore water pressure in the large-strain
consolidation is slower than that in the small-strain consoli-
dation. The difference of predicted drawdown between the
large- and small-strain theories increases with the increasing
specific storativity.

The drawdown at different positions (a = 1, 3, 5, 7, 9m)
in the aquitard is plotted in Figure 6. The drawdown
increases initially and arrives at a stable value eventually.
The variation rate of drawdown is large at the beginning
and then gradually decreases to zero. It is also interesting to
note that the drawdown increases with the increasing a value
at a given time. The pore water releases more quickly at
relatively high a value and specific storativity. The drawdown
predicated by the large-strain consolidation theory is smaller
than that obtained by the small-strain consolidation theory,
and the prediction difference between the large- and small-
strain consolidation theories is insignificant. The void ratio
decreases with the increasing effective stress in the aquitard.
Meanwhile, the hydraulic conductivity and specific storativ-
ity of the aquitard decrease, which is ascribed to the decrease
of void ratio.

The spatial distribution of water flow velocities in the
aquitard is determined by (18) at different specific storativity
values (Ss = 0 01, 0.02, 0.03, 0.04m−1) (see Figure 7). The
results suggest that the water flow velocity in the upper part
of the aquitard is lower than that in the lower part. The water
flow velocity in the upper part is relatively small given a large
specific storativity, but the case is opposite for the water flow

velocity in the lower part. The water flow velocity predicated
by the large-strain theory is smaller than that predicted by
the small-strain theory, and the prediction difference
increases with the increasing a value and specific storativity.

The variation of water flow velocity at different positions
in the aquitard is described in Figure 8. The water flow veloc-
ity is zero at the beginning in the upper part of the aquitard
and then increases to a steady value. For the lower part, the
flow velocity increases initially and then decreases to the
same steady value. Due to the decreasing hydraulic conduc-
tivity and specific storativity of the aquitard considered in
the large-strain theory, the pore water flow velocity is lower
than that obtained by the small-strain theory, and the
predicted water flow velocities are the same when the water
flow becomes stable in the aquitard.
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Figure 5: Spatial distribution of drawdown in the aquitard with
different Ss at t = 4 years.

10

t (year)

a = 9 m

a = 7 m

a = 5 m

a = 3 m

a = 1 m

s (
m

)

8

6

4

2

0
0 5 10 15

Large strain

Small strain

20

Figure 6: Drawdown at different positions in the aquitard when
Ss = 0 01 m−1.

0.10

Large strain

Ss = 0.01 m-1

Ss = 0.02 m-1

Ss = 0.03 m-1

Ss = 0.04 m-1

Small strain

q
 (m

/y
ea

r)

a (m)

0.08

0.06

0.04

0.02

0.00
0 2 4 6 8 10

Figure 7: Spatial distribution of water flow velocities in the aquitard
with different Ss at t = 4 years.

6 Geofluids



The cumulative water release within unit area of the aqui-
tard equals the settlement at the top of the aquitard, which is
calculated by (23). As indicated in Figure 9, the depletion of
the aquitard increases gradually to a steady value. The cumu-
lative water release in unit area of the aquitard, which is given
by the large-strain theory, is, respectively, 0.48, 0.91, 1.30,
and 1.65m3, while Ss is, respectively, 0.01, 0.02, 0.03, and
0.04m−1. The depletion of the aquitard increases with the
compressibility coefficient. In addition, the predicted cumu-
lative water release of the large-strain theory is obviously less
than that of the small-strain theory, and the prediction
difference of aquitard depletion increases with the increasing
specific storativity value.

4. Experimental Verification

4.1. Laboratory Apparatus. A physical model test has been
carried out to study the groundwater dynamics, water
balance, and deformation characteristics of the aquitard in
response to an abrupt water head decline in the adjacent
confined aquifer. A schematic description of the testing
device is given in Figure 10. It is composed of the main body
of consolidation container, deformation monitoring device,
flow monitoring device, and water supply device.

This apparatus can measure the deformation and flux of
clay layer during testing. The consolidation container is a
sealed organic glass cylinder with the height, outer, and inner
diameters being 50 cm, 19 cm, and 18 cm, respectively. The
soil specimen consists of three parts: the lower sand layer
(4.5 cm in thickness), the middle layer filled with soil for test-
ing (17.4 cm in thickness), and the upper sand layer (5.7 cm
in thickness). The middle layer representing an aquitard is
silty clay, and the basic physical and mechanical properties
are given in Table 1.

4.2. Test Procedures. The water head in the clay layer is
initially constant. The water head in the lower sand layer

declines suddenly by φ at the beginning and then remains
unchanged during testing. We measured the drainage flux
at the bottom of the aquifer and the subsidence of clay layer.
The testing steps are given as follows.

(1) Initial inspection of the testing device. The consolida-
tion container must be ensured to be sealed, and the
inlet and outlet pipes must not be obstructed. The
testing instrument must be ensured to operate
normally

(2) Soil sample preparation. The inner wall of consolida-
tion container is cleaned and smeared with a layer of
grease or Vaseline; hot water is injected into the con-
solidation container through the overflow tank and
the water table is raised slowly; no bubble is allowed
in the filter layer during the water injection process;
the consolidation container is successively filled with
sand layer, clay layer, and sand layer, and the device
to measure the settlement is placed at the top of and
below the clay layer after each soil layer is consoli-
dated under its self-weight for a duration of 24 hours

(3) Sample saturation. Turn off all the valves except the
exhaust valve, and pump out the air in the container
with a vacuum pump; increase the negative pressure
within the consolidation container gradually at a
given pressure sequence (e.g., –0.02, −0.04, −0.06,
−0.08, and− 0.1MPa); the time interval for maintain-
ing each pressure level is 12 hours

(4) After the soil layers are saturated, water is added
slowly to reach the target elevation; open the valve
of inlet pipe, and supply water into the device; mount
the water supply tank at the designed height, and fill
in it with water; discharge the excess water from the
overflow nozzle; adjust the position of dial gauge,
fasten it, and record the initial reading; observe the
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Figure 8: Water flow velocities at different positions in the aquitard
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readings of the dial gage until they do not vary. This
process generally takes a few days

(5) Record the readings of the dial gage during testing.
Start the test by opening the valve of outlet pipe;
decrease the hydraulic head below the confined soil
layer by φ = 1 5 m at the beginning of test, and then
maintain it to be constant; at the same time, record
the readings of the dial gage at time sequence of 5 s,
10 s, 30 s, 1min, 2min, 4min, 8min, and 12min,
and measure the flux from the outlet of overflow tank
using an electronic balance (the water discharge is
held with a measuring cup on an electronic balance)

(6) Observe the readings persistently until they do not
vary, and the test is then terminated; the observation
duration is 1440 minutes; the flux becomes stable at
the end of observation

4.3. Experiment Results and Analysis. The flux per unit area
q l, t is determined as the flux at the bottom of the clay layer
divided by the horizontal cross section area of cylinder (i.e.,
254.34 cm2). The values of q l, t are listed in Table 2. The
deformation of clay layer was also measured by the dial gage.

The data of settlement of the clay layer obtained in the test
are given in Table 3.

The measured values of S 0, t are plotted against time in
Figure 4. The type curve of S 0, t is then superposed onto
this figure, by keeping the axes of the two graphs parallel
to each other (see Figure 4). The matched point is the
intersection point of the type curve S 0, t with the exper-
imental curve of S 0, t , and its coordinates in the two sys-
tems are S = 9 83 mm, S = 0 41, t = 76 min, and t = 0 033.
The parameters of the clay layer can be obtained by
substituting these coordinates into (32)–(34). The hydraulic
conductivity kv0, specific storativity Ss, and hydraulic diffu-
sivity cv0 are 4.25× 10−4 cm/min, 3.23× 10−3 cm−1, and
0.1315 cm2/min, respectively.

The flux q l, t within the observation time at the bottom
of the clay layer is obtained by substituting the hydrogeologi-
cal parameters estimated by the type-curve fitting method
into (18). The main advantage of the type-curve fitting
method lies in its ability to make full use of all pumping test
data and to improve the accuracy of calculation. Figure 11
compares the predicted and measured fluxes. It is seen that
q l, t predicted by the analytical solution in this study agrees
well with the experimental results.

Based on the one-dimensional Terzaghi’s consolidation
theory (i.e., the small-strain consolidation theory), the
hydrogeological parameters of the aquitard can also be
determined using the type-curve fitting method [33]. The
hydraulic conductivity, specific storativity, and hydraulic
diffusivity are determined to be kv = 3 63 × 10−4 cm/min,
Ss = 2 76 × 10−3 cm−1, and cv = 0 1315 cm2/min. The
hydraulic diffusivity estimated by the large-strain theory
is the same as that given by the small-strain theory. The
hydraulic conductivity and specific storativity determined

Water supply tank

Creep pump

Dial indicator

Fixed bracket

Rigid rod

Aquifer

Pumped aquifer

Aquitard

Filter layer

Inlet pipe

Outlet pipe

Water container

Electronic
balance

Consolidation container

Overflow nozzle

Figure 10: Schematic illustration of test device.

Table 1: The basic physical and mechanical properties of silt clay.

Properties Values

Dry density 1.63× 103 kg/m3

Initial void ratio (e0) 1.31

Plastic limit 26.4%

Liquid limit 57%

Unit weight of the soil particles 2.63× 103 kg/m3
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by the large-strain theory are larger than those determined
by the small-strain theory. The values of hydraulic con-
ductivity and specific storativity estimated by the large-
strain theory in fact refer to the hydraulic parameters of
the clay layer at the beginning and they decrease with
the decreasing void ratio. The compressibility coefficient
at the bottom of the clay layer in the large-strain theory

is a constant (=2.8× 10−3 cm−1) as estimated by (8). The
hydraulic conductivity at the bottom of the clay layer is
3.2× 10−4 cm/min as estimated by (9), which is close to
that obtained by Darcy’s law (kv = 2 9 × 10−4 cm/min).
The equivalent hydraulic conductivity given by the large-
strain theory is 3.68× 10−4 cm/min [26], which is close
to that predicted by the small-strain theory.

5. Conclusion

The governing equation of drawdown was proposed for the
description of the one-dimensional large-strain consolida-
tion of saturated and homogeneous clays, with the creeping
effect being ignored. An analytical solution accounting for
the drawdown variation in a largely deformed aquitard has
been derived, which is subjected to abrupt water head decline
in the adjacent confined aquifer. Meaningful results have
been obtained on the basis of the assumptions in (8) and
(9) relating to the compressibility and permeability of soil.
The characteristics of the groundwater dynamics and water
balance of the aquitard have been examined with analytical
solution. A type-curve fitting method is presented for
determining the hydrogeological parameters. The main
conclusions are given below:

(1) When the water head in the confined aquifer declines
by φ, the response of groundwater dynamics in the
aquitard is found to be obviously delayed. The dissi-
pation of excess pore water pressure predicted by

Table 2: Flux per unit area.

t (min) q (mL/s) t (min) q (mL/s) t (min) q (mL/s) t (min) q (mL/s)

1.5 7.41× 10−4 34 1.43× 10−4 120 8.26× 10−5 420 4.36× 10−5

3 5.32× 10−4 39 1.35× 10−3 140 7.52× 10−5 480 4.10× 10−5

6 3.56× 10−4 43 1.29× 10−4 160 7.08× 10−5 540 3.90× 10−5

10 2.70× 10−4 46 1.25× 10−4 180 6.78× 10−5 604 3.74× 10−5

14 2.23× 10−4 50 1.21× 10−4 211 6.16× 10−5 660 3.55× 10−5

18 1.96× 10−4 54 1.15× 10−4 240 5.78× 10−5 720 3.49× 10−5

22 1.77× 10−4 58 1.12× 10−4 270 5.49× 10−5 840 3.41× 10−5

26 1.64× 10−4 80 1.01× 10−4 300 5.24× 10−5 1420 3.21× 10−5

30 1.50× 10−4 100 8.7× 10−5 360 4.78× 10−5 1440 3.24× 10−5

Table 3: Settlement of clay layer.

t (min) S (mm) t (min) S (mm) t (min) S (mm) t (min) S (mm) t (min) S (mm)

0 0.00 16 4.91 52 8.23 210 15.30 604 22.78

0.08 0.79 20 5.39 56 8.51 240 16.37 660 23.12

0.17 0.97 24 5.82 60 8.80 270 17.34 720 23.37

0.5 1.38 28 6.23 76 9.83 300 18.23 780 23.57

1 1.73 32 6.60 100 10.33 340 19.27 840 23.71

2 2.18 36 6.96 120 11.39 360 19.54 1320 24.09

4 2.82 40 7.38 140 12.38 420 20.72 1420 24.12

8 3.70 44 7.61 160 13.28 480 21.61

12 4.36 48 7.93 180 14.14 540 22.27
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Figure 11: Comparison of predicted and measured fluxes at the
bottom of the clay layer.
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the large-strain theory is slower than that predicted
by the small-strain theory

(2) An expression for computing the water flow velocity
in the aquitard has been derived. Then, an analytical
solution has been proposed to account for the cumu-
lative water release and settlement of the aquitard. A
water balance equation has also been established to
describe the interrelations among the recharge, dis-
charge, and water release of the aquitard. All delayed
drainage of the aquitard is expected to be completed
when the consolidation time t arrives at l2/cv0. The
soil compressibility is one important factor affecting
the discrepancy of predicted deformations between
the large- and small-strain consolidation theories.
This discrepancy is found to increase with the
increasing soil compressibility

(3) The hydrogeological parameters of the aquitard (i.e.,
the hydraulic conductivity, specific storativity, and
hydraulic diffusivity) are estimated by fitting the
curves of analytically predicted and experimentally
observed settlement. The hydraulic conductivity
and specific storativity determined by the large-
strain theory are higher than those given by the
small-strain theory. In the large-strain theory, the
hydraulic conductivity and specific storativity of
the aquitard are considered to decrease with the
decreasing void ratio. The hydrogeological parame-
ters estimated by the small-strain theory are
constants which are assumed to be on average equiv-
alent to their true values in the consolidation process.
The flux at the bottom of the clay layer, which is
obtained from the analytical solution, is in good
agreement with the experimental observation, imply-
ing that the estimated parameters are able to charac-
terize the groundwater flow in the aquitard

The hydrogeological parameters of the aquitard can be
estimated by the type-curve fitting method, together with
the data of flux per unit horizontal area at the top and bottom
of the aquitard. The type-curve fitting method can also be
used to measure in situ hydrogeological parameters.

Appendix

Derivation of the Solutions to (12), (13), (14),
and (15)

The solution of drawdown variation for the large-strain
consolidated aquitard in response to the sudden decline of
water head in the adjacent confined aquifer is facilitated by
the use of a transform defined as

w =w a, t = exp −Sss − 1, A 1

so

s = −
1
Ss

ln 1 +w A 2

Substituting (A.1) into (11), (12), (13), and (14) gives the
transformed governing equation and conditions as follows

cv0
∂2w
∂a2

= ∂w
∂t

, A 3a

w a, 0 = 0, 0 < a < l, A 3b

w 0, t = 0, t > 0, A 3c

w l, t = exp −Ssφ − 1, t > 0 A 3d

Because the boundary condition in (A.3d) is nonho-
mogeneous, it is necessary to simplify it to be

w a, t = v a, t + p a, t , A 4

p a, t = exp −Ssφ − 1
l

a A 5

Substituting v a, t into w a, t in the governing
equation, as well as the initial and boundary conditions in
((A.3a)–((A.3d), leads to

cv0
∂2v
∂a2

= ∂v
∂t

, A 6a

v 0, t = 0, t > 0, A 6b

v l, t = 0, t > 0, A 6c

v a, 0 = −
exp −Ssφ − 1

l
a, 0 < a < l A 6d

The analytical solution of the above mathematical model
(i.e., ((A.6a)–((A.6d)) is obtained by the method of separa-
tion of variables as

v a, t = 2 exp −Ssφ − 1
π

〠
∞

n=1

−1 n

n
en

2π2cv0t/l2 ⋅ sin nπa
l

A 7

Substituting (A.5) and (A.7) into (A.4), the solution of
the mathematical model (i.e., ((A.3a–(A.3d)) is obtained as

w a, t = exp −Ssφ − 1
a
l
+ 2
π
〠
∞

n=1

−1 n

n
en

2π2cv0t/l2 ⋅ sin nπa
l

A 8

Substituting (A.8) into (A.2) gives the form solution of
(12), (13), (14), and (15) in the main text as

s a, t = −
1
Ss

ln 1 − 1 − exp −Ssφ

a
l
+ 2
π
〠
∞

n=1

−1 n

n
e− n2π2cv0t/l2 ⋅ sin nπa

l

A 9
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Notations

a: Lagrangian coordinate
cv: Consolidation coefficient of the aquitard at small-strain

states
cv0: Consolidation coefficient of the aquitard at large-strain

states
e: Void ratio
e0: The initial void ratio
Gs: Specific gravity of solid particles
kv: Hydraulic conductivity of the clay in the vertical

direction
kv0: Initial hydraulic conductivity of the aquitard
l: Thickness of the aquitard
mv: Coefficients of volume compressibility of the aquitard

at small-strain states
mv1: Coefficients of volume compressibility of the aquitard

at large-strain states
p: Excess pore water pressure
Q: Cumulative flux
Q: Cumulative fluxes in a dimensionless form
q: Flux per unit horizontal area in the aquitard
S: Aquitard settlement
Ss: Specific storativity of the aquitard
S: Dimensionless settlement
s: Drawdown in the aquitard
t: Time
t: Dimensionless time
u: Total pore water pressure
uh: Long-term departure of pore water pressure from the

hydrostatic pore water pressure
uhs: Hydrostatic pore water pressure
vs: Velocities of soil particle relative to the datum plane
vw: Velocities of the pore water relative to the datum

plane
σ: Total vertical stress
σ′: Effective vertical stress

σ0′: Initial effective vertical stress
γw: Unit weight of water
φ: Drawdown in the confined aquifer.
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A quantitative method of structural system reliability was proposed to study the influence of random rock mechanical parameters
and loads on the stability of the coal seam floor above confined aquifers. To obtain the reliability probability of the floor, two modes
of water-resistant floor failure were suggested as follows: (1) mining completely removed the water-resistant key strata of the floor.
In this case, the failure modes were of three main types: mining failure, confined water intrusion, and combined mining failure and
intrusion. (2) Failure modes included shear and tensile failures when the thickness of the key strata was greater than 0. On the basis
of the elastic thin plate theory, the performance function that calculates the reliability probability of all modes could be obtained.
The failure modes were regarded as the series system. TheMonte Carlo method was employed to calculate the reliability probability
of each failure mode and series system. The results showed that the random rock mechanical parameters and loads of the key strata
significantly influence the antiwater inrush capacity of the floor. In addition, the water inrush coefficient and reliability probability
can be simultaneously used as the evaluation indexes of water inrush risk. Both these indexes could improve the assessment of the
reliability of the floor.

1. Introduction

Water inrush from mining floors above limestone aquifers,
which usually have a high water pressure, is a problematic
aspect of the hydrogeological and engineering geological
domain of Chinese coalfields, and it critically threatens the
production of coal mines. Therefore, water damage to the
mine floor should be studied and the occurrence of water
inrush accidents in coal mines, which is a difficult problem
to solve, should be effectively curbed [1–3]. Several studies
have attempted to investigate the problem of floor water
inrush and have proposed various approaches, such as the
water inrush coefficient [4–6], plate model [7–9], down three

zones [10–12], and key strata [13–17]. These studies revealed
the mechanism of water inrush considering various aspects
and provided positive guidance for mine safety production.
However, all of these studies only considered deterministic
methods that could not reflect the true degree of security.
The geological conditions of water-resistant floors are com-
plicated, leading to the rock mechanic parameters and loads
being uncertain, given that the safety in evaluating water-
resistant floors by using deterministic methods is uncertain.
In contrast, the reliability theory is more suitable for studying
the stability of water-resistant floor in mining.

Research on the results of using the structural reliability
method to analyze the stability of a water-resistant floor of
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a coal seam above a confined aquifer is lacking. The reliability
analysis model of the floor with the water inrush coefficient
as a performance index was established by Du et al. [18].
Lu et al. [19] and Lu and Yao [20] extended the model of
Du et al. [18] by employing a remaining complete rock layer
as a clamped beam. In their models, the limit water pressure
of the beam’s strength failure based on the theory of material
mechanics and elastic mechanics was used as a performance
function to calculate the reliability of the water-resistant floor
stability. However, as mentioned above, such studies only
focused on the water inrush caused by a single failure mode
and did not consider the possibility that multiple failure
modes could also cause water inrush. For example, tensile
or shear failure may occur in effective water-resistant floors
or mining failure type and progressive intrusion of confined
water may occur in an ineffective water-resistant layer. On
the other hand, the water inrush coefficient can only reflect
two factors, namely, the water pressure and thickness of the
water-resistant layer, when selecting a structure performance
function. Nevertheless, the clamped beam model derived
from the mechanics of materials has poor accuracy in the
analysis of deep beams with a relatively short length and
height. Although the accuracy of the elastic mechanics
clamped beam model is high, the stress distribution at the
end of the clamped beam cannot be precisely obtained, which
results in considerable errors in the solution of the limit water
pressure. The accuracy of the structural reliability analysis
results mainly depends on the selection of the performance
function. Thus, the results of the previous calculation are
not completely reliable.

To reasonably reflect the reliability of the water-resistant
floor’s stability, this study first applies the key strata theory to
consider the effect of geostress. The key strata of the floor are
regarded as a rectangular plate with four sides clamped, and
the elastic mechanics plate theory is used to derive the
mechanics criterion of key strata destruction, which is con-
sidered a function of structural reliability analysis. On this
basis, the failure modes of the water-resistant floor are ana-
lyzed, and the reliability probability of each failure mode is
calculated through a simulation employing the Monte Carlo
method. The failure modes are regarded as the series system,
and the reliability probability of the water-resistant floor’s
stability system is obtained. The mean and variance of ran-
dom variables, such as rock strength parameters and ground
stress, are discussed through a case, and the influence of the
position of the key strata on the reliability probability is ana-
lyzed. Finally, various failure modes and the system reliability
of the water-resistant floor of a certain coal mine are analyzed
and evaluated.

2. Methodology

2.1. Mechanics of Failure Forms of Key Strata. The vertical
distance of the coal seam to the roof of the confined aquifer
is called the water-resistant floor and has a thickness of h
(Figure 1(a)). Before coal seam mining, owing to the exis-
tence of natural cracks in the floor, the water rises along these
natural cracks to a certain height under the action of hydro-
static pressure, a rise that is called the original progressive

intrusion height of confined water. The height is generally
small, as shown in Figure 1(a).

After the working face is mined, the mined-out area is
formed and the weight of the overlying strata shifts to the
coal and rock mass around the mined-out area to form a sup-
porting pressure belt around the mined-out area. When the
supporting pressure reaches or exceeds the ultimate strength
limit of the rock floor, the rock mass in a certain range of the
working face’s floor is destroyed and the failure zone of the
floor mining is formed (Figure 1(b)). At the same time, under
the combined influence of mining and confined water, the
cracks of the original intrusion zone extend further upward
to form a progressive intrusion zone of confined water. The
sum of the original and progressive intrusion belts is called
the intrusion zone of confined water, and it has a maximum
height of hc. At present, the maximum value of this parame-
ter is relatively larger in the structural fracture zone and is
usually measured through actual measurements.

For the working face, as shown in Figure 1, the maximum
failure depth ha of floor mining during the initial stage can be
determined according to the fracture mechanics theory. The
stope is assumed to be a crack in the internal part of the infi-
nite rock. For the stope, the mining thickness is much smaller
than the mining width. Consequently, the calculation of
stress can be simplified as a plane problem, and the maxi-
mum failure depth ha in the floor of the stope can be calcu-
lated by (1) as follows [21]:

ha =
1 57γ′2H2a 1 − sin ϕ 2

16c2 cos2ϕ , 1

where γ′ is the average weight of the overlying coal seam
layer (kN/m3), H is the cover depth of the coal seam (m), c
and φ are the average cohesion (MPa) and internal friction
angle (°) of the floor rock, respectively, and a is the width of
the working face (m).

After solving the depth ha of the mining failure of the
floor, the thickness hb of the remaining intact rock stratum
can be obtained according to the instruction height hc of
the confined water (Figure 2). The water inrush from the
floor plate depends mainly on the antiwater pressure capacity
of the remaining intact rock stratum. The key strata theory
states that a certain rock mass with reasonable strength and
water resistance in the remaining complete rock belt, which
is called the key strata of the water-resistant floor, has a thick-
ness hk . The distance between the floor of the key strata and
the floor of the coal seam is h′ (Figure 1(b)). Whether the
confined water can break into the working face depends
mainly on the water-resistant performance of the key strata,
which are deformed similar to a plate under water pressure.
As shown in Figure 2, under normal mining conditions, for
the longwall mining face, the key strata of the floor consist
of a rectangular plate with four edges clamped when the coal
seam is near horizontal or gently inclined, and a flat plate
model is established.

The setting of the x-y coordinate surface coincides with
the middle plane of the plate, the origin of the coordinate lies
in the center of the plate, the oz axis is vertically downward
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toward the middle plane, and the thickness of the plate is the
same as that of the water-resistant key strata hk . The x-direc-
tion is the width of the working face with length a. The y-
direction is the advancing direction of the working face with
length b.

The average weight of the mining failure belt of the floor
is γa; the average weight of the remaining intact rock layer is
γb; the average weight of the key strata is γk ; and μk , Ek , φk ,
and ck denote Poisson’s ratio, the elastic modulus, the inter-
nal friction angle, and the cohesive strength, respectively.
The plate of the upper part is subjected to the self-weight γa
ha of the floor’s mining fracture belt and the self-weight γb

(h′ − ha − hk) of the rock layer, which is obtained from the
difference between the remaining intact rock belt of the floor
and the key strata. The lower part is subjected to uniform
water pressure p. The self-weight of the key strata is regarded
as the surface force γkhk on the plate. Therefore, the lower
part of the key strata is subjected to surface forces q = p + γb
ha – γbh′ – γkhk + γbhk . It is interesting to note that the upper
rock mass of the water-resisting zone is destroyed at this
point; we believe that it will not bear any additional stress
and will be in harmony with the key strata as it bends
upward. Therefore, it is feasible and controllable to con-
sider the dead weight of the upper rock mass of the key
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Figure 1: Schematic map of floor damage during first pressure in mining above the confined aquifer. (a) Original intrusion zone of confined
water before mining. (b) Intrusion zone of confined water, failure zone of the floor, and key strata.
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Figure 2: (a) Plan of plate model and (b) profile map of plate model.
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strata as the external load in this model. The horizontal
stress N acts around the plate. A uniform load is assumed
in the calculation. The expression is shown as (2).

N = k0γ′H, 2

where k0 is the lateral pressure coefficient, H is the cover
depth of the coal seam (m) considered in the paper, and
γ′ is the average weight of the overlying coal seam layer
(kN/m3).

Considering that the thick plate theory is not mature in
mechanics, the mechanical analysis of the key strata is con-
ducted by using the elastic thin plate theory. Given that the
key strata are not damaged by mining, they can still be
regarded as a continuous medium and assumed to be homo-
geneously isotropic. In China, the width of the longwall
working face is 150–240m, the first-time roof weighting step
of the working face is approximately 30–40m, and the water
inrush of the floor often occurs during the first-time roof
weighting step [8]. Meanwhile, the layer thickness of the
coal-bearing sedimentary rock mass is generally below
10m, and the plate model of the water-resistant key strata
during initial mining can satisfy the general conditions of
the thin plate (the ratio of thickness to width is not greater
than 1/5).

Under the combined effect of the longitudinal load N
and transverse load q at the lower part of the key strata, the
differential equation of thin plate bending can be expressed
as [22, 23]

D
∂4w
∂x4

+ 2 ∂4w
∂x2∂y2

+ ∂4w
∂y4

= q +Nhk
∂2w
∂x2

+ ∂2w
∂y2

3

In the equation, w is the deflection of the thin plate, and
D = Ekh

3
k/12 1 − μ2k is the bending stiffness of the thin plate.

The boundary conditions of the rectangular thin plate
with four sides clamped are

w x=‐a/2,a/2 = 0  ∂w
∂x x=‐a/2,a/2

= 0,

w y=−b/2,b/2 = 0  ∂w
∂y y=‐b/2,b/2

= 0
4

The above differential equations are difficult to solve
accurately and can be solved by the Ritz method. The

deflection function of the middle plane of the bending
plate is

w x, y =〠
m

〠
n

wmn

4 1 − −1 m cos 2mπx
a

1 − −1 n cos 2nπy
b

, m = n = 1, 3, 5…

5

where wmn is the undetermined coefficient of the deflec-
tion function.

Obviously, the deflection function w can satisfy the
boundary conditions of the clamped plate. Because the above
equation converges quickly, the equation can be replaced by
the first term and can satisfy the precision requirements of
mining engineering; that is,

w x, y = w11
4 1 + cos 2πx

a
1 + cos 2πy

b

=w11 cos2
πx
a

cos2 πy
b

6

According to the Ritz method, the coefficient of deflec-
tion function w11 of the key strata under the combined verti-
cal and horizontal loads can be obtained as follows:

w11 =
qa2b2π2

Dπ2 3a2/b2 + 3b2/a2 + 2 − 3/4Nhk a2 + b2

7

Thus, the deflection function, w x, y , of the key strata of
the mining floor is as follows:

w x, y = qa2b2π2 cos2 πx/a cos2 πy/a
Dπ2 3a2/b2 + 3b2/a2 + 2 − 3/4Nhk a2 + b2

8

Equation (8) shows that the deflection of the key
strata increases under the action of horizontal ground
stress. In light of the elastic thin plate theory, the stress
expression in the key strata of water resistance under
the vertical and horizontal loads can be obtained as fol-
lows (the compressive stress is positive and the tensile
stress is negative):

σx = A b2 cos2 πy
b

2 cos2 πx
b

− 1 + μa2 cos2 πx
b

2 cos2 πy
b

− 1 +N ,

σy = A a2 cos2 πx
a

2 cos2 πy
b

− 1 + μb2 cos2 πy
b

2 cos2 πx
a

− 1 +N ,

τxy = −2Aab 1 − μ cos πx
a

cos πy
b

sin πx
a

sin πy
b

9
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In the following formula,

A = 24Dqh3kz
π2D 3a2/b2 + 3b2/a2 + 2 − 3/4 Nhk a2 + b2

10

Equation (9) shows that the stress component of the key
strata is linearly distributed along the plate thickness under
longitudinal and lateral loads, and the maximum value is
located on the upper and lower surfaces of the plate
(z = −hk/2, hk/2). The stress distribution law of the key strata
is discussed below.

With the values of a = 120m, b = 30m, hk = 6m, q = 3
MPa, γk = 25 kN/m3, Ek = 5GPa, μk = 0 3, z = −hk/2, and N
= 5MPa, the distributions of σx, σy, and τxy under vertical
and horizontal loads in the key strata can be obtained by
using (9) and (10), as shown in Figure 3 (herein, only the
condition of the upper surface z = −hk/2 in the key strata is
analyzed, and the stress of the lower surface follows an oppo-
site distribution law).

From the analysis of Figure 3 and (8), the center point
(x = 0, y = 0, z = −hk/2) in the upper surface of the key
strata experiences tensile stress with maximum values of
σx = 5.08MPa and σy = 23.34MPa. The midpoint (0, ±15,
z =−hk/2) of the long edge in the key strata experiences
compressive stress with maximum values of σx = 13.34MPa
and σy = 32.81MPa. The distribution of shear stress τxy is
symmetrically opposite at the center of the key strata with a
value of zero at the center point, and the shear stress is the larg-
est at the center of the four small rectangles (Figure 3(c)), with
a maximum value of 2.43MPa. Similarly, the compressive
stress reaches amaximumvalue at the center point of the lower
surface of the water-resistant key strata with σx = 15.08MPa
and σy = 33.33MPa, which represent magnitudes larger than
those of the maximum compressive stress in the upper sur-
face. The compressive stress of the lower surface achieves
the maximum value at the center point of the long edge, with
σx = 3.34MPa and σy = 22.81MPa, which represent magni-
tudes smaller than those of the maximum tensile stress on
the surface. The shear stress at the same x and y coordinates
is the same as that at the upper and lower surfaces of the
plate, but in the opposite direction.

The abovementioned analytical results show that the
floor key strata produce an upward bending under the com-
bined action of the lower transverse load and longitudinal
horizontal geostress, resulting in the pulling of the middle
of the upper plate and the boundary region of the lower sur-
face, as well as the pressing of the boundary regions of the
upper surface and the central region of the lower plate.
According to the results of the elastic mechanics calculation
adopted in this paper, compared with the numerical values,
the maximum tensile stress is located at the center of the
upper surface of the key strata, and the maximum compres-
sive stress is located at the center point of the lower surface.
This result indicates that the center point of the key strata
is the weak area of water inrush from the floor and should

be given more attention. This result is different from the con-
clusions obtained using fixed beam analysis.

According to the stress distribution law of the key
strata and the failure characteristics of rock, two main fail-
ure forms occur in the floor key strata under vertical and
horizontal loads: (1) shear failure occurs in the compres-
sion part of the key strata and (2) tensile failure occurs
in the tensile parts. Different applications of force to the
key strata of the floor will change the water control strategy
of the floor. The expression of the key strata’s stress com-
ponent is deduced in the preceding section, and the corre-
sponding yield criterion can be used to obtain the
mechanical evaluation formula for the two failure forms
in the key strata.

The former analysis reveals that the maximum compres-
sive stress is at the center point (x=0, y=0, z= hk/2) of the
lower surface of the water-resistant key strata. The main
stress of this point can be obtained by (9).

σ1 = Bq a2 + μkb
2 +N ,

σ2 = Bq b2 + μka
2 +N ,

σ3 = 0

11

In the formula,

B = 24Eka
2b2

Ekh
3
kπ

2 a4 + b4 + 2/3 a2b2 − 3Nhka2b
2 1 − μ2k a2 + b2

12

The yield criterion of Mohr-Coulomb is adopted.

σ1 − σ3Nφk − 2ck Nφk = 0, 13

where Nϕk = 1 + sin ϕk/1 − sin ϕk
According to (11), (12), and (13), the critical water pres-

sure (without shear failure) that occurs at the key strata is

pss =
2ck Nφk −N

B a2 + μkb
2 + γkhk + γbh′ − γbha − γbhk 14

The maximum tensile stress is located in the center point
(x=0, y=0, z=−hk/2) of the top surface of the key floor.
According to (9), the maximum tensile stress at this point is

σ3 = −Bq a2 + μkb
2 +N 15

To prevent tensile failure in the key strata, the maximum
tensile stress (σ3) should be less than the allowed tensile
strength σkt of the rock, that is, −σ3 ≤ σt . The critical water
pressure (without tensile failure) that occurs in the key strata
is expressed as follows:

pts =
σkt +N

B a2 + μkb
2 + γkhk + γbh′ − γbha − γbhk 16
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2.2. Reliability Calculation of the Impervious Base Stability.
The reliability calculation of the stability system of the
water-resistant floor mainly comes down to two problems:
(1) to determine the main failure modes of the water-
resistant floor and (2) to calculate the reliability of the stabil-
ity system of the water-resistant floor.

Structural reliability refers to the probability that the
engineering structure will complete the scheduled function
within the given time and under the specified conditions
[24]. As mentioned above, the two main failure modes of
the water-resistant floor that lead to the floor losing its resist-
ing function are as follows:

(1) Under mining influence, the key strata are affected by
the mining failure depth of the floor and the intrusion
height of the confined water, resulting in the thick-
ness of key strata being zero, that is, the key strata
are water-resistant. The failure modes can be divided
into three subfailure modes in this case. The first is
when the mining failure depth of ha reaches the bot-
tom of the key strata, that is, ha ≥ h′; this is known as
the failure mode of the mining failure type. The sec-
ond is when the intrusion height hc of the confined
water reaches the top of the water-resistant key strata,
that is, hc ≥ h – hc + hk ; this is known as the failure
mode of the intrusion type. The third is when ha <
h′ and hc < h – hc + hk , and the mining failure belt
of the floor comes in contact with the intrusion zone
of the confined water, that is, ha + hc ≥ h; this is called
the failure mode of the combined type of mining fail-
ure and intrusion

(2) When the thickness of the floor key strata satisfies
hk > 0, the floor failure is mainly caused by the

insufficient strength of the key strata itself. The fail-
ure of the key strata can be divided into two
modes: shear and tensile failure types. Figure 4
summarizes the various failure modes of the water-
resistant floor

Let X = X1, X2, X3,… , Xn represent the basic random
variables of the number of factors n that affect the water-
resisting function of the floor, such as rock mass parame-
ters, failure depth of the floor (ha), intrusion height of the
confined water (hc), N , and lateral pressure coefficient k0.
When the general load-resistance (R–S) mode is used, the
performance function of each failure mode can be listed as
given below.

The performance functions of the failure mode of mining
failure and intrusion type are as follows:

Z11 = g X = h′ − 1 57γ′2H2a 1 − sin φ 2

16c2 cos2φ , 17

Z12 = g X = h − hc − h′ + hk 18

When Z11 > 0 and Z12 > 0, the floor is in a reliable state.
When Z11 < 0 and Z12 < 0, the water-resistant layer fails.
When Z11 = Z12 = 0, the resulting expression is called the
limit state equation of the floor structure. According to the
calculation method of reliability, the failure probability in
different failure modes can be obtained as follows:

P f11 = P Z11 ≤ 0 , 19

P f12 = P Z12 ≤ 0 20
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Figure 3: Stress distribution of water-resistant key strata. (a) Distribution diagram of σx. (b) Distribution diagram of σy . (c) Distribution
diagram of τxy .
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Then, the reliability probabilities of the failure modes are
as follows:

Pr11 = 1 − P f11, 21

Pr12 = 1 − P f12 22

Similarly, the performance function of the combined fail-
ure mode of mining failure and intrusion is

Z13 = g X = h −
1 57γ′2H2a 1 − sin φ 2

16c2 cos2φ ‐hc 23

The failure mode of the combined type of mining failure
and intrusion is likely to occur when both failure modes do
not occur. Therefore, failure probability can be calculated
under the conditions of Z11 > 0 and Z12 > 0, making it a con-
ditional probability. Hence, the failure probability of failure
modes, which is the combined type of mining failure and
intrusion, is as follows:

P f13 = P Z13 < 0 Z11 > 0, Z12 > 0 24

Similarly, the reliability probability of the floor is

Pr13 = 1 − P f13 25

When the thickness of the floor’s key strata is not zero,
the failure of the key strata is mainly caused by the lack of
strength in the key strata. The performance function of shear
failure is

Z2s =
2ck Nφk −N

B a2 + μkb
2 + γkhk + γbh′ − γbha − γbhk‐p 26

The function of tensile failure is

Z2t =
σkt +N

B a2 + μkb
2 + γkhk + γbh′ − γbha − γbhk − p 27

Similarly, the failure mode of shear or tensile failure in
the key strata is likely to occur in the case of hk ≠ 0, and the
failure probability of the failure mode is also a conditional
probability. The failure probability is shown below.

The failure mode of shear failure is

P f2s = P Z2s < 0 Z11 > 0, Z12 > 0, Z13 > 0 28

The failure mode of tensile failure is

P f2t = P Z2t < 0 Z11 > 0, Z12 > 0, Z13 > 0 29

Similarly, the reliability probability that prevents the
key strata from experiencing shear or tensile failure modes
is as follows:

For no occurrence of shear failure,

Pr2j = 1 − P f2s 30

For no occurrence of tensile failure,

Pr2t = 1 − P f2t 31

The methods for calculating reliability include analytical
and simulation methods. The first-order second-moment
method is widely used as an analytic method. The most
popular simulation method is the Monte Carlo method,
which is considered a relatively accurate current method
in the calculation of reliability. Considering the complex-
ity of the limit state equation of various failure modes in
the floor water inrush deduced in this study, calculating
the derivative is difficult when analytical methods are
used. Thus, the Monte Carlo method is adopted for reli-
ability calculation. The basic principle of this calculation
is as follows.

The density function of joint probability of basic ran-
dom variables X = X1, X2, X3,… , Xn is set as f X x =
f X x1, x2,… , xn , such that the failure probability of floor
structure is

P f = ⋯ Z≤0 f X x1,x2,…,xn dx1dx2⋯dxn

=
+∞

−∞
I gX x f X x dx=E I gX x ,

32

where I x is the indicating function of x. When x < 0,
I x = 1, and when x ≥ 0, I x = 0 [25].

Equation (32) shows that the failure probability is the
expected value of the indicating function. Different values
of I x are obtained using the Monte Carlo method to per-
form bulk sampling of random variables X1, X2, X3,… , Xn,
and the mean value is the estimated value of the floor fail-
ure probability. On the basis of the various performance

Failure mode of
water-resisting

floor

hk = 0

Tensile failure type of hk

Shear failure type of hk

Mining failure type 

Progressive intrusion type

Combined type of mining
failure and intrusion

hk > 0

Figure 4: Main failure mode of the water-resistant floor.
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functions of the floor failure, the failure probability and
reliability probability of each failure mode can be calculated
by using the Monte Carlo method.

The system reliability is a structural reliability problem
for multiple performance functions. A single structural fail-
ure is mostly caused by various failure modes. When any fail-
ure mode occurs, overall structural damage occurs, and the
structural system can be regarded as a series system com-
posed of various failure modes; when all failure modes occur
with structural damage, the structural system can be regarded
as a parallel system. Previous analysis has indicated that the
occurrence of any failure mode of the water-resistant floor
will lead to the occurrence of water inrush. Hence, the struc-
tural system is a series system.

The failure probability of a series system is the sum of
each failure mode. The performance function of the ith fail-
ure mode in a series system is set as Zi = gX i x , and the for-
mula of failure probability of a series system is

P f = P ∪
m

i=1
Zi ≤ 0 =

∪
m

i=1
Zi≤0

f X x dx

= ⋯
∪
m

i=1
Zi≤0

f X x1, x2,⋯, xn dx1dx2 ⋯ dxn

33

When the failure probability of the series system is
calculated by the Monte Carlo method using (33), accord-
ing to (32), the indicating function of the series system
becomes [25]

I gX x =
m

i=1
I gXi x = I min

1≤i≤m
gXi x 34

The reliability probability of the system with a stable
water-resistant floor is calculated by the method used to
calculate the reliability probability of the single failure
mode according to (34).

3. Results and Discussion

Given the width of the working face a = 120m, b is the ini-
tial roof weight step for the working face, which is 40m; the
cover depth of the coal seam is H=600m, the water pressure
of the confined aquifer is p=2.5MPa, the total thickness of
the water-resistant floor is h=45m, the thickness of the
key strata is hk = 8m, and the distance from its bottom to
the coal seam floor is 35m. The basic random variables are
listed in Table 1. Poisson’s ratio (μ) of the rock and soil mass
and the weight γ changed only slightly and they can thus be
regarded as constants, with the following values used for the
calculation: μk = 0 26, γ′ = 23 kN/m3, γa = γb = 26 kN/m3,
and γk = 28 5 kN/m3. All the random variables follow a nor-
mal distribution regardless of the correlation between the
parameters, and the number of samplings in the calculation
of reliability probability is 1 million times. In the program,
the values of ha and hc calculated from each sampling are

applied to the water-resistant key strata to determine if hk
needs to be changed.

3.1. Effects of Random Variables on Stable Reliability
Probability. The reliability probability of each failure mode
is studied by changing the mean value of a single random
variable. Figures 5 and 6, respectively, show the results when
the average cohesive force c of the floor and the coefficient of
horizontal pressure k0 are taken as example variables.

From the former analysis, the random variable c affects
the value of the mining failure depth ha of the floor and influ-
ences the actual thickness of the key strata through ha. The
reliability probability of the failure modes of floor mining
failure type, the combined intrusion and mining failure,
and the shear and tensile failure modes of key strata are all
affected by the change mean of c (Figure 5). However, when
c is higher than 6MPa, the elevated level of each failure mode
and the reliability probability of system delay obviously
increases with the increase in the mean of c. This phenome-
non shows that when the strength of the water-resistant floor
reaches a certain value, it cannot effectively improve the reli-
ability probability of the stability of the water-resistant floor
by continually improving the floor strength. The failure
mode of the intrusion type is not affected by the random var-
iable c, and the reliability probability is stable at approxi-
mately 0.99998 (Figure 5(a)).

In this study, the random variable k0 affects the occur-
rence probability of the failure mode of shear and tensile fail-
ure in the key strata and the system. Figure 6 shows that the
reliability probability of the shear failure mode of the key
strata decreases with the increase in the mean of k0, while
the reliability probability of tensile failure mode increases.
When the lateral pressure coefficient k0 is smaller, that is,
the horizontal stress is smaller, the tensile failure of the key
strata is more likely to occur than the shear failure. With
the increase in geostress, the tensile stress produced by the
transverse bending is offset, in part owing to the existence
of the horizontal compressive stress; therefore, the possibility
of tensile stress occurring at the key strata decreases, while
the possibility of shear failure increases. When the horizontal
stress increases to a certain extent (such as 1.5), the possibil-
ity of occurrence of shear failure exceeds that of the tensile
failure type. At this instant, the system reliability probability
reaches the maximum value of 0.96359. Later, with the
increase in the mean value of k0, the reliability probability
of the system decreases continuously.

In addition, the reliability probabilities of the above fail-
ure modes are basically stable at approximately 0.99818,
0.99998, and 0.99994, owing to the mining failure type of
the floor, and the intrusion type and the combined failure
mode of the two are independent of k0.

3.2. Effects of Variation Coefficients on Stable Reliability
Probability. Changing the variation coefficient value of the
single random variable enables the study of the reliability
probability of each failure mode. Figure 7 shows the results
when the average cohesive force c of the floor and the intru-
sion height of the confined water hc are taken as examples.
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Figure 7 shows that with the increase in the variation
coefficient c, the failure modes associated with c and the reli-
ability probability of the system decrease in varying degrees.
When the variation coefficient reaches 1.1, the reliability
probability of the system decreases significantly. When the
variation coefficient c reaches 2, the failure modes of the sys-
tem change from tensile failure type to mining failure. The
intrusion failure mode is not affected by random variable c,
and its reliability probability is basically stable at approxi-
mately 0.99998.

The value of random variable hc affects the actual thick-
ness value of the key strata, consequently changing the value
of variation coefficient hc and affecting the reliability proba-
bility of failure modes of the intrusion type, the combined
mining failure and intrusion types, and the shear and tensile
failure types in the key strata (Figure 8). Similarly, as the var-
iation coefficient hc increases, the relevance of each failure
mode and the reliability probability of the system are reduced
to different degrees. The reliability probability decreases in a
pronounced manner when the variation coefficient reaches
2.6. The tensile failure mode is always the main failure mode
of the water-resistant floor system, as shown by the analysis
of the reliability probability of the system. The mining failure
is not affected by random variable hc, and thus, its reliability
probability is basically stable at approximately 0.99818.

Table 1: Statistics of the random variables in the synthetic case.

Parameters σkt/MPa ck/MPa φk/(
°) c/MPa φ/(°) k0 Ek GPa hc (m)

uf 13.5 14 38 7.0 34 1.0 17 12

σf 0.9 1.5 3.5 0.9 2.9 0.5 1.0 1.5

δf 0.067 0.107 0.092 0.129 0.085 0.500 0.059 0.125
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Figure 5: Relationship between the mean value of c and the reliability probability. (a) Failure modes of intrusion type and the combined type
of mining failure and intrusion and (b) mode diagram of mining failure, 585 shear and tensile failure in key strata, and system failure.
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tensile failure in key strata and the reliability probability of the
system.
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The above analysis shows that the variation coefficient of
random variables is inversely proportional to the stability
probability of the water-resistant floor. The reliability proba-
bility of various failure modes and the system reliability prob-
ability decrease with the increase in the variation coefficient.
The impact of the variation coefficient on the water-resistant
floor stability is significant.

In the first failure mode, K1 = h′/ha, K2 = h – h′ + hk /hc,
and K1 = h/ ha + hc are defined as the safety factors of the
failure modes of the mining failure type, the intrusion type,
and the combination of the two, respectively. Correspond-
ingly, in the second main failure mode, the safety factor is
defined by the ratio of the critical water pressure of (7) and
(9) to the actual water pressure under the shear and tensile
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Figure 7: Relationship between variation coefficient of random variables c and reliability probability. (a) Failure modes of intrusion type and
the combined type of mining failure and intrusion and (b) mode of mining failure, shear and tensile failure in key strata, and system failure.
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Figure 8: Relationship between variation coefficient of random variables hc and reliability probability. (a) Failure modes of mining failure,
intrusion, and the combination mining failure and intrusion and (b) modes of shear, tensile failure in key strata, and system failure.
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failures of the key strata. The safety factor is calculated using
the mean values of the random variables listed in Table 1,
that is, the median safety factor. The calculation results are
presented in Table 2.

Table 2 shows that when the safety factor is used to eval-
uate the stability of the water-resistant floor, the value is only
affected by the mean of the variables. The physical and
mechanical parameters of the rock mass and the randomness
of the load are not fully considered. Figures 7 and 8 show that
the coefficient of variation increases and the probability of
reliability decreases under the same safety factor. When the
safety factor is large, the reliability probability of the floor is
still relatively low. Therefore, the stability of the floor cannot
be guaranteed solely by the safety factor. The use of reliability
theory is more objective and reasonable for studying the sta-
bility of the water-resistant floor.

3.3. Effects of Key Strata Locations on Stability Reliability
Probability. To analyze the influence of the key strata posi-
tion on the stability and reliability probability of the floor,
the probability of each failure mode under different ratios
can be calculated by choosing different ratios of h′ to h. The
result is shown in Figure 9, which reveals that with the
increase in the ratio, that is, when the key strata are far from
the coal seam and the influence of mining is reduced, the reli-
ability probability of the failure mode of mining failure type
gradually increases. The reliability probability of the failure

mode of the intrusion type and the combined type gradually
decreases from a constant state, which indicates that the key
strata are gradually affected by the intrusion of confined
water. The shear and tensile failure modes of the key strata
and the reliability probability of the system first increase
and later decrease and reach the peak value when the ratio
of h′ to h is approximately 0.7. The above findings indicate
that the position of the key strata significantly influences
the stability and reliability probability of the water-resistant
floor; when the key strata are far from the influence range
of mining and the intrusion of confined water, the stability
and reliability probability of the water-resistant floor can
reach the maximum value.

4. Application

The research results are applied to the mining of a 10-coal
seam in the 103rd mining area of the Yangliu mine. The Yan-
gliu mine is located in Suzhou City, Anhui Province, China.
The 103rd mining area is located in the middle of the mine.
The cover depth of the 10-coal seam is 500–650m, and it is
a monoclinic structure that tilts to the east. The ground eleva-
tion is +25m, the distance from the top of the limestone aqui-
fer in Taiyuan formation is 45m (i.e., the total thickness of
the water-resistant floor is h=45m), and the lithology of
the stratum is dense with mainly mudstone, siltstone, and
fine sandstone (Figure 10). According to the results of the
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Figure 9: Relationship between the position of key strata and reliability probability. (a) Failure modes of intrusion type and the combined
type of mining failure and intrusion and (b) mining failure, shear and tensile failure of key strata, and failure mode of the system.

Table 2: Calculation results of the median safety factor of stability of the water-resistant floor.

Parameter
First type of failure mode Second type of failure mode

Mining failure Intrusion Combined mode involving mining and intrusion Tensile failure Shear failure

Median safety factor of K 2.705 1.750 1.925 1.744 2.645
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limestone pumping test in the Taiyuan formation in the min-
ing area, the cover depth of static water level of the limestone
aquifer is −38m, the unit water inflow is q=0.0855L/(s·m),
and the water richness is weak. However, the limestone frac-
ture develops heterogeneity and the local water-rich differ-
ences are large, which indicates a potential water risk to the
safe mining of the 10-coal seam. Mining began to drain the
limestone water in the mining area in 2014. The current
cover depth of limestone is 340m according to the latest
observation results after the dewatering test.

The lithological analysis of the floor water-resistant layer
shows that a fine sand layer 7.9m thick appears 24.6m
below the coal seam with a stable distribution. Hence, the
rock layer can be considered a water-resistant key stratum,
that is, hk = 7.9m. The mine pressure monitoring shows that
the roof weighting step of the working face in this mine is
40m.

The height of progressive intrusion in the floor confined
water is large in the structural fracture zone and small in
the weak area of fracture development. According to the
statistical detection data on the mining area for years, the

mean value of hc is 12m, the standard deviation is 2.1m,
and the coefficient of variation is larger at 0.18. The mean
value of the lateral pressure coefficient k0 is 1.2, the stan-
dard deviation is 0.08, and the variation coefficient is not
large at 0.07.

When calculating the depth of the floor mining failure,
the mean and standard deviations of the physical and
mechanical parameters of the floor rock mass are calculated
using (35).

uf =
∑n

i=1hiuf i
∑n

i=1hi
,

σf =
∑n

i=1hiσf i
∑n

i=1hi

35

In the formula, hi is the ith layered thickness of the floor,
uf i is the mean of the mechanical parameters of the ith layer,
and σf i is the standard deviation of the mechanical parame-
ters of the ith layer.
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Figure 10: Sketch map of the 10-coal seam profile and histogram of the water-resistant floor. (a) Sketch map of the 10-coal seam profile and
(b) histogram of the water-resistant floor.
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Table 3 lists the characteristic values of the random vari-
ables of rock parameters after the conversion of (35) accord-
ing to the test data of the physical and mechanical properties
of rock in the laboratory. Poisson’s ratio and the weight with
a subtle change are also considered as constants in the calcu-
lation by taking μk = 0 26, γ′ = 23 kN/m3, γa = γb = 26 kN/
m3, and γk = 28 5 kN/m3. The various random variables in
Table 3 are subjected to a normal distribution, without con-
sidering the correlation among the parameters in the calcula-
tion process.

According to the cover depth of the 10-coal seam floor,
the reliability probability is calculated from the depth of
500–630m, as given in Table 4. Table 4 shows that water
pressure increases with cover depth, while the safety factor
of the mean value and the reliability probability in various
failure modes of the floor decrease and the failure proba-
bility increases.

Field technicians and mine staff often use the water
inrush coefficient method. This method was defined by the
Coal Mine Water Prevention and Control Regulations
(2009) using the following mathematical expression:

T = p
M

, 36

where T is the water inrush coefficient, MPa/m; p is the water
pressure in the floor water-resistant layer, MPa; andM is the
total thickness of the floor water-resistant layer, m.

According to the water control requirements of coal
mines in China and combined with the actual geological
conditions of Huaibei mining area, the water inrush coeffi-
cient of the entire floor does not exceed 0.06MPa/m. Utiliz-
ing this method helps determine the maximum safe mining
depth of this mining area to be 610m. However, the calcu-
lation results (Table 4) show that the median safety factor
of various failure modes is larger when the mining depth
is 610m. Furthermore, the reliability probability of the floor
is only 84.5%, and the failure probability is as high as 15.5%.
The reliability probability is much lower than those reported
in previous research in the literature [26]; specifically, the
reliability probability of roadway construction should not
be less than 90%. The above calculation shows that if the
water inrush coefficient in the traditional fixed-value
method is adopted and the maximum mining depth of the
10-coal seam is determined by the safety coefficient, then
water inrush from the floor occurs easily under unfavorable
external factors. Therefore, it is not comprehensive and
unreliable to determine the risk of water inrush from the
floor using only the fixed-value method. The theory of

structural system reliability should be introduced in the risk
prediction of water inrush from the floor.

The application of the theory of structural system reli-
ability in the evaluation of the water inrush of the coal min-
ing floor above the confined aquifer is still at the trial stage
and needs to be tested further in practice. A reasonable distri-
bution model of uncertain factors, such as rock mass param-
eters, loads, and model sizes, should be established through
the accumulation of a large amount of data for more reliable
evaluation results.

5. Summary and Conclusions

(1) The change in the mean value of the random variable
has an important influence on the water pressure
resisting capability of the floor. A larger average value
of the floor cohesion force corresponds to a higher
probability of reliability. However, when the floor
cohesion force reaches a certain value, the stability
and reliability probability of the floor cannot be
improved effectively. A larger lateral pressure coeffi-
cient k0 indicates a higher horizontal compressive
stress. The reliability probability of the shear failure
type of the floor key strata decreases, the reliability
probability of the tensile failure type increases, and
the reliability probability of the series system initially
increases and later decreases. The reliability probabil-
ity of the system reaches the maximum value when
the reliability probability of the shear failure type
and the tensile failure mode is the same

(2) A larger variance coefficient of the random variable
corresponds to a smaller correlative failure mode
and the reliability probability of the system; however,
the median safety factor remains unchanged

(3) The position of the key strata has an important influ-
ence on the stability and reliability probability of the
water-resistant floor. When the key strata are far
away from the influence range of the mining and
confined water progressive intrusion, the stability
and reliability probability of the water-resistant floor
can reach the maximum value

(4) The application of the case shows that the safety coef-
ficient specified in the regulation and the system reli-
ability probability calculated by the model in this
study can be used as an evaluation index to obtain
the evaluation results of the risk of floor water inrush
more accurately and comprehensively

Table 3: Statistics of random variables in Yangliu mine.

Parameters σkt/MPa ck/MPa φk/(
°) c/MPa φ/(°) Ek GPa k0 hc (m)

uf 13.90 16.00 38.00 11.90 34.00 18.00 1.20 12.00

σf 0.80 1.50 3.50 2.20 3.70 1.10 0.08 2.10

δf 0.06 0.09 0.09 0.19 0.11 0.06 0.07 0.18
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Table 4: Calculation results of reliability probability of the water-resistant floor’s stability.

Cover
depth/m

Water
pressure/MPa

Coefficient of water
inrush/(MPa·m−1)

Parameter

First type of failure mode
Second type of
failure mode

Mining
failure

Intrusion
Combined mode
involving mining
and intrusion

Tensile
failure

Shear
failure

500 1.6 0.036

Median safety factor 9.64961 1.70000 2.92816 2.76584 4.75042

Reliability probability 0.99991 0.99995 0.99997 0.95363 0.98151

Reliability probability of the
system

0.95259

520 1.8 0.040

Median safety factor 8.92160 1.7000 2.87671 2.49447 4.17738

Reliability probability 0.99986 0.99995 0.99998 0.93592 0.97427

Reliability probability of the
system

0.93549

540 2.0 0.044

Median safety factor 8.27299 1.70000 2.82513 2.27722 3.71882

Reliability probability 0.99977 0.99995 0.99998 0.91824 0.96530

Reliability probability of the
system

0.91750

550 2.1 0.047

Median safety factor 7.97488 1.70000 2.79933 2.18406 3.52226

Reliability probability 0.99966 0.99996 0.99998 0.90659 0.95931

Reliability probability of the
system

0.90757

560 2.2 0.049

Median safety factor 7.69261 1.70000 2.77353 2.09933 3.34353

Reliability probability 0.99975 0.99996 0.99994 0.89746 0.95426

Reliability probability of the
system

0.89656

570 2.3 0.051

Median safety factor 7.42506 1.70000 2.74774 2.02193 3.18032

Reliability probability 0.99959 0.99997 0.99998 0.88736 0.94869

Reliability probability of the
system

0.88614

580 2.4 0.053

Median safety factor 7.17123 1.70000 2.72199 1.95095 3.03067

Reliability probability 0.99955 0.99998 0.99994 0.87791 0.94177

Reliability probability of the
system

0.87619

590 2.5 0.056

Median safety factor 6.93020 1.70000 2.696286 1.885618 2.8929881

Reliability probability 0.99954 0.99994 0.99994 0.86646 0.93508

Reliability probability of the
system

0.86549

600 2.6 0.058

Median safety factor 6.70112 1.70000 2.67061 1.82528 2.76586

Reliability probability 0.99941 0.99995 0.99989 0.85676 0.92849

Reliability probability of the
system

0.85634

610 2.7 0.060

Median safety factor 6.48322 1.70000 2.64501 1.76941 2.64812

Reliability probability 0.99952 0.99994 0.99992 0.84512 0.92143

Reliability probability of the
system

0.84503

620 2.8 0.062

Median safety factor 6.27582 1.70000 2.61951 1.71751 2.53882

Reliability probability 0.99932 0.99993 0.99992 0.83644 0.91408

Reliability probability of the
system

0.83609

630 2.9 0.064

Median safety factor 6.07823 1.70000 2.59411 1.66907 2.43691

Reliability probability 0.99919 0.99996 0.99989 0.82507 0.90543

Reliability probability of the
system

0.82411
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Abrasive gas jet technologies are efficient and beneficial and are widely used to drill metal and glass substrates. When the inlet
pressure is increased, gas jets could be powerful enough to break rock. They have potential uses in coal-bed methane exploration
and drilling because of their one-of-a-kind nonliquid jet drilling, which avoids water invasion and borehole collapse. Improving
the efficiency of rock breakage using abrasive gas jets is an essential precondition for future coal-bed methane exploration. The
nozzle structure is vital to the flow field and erosion rate. Furthermore, optimizing the nozzle structure for improving the
efficiency of rock breakage is essential. By combining aerodynamics and by fixing the condition of the nozzle in the drill bit, we
design four types of preliminary nozzles. The erosion rates of the four nozzles are calculated by numerical simulation, enabling
us to conclude that a nozzle at Mach 3 can induce maximum erosion when the pressure is 25MPa. Higher pressures cannot
improve erosion rates because the shield effect decreases the impact energy. Smaller pressures cannot accelerate erosion rates
because of short expansion waves and low velocities of the gas jets. An optimal nozzle structure is promoted with extended
expansion waves and less obvious shield effects. To further optimize the nozzle structure, erosion rates at various conditions are
calculated using the single-variable method. The optimal nozzle structure is achieved by comparing the erosion rates of different
nozzle structures. The experimental results on rock erosion are in good agreement with the numerical simulations. The optimal
nozzle thus creates maximum erosion volume and depth.

1. Introduction

A high-pressure gas jet is efficient for drilling and cutting
metal or glass. It has been widely used to drill hard and brittle
materials for several decades [1–3]. To date, researchers have
used the technology for rock or coal breakage in coal-bed
methane exploration [4–6]. As a nonliquid invasive jet, the
abrasive gas jet avoids borehole collapse, which is mainly
induced by water invasion during assisted drilling with
high-pressure water jets [7–9]. Like supercritical CO2, the
abrasive gas jet has great potential for assisted drilling and
perforation in coal-bed methane exploration [10]. The
assumption is that high-pressure abrasive gas jet is powerful
and effective enough to break rock and coal. There are many
methods that improve the impact force of abrasive gas jets.

The most significant method is optimization of the nozzle
structure.

For compressible fluid jets, the nozzle structure decides
the outlet velocity and flow-field structure [11]. There are
many nozzle types (e.g., straight nozzle, Laval nozzle, and
convergent nozzle) available for rock breakage. Fortunately,
many studies have provided essential guidance. Tan et al.
proposed that the inclusion of a Laval nozzle would magnify
the velocity and eliminate the instability of the airflow field.
They also conjectured that the Laval nozzle was best
equipped for high velocity and stable flow fields [12]. Li
et al. found that the flow generated by the Laval nozzle had
a higher exit velocity in the vicinity of the nozzle, compared
to a straight nozzle. Thus, a Laval nozzle is more efficient
than a straight one. The flow generated by a Laval nozzle is
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also less convergent, and the velocity gradient along the
radial direction is more moderate than a straight nozzle
[13], according to flow characteristics. The Laval nozzle
is considered a better choice for rock and coal breakage.
Alkhimov et al. studied the relationship between nozzle
structure and final exit velocity of particles, finding an
optimizing structure and substream length [14]. Huang
et al. investigated nozzle configurations on rock erosion
by comparing convergent and Laval nozzles. He concluded
that the Laval nozzle enhanced rock erosion, depending on
pressure and temperature conditions. Additionally, the jet
from a nozzle with a smooth inner profile always had a
greater erosion ability than a Laval with a broken line
inner profile [15].

The reason why nozzle structure affects the outlet pres-
sure is that it decides the expansion status of the gas jet.
The expansion status depends on the ratio of static pressures
between the outlet and the atmosphere, which is equal to the
rate of the section between the nozzle outlet and inlet [16].
The expansion status is significant to the flow field, which
is substantial to abrasive acceleration and abrasive velocity
impacting the material [17]. Gregorio investigated the com-
pressibility effect on a supersonic turbulent jet with a nozzle
Mach exit of Ma=1.5. The results showed that the overex-
panded jet presented a larger spreading rate than other
conditions. The overexpanded jet was characterized by a
strong shock immediately downstream of the nozzle exit,
inducing a speed deceleration to Ma=1.1. The fully
expanded state was described by a slight overpressure value
with respect to the ambient conditions, presenting a train of
weak expansion and oblique shock waves. The underex-
panded jet showed extreme Mach fluctuations owing to the
stronger train of expansions and shock waves [18]. The
underexpanded jet presented the best status for converting
high gas velocities. Moreover, the Mach disc was an obvious
barrier to obtaining a flow-field and high gas velocity, neces-
sary for rock and coal breakage. Because the expansion status
relates to the ratio of inlet and outlet pressures, the inlet pres-
sure should be seriously investigated. Tan et al.’s research
showed that the maximum value of gas jets increases with
increasing inlet pressure. Thus, it oscillates, accompanied
by the formation of compression waves in the supersonic
region when the inlet pressure is larger than 15 psi. The sim-
ulation demonstrates that a Laval nozzle influences the air-
flow field by increasing the maximum value of the gas jet
velocity and by eliminating the compression waves at specific
expected values of the pressure inlet [12].

Whereas earlier investigations clarified the relation
between nozzle structure and gas jets, the types of nozzle
structures that best apply to accelerate abrasives have been
rarely studied. The motion of abrasives in gas jets is so
complicated that there is no consensual theory on an abra-
sive acceleration or abrasive erosion mechanisms. Such
mechanisms would be significantly affected by gas pres-
sure, abrasive concentration, abrasive size, abrasive density,
etc. [19–25]. Ultimately, the only thing that matters is that
this property increases the erosion rate of the abrasive gas
jet. Thus, we are inspired to estimate the nozzle structure
based on erosion rate.

To optimize the nozzle structure of an abrasive gas jet for
rock and coal breakage, we designed a preliminary structure
by combining aerodynamics and installing a drilling engi-
neered nozzle. Moreover, the effects of various convergent
angles, draw ratio of the throat, divergent angles, etc. on
the erosion rate were obtained via numerical simulation,
thus providing estimates for the optimal nozzle structures.
Moreover, the results of numerical simulation are verified
by erosion experiments. Finally, the optimal nozzle struc-
ture for rock and coal breakage induced with abrasive
gas jets is proposed.

2. Preliminary Nozzle Structure Design

A Laval nozzle is a convergent-divergent nozzle, invented by
Gustav Patrik de Laval in 1888 for steam engine applications
to produce a supersonic flow in the divergent section, directly
following the choked and sonic flow conditions at the
narrowest point of the nozzle. Because his paper focused on
the erosion rate of the abrasive gas jet, the abrasive velocity
was the most relevant to rock breakage. The abrasive velocity
largely depended on gas velocity and its gain. The gas velocity
reached sonic proportions at the narrowest point, where it
transitioned from the convergent section to the divergent
section. Lengthening the narrowest section (i.e., throat sec-
tion) prolonged the sonic and abrasive acceleration times,
promoting the higher initial abrasive velocities at the
entrance of divergent section and the higher impact velocities
on the rock and coal. Thus, the Laval nozzle with a throat sec-
tion was used to erode the rock, as shown in Figure 1. Because
the abrasive velocity gained mainly from gas, the gas state
and velocity of the nozzle should be cleared first.

Assuming the flow state is adiabatic and frictionless, the
differential equations of a 1-dimensional steady flow in the
nozzle are as follows.

The continuity equation is

dV
V

= −
dA
A

−
dρ
ρ
, 1

where V is volume, A is a sectional area, and ρ is density.
Momentum is

VdV = −
dρ
ρ

2

Convergent Throat Divergent

Figure 1: Structure of the Laval nozzle with a throat section.
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Energy is

dT
T

+ VdV
cpT

= 0, 3

where T is temperature and cp is constant-pressure specific
heat.

State equation is

dρ
ρ

= dp
p

−
dT
T

4

Momentum equation can be rewritten as

V2dV
V

= −
dp
dρ

· dρ
ρ

= −a2
dρ
ρ
, 5

where a is the local speed of sound.
By putting (1) and (5) together, we get

dV
V

= −
1

1 −M2
dA
A

, 6

where M is the Mach number.
Momentum can also be rewritten as

V2dV
V

= −
dp
kp

a2 7

By putting (6) and (7) together, we get

dp
p

= kM2

1 −M2
dA
A

8

Plugging (8) into (1), we get

dρ
ρ

= kM2

1 −M2
dA
A

9

The second terms of the energy equation can be
rewritten as V2dV/V ⋅ k − 1 /a2 and be plugged into
(6), such that

dT
T

= k − 1 M2

1 −M2
dA
A

10

It is clear that the thermodynamic parameters (e.g., p,
T , and ρ) of the gas jet depend on the changes of nozzle
section. Thus, these parameters can be calculated by noz-
zle section area based on (8), (9), and (10). To optimize
the nozzle structure, the way the ratio of the nozzle

section area affects the thermodynamics parameter should
be figured out first. The continuity equation can be
rewritten as

ρVA = ρ∗V∗A∗, 11

where ρ∗ is the critical density, V∗ is the critical volume,
and A∗ is the critical sectional area.

Owing to V∗ being equal to a∗ and the critical velocity of
sound, (11) can be rewritten as

A
A∗ = ρ∗

ρ0
· ρ0
ρ

· a
∗

a0
· a0
a

· a
V

12

The first four items of the right side of (12) can be
replaced with a constant entropy equation related to M.
The fifth item is equal toM−1. Thus, (12) can be rewritten as

A
A∗ = 1

M
2

k + 1
k+1 / 2 k−1

1 + k − 1
2 M2

k+1 / 2 k

13

According to (13), the relationship between the Mach
number of the nozzle exit and the ratio of the sectional area
can be obtained. The sectional area of the nozzle exit can be
confirmed by setting the Mach number and the sectional area
of the nozzle entrance in advance. For rock and coal erosion,
the larger the Mach number at the nozzle exit, the better the
abrasive gas jet erodes rock and coal, and the larger the sec-
tional area at the nozzle exit. However, it is impossible to
enlarge the sectional area infinitely, because the fixing posi-
tion is limited by the coal-bed methane well. The permitted
maximum length of the nozzle is 40mm, and the maximum
sectional area of nozzle entrance and outlet is 4mm and
10mm, respectively, based on the size of the drill bit. By com-
bining the thermodynamic equations and the size of the fixed
position of the drill bit, four initial nozzle structures can be
designed. Their outlet velocities are Mach numbers 2, 3, 4,
and 5, as shown in Figure 2.

3. Further Optimizing the Laval Nozzle

The four Laval nozzles, discussed in Section 2, differ with out-
let velocity. Moreover, the nozzle having a Mach 5 outlet
velocity is efficient for energy transformation. However, it
cannot tell when it is the best to accelerate to abrasive mode
to erode the rock and coal, because abrasive acceleration
relates not only to gas velocity but also to gas density, viscos-
ity, temperature, pressure gradient, etc. [26–29]. Further-
more, the inlet pressure is critical to abrasive acceleration
and velocity, because it determines the expansion state of
the gas jet. Moreover, the convergent angle, divergent angle,
and draw ratio of the nozzle throat section dramatically affect
the expansion state. Thus, the Laval nozzle should be specially
designed. We use ANSYS–FLUENT as an efficient analysis of
the flow-field of the gas jet. Its discrete phase model (DPM)
can precisely resolve the abrasive motion. It provides an ero-
sion model to calculate the erosion rate of the target material.

3Geofluids



Thus, this section focuses on the effects of various initial FLU-
ENT conditions and structures of the erosion rate of rock.

3.1. Numerical Simulation Model. According to erosion
parameters (e.g., nozzle parameter), when the stand-off dis-
tance is 100mm, the numerical simulation geometry model
is designed as shown in Figure 3. A structured grid is used
for mesh division, and the mesh number is 17,240, based
on the mesh sensitivity analysis. The inlet boundary is the
pressure inlet; the outlet boundary is the pressure outlet;
and the wall surface is a nonslip wall. Whereas the inlet
temperatures are all 300K and the outlet pressures are
all 0.1MPa, the garnet abrasive is 3500 kg/m3, and the
diameter is 180μm. The gas and solid phases are calcu-
lated based on the continuous and discrete phase models.
Following the convergence and stability of the gas phase,
the DPM model calculates abrasives’ parameters (e.g.,
velocity and spatial locations).

For the gas phase, the RNG k-ε turbulence model can
simulate a high Reynolds number flow of jets. The gas is

assumed to be an ideal gas. The governing equations for the
RNG k-ε turbulence model are described in [30].

∂ ρk
∂t

+ ∂ ρkui
∂xi

= ∂
∂xi

αkμef f
∂k
∂xj

+Gk +Gb − ρε − YM ,

∂ ρε

∂t
+ ∂ ρεui

∂xi
= ∂
∂xj

αεμef f
∂ε
∂xj

+ C1ε
ε

k
Gk + C3εGb − C2ερ

ε2

k
,

14

where

μef f = μ + μt ,

μt = ρCu
k2

ε
,

Gb = φgi
μt
Prt

∂T
∂xi

,

Gk = μt
∂μi
∂xj

+
∂uj

∂xi

∂μi
∂xj

,

YM = 2ρε k
a2

15

ρ is density; k is turbulent kinetic energy; ε is dissipation
rate of k; t is time; xi are the Cartesian coordinates; ui and uj

are velocity components along i and j; μ is gas viscosity; μt is

Outlet

Outlet

TargetNozzle

Abrasive and gas inlet
Stand-off distance 100 mm

Pipe

Figure 3: Geometrical model of numerical simulation.
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(a) Mach 2
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2.00 mm 6.00 mm 7.50 mm
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(b) Mach 3

2.00 mm 6.00 mm 16.40 mm
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4.00 mm
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24.40 mm

(c) Mach 4
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Figure 2: Preliminary Laval nozzle structure.
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eddy viscosity; Gk is the generation term of the turbulent
kinetic energy, k, resulting from the mean velocity gradient;
Gb is the generation term of the turbulent kinetic energy from
buoyancy; YM is the effect of compressible turbulent pulsatile
expansion on the total dissipation rate; and αk and αε are the
reciprocals of the effective Prandtl numbers for turbulent
kinetic energy and dissipation rates. Prt is the turbulence
Prandtl number; C1ε, C2ε, and C3ε are empirical constants;
gi is the component of gravitational acceleration in the i
direction, φ is the thermal expansion coefficient, and a is
the acoustic velocity.

The gas phase continuity equation is

∂ εf ρf

∂t
+ ∇ · εf ρf u = 0 16

The gas phase Navier–Stokes equation is

∂ εf ρf u

∂t
+ ∇ · εf ρf u u = −εf · ∇P − F f p

− ∇ · εf ρf τf + εf ρf g ,

17

where εf is the gas volume fraction; ρf is the gas density,

kg/m3; t is the time, s; u is gas velocity vector, m/s; P is

pressure, kPa; F f p is fluid particle interaction force, N; τf
is gas phase stress tensor; and g is gravity acceleration
vector, m/s2.

The DPM of the particle phase is given as in [26, 31]:

dup
dt

= FD uf − up +
g ρp − ρf

ρp
+ Fx, 18

where FD u − up is the drag force per unit particle mass.

FD = 18μm
d2pρp

CD

Rep
24 ,

Rep =
ρf dp up − uf

uf
,

19

where Fx is an additional acceleration caused by the Saffman
lift force. Pressure gradient up is the particle velocity, uf is the
velocity of the fluid, g is gravity acceleration, ρp is the density
of the particle, dp is the diameter of the particle, CD is the
drag coefficient, and Rep is the relative Reynolds number.

FLUENT provides erosion models for analyzing the ero-
sion rate of the target material. Among those, the McLaury
erosion model is optimal for investigating rock erosion of
abrasive gas jets, because the particle velocity, shape, diame-
ter, etc. are considered [32, 33].

ER = AFsv
n
p f θ , 20

where ER is the target erosion; A is the Brinell hardness of the
material; Fs is a particle shape coefficient; n is constant; and
Fs = 1.0 for sharp (angular), 0.53 for semi-rounded, or 0.2
for sully rounded sand particles. Morsi and Alexander used
two functional forms of angle dependence, with matching
conditions applied at some intermediate angle, θ0. The
dependence on impingement angle, θ, is given in (21) [34].

f θ =
m1θ

2 +m2θ  for θ ≤ α,
m3 cos2θ sin wθ +m4 sin2θ + z  for θ > α,

21

where m1,m2,m3,m4,w, z, and α are empirical constants.

3.2. Verifying of Outlet Velocity of the Laval Nozzle. Equation
(13) shows that the Mach number of the nozzle exit only
relates to the ratio of the sectional area between the inlet
and outlet. The inlet pressure cannot affect the Mach number
but can affect the ratio of static pressure between the outlet
pressure and atmosphere. To verify the preliminary nozzle
structure and numerical simulation model, the data of the
Mach number of the jet axial is extracted and shown in
Figure 4. The Mach number of the nozzle exit reflects the the-
oretical analysis. Thus, the preliminary nozzle structure and
the numerical simulation model are available in this study.

3.3. Effect of Pressure on Erosion Rate. Inlet pressure can dra-
matically affect expansion state, deciding the flow-field struc-
ture and abrasive acceleration. When the nozzle structure
does not change, every nozzle has its own best pressure to
erode rock at the greatest extent possible. It is necessary, then,
to find the best pressure of abrasive gas jets for rock breakage.
If the inlet pressure is too small, the velocity of the abrasive
cannot be accelerated high enough, leading to a lesser erosion
rate. However, if the inlet pressure is too large, the velocity of
abrasive can be accelerated extremely high, but it aggravates
the wear of the nozzle and shortens its service time. To find
the best inlet pressures of the four nozzles and nozzle struc-
ture, the erosion rate will be calculated when the inlet pres-
sure is 10MPa, 15MPa, 20MPa, 25MPa, 30MPa, and
50MPa. The most used abrasive of oil and natural gas well
drilling is garnet with a diameter of 80 mesh, reflecting the
initial parameters of the solid phase of the numerical sim-
ulation. The stand-off distance of good drilling is typically
0–100mm. Moreover, the larger the stand-off distance, the
smaller the impact force and velocity of abrasive when the
stand-off distance is beyond optimal value. The optimal
stand-off distance depends on the potential core of the
abrasive gas jet. To rid the effect of optimal stand-off dis-
tances and potential cores, confusing the comparison of
erosion rate at the different initial condition, the initial
stand-off distance is 100mm of the numerical simulation.

We extract the maximum erosion rate of every numerical
simulation case, as shown in Table 1. Similar to the conclu-
sion of Section 2, every nozzle has its own best pressure for
creating the largest erosion rate. Therefore, the maximum
erosion of the nozzle at Mach 2 is 7.92× 10−6 kg/m2·s
when the pressure is 25MPa. The biggest erosion rate of
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the numerical simulation case is 1.26× 10−5 kg/m2·s when
the pressure is 25MPa, and the nozzle type is Mach 3.
Figure 5 shows the result of the nozzle at Mach 3 with
various pressures, causing different erosion rates, owing
to pressure changes.

Because the abrasive gas jet velocity depends on the gas
jet flow field, we should clearly define how the pressure
affects the gas jet flow field. When the gas exits the nozzle,
the jet flow field depends on the ratio of static pressure
between the gas jet and atmosphere. When the inlet pressure
is 10MPa, the outlet static pressure is 0.28MPa. Thus, the gas
does not completely expand. The gas expands continuously
after flowing out of the nozzle, squeezing the boundary air.

This leads to the formation of an expansion wave, causing
the gas jet to expand in the radial direction and increase the
potential jet core. Moreover, the gas velocity in the axial
direction further accelerates. Meanwhile, the static pressure
of the gas jet gradually decreases with the expansion of the
gas jet. The gas jet ceases to expand when static pressure is
less than the atmosphere, and the gas jet velocity reaches
the maximum. The expansion wave continually reflects the
boundary of jet and overlays, leading to the formation of
compression waves. The gas ceases to expand in a radial
direction and begins to compress in the axial direction,
shrinking the boundary of the potential core and decreasing
the gas velocity. However, the density and static pressure of
the gas jet increase with the formation and propagation of
the compression wave. When the static pressure increases
to 0.19MPa, the gas jet has enough internal energy to
expand. Then, the compression wave reflects the boundary
and begins to expand again. By comparing the first expansion
wave, the static pressure of the second expansion wave is
smaller. The reflected angle of the expansion wave will
be small, and the wavelength will be short. The expansion
and compression waves propagate forward, alternatively in
this fashion.

The larger the inlet pressure, the larger the outlet static
pressure, leading to an increase of expansion waves and a
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Figure 4: Mach number of the gas jets at nozzle exits.

Table 1: Maximum erosion rate of different nozzles at various
pressures.

Nozzle
Erosion rate (×10−7 kg/m2·s)

10MPa 15MPa 20MPa 25MPa 30MPa 50MPa

Mach 2 10.9 12.5 19.3 79.2 10.7 4.56

Mach 3 13.1 24.3 60.6 126 15.7 2.95

Mach 4 15.1 13.4 17.2 13.5 16.3 7.17

Mach 5 13.0 7.27 16.1 65.5 12.8 4.56
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decrease of compression waves. An extended expansion wave
creates a higher gas velocity, favorable and essential to abra-
sive acceleration. However, when the pressure is 30MPa, the
shield effect is evident and obstructive to abrasive erosion.
The shield effect is much more apparent when pressure
increases. Additionally, when the pressure reaches 50MPa,

there is a Mach disk next to the nozzle exit. It is well-
known that, when the ratio between static pressure and the
atmosphere is large enough, the gas jet will overexpand, lead-
ing to a Mach disc. Whereas the gas velocity prior to the
Mach disk is the largest, the gas velocity decreases signifi-
cantly after the Mach disk is created. Then, the shield effect
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Figure 5: Flow field of gas jet and erosion rate at a variable pressure of nozzle Mach 3.
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is the most obvious, causing the erosion rate to reduce dra-
matically. Compared to other flow fields, when inlet pressure
is 25MPa, the flow field has the most extended expansion
wave and the most subtle shield effect. The most extended
expansion wave causes the abrasive to accelerate to the high-
est velocity. The most subtle shield effect causes the impact
energy of abrasive to transfer most efficiently into the break-
age energy of rock. These are the two primary causes giving
sufficient explanation to the best erosion rate of 25MPa.

4. Refining Nozzle Structure

Abrasive acceleration depends not only on the gas flow field
of a free jet but also on the flow field of the nozzle. The best
flow field of a free jet should feature high velocity and an
unobvious shield effect, entirely depending on the ratio of
expansion ratio and inlet pressure. Refining internal nozzle
structures (e.g., convergent angle, divergent angle, contrac-
tion ratio, and draw ratio) is merely related to the flow field
of the nozzle. Like Section 3, we do not focus on how detailed
the nozzle structure affects the flow field. We instead judge it
from the erosion rate.

4.1. Effect of Convergent Angle on Erosion Rate. The conver-
gent angle decides the range of convergent section when the
diameters of entrance and throat are being constant. While
gas flows through the converging section, it will be first com-
pressed and then released reaching a speed of sound. The
high-speed gas jet then acts on abrasive hence abrasive accel-
eration. However, in order to achieve an excellent abrasive
acceleration, convergent angle needs to be optimized. Specif-
ically, a too large convergent angle results in a shorter con-
vergent section with a nonuniform and unsteady gas jet,
weakening the abrasion. Yet a too small convergent angle
not only negatively affects abrasive acceleration but also
brings difficulties in nozzle manufacturing. According to

aerodynamics experience, the convergent angle is suggested
to range between 14° and 60°. To further identify how the
convergent angle affects the erosion rate, the erosion pro-
cesses on rock are simulated with eight divergent angles in
the following ranges: 14°, 28°, 36°, 45°, 51°, 53°, 55°, and 60°.
The other influential parameters are fixed in the simulation.
The results are presented in Figure 6 and Table 2. It is shown
that divergent angle has a dramatical influence over the ero-
sion rate. With an increasingly divergent angle, the erosion
rate increases and then decreases. The maximum erosion rate
is 1.27× 10−5 kg/m2·s when the divergent angle is 53°. When
the convergent angle is less than 45°, the erosion rate of the
target center is extremely small. The smaller the convergent
angle is, the lower the erosion rate will be. By leveraging
Figure 5, the smaller convergent angle leads to a more obvi-
ous shield effect, which is disadvantaged by the erosion rate.
Higher convergent angles cause the gas jets to be difficult to
accelerate and to become unstable in the flow field, leading
to a decreased erosion rate.

4.2. Effect of Contraction Ratio on Erosion Rate. Contraction
ratio refers to the ratio of the nozzle inlet radius to the throat
radius. When the contraction ratio is less than 3, the flow
field of a gas jet of will be continuous and unseparated. The
contraction ratio is designed to be within 1.5, 2, 2.5, 3,
3.5, and 4, whereas other structure parameters remain
unchanged, except where at convergent of 53°. The erosion
rate of rock at different contraction rates of Laval nozzle
was calculated using the same numerical simulation
method. The results are shown in Table 3 and Figure 7.
Similar to Figure 6, when the contraction ratio equals 2,
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Figure 6: Erosion rate of rock at different divergent Laval nozzle angles.

Table 2: Erosion rate of rock at different divergent angles.

Divergent angle 14° 28° 36° 45° 51° 53° 55° 60°

Erosion rate (×10−7 kg/m2·s) 2.76 11.2 17.6 18.4 102 127 123 48.0

Table 3: Erosion rates of rock at different contraction ratios.

Contraction ratio 1.5 2 2.5 3 3.5 4

Erosion rate (×10−7 kg/m2·s) 10.5 127 34.8 31.1 21.2 20.8
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the shield effect is the most unobvious and is the primary
cause of the maximum erosion rate. When the contraction
ratio is less than 2.0 or too large, the shield effect
decreases the impact energy of incident gas jets, making
the wall jet too distant from the target center and inducing
a decrease of erosion rate. A high erosion rate will cause a
deeper erosion pit of rock, and a low erosion rate will
cause the erosion pit of rock to be broader.

4.3. Effects of Divergent Angles on Erosion Rate. The divergent
angle is a primary factor influencing expansion state and
speed of a gas jet. Thus, it is critical to abrasive acceleration
and rock erosion. When the divergent angle is between 5°

and 30°, the flow field of the gas jet improves. Based on the
effect of convergent angle and contraction ratio on erosion
rate, the structure of the Laval nozzle is refined further by
adjusting the divergent angle among 5°, 7°, 10°, 12°, 15°, and
30°. The parameters of the Laval nozzle are listed in
Table 4. The results of the numerical simulation are shown
in Table 5 and Figure 8. The best erosion rate is
1.53× 10−7 kg/m2·s. When the divergent angle is 10°, the ero-
sion rate reaches maximum. The shield effect is subtle when
the divergent angle resets between 5° and 15°. If the divergent

angle is too large (e.g., 30°), the shield effect is apparent and
disadvantageous to rock erosion.

4.4. Effect of the Aspect Ratio of the Throat on Erosion Rate.
The aspect ratio of the Laval nozzle refers to the ratio
between throat length and diameter. For the gas phase, the
velocity reaches the speed of sound and remains unchanged
at the throat section. The length of the throat is not related
to gas velocity. For solid phase, the length of the throat is sig-
nificant to abrasive acceleration, because it determines the
acceleration time of the abrasive. Thus, the erosion rate can
improve when the aspect ratio of the throat is adjusted. To
investigate the effect of the aspect ratio on erosion rate, we
calculate the rate of rock erosion when the aspect ratio is 0,
2, 3, 4, 5, and 7. Meanwhile, the convergent angle is 53°, the
contraction ratio is 2, and the divergent angle is 10°. Results
are shown in Table 6 and Figure 9. With the increasing aspect
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Figure 7: Erosion rates of rock at different contraction ratios.

Table 4: Laval nozzle structure with different divergent angles.

Nozzle parameters Value

Entrance diameter (mm) 4 4 4 4 4 4

Throat diameter (mm) 2 2 2 2 2 2

Convergent angle 53° 53° 53° 53° 53° 53°

Draw ratio 3 3 3 3 3 3

Exit diameter (mm) 4.1 4.1 4.1 4.1 4.1 4.1

Divergent angle 5° 7° 10° 12° 15° 30°

Divergent length (mm) 23 16 11.4 9.5 7.6 3.7

Table 5: Erosion rate of rock at different divergent angles.

Divergent angle 5° 7° 10° 12° 15° 30°

Erosion rate (×10−7 kg/m2·s) 120 127 153 127 66.1 18.2
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Figure 8: Erosion rate of rock at different divergent angles.

Table 6: Erosion rates of rock at different throat aspect ratios.

Aspect ratio 0 2 3 4 5 7

Erosion rate (×10−7 kg/m2·s) 9.64 127 153 71.2 34.4 26.1
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ratio of the nozzle throat, the erosion rate increases and then
decreases. When the aspect ratio is 0, the length of the throat
is 0, and the erosion rate is minimized. The existence of a
throat is vital to abrasive acceleration and erosion rate. The
erosion rate reaches its maximum, 153× 10−7 kg/m2·s, when
the aspect ratio is 3 and the length is 6mm.

4.5. Optimal Nozzle Structure. From Section 3, we see that
nozzle Mach 3 creates a comparatively maximum erosion
rate. Nozzle structure is further refined by analyzing the
effects of different convergent angles, contraction ratios,
divergent angles, and aspect ratios on erosion rate. The single
variable method is used to optimize the structural parameters
and to get the optimal nozzle for rock breakage. The optimal
nozzle structure parameters are at a convergent angle of 53°, a
contraction ratio of 2, a divergent angle of 10°, and an aspect
ratio of 3.

5. The Rock Erosion Experiment

To verify whether the nozzle structure is optimal, a rock ero-
sion experiment was induced by comparing the erosion rate
of relatively good nozzles, designed based on the optimal
nozzle, as shown in Figure 10. Figure 10(a) shows the optimal
nozzle. Based on the effect of the convergent angle on the ero-
sion rate, the second best convergent angle is 60°. We change
the convergent angle to 60° and keep the other nozzle param-
eters unchanged, marked as nozzle b in Figure 10(b). Using
the same method, we can associate nozzle c with the transi-
tion of a divergent angle (10°) to divergent angle (7°), as
shown in Figure 10(c).We can also obtain nozzle d associated
with the transition of aspect ratio 3 to aspect ratio 5, as shown
in Figure 10(d). Like the numerical simulation, the abrasive is
garnet with mesh 80, the inlet pressure is 25MPa, the stand-
off distance is 100mm, and the erosion time is 10 s.

5.1. Experimental System. The high-pressure abrasive gas jet
erosion experimental system is used for the experiment,
which consists of high-pressure air compressor, high-
pressure gas cylinder, digital pressure gauge, pressure control
valve, abrasive tank, gate valve, and operation box. The high-

pressure air compressor has a maximum pressure of 40MPa
and a maximum air intake of 2m3/min, while the high-
pressure gas cylinder exhibits a maximum allowable pressure
of 40MPa. The system devices are connected as shown in
Figures 11 and 12. The nozzle used is a Laval nozzle, whose
structural parameters are the same as the nozzle used in the
numerical simulation. Before the experiment, high-pressure
gas is stored in the high-pressure gas cylinder, and the outlet
pressure is adjusted with the pressure-regulating valve. The
inlet pressure ranges between 0 and 40MPa, whereas the out-
let pressure ranges between 0 and 25MPa. With an adjust-
able outlet pressure accuracy of 0.1MPa, the pressure
regulating valve can accurately control the jet pressure,
thereby ensuring a constant jet pressure during the experi-
ment to meet the experimental requirements. To precisely
control the mass flow rate of abrasives, a high-pressure gate
valve is installed below the abrasive tank. The gate is suitable
for controlling the flow of solid particles under high-pressure
conditions. Before the experiment, the gate valve scales
corresponding to the mass flow of different abrasives are
determined by calibration.

Limestone is used for erosion. To ensure that the
mechanical and physical properties of the eroded limestone
are identical, ϕ 50× 100 rock samples are prepared by coring
on the same rock mass. Two rock samples are selected and
tested for mechanical properties using MTS, and the results
are presented in Table 7. Before performing the erosion
experiment, the gas pressure in the gas tank is increased to
over 35MPa, the abrasive tank is filled with the correspond-
ing abrasive, and the gate valve position is adjusted to ensure
that the mass flow meets the requirements of experimental
conditions. To improve the accuracy of the experimental
result, we did a parallel experiment for every nozzle. We used
every nozzle to erode three rock samples at the same experi-
mental condition. The detailed experiment procedure is
shown in Table 8.

5.2. Experiment Result. Erosion volume and erosion depth
were the two primary parameters that reflected the erosion
effect of the abrasive gas jet equal to the erosion rate. The
results of erosion volume are shown in Table 9. Nozzle a cre-
ates the maximum erosion rate of 14.89mL, which is in good
agreement with the numerical simulation. Nozzle c creates
minimum erosion rate of 9.38mL, where the divergent angle
most dramatically affects the erosion rate. We obtain the
same conclusion with the experimental results of erosion
depth. Nozzle a makes a maximum erosion depth of
47.29mm, as shown in Table 10. Nozzle c makes a minimum
depth of 40.13mm. The erosion pit of nozzle c is also fea-
tured with a minimum mouth diameter, as shown in
Figure 13. The diameter of the mouth of the pit eroded by
nozzle a is the second minimum and is slightly bigger than
nozzle c. The conclusion of Section 3.3 tells that the diameter
of the mouth is small if the shield effect is subtle. The differ-
ence of erosion volume and the depth between nozzles a and
c is mainly caused by abrasive acceleration. Thus, the change
of divergent angle causes the velocity of gas jet to decrease.
This agrees well with the conclusion of Section 4.3. The main
reason for the decrease of erosion volume and depth with
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Figure 9: Erosion rate of rock at different throat aspect ratios.
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nozzles b and d is the shield effect. The changes of convergent
angle and aspect ratio cause the velocity of the gas jet to
increase and the shield effect to enhance, which is unfavor-
able to abrasive acceleration and rock erosion. These conclu-
sions agree well with Sections 4.1 and 4.4. Thus, nozzle a is
optimal, because it can induce a better flow field and less
unobvious shield effects.

5.3. Further Experiment Validation. Is the nozzle still the
optimal nozzle after changing the experimental conditions?

That is, whether nozzle a can still reach the maximum ero-
sion rate when the type of abrasive and gas pressure is chan-
ged. To clarify the problem, different abrasives and gas
pressure were used for erosion experiments.

(1) Abrasive Type. At present, the commonly used abra-
sives include quartz sand, garnet, brown corundum,
and silicon carbide. Each nozzle uses four abrasives
for rock erosion. By comparing the erosion parame-
ters, this paper analyzes whether the variety of
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Figure 10: Nozzle used in the experiment of rock erosion.
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Figure 11: High-pressure abrasive air jet erosion system.
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abrasives can influence the conclusion. The experi-
mental pressure was 25MPa, the target distance was
100mm, the erosion time was 10s, and the number
of abrasives was 80 mesh. The experimental results
are shown in Table 11. It can be seen that no matter
which abrasive is used, nozzle a has the maximum
erosion depth. Therefore, the optimal structure of
nozzle a can be further determined.

(2) Gas Pressure. Gas pressure is one of the key factors to
determine the erosion effect. Because the pressure of
the air compressor applied in engineering is not very
high, the gas pressure of the experiment is 10MPa,
15MPa, 20MPa, and 25MPa. Four kinds of pressure
were used to test the erosion of each nozzle. By com-
paring the erosion parameters, it is analyzed whether
the change of gas pressure can affect the conclusion.
The experimental abrasive was 80 mesh garnet, the
target distance was 100mm, and the erosion time
was 10 s. The experimental results are shown in
Table 12. It can be seen that gas pressure can affect
the erosion depth, and the influence gradually
decreases with the increase of gas pressure. However,
under each experimental condition, nozzle a has the
maximum erosion depth. Combined with the experi-
mental results of different abrasive erosion, it can be
concluded that nozzle a is the optimal structure.

6. Conclusion

Because nozzle structures are essential to erosion rates, it is
necessary and vital to design an optimal nozzle to support a
highly abrasive gas jet for rock breakage in coal-bed methane
exploration. By combining aerodynamics and fixing the noz-
zle conditions, four types of nozzles were designed. The ero-
sion rates of the nozzles were calculated using numerical
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Figure 12: Connection schematic of high-pressure abrasive air jet erosion system.

Table 7: Limestone mechanical properties.

Sample
no.

Uniaxial compressive
strength (MPa)

Elastic modulus
(E/GPa)

Poisson’s
ratio (μ)

1 66.6 45.7 0.31

2 66.4 45.2 0.32

Table 8: Experiment procedure.

Nozzle no.
Erosion rock
sample no.

Experimental condition

a a-1, a-2, a-3 Inlet pressure: 25MPa

b b-1, b-2, b-3 Erosion time: 10s

c c-1, c-2, c-3 Abrasive: garnet with mesh 80

d d-1, d-2, d-3 stand-off distance: 100mm

Table 9: Erosion volume of different nozzle.

Nozzle
Erosion volume of rock

samples (mL) Average (mL)
1# 2# 3#

a 15.22 15.15 14.3 14.89

b 12.75 12.65 12.30 12.56

c 9.30 9.25 9.60 9.38

d 10.95 10.62 10.28 10.62

Table 10: Erosion depth of the different nozzles.

Nozzle
Erosion depth of

rock samples (mm) Average (mm)
1# 2# 3#

a 47.41 47.29 47.17 47.29

b 45.59 45.52 44.54 45.22

c 41.04 40.00 39.35 40.13

d 44.30 44.05 44.21 44.19
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simulation, showing that the Mach 3 nozzle was better
with an inlet pressure of 25MPa, and the best abrasive
was garnet at 80 mesh. The optimal nozzle structure was
featured with more extended expansion waves and more
subtle shield effects.

To further optimize the nozzle structure, the erosion
rates at various conditions were calculated using the single
variable method. Thus, convergent angle, contraction ratio,
divergent angle, and aspect ratio were changed at every turn
to obtain the erosion rate. The optimal nozzle structure was
obtained by comparing the erosion rate of different nozzle
structures. Thus, the entrance diameter was 4mm, the con-
vergent angle was 53°, the contraction ratio was 2, the diver-
gent angle was 10°, the aspect ratio was 3, and the exit
diameter was 4.1mm. The results of the rock erosion exper-
iment show that it is in good agreement with the numerical
simulation. The optimal nozzle can erode the maximum
volume and depth.
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The main purpose of this study was to analyze the effect of coal mining on the springs in the Yushenfu mining area of China. The
results of two springs and hydrological surveys conducted in 1994 and 2015 were compared to study the occurrence and evolution
of springs before and after large-scale mining. The mechanism of spring evolution and ecological effects of domain evolution were
analyzed by combined groundwater monitoring and evaluation of coal mining intensity. The results show that the maximum
amount of single water inflow of spring with sand infiltration recharge was more than 10 L/s, the total amount of single water
inflow of spring with mixed infiltration recharge was the highest, and the ecological effect of spring with loess infiltration
recharge was the most significant. In the study area, 2580 springs (group) were distributed with a total flow of 4998.9428 L/s
before 1994 and 376 residual springs (group) were present with a total flow of 996.392 L/s in 2015. Large-scale mining decreased
the regional groundwater level, thus decreasing the amount of spring water. The high intensity of mining decreased the number
of springs (group) and area of water and wetland in the study area. This directly affected the watershed ecology; the ecological
degradation was significant.

1. Introduction

Water is very important for human life, production, and eco-
logical environment. Springs are the origin of water resources.
The occurrence and evolution of springs determine the state
of groundwater and surface water. Therefore, it is important
to study the characteristics of spring water.

Coal mining of China is moving to the west; Western
China has become the main coal-producing area, accounting
for 70% of the China’s coal output. However, Western China
generally lacks water resources and has a fragile ecological
environment [1]. By studying the effect of coal mining on
the environment, the scientific community has already made
a conclusion: coal mining directly affects the ecological

environment [2, 3] and small-scale mining activities also
cause severe damage to the ecosystem [4]. Therefore, in the
early stage of coal mining in Western China, some experts
realized the importance of water resources and environment
in the ecologically fragile mining area [5, 6], proposed the
concept of “water-preserved mining” [7, 8], and carried out
a series of research [9–19].

The distribution characteristics and forming conditions
of spring in the southern edge of MuUs Desert were analyzed
byWu and other researchers. Ma and other scholars classified
the influence degree of coal mining on springs and discussed
the influence mechanism of coal mining on springs. In addi-
tion, the effect of coal mining on water resources and ecolog-
ical environment has been extensively investigated [2, 3, 20].
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This study analyzed the mechanism of spring evolution
in the Yushenfu mining area by comparing the evolution of
springs in the Yushenfu mining area in northwest China
around 21 years ago and combining the study of collapse
caused by coal mining.

2. Materials

2.1. General Situation of the Study Area. The study area,
Yushenfu mining area, is located in Shaanxi Province of
China. The study area is ~7800 km2, north latitude of 38°10′
–39°30′ and east longitude of 109°0′–110°60′ (Figure 1).
The altitude of the study area is ~1200m, the highest point
is 1448.7m, and the lowest point is 932m. Three types of geo-
morphology are present, namely, aeolian landform, sand-
covered loess ridge and hilly, and loess ridge and hilly.
According to the meteorological observation in Yuyang Dis-
trict, the annual average precipitation is 420.4mm with the
maximum annual rainfall of 565.3mm and the minimum
annual rainfall of 270.8mm. Precipitation mainly occurred
in July to September, accounting for 62.9% of the annual
precipitation.

The Yushenfu mining area is in the Ordos Basin of
North China. The geological tectonic is simple. The strata
are from the old to the new: Upper Triassic Yongpoing for-
mation (T3y), Yan’an formation (J2y), Zhiluo formation
(J2z), Anding formation (J2a) of Middle Jurassic, Lower Cre-
taceous Luohe formation (K1l), Neogene Pliocene series
Debao formation (N2b), Quaternary Middle Pleistocene
series Lishi formation (Q2l), Quaternary Upper Pleistocene
Salawusu formation (Q3s), aeolian deposit (Q4eol), and allu-
vial deposit (Q4al) of Quaternary Holocene series. The main
coal bearing strata are Middle Jurassic Yan’an formation.
The main minable seam has 4 layers, of which 2−2 and 4−3

of the whole area can be mined and 3−1 and 5−3 of the upper
part can be mined.

The groundwater in this area is mainly supplied by
atmospheric water. The direction of shallow seepage flow is
basically consistent with topographic relief. The deep seep-
age flow is basically runoff from northwest to southeast.
The buried depth of groundwater in the western desert beach
area is generally 0~3m, and it has gradually increased in the
eastern part. The buried depth of groundwater in the loess
ridge and hilly area is generally greater than 15m. Ground-
water is mainly in valleys with spring in the form of emis-
sion. Groundwater is mainly discharged in the form of
springs in gullies.

2.2. Spring Characteristics before Large-Scale Mining

2.2.1. Hydrological Background of Spring Formation. The
stratigraphic structure of the study area successively from
the new to the old is Q4eol (Mu Us formation), Q3 (Salawusu
formation), Miocene series (Lishi formation, the Loess),
Pliocene series (Red clay), Jurassic Zhiluo formation, and
Yan’an formation. Currently, Yan’an formation containing
coal is the main mining layer. The formation of a spring
can be divided into three parts (Figure 2): (i) spring group
produced by aeolian landform infiltration, (ii) spring group

produced by the infiltration of sand-covered loess ridge and
hilly, and (iii) spring group produced by the infiltration of
loess ridge and hilly. Notably, the three parts do not include
the distribution area, bedrock valley geomorphology with
limited infiltration, and geomorphology of the burnt zone.
Because the water holding capacity of these strata is limited,
the gush of dry season spring mainly comes from the above
three parts with a high ecological significance.

(1) Spring Produced by Aeolian Landform Infiltration. The
Salawusu formation is the main aquifer in the study area.
No water barrier is present between the Salawusu and Mu
Us formations, constituting a unified loose sand aquifer. It
is generally called the aquifer of Salawusu formation. The
aquifer of Salawusu formation receives the atmospheric pre-
cipitation, condensation recharge, rapid infiltration, runoff
in the sand layer, enrichment in the low-lying area on the
top of Jurassic, and formation of a rich water area. After
the erosion of local surface runoff to the aquifer, the
descending spring is excreted and forms the spring group
(Figure 2). Because the topography of sandy land is small,
the number of springs in this area is limited, but the total
volume is the largest.

(2) Spring Produced by Infiltration of Sand-Covered Loess
Ridge and Hilly. The area of sand-covered loess ridge and
hilly belongs to the transition area of Mu Us Desert and
Loess Plateau (Figure 2), and the thickness of sand layer is
relatively limited. Because of the relatively low terrain com-
pared with the aeolian landform area, the lateral recharge of
groundwater is better owing to aeolian landform infiltration
and fluctuation of loess terrain, most of the groundwater is
exposed, and it is easy to contact with the spring spot. The
output of spring is the largest in this area, but this part of
the spring is more sensitive. The instability of underlying
aquifer causes its attenuation; at the same time, the decline
of groundwater level in the regional loose layer also easily
makes it disappear.

(3) Spring Produced by Infiltration of Loess Ridge and Hilly.
The loess layer acts as a weak permeable layer. This layer
has a certain infiltration capacity for precipitation, but it is
very limited compared with the amount of sand infiltration.
The loess has better water-holding property; long-term infil-
tration of water resources occurs in the stratum. After cutting
the loess topography, concentrated discharge of groundwater
occurs in the medium such as the top surface of bedrock or
burned rock, forming the main drainage spring spots of this
type of geomorphology.

2.2.2. Distribution of the Spring Group. The spring of Mu Us
Desert is mainly distributed in the east edge of Kuye River,
Tuwei River, and the upper reaches of Yuxi River, a tributary
of Wuding River. The spring is distributed on the north-east
zonal distribution of the plane (Figure 3). The springs con-
verge to form Kuye River, Tuwei River, and Yuxi River. Yuxi
River is a tributary of Wuding River. Kuye River, Tuwei
River, and Wuding River are the tributaries of Yellow River.
They are the main supply rivers in the middle reaches of Yel-
low River.
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All the water originates from the spring of Salawusu for-
mation, including the tributary of Yuxi River, Sa River, Qin
River, Geqiu River, and Heze River of Yidao, Erdao, Sandao,
Sidao, and Wudao, the upper reaches of Hongliugou in
Tuwei River, the Lucaogou of Kuye River, Houjiamu River,
and Ulambra Valley. Large springs are produced on the coast
of Tuwei River, such as Qingshui Spring, Caitugou Spring,
and Heilonggou Spring.

Figure 3 shows that a concentrated distribution of spring
was formed in the basin of Kuye River and Tuwei River.
This area was the distribution band of the spring group

distributed in the NE direction and concentrated on the
mouth of spring.

Many types of methods are available for the classification
of spring spots in the study area. The most direct method is to
classify the gush strata of spring; it can be divided into out-
cropping spring of Salawusu formation (Q3s), outcropping
spring of loess and hipparion laterite, outcropping spring of
burnt rocks (J2y), outcropping spring of Jurassic (J2z or J2y),
and outcropping spring of other layers. This type of classifi-
cation is more intuitive, but its distribution rule is more
discrete and has no rules. By comparison, combined with
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Figure 4, the spring spots in the study area can be divided
into three types, namely, recharge spring spot of sand infiltra-
tion, recharge spring spot of loess infiltration, and recharge
spring spot of mixed infiltration (Figure 4). Importantly,
the three types of geomorphologic infiltration landforms
are different, but it can be centrally excreted in each layer.
Other landforms were not considered. On one hand, the fis-
sure medium of bedrock and fire rock formation suffers from
a huge loss of infiltration water in the rainy season; the eco-
logical significance is not large. On the other hand, its distri-
bution area and infiltration coefficient are very limited,
leading to the classification.

(1) Recharge Spring Spot of Sand Infiltration. Atmospheric
precipitation falls on the relatively flat sandy land, signifi-
cantly replenishing the sandy groundwater. Because of the
fluctuation of underlying loess stratum, it converges to the
lower ground. A small amount of water is further infiltrated
into other strata after the infiltration, making each aquifer
in this area with relatively strong water abundance. Each
aquifer produces a drainage in the form of descending
springs in the valley cutting area, such as Yuxi River and its
tributaries. Because of the slow seepage of groundwater in
the sandy land, it acts as the spatiotemporal regulation. This
makes these spring spots continue to flow at all seasons with-
out interruption, thus playing an important role in support-
ing the ecology of this region. The representative of this

type of spring is like each branch of the stream group in the
upper reaches of Yuxi River, such as phase 3 of the Yushen
mining area.

(2) Recharge Spring Spot of Loess Infiltration. Atmospheric
precipitation falls in the undulating Loess Plateau. Because
precipitation in the study area is dominated by rainstorm,
the loess produces mud crust that hinders infiltration. The
infiltration coefficient is only about a quarter of sandy
land or even lower. The flood torrent gathered from a
large amount of runoff in the rainy season further cuts
the topography of the area. Limited infiltration into the
loess formed a certain amount of water resources after a
long period of accumulation, rich in flat terrain and
thicker soil layer, and a small amount of further infiltra-
tion occurs in the underlying aquifers. This groundwater
gushes out at the terrain cutting area, forming a small
number of spring spots. However, because loess has stron-
ger capillarity than sandy soil, it is more suitable for veg-
etation development, forming one of the best ecosystems
in the study area. Because of limited supply sources, as
far as a single spring is concerned, it is relatively fragile.
Because the permeability coefficient of loess is smaller than
that of sandy land, the radius of influence is smaller after
it is affected. This indicates that the ability of these springs
to resist regional hydrological changes is stronger than
that of sandy land. The typical representative of this type
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Figure 3: Distribution of spring groups in the study area before large-scale mining.
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of spring is the spring group in the Miaogoumen of the
Shenfu mining area.

(3) Recharge Spring Spot of Mixed Infiltration. A transi-
tional area is present between the abovementioned two
types of topographies and landforms. A part of the loess
in the area is exposed. A part of the sand is exposed, but
the thickness is thinner, even intersecting the exposed sand.
Both the infiltration and runoff are complex and diverse. It
is not possible to accurately describe the initial source of
supply for some springs. Because of the interlacing of strata,
the groundwater runoff (mainly sand runoff) from the
sandy land and yellow land is exposed in large quantities
here. They form the largest number of springs (groups) in
the study area. Because of the complexity of such springs,
they are also complex and diverse under the influence of

human activities. The typical representative of this type of
spring is the spring group in the Zhangjiamao coal mine
of the Shenbei mining area.

2.2.3. Ecological Significance of Spring. In the study area, the
water resources are poor and the ecological environment is
fragile. This is because the water resources are collected near
the natural outcropping springs in the low-lying terrain and
valley zone. Generally, it has a relatively good ecological envi-
ronment and is suitable for survival. It often becomes the
human living agglomeration and multiple natural villages.
Humans formed a unique desert culture with a long-term
integration of this natural environment. At the same time,
the spring water was collected over the years, dissecting
topography and eventually converging into a river to become
a tributary of Yellow River and supplying the Yellow River.
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In the study area, the natural ecological environment is
completely different with or without springs (Figure 5). In
the area without springs, floating sand dunes are exposed,
vegetation coverage is low, and ecological environment is
fragile. In the area with springs, water and grass are devel-
oped, vegetation coverage is clearly improved, and the vege-
tation on both sides of valley is well developed. It is suitable
for human living and planting potatoes, corn, rice, legumi-
nous crops, etc.

2.3. Present Large-Scale Mining Situation in the Study Area.
Since the 1980s, the geological study of Jurassic coal field in
Northern Shaanxi of China has never stopped and dozens
of geological study reports have been submitted. Three coal
mining areas have gradually formed: mining area of northern
Shenmu, mining area of Xinmin, and mining area of Yushen.
It is also within the scope of this study. The Jurassic coal field
in Northern Shaanxi belongs to the coal stratum area, and the
coal-bearing area is ~27,140 km2 in the entire area. The struc-
ture is simple; the coal seam is stable in the region with total
resources of ~2400× 108 t in the entire area, and the proven
resources are ~1400× 108 t.

Through field studies and data collection, 190 coal mines
were investigated, including 23 mines in Yuyang District, 101
mines in Shenmu City, and 66 mines in Fugu County. The
total mining area is 2881.21121 km2, including 423.473 km2

in Yuyang District, 1735.9689 km2 in Shenmu City, and
721.769314 km2 in Fugu County.

The statistical results indicate 49 small mines with
designed mining capacity of less than 0.45Mt/a, 52 large
mines with mining capacity of more than 1.2Mt/a, and 89
medium mines. The design and production capacity of large

mines are more than 10Mt/a, including Yujialiang coal mine
of China Shenhua, Shigetai coal mine, Halagou coal mine,
Daliuta coal mine, Huojitu coal mine, Hongliulin coal mine
of Shaanxi coal and chemical industry group, and Ningtiaota
coal mine. At present, the study area is basically well drilling
and the comprehensive mechanized mining method is used
(Table 1).

3. Methods

3.1. Spring Change with Coal Mining. According to the coor-
dinates of observed spring spots in 1994 (Figure 3), the corre-
sponding spring spots were studied after 21 years. The month
of the second investigation was the same; both surveys were
conducted during the rainy season.

The study was completed through field visits, analysis,
taking photographs, recording videos, and filling in hydro-
logical questionnaire and field record. The content of the
study includes the mining area of spring, topography, water
outcropping formation, aquifer description, depth to the
water table of the well, spring flow, historical changes in the

(a) (b)

(c)

Figure 5: Ecological environment of small watershed in the spring area. (a) The mouth of Caitugou spring, (b) the vegetation of north side of
downstream channel in Caitugou spring, (c) desert vegetation in no spring area.

Table 1: Statistic of the coal scale.

District Yuyang District Shenmu City Fugu County

Area (km2) 423.473 1735.9689 721.769314

Scale

Large-scale 8 31 13

Mid-scale 7 43 38

Small-scale 8 25 15
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water level and flow, use of the well and spring, water temper-
ature, and air temperature. GPS was used to locate the coor-
dinates of wellhead or spring outcrop. A scale or an ammeter
was used to measure the depth of the water table, and a trian-
gular weir was used to measure the flow of spring water. The
results are shown in Figure 6.

3.2. Groundwater Dynamics of Coal Mining. A total of 10
long-term monitoring wells were arranged in this study.
Their position distribution is shown in Figure 7, and the basic
information is shown in Table 2. The sand aquifer has four
wells. The sandstone aquifer has five wells, and the loess aqui-
fer has one well.

3.3. Evaluation of Intensive Mining. The intensity of coal
mining was comprehensively evaluated from area and space
mining intensity. The area mining intensity refers to the pro-
portion of coal resources exploited and the total amount

within the scope of the unit area (Table 3). The spatial mining
intensity is mainly evaluated using two indicators: the mining
height and specification of coal face. A large-scale coal face
with a height of >4.5m, length of >200m, and excavating
length of >2000m is known as an intensive mining area.
The area with a mining height of 1.3–4.5m, coal face length
of 100–200m, and excavating length of 1000–2000m is
defined as a medium-intensive mining area. The area with a
mining height of <1.3m irrespective of the length of coal face
and excavating length has a relatively low influence with the
development degree of geological hazard on the surface,
known as a low-intensity mining area.

Table 3 shows that the coal mining intensity is deter-
mined by the area of mining proportion and mining
height, but in practical production and strength division,
other factors should not be ignored, such as the ground
subsidence, surface crack, and buried depth of the ground-
water level.
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Figure 6: Distribution of springs in 2015.

7Geofluids



The mining intensity of the study area can be divided into
an extremely intensive mining area, an intensive mining area,
a medium-intensive mining area, and a low-intensive mining
area according to the mining height, surface mining propor-
tion, ground subsidence, surface crack, and hydrological
characteristics (Figure 8).

3.3.1. Extremely Intensive Mining Area.Daliuta area is rich in
coal resources and has a long history of mining. The mining
area of Shigetai coal mine, Halagou coal mine, Daliuta coal
mine, Huojitu coal mine, and Hejiata coal mine is wide.
The proportion of the mining area is >60%, the mining
height is >4.5m, and the coal face is long. Therefore, this area
belongs to an extremely intensive mining area, covering an
area of 576.04 km2.

3.3.2. Intensive Mining Area. The area of an intensive min-
ing area is 1256.48 km2; it belongs to Sunjiacha, Mjiata,

Xigou, Dianta, and Yongxing Town of Shenmu City. The
terrain in this area is undulating due to river cutting.
The coal mine in this area is widely distributed, mining
activity is frequent, and the underground water level is sig-
nificantly low.

3.3.3. Medium-Intensive Mining Area. The area of a medium-
intensive mining area is 391.8 km2. Although coal mining
exists in the area, the mining area is small, the mining seam
is single, the mining height is small, and the decline in the
water table is small. No geological hazards such as ground
collapse and surface crack are present.

3.3.4. Low-Intensive Mining Area. The area of a low-intensive
mining area is 514 km2. The exploitation range of Hen-
gruiyuan and Yaoqu coal mines in Shenmu City is small.
The proportion of the mining area of these mines accounts
for 6.5% and 0.6%, respectively, and the mining height is

N

SCG05 Number and location of long-term monitoring well

0 10 20 km

Figure 7: Distribution of long-term monitoring wells.
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1.2m and 3.0m, respectively. The excavating length of min-
ing face is short. In addition, no obvious change was
observed in the depth to the water table in the coal mine
area; therefore, this area can be classified as a low-intensive
mining area.

4. Results and Discussion

4.1. Quantitative Change Analysis of Springs with Mining.
According to the background data and field study, 2580
springs were present in the entire area before the coal devel-
opment. This study revealed 376 springs with water. The rest
of springs dried up completely, and the attenuation rate is
84%, as shown in Figure 9.

Regarding the amount of springs, the attenuation rate of
spring quantity reached over 90%. The springs were located
in the coal mines of Shigetai, Daliuta, and Huojitu in the
north of Shenmu City, the coal mines of Sunjiacha, Haiwan,
Zhangjiagou, and Ningtiaota in the middle of Shenmu City,
and the coal mines of Yanghuopan and Shiyaodian in the
east of Shenmu City. Except for the spring seepage with
one place for stratum excavation in Shigetai coal mine,
the rest of natural springs basically disappeared. The atten-
uation rate of spring quantity within the mining area of
Halagou, Dahaize, Liangshuijing, Ningtiaota, Jingjie, and
Zhangjiamao is 70–80%. The attenuation rate of spring
quantity in the mine field of Yushuwan, Mawangmiao,

and Zhujiata is 40–50%. The spring of Dabaodang did not
dry up; a certain decrease in flow rate was observed com-
pared with that before 1994.

According to this classification of spring spot, the
attenuation rate of spring spot quantity with mixed infil-
tration supply is concentrated in 80–100%. The attenua-
tion rate of spring spot quantity with loess infiltration
supply is the second; this is concentrated in 60–80%. The
attenuation rate of spring spot quantity with sandy land
infiltration supply is the minimum; this is concentrated
in 0–30%.

4.2. Analysis of Variation in Discharge of Spring with Mining.
Regarding spring flow, the total flow of the spring group in
1994 was ~4292.2 L/s and the total flow of the spring group
sharply decreased to 996.392 L/s in 2015 with an attenuation
rate of 76%. Compared with 1994, the attenuation rate of
spring flow within the mining area of Shigetai, Huojitu,
Daliuta, Hejiata, Zhugaita, Sunjiacha, Haiwan, Shiyaodian,
Yanghuopan, Zhangjiamao, and Ningtiaota reached over
90%. The attenuation rate of spring flow within the mining
area of Qianshipan, Dahaize, Liangshuijing, Yujialiang,
Xiangshuihe, Jingjie, and Zhujiata is 70–90%. The attenua-
tion rate of spring flow within the mining area of Yushuwan,
Caojiatan, Mawangmiao, and Hexingliang is less than 70%
(Figure 10).

Table 2: Basic information statistics of the long-term monitoring well.

Number Location Geomorphology
Geologic

age
Lithology Mine field

SCG01 Zhangminggou village, Dianta Town, Shenmu Loess ridge and hilly J2y Sandstone Yujialiang mine field

SCG02 Wulansetai village, Daliuta Town, Shenmu River valley landform J2y Sandstone Dahaize mine field

SCG03 Hezegou village, Jinjie Town, Shenmu Aeolian sand Q4eol Aeolian sand Jinjie mine field

SCG04 Heilonggou village, Dabaodang Town, Shenmu River valley landform J2y Sandstone Delong coal mine

YCG01 Liushutan village, Jinjitan Town, Yuyang District Aeolian sand Q3s Fine sand Changjialiang coal mine

YCG02
Lierping’s courtyard, Liuxiang village, Mahuangliang

Town, Yuyang District
Aeolian sand Q3s + m

Fine sand
and loess

Hanglaiwan coal mine

YCG03
Niujialiang village, Niujialiang Town,

Yuyang District
Loess hilly Q3m

Malan group
loess

Liuxiang coal mine

YCG04 Chaheze farm, Hongshiqiao, Town, Yuyang District Aeolian sand Q3s Fine sand
Mengjiawan exploration

area

FCG01 Huolaigou village, Sandaogou Town, Fugu County River valley landform J2y Sand shale Sandaogou coal mine

FCG02 Dalumao village, Xinmin Town, Fugu County River valley landform J2y Sand shale Huafu coal mine

Table 3: Index of the coal mining intensity level.

Mining height/m
Coal mining intensity level

Productive area/mining
area (≥60%)

Productive area/mining
area (60/30%)

Productive area/mining
area (30/10%)

Productive area/mining
area (≤10%)

≥4.50 Extremely High Medium Low

1.30–4.50 High Medium Medium Low

≤1.30 Medium Low Low Low
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According to the spring classification of Section 2.2.1, the
attenuation rate of spring flow with mixed infiltration is con-
centrated in 80–100%. The attenuation rate of spring spot
quantity with loess infiltration supply is the second, concen-
trating in 70–90%. The attenuation rate of spring spot quan-
tity with sandy land infiltration supply is the minimum,
concentrating in 10–50%. The overall trend is similar to
decline, but because of landing funnel, etc., the other two
types of spring spots occur by combining the flow attenua-
tion effect of infiltration springs. The overall trend is similar
to quantitative attenuation. However, because of the depres-
sion cone, the other two types of spring spots are affected by
the attenuation of mixed infiltration supply with the spring
spot flow.

4.3. Changing Mechanism Analysis of Spring with Mining

4.3.1. Decrease in Spring Quantity by the Decline of the
Regional Groundwater Level. A comparison of the investi-
gated 541 water level monitoring sites in 2015 with 1994
showed that the phreatic water level in the study area has a
different degree of decline compared with the last century
(Figure 11). The region with the greatest decline of the water
level is located in the Shendong mining area of Shigetai,
Halagou (Figure 12), Daliuta, Huojitu, Dahaize, Zhugaita,
Longhua, Shiyaodian, and the detailed study area of
Jingjitan-Mahuangliang in Yuyang District. These areas are
intensive mining areas. Most of them form a concentrated
strip of the mined-out section, and the drop of the water level
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is >15m. Because of the sharp decrease of the water level in
these areas, the water level around these mine fields also
decreased to a certain extent with a water level drop of 5–
15m. The area with the water level drop of 1–5m is mainly
located in the east of the Shenfu mining area and the east of
the Yushen mining area. The development degree of coal
resources in this area is relatively low. The area with a water
level drop of less than 1m is mainly located in the Salawusu
formation in the west of the Yushen mining area. This area
is not affected by coal mining; it is mainly affected by the sea-
sons, precipitation, evaporation, and human activities of
upstream. The drop of the water level is small in recent years.
The overall decline of the water level in the study area
decreased the outcropping quantity of spring (group).

4.3.2. Intensive Mining Is the Direct Cause of Regional Water
Level Decline. The development of coal resources in the study

area started in the late 1980s. The first modernized coal mine
(Daliuta) was constructed and operated in 1996. After that,
many coal mines were constructed. The raw coal output in
the area was 36 million tons in 2000, and it reached 3.558
tons in 2015, accounting for 9.62% of the raw coal production
of nation’s total. It forms the main coal base of China with
Erdos City in the Mu Us Desert. Especially in the upper
reaches of Kuye River, the coal mines are present one after
another. The diversion fissure zone formed by mining is con-
nected to the main phreatic aquifer, causing the unwatering
of the regional aquifer, decreasing the water table, and drying
up the spring.

Compared with the water level in the 1980s, the water
level of 14 wells around Hezegou and Qingcaogou in the
study area of Jinjie coal mine all decreased to different
degrees, with a drop of 0.5–12.67m. The average buried
depth of Jinjie mine field was ~1m before the mining. The
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Figure 9: Contour map of the attenuation ratio of spring (group) quantity.
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intensive mining decreased the water level by an average
of 6m. The decrease in the regional groundwater level
decreased the discharge height of spring and quantity of
spring. Thus, the higher the mining intensity, the more
is the decrease of springs, as shown by the statistics of
spring spots in mines with different mining intensities
(Table 4).

4.4. Ecological Efficiency Analysis of Mining

4.4.1. Shrinking of the Wetland Area. From 1990 to 2011,
the water area of the study area changed a lot, exhibiting a
trend of continuous reduction. The water area of the entire
region was 162.63 km2 in 1990; this decreased to 133.80 km2

in 2001 and continued to decrease to 85.69 km2 in 2011,
with a decrease of ~40 km2 every 10 years. The reduction

rates of the two decades were 17.73% and 35.96%, respec-
tively. The decrease in surface water was mainly manifested
in the lakes and reservoirs and narrowing of some river
basins. This was mainly manifested in the shrinking of
water surface of lakes and reservoirs such as Hongjiannao,
Zhongyingpan Reservoir, Xuji Haizi, and Gouyancun Haizi.
The water area of Wulanmulun River, Beiniuchuan, and
Yuxi River narrowed. For example, in the case of Hongjian-
nao (Figure 13), a desert freshwater lake formed in 1929.
From the 1970s to the early 1990s, the lake was balanced
and the water level was basically stable. From the late
1990s to 2002, the water level of Hongjiannao decreased
by 10–15 cm every year. After 2002, the water level
decreased by 20–30 cm every year, with a maximum of
40 cm. The Hongjiannao area also underwent shrinking,
from a maximum of 70 km2 in 1969 to 32 km2 in 2014. This
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Figure 10: Contour map of the attenuation ratio of spring (group) flow.
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is related to intensive human engineering activities includ-
ing coal mining in Hongjiannao Basin.

4.4.2. Reducing Runoff of Surface Water. The Kuye River in
the study area was cutoff since 2000, and the days of cutoff
increased continuously from 2000 to 2002, reaching a maxi-
mum of 220 days. The days of cutoff from 2003 to 2005
exceeded 150 days, almost becoming a dry river. The river
basin of Wulanmulun River and Beiniuchuan in the upper
reaches of Kuye River was cutoff in most of the tributary
trenches. For example, Shuanggou is a tributary of Wulan-
mulun River in the upper reaches of Kuye River with a length
of 5.6 km. The annual average of spring flow is 7344m3/d.
The mouth of spring dried up in 1997, the brook was cutoff
intermittently, and the watery land became a dry land.

4.4.3. Quality Reduction of Cultivated Land. The spring
water in the eastern edge of desert dried up, cutting-off
some rivers. The soil structure became loose, and the corro-
sion resistance of culvert water decreased, resulting in the
desolation of valley land and decrease in the quality of cul-
tivated land. The villagers used to depend on the self-
sufficiency of crops planted on both sides of the riverbed.
Because the quality of cultivated land decreased, the crops
could not grow and the villagers had to change their means
of living.

4.4.4. Vegetation Degradation. The natural attribute of the
study area is dry steppe, an integral part of grassland
resources in northern China. Suitable vegetation and shrubs
are drought-sensitive and cold-resistant. They have the
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Figure 11: Partition of decline range of the groundwater table in recent 21 years.
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characteristics of narrow foliage, well-developed root, low
canopy density, and seasonal variation. In recent years,
owing to the increase in good management such as returning
farmland to forests and grass and planting grass and trees,
the vegetation has a trend of good transformation. However,
the improvement of vegetation ecology in mined-out areas
is significantly smaller than that in adjacent areas, indicat-
ing that coal mining negatively affects vegetation ecology.
Especially in small local coal mines, vegetation is further
degenerated. Poor growth, withered and yellowing of leaves,
and death or withering of some willows were observed
(Figure 14).

5. Conclusions

(1) Spring spots can be divided into three types accord-
ing to the supply source of dry season spring spot,
namely, (i) recharge spring spot of sand infiltration,
(ii) recharge spring spot of loess infiltration, and
(iii) recharge spring spot of mixed infiltration. Before
large-scale mining, the main characteristics of three
types of spring spots are as follows: (i) the maximum

amount of single water inflow of springs with sand
infiltration recharge was more than 10 L/s, (ii) the
total quantity of springs with mixed infiltration
recharge was the most, and (iii) the ecological effect
of springs with loess infiltration recharge was the
most significant.

(2) 2580 springs (group) were distributed in the Yush-
enfu mine area before the large-scale mining with a
total flow of 4998.9428 L/s in 1994. 376 residual
springs (group) were present after the large-scale
mining with a total flow of 996.392 L/s in 2015.
Thus, intensive mining decreased the regional
groundwater level, decreasing the amount of spring
water.

(3) After the decrease in the groundwater table caused by
intensive mining, the area of water and wetland in the
Yushenfu mine area also decreased. The water area in
the region decreased from 162.63 km2 in 1990 to
85.36 km2 in 2011. The wetland area decreased from
55.86 km2 in 1990 to 45.49 km2 in 2011. Because of
the decrease in the water table, the shrinking area of

1
2
3
4

5
6

0 200 400m

Q4
eol

Q4

al+L

J2
y

7

NE
1320

1300

1280

1260

1240

1220

1200

El
ev

at
io

n 
(m

)

1320

1300

1280

1260

1240

1220

1200

El
ev

at
io

n 
(m

)
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Table 4: Statistics of springs’ evolution in different mine fields.

Mine field
Coal mining
intensity
level

Quantity of
springs before
coal mining

Quantity of
springs after coal

mining

Attenuation
ratio of

quantity (%)

Spring flow
before coal
mining (L/s)

Spring flow
after coal

mining (L/s)

Attenuation
ratio of spring

flow (%)

Yujialiang
mine field

Highest 11 4 63.6 25.186 3.226 87.1

Zhangjiamao
mine field

High 145 39 73.1 77.46 26.3103 66

Dabaodang
mine field

Low 8 8 0 656.301 145.63 77.8
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water and wetland, and reduction in spring groups,
the quality of cultivated land decreased, vegetation
degraded, and some willows became dead or slightly
withered in the study area.
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Mudstone and shaly coarse sandstone samples of Jurassic units in northwestern China were collected to study the seepage
mechanism of weakly cemented rock affected by underground mining operations. Samples were studied using seepage
experiments under triaxial compression considering two processes: complete stress-strain and postpeak loading and unloading.
The results show that permeability variations closely correspond to deviatoric stress-axial strain during the process of complete
stress-strain. The initial permeability is 7 times its minimum, contrasting with lesser differentials of initial, peak, and residual
permeability. The magnitude of permeability ranges from 10−17 to 10−19 m2, representing a stable water-resisting property, and
is 1 to 2 orders lower in mudstone than that in shaly coarse sandstone, indicating that the water-resisting property of the
mudstone is much better than that of the shaly coarse sandstone. Permeability is negatively correlated with the confining
pressure. In response to this pressure, the permeability change in mudstone is faster than that in shaly coarse sandstone during
the process of postpeak loading and unloading. Weakly cemented rock has lower permeability according to the comparison with
congeneric ordinary rocks. This distinction is more remarkable in terms of the initial permeability. Analyses based on scanning
electron microscope (SEM) observations and mineral composition indicate that the samples are rich in clay minerals such as
montmorillonite and kaolin, whose inherent properties of hydroexpansiveness and hydrosliming can be considered the
dominant factors contributing to the seepage properties of weakly cemented rock with low permeability.

1. Introduction

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

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

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

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

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

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

2. Methods

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

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

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

Table 1: Specimen information and testing scheme.

Scheme Lithology Geological time
Buried

depth (m)
Confining pressure

(MPa)
Osmotic pressure

(MPa)
Loading rate
(mm/min)

Test content

1 Mudstone Shuixigou
group,

middle-early
Jurassic
(J1–2sh)

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

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

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

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

3. Results

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

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

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

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

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

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

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

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

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

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

4. Discussion

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

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

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

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

Lithology k0 (m
2) kmin (m

2) kmax (m
2) kave (m

2)
Ratio

k0
kmin

kmax
k0

kave
k0

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

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

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

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

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

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

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

Lithology k0 (m
2) k1 (m

2) k2 (m
2)

Ratio
k2
k1

k2
k0

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

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

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

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

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

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

5. Conclusion

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

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

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

Mudstone 73.13 15.09 2.24 4.56 4.98 21.89

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

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

Data Availability

The data of this manuscript is tested in the laboratory of State
Key Laboratory of Coal Resources and Safe Mining, China
University of Mining and Technology, which is available to
authorized users.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This research was financially supported by the National
Natural Science Foundation of China (Grant no. 51504240),
the National Key Basic Research Program of China (973
Program) (Grant no. 2015CB251600), the Fundamental
Research Funds for the Central Universities (Grant no.
2017XKZD07), the Jiangsu Basic Research Program
(National Natural Science Foundation of China) (Grant no.
BK20150051), the State Key Laboratory of Coal Resources
and Safe Mining (Grant no. SKLCRSM18X007) and the
Qinglan Project in Jiangsu Province of China (Grant no.
[2016] 15).

References

[1] D. T. Snow, “Fracture deformation and changes of permeabil-
ity and storage upon changes of fluid pressure,” Q J Colorado
School Mines, vol. 63, no. 1, pp. 201–244, 1968.

[2] N. G. W. Cook, “Natural joints in rock: mechanical, hydraulic
and seismic behaviour and properties under normal stress,”
International Journal of Rock Mechanics and Mining Sciences
& Geomechanics Abstracts, vol. 29, no. 3, pp. 198–223, 1992.

[3] M. Oda, “An equivalent continuum model for coupled stress
and fluid flow analysis in jointed rock masses,” Water
Resources Research, vol. 22, no. 13, pp. 1845–1856, 1986.

[4] J. Heiland, “Laboratory testing of coupled hydro-mechanical
processes during rock deformation,” Hydrogeology Journal,
vol. 11, no. 1, pp. 122–141, 2003.

[5] Y. Zhao, J. Tang, Y. Chen et al., “Hydromechanical coupling
tests for mechanical and permeability characteristics of frac-
tured limestone in complete stress–strain process,” Environ-
mental Earth Sciences, vol. 76, no. 1, 2017.

[6] R. Zhang, Z. Jiang, Q. Sun, and S. Zhu, “The relationship
between the deformationmechanism and permeability on brit-
tle rock,” Natural Hazards, vol. 66, no. 2, pp. 1179–1187, 2013.

[7] H. Wang and W. Xu, “Relationship between permeability and
strain of sandstone during the process of deformation and fail-
ure,” Geotechnical and Geological Engineering, vol. 31, no. 1,
pp. 347–353, 2013.

[8] D. Ma, X. X. Miao, Z. Q. Chen, and X. B. Mao, “Experimental
investigation of seepage properties of fractured rocks under
different confining pressures,” Rock Mechanics and Rock Engi-
neering, vol. 46, no. 5, pp. 1135–1144, 2013.

[9] Z. Liu and D. Jin, “Experimental research of rock strength and
permeability characteristics under different confining and
hydraulic pressure,” in 12th International Mine Water Associ-
ation Congress (IMWA 2014): An Interdisciplinary Response to
Mine Water Challenges, pp. 183–186, Xuzhou, China, 2014.

[10] X. Liu, J. Liu, N. Liang, C. He, Z. Zhong, and B. Zeng,
“Experimental and theoretical analysis of permeability char-
acteristics of sandstone under loading and unloading,” Jour-
nal of Engineering Science and Technology Review, vol. 9,
no. 5, pp. 36–43, 2016.

[11] J. Billiotte, D. Yang, and K. Su, “Experimental study on gas per-
meability of mudstones,” Physics and Chemistry of the Earth,
Parts A/B/C, vol. 33, Supplement 1, pp. S231–S236, 2008.

[12] L. N. Y. Wong, D. Li, and G. Liu, “Experimental studies on
permeability of intact and singly jointed meta-sedimentary
rocks under confining pressure,” Rock Mechanics and Rock
Engineering, vol. 46, no. 1, pp. 107–121, 2013.

[13] S. P. Li, D. X. Wu, W. H. Xie et al., “Effect of confining pre-
surre, pore pressure and specimen dimension on permeability
of Yinzhuang sandstone,” International Journal of Rock
Mechanics and Mining Sciences, vol. 34, no. 3-4, pp. 175.e1–
175.e11, 1997.

[14] H. L. Wang, W. Y. Xu, M. Cai, Z. P. Xiang, and Q. Kong,
“Gas permeability and porosity evolution of a porous sand-
stone under repeated loading and unloading conditions,” Rock
Mechanics and Rock Engineering, vol. 50, no. 8, pp. 2071–2083,
2017.

[15] S. Olivella, A. Gens, and C. Gonzalez, “THM analysis of a
heating test in a fractured tuff,” in Coupled Thermo-Hydro-
Mechanical-Chemical Processes in Geo-Systems - Fundamen-
tals, Modelling, Experiments and Applications, vol. 2 of Elsevier
Geo-Engineering Book Series, , pp. 181–186, Elsevier, 2004.

8 Geofluids



[16] L. Meng, T. Li, J. Xu, G. Chen, H. Ma, and H. Yin, “Deforma-
tion and failure mechanism of phyllite under the effects of
THM coupling and unloading,” Journal of Mountain Science,
vol. 9, no. 6, pp. 788–797, 2012.

[17] Q. L. Ding, F. Ju, S. B. Song, B. Y. Yu, and D. Ma, “An
experimental study of fractured sandstone permeability after
high-temperature treatment under different confining pres-
sures,” Journal of Natural Gas Science and Engineering,
vol. 34, pp. 55–63, 2016.

[18] D. W. Liu, Y. Liu, and C. H. Zhao, “Experimental study on
the characteristics of permeability in the all failure process
of mudstone,” Journal of Xi’an University of Science and
Technology, vol. 35, no. 1, pp. 78–82, 2015.

[19] G. Chen, T. Li, G. Zhang, H. Yin, and H. Zhang, “Temper-
ature effect of rock burst for hard rock in deep-buried tunnel,”
Natural Hazards, vol. 72, no. 2, pp. 915–926, 2014.

[20] D. Zhang, G. Fan, L. Ma, and X. Wang, “Aquifer protection
during longwall mining of shallow coal seams: a case study
in the Shendong Coalfield of China,” International Journal of
Coal Geology, vol. 86, no. 2-3, pp. 190–196, 2011.

[21] G. Fan and D. Zhang, “Mechanisms of aquifer protection in
underground coal mining,”Mine Water and the Environment,
vol. 34, no. 1, pp. 95–104, 2015.

9Geofluids



Research Article
Field Measurement and Mechanical Analysis of
Height of the Water Flowing Fracture Zone in Short-Wall Block
Backfill Mining beneath the Aquifer: A Case Study in China

Yun Zhang, Shenggen Cao , Tong Wan, and Jijun Wang

State Key Laboratory of Coal Resources & Safe Mining, School of Mines, China University of Mining & Technology,
Xuzhou 221116, China

Correspondence should be addressed to Shenggen Cao; yun11300@126.com

Received 29 June 2018; Revised 3 September 2018; Accepted 13 September 2018; Published 4 October 2018

Guest Editor: Wen Wang

Copyright © 2018 Yun Zhang et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Short-wall block filling mining (SBBM) technology has become an effective way to recover coal resources beneath the aquifer,
which are unsuitable, or cannot be used by long-wall mining, such as corner coal pillars, industrial square pillars, and
irregular coal blocks as well as the coal beneath buildings, railways, and water bodies. The SBBM method can not only
enhance the recovery ratio but also provide a solution for the environment problems associated with gangues on the surface.
However, whether the height of water flowing fractures will reach to the aquifer to cause water loss during SBBM has always
been a key problem. Therefore, based on the theory of elastic foundation beam and SBBM characteristics, a mechanical model
for calculating the height of a water flowing fracture zone in the overlying strata of SBBM was established, and this model
calculated that the height of the water flowing fracture zone was 27.0m in the experimental working face, and the height of
the water flowing fracture zone was measured as 26.8m according to washing fluid loss in the hole, core damage analysis, and
drilling TV imaging detection. The comparison results demonstrated that the calculated value almost fit well with the field-
measured data, validating the accuracy of the proposed mechanical model, while the predicted value (48.7m) in the
Regulations of coal mining under building, railways and water-bodies deviates greatly from the measured results. This reveals
that the prediction formula in Regulations is not effective in predicting the height of the water flowing fracture zone in SBBM.
The present research results are of great significance to further enhancing the recovery ratio of coal resources and improving
the water-preserved mining theory.

1. Introduction

During the coal mining process, overlying strata experience
significant mining-induced movements and deformation,
inevitably causing the collapse and fracturing of strata and
forming a lot of fractures [1–3]. Many water flowing chan-
nels, also referred to as water flowing fracture zone, are
formed once these fractures are interconnected. As shown
in Figure 1, when this water flowing fracture zone develops
towards the aquifer or water-rich regions on the surface, seri-
ous water loss can be triggered, thereby leading to the defi-
ciency of water resources and further inducing a series of

environmental problems such as land desertification, sparse
ground vegetation, and dry-up of streams [4–6]. Meanwhile,
because of large-scale mining for a long time and some
deployment patterns during mining in long-wall faces, mas-
sive gangues are discharged and heaped up after the mining
[7–10] (Figure 1), bringing severe challenges on the mine’s
ecological environment and results in thewaste of vast residue
coal resources such as a lot of corner coal pillars and irregular
blocks [11, 12]. Destruction of the environment and waste of
coal resources are facing serious problems that threaten the
government’s strategy of sustainable development. To address
these problems, an effective environmentally friendly mining
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method, namely, short-wall block backfill mining (SBBM)
method, was proposed in this study. This strategy not only
enhanced the recovery ratio of coal mines and reduced
gangue discharge but also avoided further mining-induced
water loss.

Currently, a great deal of research has been carried out
on the protection of underground and ground water
resource. Sun and Miao [13] and Miao et al. [14] put forward
the concept and the principle of water-resisting key strata
and systemically analyzed the basic mechanical properties
of water-resisting key strata and the distribution of intercon-
nected fractures. Xu et al. [15–17] investigated the effect of
key strata on the development height of the water flowing
fracture zone in depth and proposed a new method for pre-
dicting the height of the water flowing fracture zone based
on the position of key strata. Some scholars also extensively
examined the block caving mining method. Based on the
research results of the roof movement, Zhou [18, 19] system-
atically analyzed the strata behavior regularity in block cav-
ing mining. Cao et al. [20] examined the mechanism of the
instability of protective coal pillars in the block caving min-
ing process based on the theory of cusp catastrophe. How-
ever, related theories regarding the development rules of
the water flowing fracture zone during SBBM have been
poorly investigated to date and need further exploration. At
present, the height of the water flowing fracture zone in the
mining process is also calculated according to the empirical
formula inRegulations of coal mining under building, railways

and water-bodies [21] (hereinafter referred to as the Regula-
tions). In consideration of the particularity of the arrange-
ment of working faces in the SBBM and the filling of gangue
in the gob, whether the empirical formula in the Regulations
is still valid in SBBM process needs further investigation.

Based on the SBBM technological characteristics, a new
mechanical analysis method was established for calculating
the height of the water flowing fracture zone in the overlying
strata during the SBBM process, and the related mechanical
properties of the development rules of the water flowing frac-
ture zone were analyzed. Furthermore, the applicability of the
Regulations was further judged. The present research results
are of important significance to enhancing the recovery ratio
of coal resources and protecting ecological environment.

2. Engineering Geological Conditions and Field
Measurement Results

2.1. Engineering Geological Conditions. The Shaanbei coal
mine is located in Yulin City, Shaanxi Province, China. The
area of the mine field is 1.52 km2, and the recoverable coal
reserve is 4.98 million tons. The surface of the mine field is
covered by driftsands. The region of the mine belongs to arid
and semi-arid areas with deficient water resource, sparse veg-
etation, and serious water loss, featured by typical semi-acrid
and semi-desert continental climate. Moreover, the burial
depth of coal seams is generally within 112.8–184.5m, which
belongs to the shallow buried coal seam. The geological

(a) (b)

(c) (d)

(e)

Figure 1: Coal-mining-induced severe environmental problems. (a) Land desertification; (b) dry-up of streams; (c) sparse ground vegetation;
(d) development of fractures towards the ground; (e) stacking of gangues.
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structure is simple and the coal quality is good, and long-wall
mining is the main practiced method in the mine. The
SBBM experimental region was to the north of the no.
10304 long-wall working face, with a mining length of about
150m and a total experimental area of 19,500m2. It is esti-
mated that about 13,000 tons of coal in total can be recov-
ered. The coal seam exhibits simple storage structures with
slightly varying thicknesses and can be regarded as a nearly
flat coal seam. The average thickness and burial depth of the
coal seam are 5m and 145m, respectively. A layer of the
aquifer can be observed on the mining coal seam, with an
average distance of 105m away from the coal seam. This
aquifer serves as the main potentially protected water
resource for the mine. The top of the coal seam mainly con-
sists of mudstone, fine sandstone, siltstone, sandy mudstone,
fine sandstone, medium sandstone, siltstone, red clay, and
driftsand from the bottom up. The aquifer is above the red
clay layer. Figure 2 displays the detailed columnar illustra-
tion as well as physical and mechanical parameters of the
coal seam.

In combination with the occurrence of corner coal pillars,
the experimented region can be divided into two blocks for
mining. The advancing length of each block was 72.5m, with
a mining height of 5m; in addition, the protective coal pillar
between the blocks was about 5m in length, and the backfill-
ing ratio of gangues in the gob was about 80%. Figure 3 shows
the geographic position of the mine and the related detailed
arrangement in the SBMM working face.

2.2. Field Measurement

2.2.1. Test Method. During the field of the SBBM process, the
height of the water flowing fracture zone was comprehen-
sively determined by observation of washing fluid loss in
the hole, core damage degree analysis, and drilling TV imag-
ing detection. After mining and backfilling in the working
face, an observation hole, denoted as hole F, was arranged
on top of the working face to measure the height of the water
flowing fracture zone. The detailed arrangement of the hole is
shown in Figures 3 and 4. Hole F was located at the center of
the upper part of the mining region, 75m away from the
starting cut and 145m in depth. The final level of the hole
was in direct touch with the immediate roof. During the dril-
ling process, the loss of the washing fluid, the core damage
degree, and the development of fractures in the strata were
used to comprehensively predict the height of the water flow-
ing fracture zone.

2.2.2. Test Results. Figure 5 shows the variation in the loss of
washing fluid in hole F, and Figure 6 displays the distribu-
tion of fractures in the strata in accordance with the drilling
TV imaging results. At a drilling depth of 118.2m, the loss
of washing fluid increased slightly from 0.28m3/h to
2.12m3/h; meanwhile, the development width of fractures
in the drilling was small, and no obvious cracks were
observed, suggesting a complete lithology. Figure 6(a) shows
the drilling TV image of the hole at a depth of 113.0m, indi-
cating that the strata exhibited morphological integrity and
no fractures. With increasing drilling depth, the loss of the

washing fluid increased rapidly to 5.47m3/h; i.e., the loss
of washing fluid varied significantly. According to the core
observation results, the recovery ratio of core was <50%,
and a lot of narrow fractures with different directions were
developed in the core. Figure 6(b) shows the boundary at
the top of the water flowing fracture zone. It can be
observed that a vertical fracture began to appear at a depth
of 118.2m. With increasing drilling depth, the loss of wash-
ing fluid in the hole varied slightly. Meanwhile, as shown in
Figure 6(c), both the density of the vertical fractures and the
damage range increased with increasing drilling depth.
Therefore, it can be concluded that the development peak
of the water flowing fracture zone was located at a depth
of about 118.2m, and the height of the water flowing frac-
ture zone was 26.8m.

3. Short-Wall Block Backfill Mining
(SBBM) Technique

3.1. Coal Mining Method. The SBBM technique is mainly
used for recycling corner coal pillars, industrial square pillars,
and irregular coal blocks as well as the coal beneath buildings,
railways, and water bodies, all of which are unsuitable or can-
not be exploited by long-wall mining. The SBBM technique
also exhibits a lot of advantages such as less investment, short
operating period, and quick returns. Particularly, a set of
short-wall mining equipment is only 20% of a set of long-
wall mining fully mechanized mining equipment in terms
of cost. To be specific, based on the block caving mining tech-
nology, the gangues are filled in the gob as the backfill body
after the mining of a block, and the next block is simulta-
neously mined. Accordingly, both the temporal continuity
and spatial independence of mining and backfilling during
the whole operating process can be ensured; i.e., SBBM can
be regarded as a high-efficiency backfilling mining method
characterized by mining/backfilling concurrence. The SBBM
technique can greatly enhance the recovery ratio of the mine
and prolong the mine’s service life. Meanwhile, the filling of
gangues that are piled up on the surface in the gob can reduce
the damages to the environment and the enterprise’s invest-
ment in environmental protection.

Figure 7 displays the structure of a typical SBBM system.
Apparently, the system mainly consists of two subsystems,
namely, gangue transportation system and coal transporta-
tion system. In the former transportation system, the trans-
portation route of gangues is from the vertical feeding
system, storage silo, main track roadway, auxiliary transpor-
tation roadway of SBBM, to the SBBM working face; in the
latter transportation system, the coal in the working face is
first transported to the haulage roadway of SBBM, then to
the main haulage roadway and the main shaft, and finally
to the ground surface.

3.2. Arrangement in theWorking Face and Key Equipment. In
the SBBMworking face, four branch roadways were arranged
for constituting a mining block, and the protective pillar was
set between the two blocks. In each block, the pillars were
extracted in retreat from top to bottom. During the recovery
of coal pillars, the temporal coal pillar, with a width in the
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range 0.5–1.5m, was arranged between the wings. The length
of the wing was no greater than 11m, and the width was
about 3m. The intersection angle between the wing and the
branch roadway was about 45°. After the recovery of a block,
the gangues were filled into the wing, the branch roadway,
and the joint roadway from top to bottom. The temporal coal
pillars and the fire dams can act as a barrier to ensure that the
filling ratio satisfies the design requirements.

SBBM technology mainly includes mining and back-
filling. With regard to the mining technology, four track

walking hydraulic supports were used and cooperated with
the coal cutter for ensuring the safety in the coal cutting
and loading. In more detail, four track walking hydraulic
supports were divided into two sets: one set (the first two
supports) was arranged in the branch roadway, and the
other set (the latter two supports) was arranged in the joint
roadway between the two adjacent branch roadways. Both
the branch roadway and the joint roadway were about 5m
in width. With regard to the backfilling technology, two track
walking hydraulic supports were arranged in the branch
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roadway; in cooperation with the waste throwing machine
and the pushdozer, the gangues were filled in the gob and
were in full contact with the roof. Accordingly, the gangues
can serve as the permanent carrier and cooperated with the
protective coal pillars between the blocks for supporting the
overlying strata. Figure 8 displays the detailed arrangement
of the SBBM working face.

4. Mechanical Analysis of the Height of the
Water Flowing Fracture Zone in SBBM

According to SBBM technological characteristics, this study
calculated the damage height of the overlying strata in the
working face after mining and backfilling to determine the
height of the water flowing fracture zone in the final overly-
ing strata formed in the SBBM. As shown in Figure 9, a stra-
tum above the coal seam (i.e., the mth stratum) was used as
the object, and the overlying strata was simplified as the uni-
formly distributed load q m ; meanwhile, in the lower strata
that supported the rock beam, coal bodies (including both
protective coal pillars and entity coal) and the backfill body
were simplified as the Winkler elastic foundation. This study
also assumed that la denotes the length of each block (i.e., the

length of the gob), lb denotes the width of the protective coal
pillar between the blocks, hk denotes the mining height of the
coal seam, h1, h2, h3,… , hj denote the thicknesses of various
strata above the coal seam (total thickness of m layers of
strata above the coal rock and thus can be written as Hm =
∑hm m = 1, 2, 3,… , j ), ka denotes the coal’s elastic founda-
tion coefficient, kb denotes the backfill body’s elastic founda-
tion coefficient, and k1, k2,… km−1 denote the elastic
foundation coefficients of various strata beneath themth stra-
tum. Accordingly, the mechanical model of the overlying
strata in the SBBM process based on elastic foundation beam
was established.

The elastic foundation coefficients of the backfill body,
the coal seam, and m − 1 strata above the bedrock can be
written as

As shown in Figure 9, themodel under that state exhibits a
positively symmetrical structure. Therefore, to simplify the
calculation, half of themodel was selected for further analysis.
Because of the difference in the number of blocks (denoted as
n), the calculations were performed in the following two cases:
(1) n is an even number and (2) n is an odd number.

4.1. Mechanical Model of the SBBMWorking Face When n Is
an Even Number. When n is an even number, the center of
the protective pillar in the n/2th block was set as the symme-
try point, and the origin, denoted asO, was set at the junction
between the protective coal pillar and the n/2th block; then,
the mechanical coordinate system was established by using
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the displacement function wm x as the unknown quantity,
as shown in Figure 10.

According to Winkle’s assumption for elastic founda-
tions [22–24], the settlement amount of any point on the
foundation surface is proportional to the pressure on the
point per unit area. Actually, the foundation is simulated as
a series of independent springs on the rigid foundation; next,
when the pressure (p) is applied on any point on the founda-
tion surface, only the point sank by w x because of the inde-
pendence of the springs, while no sedimentation was
observed at the other points. The following expression can
be derived:

p = kw x , 2

where p denotes the pressure on the foundation per unit area,
w x denotes the subsidence of the foundation, and k denotes
the elastic foundation coefficient.

Based on the elastic foundation beam theory, the deflec-
tion of the rock beam, denoted as w x , and the applied load,
denoted as q, satisfy the following differential equation of the
deflection curve of the foundation beam:

EI
d4w x

dx4
+ p = q, 3

where EI denotes the flexural rigidity of the cross section of
the rock beam.
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Figure 6: Drilling TV imaging detection results of the distribution of fractures in the strata. (a) No fracture; (b) first vertical fracture;
(c) fractured zone.
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Therefore, by assuming the prearranged protective coal
pillars in the SBBM working face, the backfill body and
(m − 1) bed rock as independent springs, and the entity coal
in the right part as semi-infinite elastic foundation, the mth

rock beam can be treated as a semi-infinite long beam. By
substituting (2) into (3), the deflection curve equations of
the mth rock beam above the coal and the backfill body can
be written as

where EmIm denotes the flexural rigidity of the cross section
of the mth rock beam.

By setting the characteristic coefficients α = kea/4EmIm
4

and β = keb/4EmIm
4 and solving (4), the deflection curve

equations of the mth rock beam can be written as

The rotation angle, bending moment, and shearing force
of any cross section in the mth rock beam can be written as

θm x =
dwm x

dx

Mm x = −EmIm
dθm x
dx

= −EI
d2wm x

dx2

Qm x =
dMm x

dx
= −EI

d3wm x

dx3

6

The elastic foundation coefficient of the backfill body and
the backfill ratio satisfy the following expression [25]:

kc =
σ0

hk 1 − φ
, 7

where σ0 and φ denote the stress of the primary rock and the
backfill ratio (0 < φ < 1), respectively.

Because of the symmetrical model structure and load, the
deflection curve and the bending-moment curve of the rock

d4wm
1 x

dx4
+
kma w

m
1 x

EmIm
=

q m
EmIm

,   −
lb
2
≤ x ≤ 0

d4wm
2 x

dx4
+
kmb w

m
2 x

EmIm
=

q m
EmIm

,   0 ≤ x ≤ la

d4wm
3 x

dx4
+
kma w

m
3 x

EmIm
=

q m
EmIm

,   la ≤ x ≤ la + lb

…
d4wm

n x

dx4
+
kmb w

m
n x

EmIm
=

q m
EmIm

,  
n − 2
2

la +
n − 1
2

lb ≤ x ≤
n
2
la +

n − 1
2

lb

d4wm
n+1 x

dx4
+
kma w

m
n+1 x

EmIm
=

q m
EmIm

,   x >
n
2
la +

n − 1
2

lb

4

wm x =

wm
1 x = eαx a1 cos αx + b1 sin αx + e−αx c1 cos αx + d1 sin αx +

q m
kma

  −
lb
2
≤ x ≤ 0

wm
2 x = eβx a2 cos βx + b2 sin βx + e−βx c2 cos βx + d2 sin βx + q m

kmb
  0 ≤ x ≤ la

wm
3 x = eαx a3 cos αx + b3 sin αx + e−αx c3 cos αx + d3 sin αx +

q m
kma

  la ≤ x ≤ la + lb

…

wm
n x = eβx an cos βx + bn sin βx + e−βx cn cos βx + dn sin βx +

q m
kmb

 
n − 2
2

la +
n − 1
2

lb ≤ x ≤
n
2
la +

n − 1
2

lb

wm
n+1 x = eαx an+1 cos αx + bn+1 sin αx + e−αx cn+1 cos αx + dn+1 sin αx +

q m
kma

  x >
n
2
la +

n − 1
2

lb

5
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beam are symmetrical, and the rotation-angle curve and the
shearing-force curve are anti-symmetrical; accordingly, the
rotation angle and shearing force at the symmetrical point
equaled to 0. Furthermore, according to the qualitative anal-
ysis results of the semi-infinite long beam as shown in
Figure 10, when x→ +∞, then w→ 0 and θ→ 0. Based on
the above analysis, the boundary conditions of the beam
can be described as

θm1 −
lb
2

= 0,  Qm
1 −

lb
2

= 0

θmn +∞ = 0,  wm
n +∞ = 0

8

The continuity condition can then be described as fol-
lows. The deflection, bending moment, rotation angle, and
shearing force at the connection point among the protective
coal pillar, the gob, and the entity coal equaled to each other.

By substituting the boundary conditions and continuity
condition into (5), a1, b1, c1, d1, a2, b2, c2, d2,… , an+1, bn+1,
cn+1, and dn+1 can be solved; i.e., with these parameters, the
bending subsidence equation and the bending-moment equa-
tion of the mth rock beam, denoted as wm x and Mm x ,
respectively, can be solved.

4.2. Mechanical Model of the SBBMWorking Face When n Is
an Odd Number. Figure 11 displays the established mechan-
ical model of themth stratum, when n is an odd number. The
center of the n + 1/2 th block was selected as the symmetry
point, and the junction between the n + 1/2 th block and
the protective coal pillar was set as the origin (O). Next, the
mechanical calculation model of the mth stratum was estab-
lished by using the displacement function wm x as the
unknown quantity.

According to the elastic foundation beam theory, the
general formula of the deflection curve of the mth stratum
in the overlying rock can be written as

The boundary conditions of themodel can be described as

θm1 ′ −
la
2

= 0, Qm
1 ′ −

la
2

= 0

θmn+1′ +∞ = 0, wm
n+1′ +∞ = 0

10

Similarly, the continuity condition can be described as
follows. The deflection, bending moment, rotation angle,
and shearing force at the connection point among the pro-
tective coal pillar, the gob, and the entity coal equaled to
each other.

Similarly, by substituting the boundary conditions and
continuity condition into (9), a1′, b1′, c1′, d1′, a2′, b2′, c2′,
d2′,… , an+1′, bn+1′, cn+1′, and dn+1′ can be solved; i.e., the
deflection equation and the bending-moment equation of
the mth rock beam, denoted as wm′ x and Mm′ x , respec-
tively, can be solved.

4.3. Calculation of the Height of the Water Flowing Fracture
Zone. According to mechanics of materials, the maximum
tensile stress of the rock beam can be calculated as

σmmax =
6Mm

max

h2m
, 11

where σm
max and Mm

max denote the maximum stress of the
mth strata in the overlying rock and the maximum bending
moment of the mth strata, respectively.

According to the first strength theory, the fracturing of
the rock beam should satisfy the following expression:

σm
max ≥ σm , 12

where σm denotes the tensile strength of the mth stratum in
the overlying rock.

wm′ x =

wm
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q m
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q m
kma
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3 ′ x = eβx a3′ cos βx + b3′ sin βx + e−βx c3′ cos βx + d4′ sin βx +

q m
kmb
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…

wm
n ′ x = eβx an′ cos βx + bn′ sin βx + e−βx cn′ cos βx + dn′ sin βx +
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n − 1
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n
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n − 1
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2
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If (12) can be satisfied, the stratum is not destroyed, and
the water flowing fracture zone is produced; in contrast, the
fractures are formed. First, the 1st stratum above the coal
seam is analyzed; if the stratum satisfies (12), the adjacent
upper stratum is verified, and the calculation stops until the
stratum is not fractured. The height of the water flowing frac-
ture zone equals to the superposition of the thicknesses of
various fractured strata:

H = h1 + h2 + h3 +⋯ 13

The detailed engineering parameters and the mechanical
parameters of various strata, as displayed in Figures 2 and 3,
were substituted into the mechanical model of the SBBM
working face. Through calculation, the height of the water
flowing fracture zone was determined as 27.0m, and the
top of the water flowing fracture zone was about 68.0m away
from the aquifer; i.e., the water flowing fractures did not
develop towards the aquifer.

5. Discussion

Currently, the height of the water flowing fracture zone was
mainly predicted according to the related formula in the
Regulations; however, this prediction formula was concluded
in the early 1980s through regression statistics based on lim-
ited field measurement data of some mines in China [20].
Because of the specificity of arrangement in the SBBM work-
ing face and the filling of gangues in the gob, SBBM differs
from long-wall mining in roof management, thereby leading
to different rules and mechanisms of mine pressure and
fracture development. Whether the empirical formula in
the Regulation concluded based on the measured data dur-
ing long-wall mining is applicable for the calculation of the
height of the water flowing fracture zone in SBBM still needs
further discussion.

5.1. Contrastive Analysis of the Height of the Water Flowing
Fracture Zone. According to the mechanical parameters of
various strata in Figure 2, the mean compressive strength of

the roof was about 28.4MPa, suggesting that the strata can
be regarded as medium hard strata. In accordance with the
prediction formula in Appendix 7 of the Regulations, the
height of the water flowing fracture zone can be calculated as

H = 100M
1 6M + 3 6

+ 5 6, 14

where H and M denote the height of the water flowing frac-
ture zone and the mining height, respectively.

As listed in Table 1, the calculated height of the water
flowing fracture zone according to the formula in the Regula-
tions is 48.7m, and the calculated results based on the estab-
lished mechanical model is 27.0m, while the field measured
height of the water flowing fracture zone is 26.8m; i.e., the
water flowing fracture zone did not develop towards the
aquifer. Apparently, the prediction value according to the
formula in the Regulations deviates greatly from the mea-
sured results, suggesting that the prediction formula is no
longer applicable to the calculation of the height of the water
flowing fracture zone in the SBBM; in contrast, the calculated
height by the established mechanical model fits well with the
measured result, validating high reliability of the proposed
calculation model.

5.2. Analysis of Mining Upper Limit. For preventing and con-
trolling the loss of water resources after the mining in the
working face, the Regulations specifies that for the preset
water proof coal pillars in the mining of the coal seam
beneath the aquifer, not only should the development height
of the water flowing fracture zone be calculated but also the
thickness of the protective layer should be considered. There-
fore, as shown in Figure 12, the minimum thickness of the
water proof coal pillar allowed in mining beneath the aquifer
(i.e., the minimum distance between the mining coal seam
and the aquifer), denoted asHf , should be equal to the height
of the water flowing fracture zone (H) and the thickness of
the protective layer (Hb):

Hf =H +Hb 15
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Figure 11: Established mechanical model of the mth stratum when n is an odd number.
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According to the provisions in the Regulation, the thick-
ness of the protective layer can be determined by considering
the structural characteristics and mechanical properties of
the coal rock in the SBBM working face:

Hb = 3M 16

By substituting the related data into (15) and (16), in
combination with the mechanical theoretical analysis and
field measured height of the water flowing fracture zone,
the minimum thickness of the waterproof coal pillar allowed
on the mining site (Hf ) was determined as about 42m, while
the distance between the mining coal seam and the aquifer
was 95m. The thickness of the bed rock far exceeded the
allowable minimum thickness of the waterproof coal pillar,
indicating that the aquifer was not affected by the mining
activities in the SBBM. In addition, the gangues were filled
in the gob as the backfill body, which then cooperated with
the coal pillar to bear the load of the overlying strata, thereby
effectively decreasing the height of the mining-induced water
flowing fracture zone. Meanwhile, the mining upper limit of
the coal seam and the resulting coal recovery ratio can be
enhanced, thus achieving the goal of water-preserved mining
beneath the acquirer.

6. Conclusions

(1) This study proposed the SBBMmethod for the recov-
ery of corner coal pillars, industrial square pillars,
and irregular blocks beneath the aquifer and simulta-
neously addressed the problem of massive stacking of
gangues on the earth’s surface. In addition, by mea-
suring the loss of washing fluid, core damage analysis,
and drilling TV imaging detection, the height of the
water flowing fracture zone in the SBBM working
face was determined as 26.8m.

(2) Based on the technological characteristics of SBBM
and the theory of elastic foundation beam, a mechan-
ical model for the calculation of the height of the
water flowing fracture zone in the overlying strata
using SBBM was established. The calculated height
of the water flowing fracture zone according to the
mechanical mode (27.0m) almost equals to the mea-
sured value (26.8m), thus verifying the accuracy of
the proposed mechanical model.

(3) The distance between the coal seam and the aquifer
was 95m, which far exceeds the allowable mini-
mum thickness of the protective coal pillar (42m).
Therefore, it can be concluded that the aquifer
was not affected by mining activities, and simulta-
neously the mining upper limit of coal seam as
well as the recovery ratio of coal can be enhanced
in the SBBM.

(4) The calculated height of the water flowing fracture
zone according to the prediction formula in the Reg-
ulations (48.7m) differs greatly from the measured
value (26.8m) and the calculated value according to
the established mechanical model (27m). Further-
more, in contrast with the caving mining method,
the SBBMmethod used the gangues as the backfilling
materials and filled them in the gob. The gangues
cooperated with the coal pillars for bearing the load
of the overlying strata, which can effectively reduce
the height of the mining-induced water flowing frac-
ture zone, avoid mining-induced damages on the
aquifer, and thus achieve the goal of water-preserved
mining beneath the aquifer.
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Table 1: Contrastive analysis of the calculated and measured height of water flowing fracture zone.
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Measured results of
hole F

Prediction results according to the
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Due to the periodicity of mine pressure, it can easily lead to a wide-range damage of the overburden rock under shallow coal mining
conditions, and the falling of the overburden rock is usually a serious threat to the mining safety. Based on the monitoring data of
mine pressure in a typical shallow coal mine in northern China, the mechanical model of the surrounding rock in the mining field
was built and the identification indicators of the pressure arch after coal mining was defined. Then, the arching mechanism, the
stress distribution characteristics in different positions, and the bearing capacity of the pressure arch were analysed, and the
evolution characteristics of the pressure arch under shallow horizontal coal mining were verified by numerical simulation and
physical experiment. Results show that there is a core-bearing zone in the pressure arch, and the width of the core zone
determines the bearing capacity of the pressure arch. The evolution of the pressure arch affects the formation and development
of the caving arch of the loose zone in the mining field. The conclusions obtained in the study are of important theoretical value
to direct the similar engineering practice.

1. Introduction

During shallow coal mining with thick bedrock in western
area in China, the overlying strata show the features of alter-
nate instability, and the strong (weak) roof weighting on the
working face often induces support crushing accidents. The
stability of the surrounding rock is the key problem which
restricts the safety mining [1, 2]. With the working face
advancing, the pressure arch in the surrounding rock can
be formed and the caving zone below the pressure arch can
expand gradually [3]. Determination of the forming condi-
tions and arching characteristics of the pressure arch in the
mining field and analysing the nonuniform weighting mech-
anism on the working face during shallow coal mining with
thick bedrock are the urgent problems to be solved.

As we all know, the pressure arch widely exists in the
surrounding rock after the coal mining and the pressure arch
helps in keeping the roof stability during the coal mining.
Ren and Qi found that the load of hanging strata in the
mining field can be transmitted to the surrounding rock in

the far field by the pressure arch, and the size, the inner
and outer boundary of the pressure arch, affects the load
transferring laws of the roof strata [4]. Due to the fact that
the pressure arch is a macro bearing structure in the sur-
rounding rock and different morphologies of the pressure
arch have different bearing capacities, some mechanics index
can be used to determine the bearing capacity of the pressure
arch. The formation of the caving zone is formed by the
instability of the pressure arch; the weight of the caving zone
is the load source of supporting equipment on the working
face. Therefore, the interaction between the pressure arch
and the caving zone is an important basis for the design of
the support resistance.

The macroscopic pressure arch functions as a self-
supporting structure in the bedrock of the mining field, and
which size affects the bearing capacity. The evolution charac-
teristics of the pressure arch have an important influence on
the scope of the caving zone and the weighting laws on the
working face. Based on the strata behaviours of a typical
working face in Shangwan mine in Shendong mining area
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in China, the mechanical model of the pressure arch in the
surrounding rock was constructed and the identification
indicators of the arching parameters were proposed in this
paper. The evolution characteristics of the pressure arch
and the caving zone under the thick bedrock condition were
analysed and verified by the physical test of the similar mate-
rials and numerical simulation during shallow coal mining.
The size of the pressure arch and the distribution character-
istics of the load-bearing zone were obtained. The nonuni-
form weighting mechanism of the working face was
revealed. The results are of great significance to the safety
mining in the similar engineering practice.

2. State of the Art

The principal stress in the surrounding rock after coal min-
ing has the characteristics of self-adjusting and forming a
pressure arch. As a bearing structure, the pressure arch pro-
tects the stability of the mining field. The pressure arch can
provide a reliable basis for determining the support resis-
tance of the working face.

Xie et al. studied the distribution characteristics of pres-
sure arch in deep mining by similar material test and numer-
ical simulation. They found that there was a macroscopic
pressure arch around the mining field which bore the hang-
ing strata load, and the instability of the strata below the pres-
sure arch caused the periodic weighting on the working face
[5]. Cui et al. analysed the instability mechanism of the over-
burden strata being induced by the shallow coal mining.
They thought that the pressure arch in the near- and far field
was converged under the mining disturbance; the failure of
the thick and hard rock strata led to the disappearing of the
pressure arch and the instability of the overburden rock [6].
Wang et al. established the mechanical model of the pressure
arch and analysed the instability mechanism of the pressure
arch in the mining field with different dip angles. They found
that with the increase of coal seam dig angle, the failure mode
of the pressure arch was gradually from compression, shear
to tensile failure, and the local damage could cause the overall
structural instability finally [7]. The above studies show that
the instability of the pressure arch can lead to the formation
of the caving zone. However, during shallow coal mining, the
forming conditions and evolution characteristics of the pres-
sure arch in the overburden rock with the thick bedrock are
still lack of reports.

Under the shallow coal mining, the instability of the over-
burden caving zone often brings about a sharp increase in
support resistance and which is an important threat to the
safety mining. Based on the laws of mining pressure observa-
tion in the fully mechanized working face, Ju and Xu [8] and
Huang et al. [9] revealed the alternated regularity of the inter-
val and strength of weighting by using the combined
mechanics models of voussoir beam and cantilever beam,
and they pointed out that the premature rupture of the key
strata and the step subsidence would result in the weighting
of the alternated regularity of strong (weak) periodically.
According to the strength and thickness of the overburden
rock in Shendong mining area, Liu et al. classified the charac-
teristics of the overburden strata in shallow coal mining and

analysed the bearing characteristics and load transfer laws of
the overburden strata in the caving zones [10]. Soni et al.
summarized the instability characteristics of thin bedrock
mining by monitoring the instability of the overlying strata
during shallow coal mining in Kampudi coal mine in India
[11]. Helm et al. [12] and Salmi et al. [13] studied the insta-
bility mechanism of the overburden strata under shallow coal
mining in Edinburgh, UK. The instability of the overlying
strata in shallow coal mining has been extensively studied.
However, to consider the influences of the pressure arch
bearing capacity on the range of the overlying strata is lack
of report, and the interaction between the pressure arch
and the caving zone still needed further study.

There are different viewpoints on the pressure arch
boundary in the surrounding rock and the loosening area
under the pressure arch. Through numerical simulation of
the roof load distribution in the goaf by DDA software, He
and Zhang found that the loosening area under the pressure
arch could not bear the overburden pressure, the principal
stress in this region was mainly horizontal stress and the ver-
tical stress was close to zero, and the separated rocks tended
to slip off [14]. Wang et al. applied the pressure arch theory
to predict the caving range of the deep tunnel roof and took
the zero tensile stress curves as the inner boundary of the
pressure arch [15]. Kong et al. analysed the formation and
evolution of the pressure arch in the surrounding rock by
numerical simulation. Based on lateral and vertical stress dis-
tribution, they obtained the morphological characteristic
curves and established a method of identifying the pressure
arch range [16]. Overall, the loosening rocks under the pres-
sure arch threaten the safety mining, and the support resis-
tance is determined by the caving zone movement. So it is
an urgent issue to determine the loosening area and reveal
the instability mechanism of the pressure arch under shallow
coal mining.

Though, there are many results of the morphology and
stress distribution of the pressure arch. However, there is lack
of some effective indicators to identify the size and bearing
capacity of the pressure arch, and the interaction between
the pressure arch and the caving zone during coal mining
needs to be further studied. Therefore, this paper will focus
on analysing the evolution characteristics of the pressure
arch in thick bedrock during shallow horizontal coal mining,
try to propose the mechanical criteria to evaluate the pressure
arch size and bearing capacity, and research the interaction
between the pressure arch and the caving zone during shal-
low coal mining by physical test and numerical simulation.

3. Research Methods

3.1. Engineering Background. As shown in Figure 1(a),
Shangwan coal mine was located in Inner Mongolia province
in northern China. Taking no. 51104 working face of 1−2 coal
seam in Shangwan mine in Shendong mining area in China
as the engineering background, as shown in Figure 1(b), the
longwall and full thickness mining technology was adopted
in the working face, and the caving method was used to man-
age the roof. The working face width was 301m, the dip angle
was 0°–5°, and the average depth was 115.4m.
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The rock formation in Shendong mining area was mainly
formed during the Cretaceous, Jurassic, and Quaternary
periods, and among the Quaternary period was sandy soil
layer; there were eleven kinds of lithology in the rock strata
in this area, and the Cretaceous strata was mainly sandstone.
The roof and floor lithology closed to no. 1−2 coal seam were
shown in Figure 2, and the average thickness of the coal seam
was 6.5m [17].

As seen from Figure 3, there were 20 times weighting that
occurred during the observation period, and the weighting

interval varied at 9.4–32.3m, 16.7m in average. The support
resistance was 5571–8975 kN, 7107 kN in average, and the
rated working resistance was 8638 kN. During coal mining
with the thick bedrock and thin loose layer, the strata behav-
iours had the periodically strong (weak) features, and the
weighting appeared the alternated regularity of long (short)
periodically. For part of the periodic weighting, the short
interval corresponded to the strong weighting, and the nor-
mal weighting alternated with strong (weak) weighting.

3.2. Theoretical Analysis. After shallow coal mining, the load
of the overburden rock was transferred to the stable sur-
rounding rock in the mining field. As shown in Figure 4,
the maximum principal stress σ1 was deflected and the con-
centrated zone was around the mining field. The pressure
arch was formed in the concentration zone of the compres-
sive stress, of which the inner principal stress σ1 surpassed
the in situ stress p0, which was

σ1 > p0 = γh, 1

where γ was the average volume-weight of the rock mass and
h was the burial depth.

Outside the outer boundary of the pressure arch was the
in situ stress zone, and inside the inner boundary of the pres-
sure arch was the lower pressure zone and tension stress
zone. The caving arch in unloading area of the overburden
rock was the key zone to the rock control, of which the weight
determined the strata behaviour and the roof stability in the
mining field. The spatial morphology and movement rules
changed with the evolution of the 3D pressure arch. To
define k as the arching index of the pressure arch in the sur-
rounding rock, it could be calculated by

k = σ1 − σ0
σ0

, 2

where σ1 was the maximum principal stress after coal mining
and σ0 was the in situ maximum principal stress before coal
mining. For k > 0, it was the range of the pressure arch, and
the lower compressive stress zone when −1 < k < 0 and the
tensile stress zone when k < −1.

Beijing

Shangwan mine

(a)

51104 working face

(b)

Figure 1: Shangwan coal mine and 51104 working face. (a) Shangwan coal mine location. (b) 51104 working face arrangement.

Lithology Formation Depth
(m)

Thickness
(m)

Coarse sandstone

Fine sandstone

Sandy clay rock

Siltstone

Coarse sandstone

Sandstone

Sandy mudstone

1−2 coal seam

81.4

82.1

83.2

86.5

96.0

106.4

108.9

115.4

130.4

9.0

0.7

1.1

3.3

9.5

10.4

2.5

6.5

15.0Siltstone

Figure 2: The roof and floor lithology closed to no. 1−2 coal seam.
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The index k reflected the stress concentration degree of
the surrounding rock, and the average value of index k of
each position was another index to evaluate the performance
of stress concentration in rock. Taking identification indica-
tor kc as the average value of k, the indicator kc was the ratio
of index k in each rock unit to whole rock volume, which
could be used to analyse the bearing capacity of the pressure
arch: when k > kc, it was located in the nucleus of the pressure
arch, of which the thickness of the pressure arch determined
the self-bearing capacity in the surrounding rock, and when
0 < k < kc, it was located in the outside zone of the nucleus
of the pressure arch.

3.3. Building Computational Model. Taking mining 1-2 coal
seam in Shangwan mine in Shendong mining area as the
engineering background, the computational model was
established by FLAC3D. The thickness of the coal seam was
7m, the thickness of the siltstone floor was 10m, and
the thickness of the sandstone roof was 102m. As shown
in Figure 5, the model size was 400m long, 352m wide,
and 137m high. The load of 0.45MPa was applied to
the top of the model substituting for the 30m loose layer
weight. The bottom boundary of the model was fixed, and

the lateral boundaries of the model were fixed in the
horizontal direction.

The position of the start mining was 150m away from
the left boundary, the advancing distance was 300m each
mining stage, and the inclined length was 240m. Two road-
ways were excavated along the x-axis direction 150m away
from both sides of the border, where width was 6m and the
height was 5m, and the excavation of the coal seam was
simulated by using null model. The physical and mechani-
cal parameters of coal and rock mass were listed in
Table 1, and Mohr-Coulomb criteria were used in the
numerical calculation.

3.4. Similar Materials Experiment. Taking mining 1−2 coal
seam in Shangwan mine in Shendong mining area as the
engineering background, the thickness of the coal seam was
7m, the thickness of the floor was 16m, and the thickness
of the overlying strata was 97m. The self-developed similar
simulation platform with combined multifunction servo con-
trol was used in the test [18], in which the size was 3.565m
long, 0.640m wide, and 2.915m high. The nonlinear load
was applied independently by the lateral loading rack
and the top hydraulic system to simulate different stress
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Figure 3: Strata behaviours of the working face. (a) Weighting order. (b) Weighting interval-support resistance.

Pressure arch

Advancing

(a)

Pressure arch

k > 0

k >kc

k <−1
−1<k<0

Coal-seam

Mined-out area

r

O

Arch core

P0
𝜎1

(b)

Figure 4: The pressure arch in the surrounding rock. (a) Engineering model. (b) Mechanical model.
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conditions, and the range of the load was 0.1–100 kN. The
external load was applied on the model top substituting
the 40m loose layer above the overlying strata, and the
lateral pressure coefficient was set as 1.5 which was simu-
lated by the lateral loading rack.

According to the similar criteria and test requirements,
the geometric similarity ratio was CL = 1 100, the time sim-
ilarity ratio was Ct = 1 10, the density similarity ratio was
Cγ = 1 1 56, and the intensity and stress similarity ratio
was Cσ = 1 156. The model size was 275 cm long, 30 cm
wide, and 120 cm high. The position of the start mining
was 50 cm away from the left boundary, and the advancing
distance was 6 cm each mining stage, 180 cm in total. Accord-
ing to the composition of similar materials, sand was selected
as aggregate, gypsum as the main cementitious material, lime
as an auxiliary cementitious material, borax as a retarder, and
mica powder as weak plane among the strata.

The fine-grained river sand with particle size less than
0.05mm was chosen as aggregate in the model experiment,
gypsum was used as the main cementing material, and cal-
cium carbonate was used as the auxiliary cementing material.
To ensure the reliability of material ratio in similar simula-
tion test, according to the proportion number 337, 455,
573, and 673, a small amount of river sand, calcium carbon-
ate, and gypsum was used to make cylindrical specimens
where the size was 50mm× 100mm. The uniaxial compres-
sive test of the specimen was carried out on the servo pres-
sure tester as shown in Figure 6. Taking the specimen of
proportion number 337 as an example, the compression
specimen was damaged after 83 seconds of loading, the peak
strength of the specimen was 0.48MPa.

As shown in Figure 7, there were three stress monitoring
lines being set in the model 10 cm, 45 cm, and 80 cm away
above the top of the coal seam; the monitoring and acquisi-
tion system of stress data was mainly completed by the com-
puter. The horizontal distance among the sensors was 10 cm.
The unit strain gauge was made of 3 cm× 3 cm× 3 cm poly-
urethane cube, on the three sides of the cube diagonally
adjacent, three 45-degree strain flowers were pasted, and
the vertical strain gauges were pasted along the horizontal
and vertical directions on other surfaces. The specification
of strain flower is BX120-3CA (sensitive gate size is
3mm× 2mm). The monitoring of principal stress in the
model was achieved through the main direction strain sen-
sor, and TST-3822 strain gauge analysis system was used to
monitor the principal stress of the similar materials in the
model. CTS-622-type total station was used to measure the
space coordinates of the measured points to obtain the dis-
placements of the overlying strata. The similar material ratio
of the model was shown in Table 2, in which the first digital
of the proportion number represented the ratio of sand and
cementitious material, and the second and third digital repre-
sented the ratio of two cementitious materials.

4. Results and Discussion

4.1. Arching Characteristics of the Principal Stress. Choosing
the middle position of the working face as the research object,
the cross section was selected at y = 176m, and the vector
field of the principal stress distribution was shown in
Figure 8. The maximum principal stress in the mining field
was the vertical direction, and the principal stress in the

Table 1: Material properties of coal and roof strata.

Name
Unit weight (kN/

m3)
Elastic modulus

(GPa)
Poisson’s
ratio

Cohesive strength
(MPa)

Tensile strength
(MPa)

Friction angle
(°)

Sandstone 25.00 36.50 0.22 2.60 1.50 30

Coal 13.10 12.70 0.29 1.20 0.60 27

Siltstone 24.60 37.90 0.20 4.50 3 40

Coal
Floor
Roof

Y X

Z

Figure 5: The computational model.
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Figure 7: Schematic diagram of monitoring lines and strain sensor. (a) Stress monitoring lines. (b) Strain sensor.

Table 2: Similar material proportion of the model.

Lithology Thickness (cm) Compressive strength (MPa) Actual density (kg/m3) Proportion number

Sandy mudstone 7 21 2350 537

Coarse sandstone 8 37 2430 355

Fine sandstone 7 36 2550 337

Siltstone 10 39 2600 328

Medium sandstone 14 27 2300 455

Coarse sandstone 7 37 2430 355

Sandy mudstone 4 21 2350 537

Fine sandstone 15 36 2550 337

Siltstone 8 39 2600 328

Mudstone 5 23 2240 437

Fine sandstone 8 36 2550 337

Sandy mudstone 4 21 2350 537

Coal 7 20 1500 573

Siltstone 16 39 2600 328

(a)
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Figure 6: Mechanical tests of similar material. (a) Test specimen. (b) Stress-strain curve.
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Figure 8: Continued.
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mining disturbed zone was obviously deviated after the initial
coal mining. As the shadow zone displayed the principal
stress deviation, with the load of the hanging rock transferred
to the surrounding rock at both sides of the goaf, the princi-
pal stress showed increasing.

As shown in Figure 8, with the working face advancing,
the stress deviation zone expanded gradually. The direction
of the principal stress in lower part of the principal stress
deflection zone displayed horizontal, the compressive stress
was deviated toward the surrounding rock of the mined-out
area, assuming that the deflection zone of compressive stress
above the mined-out area was the pressure arch area, and the
pressure arch in the near field formed. Above the stress
deflection zone was the in situ stress zone, and the pressure
arch in the near field bore the upper rock load and trans-
ferred it to the stable surrounding rock. As the span of the
goaf area increased, the whole direction of the principal stress
of the upper overlying strata in the mining field deviated and
the pressure arch in the far field formed.

As shown in Figure 9(a), selecting the top of the coal
seam as the origin point, the vertical stress in midspan was
analysed in the mining field. The principal stress of the over-
lying strata within 0–15m above the coal seam deviated from
the vertical direction after the initial mining stage, and the
vertical stress of the deviation zone decreased. After the
working face advancing 50m, the range of the principal stress
and the horizontal stress in the deflection zone increased, and
the vault of the pressure arch in the near field formed
(Figure 9(b)).

After the working face advancing 100m, the unloading
zone existed within 0–15m in the midspan of the overlying
strata below the pressure arch, where all the stress indicators
of the overburden rock reduced. In the range of 10–55m, the
maximum principal stress of the overburden rock was the
horizontal stress, and the pressure arch situated in the hori-
zontal stress zone increased. In addition, the pressure arch
of the disturbed surrounding rock in the far field was in the
range of 90–104m (Figure 9(c)).

4.2. Characteristic Parameter Analysis of the Pressure Arch.
After the horizontal principal stress of the midspan overbur-
den rock exceeding the in situ stress, the pressure arch of the
disturbed surrounding rock in the far field formed. As shown
in Figure 10(a), taking the working face advancing 100m as
an example, the distribution of the arching index k in the
mining field was obtained by using built-in fish language pro-
gramming in FLAC3D software and the average kc was 0.21.
The arching index of the roof strata in the near field
was k < 0, and the arching index of the upper hanging over-
burden rock and the undisturbed surrounding rock in both
sides of the goaf was k > 0. There was a symmetrical arching
core in the pressure arch, where the arching index was greater
than 0.21. The arching index gradually decreased from the
core area to the inner and outer boundary of the pressure
arch, and the maximum value was located in the vault.

As shown in Figure 10(b), according to the arching index
distribution characteristics of the pressure arch, the sur-
rounding rock zone could be partitioned. There was the
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Figure 8: Vector field of the principal stress in the surrounding rock. (a) Initial mining stage. (b) The pressure arch in the near field. (c) The
pressure arch in the far field.
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pressure arch in the disturbed surrounding rock, of which the
arching core was near the goaf and which could bear high
stress. The mining unloading zone was below the inner
boundary of the pressure arch, and the caving zone was
located at the bottom of the unloading zone.

To analyse the relationship between the bearing capacity
of the pressure arch and the development of the caving zone,
taking the middle position of the inclined direction of the
working face as the research object, the width of the pressure
arch core and the failure volume of the strata caused by coal
mining were monitored. As shown in Figure 11, in the begin-
ning of the pressure arch formation in the surrounding rock,
the width of the pressure arch core continued to increase,
which was kept constant after the pressure arch formation.
When the width of the pressure arch core decreased, the fail-
ure volume of the strata caused by coal mining increased. The
destructive volume of the rock strata displayed the nonuni-
form periodic variation as the working face advancing.

4.3. Relationships between Pressure Arch and Caving Arch.
With the working face advancing 95m, the caving arch of

the overburden broken zone in the near field was shown in
Figure 12(a). The immediate roof and the basic roof showed
the stepped structure. The marked red line was the squeezed-
arch structure by the rotation of the central broken blocks,
and the upper abscission layer of the overlying strata was
the symmetrical hinged structures.

As shown in Figure 12(b), the upper marked range was
the macroscopic caving arch of the overburden broken zone,
when the working face advanced 140m, an arch trace failure
line developed along the inner boundary of the pressure arch
for the concentrated stress and the caving arch was formed
for the function of pressure arch in the bedrock. The lower
marked line represented the squeezed-arch structure by the
rotation of the broken blocks in the near field, which bore
the load of the upper broken rocks. With the working face
advancing 180m, as shown in Figure 12(c), the covering zone
and the bending settlement zone of the overburden rock
formed below the marked red line, the latter arch foot of
the pressure arch of the broken rocks was situated in the
compacted zone, and the front arch foot was located in the
undisturbed overburden rocks above the coal wall.
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Figure 9: Stress distribution characteristics in the overlying strata. (a) Initial mining stage. (b) The pressure arch in the near field. (c) The
pressure arch in the far field.
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Figure 10: The arching index and pressure arch in the surrounding rock. (a) The arching index distribution. (b) The pressure arch in the
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The distribution characteristics of the maximum princi-
pal stress of the broken strata in each monitoring line were
shown in Figure 13(a) after the working face advancing
90m. The monitoring data showed that the zone of the

increased principal stress formed the pressure arch in the
surrounding rock. The arch foot was located in the lower
rock strata in the near field, and the maximum principal
stress of the arch foot was 13.67MPa. The vault of the

(a) (b)

(c)

Figure 12: Evolution characteristics of the pressure arch and the caving zone. (a) The pressure arch in the near field. (b) The caving arch zone.
(c) The inner boundary of the caving arch.
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Figure 13: The distribution of the principle stress with the working face advancing in surrounding rock. (a) Advancing 90m. (b) Advancing
140m.
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pressure arch was located in the upper hanging overburden
rock in the far field, and the maximum principal stress of
the vault was 4.59MPa.

As shown in Figure 13(b), with the working face advanc-
ing 140m, the front arch foot of the pressure arch in the sur-
rounding rock transferred to the undisturbed surrounding
rock. Owing to the range of the hanging strata expanding,
the load bored by the pressure arch increased, and the maxi-
mum principal stress of the arch foot arrived at 14.13MPa.
The vault of the pressure arch expanded simultaneously,
and the maximum principal stress of the vault became
6.04MPa.

The macroscopic pressure arch was the macro bearing
structure of the overburden rock in the mining field, and
the bearing capacity of different forms was diversity. The
pressure arch size of the surrounding rock in the far field
affected the range of the overburden broken zone in the
near field [3, 5]. The alternating instability of the caving
zone led to the occurrence of the strong (weak) weighting
periodically during shallow coal mining [4]. However,
there was lack of mechanical criteria for the pressure arch
size and bearing capacity, and the evolution relationship
between the pressure arch and the caving zone failed to
be established.

Since the coal mining disturbance made the principal
stress in the upper hanging overburden rock deviate to
the stable surrounding rock, the vault of the pressure arch
formed in the zone of the increased horizontal principal
stress in the midspan hanging overburden rock, and the
arch shoulder and arch feet of the pressure arch were
located in the undisturbed surrounding rock. There
existed a core-bearing zone in the pressure arch which
could be accurately delineated by the identification indica-
tors of the pressure arch in the surrounding rock. The
greater the width of the pressure arch core area was, the
stronger the pressure arch bearing capacity was, and the
destructive volume of the broken strata during coal min-
ing displayed the nonuniform periodic variation with the
working face advancing.

At the initial mining stage, the pressure arch in the near
field formed in the overburden broken zone, and the weight-
ing on the working face was relatively weak as a result of the
small zone instability of the caving arch. After the macro-
scopic pressure arch formed, the bearing load of the support
became larger, and the sliding instability of the caving arch
would cause the strong weighting. The bearing capacity of
the pressure arch in the surrounding rock affected the range
of the caving zone. According to the width of the core area
of the pressure arch, the bearing capacity of the overlying
strata and the weight of the rock strata in the caving zone
could be quantitatively analysed.

5. Conclusions

To analyse the evolution characteristics of the pressure arch
during shallow coal mining, taking Shangwan mine in Shen-
dong mining area as the engineering background, the
mechanics model of the pressure arch in the mining field
was built, and the mechanical indicators of the pressure arch

and its load-bearing zone were put forward. Then, the
mechanical model was verified and analysed, and the non-
uniform weighting mechanism of the shallow coal seam with
thick bedrock was revealed by analysing the evolution char-
acteristics of the pressure arch and the caving zone. The
conclusions were listed as follows:

(1) The increased zone of the horizontal principal stress
in the midspan hanging overburden rock formed
the vault of the pressure arch, and the arch feet and
waist of the pressure arch were located in the sur-
rounding rock. The formation of the pressure arch
indicated that the load of overlying strata above
mined-out area was effectively transferred to the sur-
rounding rock; it is useful to evaluate the load-
bearing area of the overlying strata. There existed a
core-bearing zone in the pressure arch, and the arch-
ing indicators of the pressure arch were greater than
the average value.

(2) The greater the width of the pressure arch core is, the
stronger the pressure arch bearing capacity is. When
the width of pressure arch core decreased, the failure
volume of the strata caused by coal mining increased.
The indexes of the pressure arch shape could be
applied in area division of bedrock strata; the load
carried by the working face support also could be cal-
culated based on pressure arch area and failure area
volume. The destructive volume of the rock strata
displayed the nonuniform periodic variation as the
working face advancing, so the roof weighting
behaved as long/short weighting interval and
strong/weak weighting strength, identifying the
changing law of the pressure arch that provided a
way to forecast roof weighting.

(3) At the initial mining stage, the broken blocks were
the main bearing structure in the near field, the pres-
sure arch effect occurred in the fractured roof strata
when the broken blocks carried the load effectively,
and the weighting on the working face was weak.
The strong weighting of the working face was
induced for the sliding instability of the caving arch,
and the caving arch of the fractured bedrock was
located under the inner boundary of the pressure
arch. The latter arch foot of the pressure arch trans-
ferred to the compacted zone when the fractured
bedrock was compacted in the mined-out area, and
the front arch foot transferred to the stable sur-
rounding rock in front of the coal wall; the fractured
bedrock under the pressure arch was the load source
of roof weighting.

Since the mining height, the length of the working face,
and other factors have impacts on the pressure arch, the evo-
lution characteristics of the pressure arch in the surrounding
rock under different mining conditions needed to be further
studied, and the formation conditions of the pressure arch
under different lateral pressure coefficients are also the future
research direction.
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Predrainage of coalbed gas by underground drilling is one of the main approaches for eliminating gas disasters in coal mines.
Owing to the unsatisfactory sealing effect of conventional sealing materials, coalbed gas drainage boreholes face serious air
leakage, resulting in a relatively low concentration of the drained gas. This study presents a new grouting solidification
method for sealing boreholes using expandable materials with high water content. An experimental test method was used to
study the groutability, compression resistance, and gas permeability of the expandable materials with high water content, as
well as their binding properties with coal mass at different water-cement ratios. On this basis, the governing equation for
slurry permeation considering the viscosity time-varying characteristics of the expandable material with high water content
was established and numerically calculated. The slurry permeation patterns of the expandable material with high water
content under different grouting pressures and water-cement ratios were obtained. The results show the following: (1) the
expandable material with high water content was better than cement to bind with coal mass; (2) the slurry of expandable
material with high water content, with a water-cement ratio above 6 : 1, is groutable, and as the water-cement ratio increases,
the groutability and penetrability of the expandable material with high water content increase; (3) the optimal grouting
pressure for expandable slurry with high water content is 2-3MPa; and (4) the higher the water-cement ratio, the greater the
permeation range of expandable slurry with high water content, but the increase in the permeation range is relatively small, and
the optimal water-cement ratio for expandable slurry with high water content is 7 : 1. Therefore, featuring strong groutability,
good sealability, high compressive strength, microexpansion, and tight binding with coal mass, expandable materials with high
water content are ideal for sealing coalbed gas drainage boreholes because of their efficiency in sealing fractures in coal and rock
masses around the borehole.

1. Introduction

Coalbed gas, also known as coalbed methane (CBM), is a
mineral resource that coexists with coal [1]. It is not only a
major cause of disasters in highly gassy mines but also a type
of clean and efficient energy [2] and a strong greenhouse gas
next only to CO2 [3]. Predrainage of coalbed gas by under-
ground drilling is one of the main approaches for eliminating
gas disasters in coal mines, extracting CBM, and reducing

greenhouse gas emissions from coal mines. Its basic idea is
to extract coalbed gas by drilling the target coal seams in
underground funnels, as shown in Figure 1. However, due
to drilling and underground funnel construction as well as
stress disturbances in gas drainage, there are numerous frac-
tures in coal and rock masses around a gas drainage borehole
[4] and these fractures are in a state of dynamic change, which
makes it difficult to seal the gas drainage boreholes, which face
severe air leakage, resulting in a low gas concentration [5]. For
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example, the concentration of gas predrained at approxi-
mately 65% of the stope faces of coal mines in China is below
30% [6], which severely limits the large-scale exploitation of
coalbed gas [7–10].

Traditional sealing materials mainly consist of cement
mortar and polyurethane material. The cement mortar is
prone to shrink and fracture, and ordinary cement particles
are too big to enter the microfractures of the coal mass
[11], whereas polyurethane softens and shrinks in the pres-
ence of water. Moreover, with poor permeability, it is diffi-
cult for polyurethane to infiltrate into the fractures of coal
and rock masses around the borehole [12]. Polyurethane
thus cannot effectively improve the strength of coal mass
around the borehole or prevent the formation and expansion
of fractures in coal and rock masses around the borehole,
resulting in a relatively low concentration of gas drainage.
How to effectively seal the fractures in coal and rock masses
around the borehole, increase the strength of coal and rock
masses around the borehole, and maintain coal and rock
masses around the borehole in a long-term, low-permeability
state has become a common scientific and technological
problem of great concern in the field of coal mine security
worldwide [13–15].

To solve the problem of difficulty in sealing fractures in
coal and rock masses around the borehole [16–20], a new
grouting solidification method is proposed in this study to
seal fractures in coal and rock masses around the boreholes

using an expandable material with high water content
(as shown in Figure 1). The expandable material with high
water content used in this method is a novel material formed
by adding expander to high water content material [21]. The
material is characterized by good fluidity, and the slurry
induration features slight expansion, strong plasticity, and
rapid solidification; it is greatly applicable for the sealing of
gas drainage boreholes. Hence, to investigate the sealability
of this material, the groutability, compression resistance,
and sealability of the expandable material with high water
content were explored in this study and the permeation
pattern of expandable slurry with high water content in the
fractures in coal and rock masses surrounding the borehole
was analyzed.

2. Expandable Material with High
Water Content

With high water content, the expandable material was com-
posed of material A, material B, set-retarding dispersant
AA, and quick-setting agent BB [22]. The solidification pro-
cess of the expandable material with high water content is
shown in Figure 2. Added as an auxiliary material to the
material with high water content, material C made the slurry
with high water content expand during the solidification
process, so that it could better bind with the coal mass to

Methane

Gas drainage pipe

Slurry in fracture

Aggregative pipe
Plug

Gas drainage hole

Grouting pipe

Expandable material

Figure 1: Schematic of sealing gas drainage boreholes using expandable material with high water content.

(a) (b) (c)

Figure 2: Variation of expandable material with high water content over time: (a) slurry state, (b) cementitious state, and (c) solidified state.
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enhance the material’s performance in sealing fractures in
coal and rock masses around coalbed gas drainage boreholes.

Material A in the material with high water content was
independently refined from bauxite and gypsum, and mate-
rial B was mixed by gypsum and lime. During the prepara-
tion of the expandable slurry with high water content,
materials A and B were used in a ratio of 1 : 1, AA was added
to material A, and BB was added to material B. The slurry
made of material A alone and that made of material B alone
were ordinary Newtonian fluids that did not solidify until
30–40 h later. However, the slurry formed by mixing mate-
rials A and B was a non-Newtonian fluid that quickly
hydrated and solidified.

3. Sealing Behavior of Expandable Material
Slurry with High Water Content for Sealing
Gas Drainage Boreholes

Figure 3 shows the experimental procedures followed to
study the groutability, compressive strength, and sealability
of the expandable material with high water content.

3.1. Methods

3.1.1. Groutability

(1) Setting Time. The setting time of the slurry or solution
includes the initial setting time and the final setting time
[23]. The initial setting time refers to the time from the
moment when the material is mixed with water to the
moment when the slurry or solution begins to lose its plastic-
ity. The final setting time refers to the time from the moment
when the material is mixed with water to the moment when

the slurry or solution loses its plasticity completely. In this
study, four expandable slurries with high water content were
prepared, with the water-cement ratios being 4 : 1, 5 : 1, 6 : 1,
and 7 : 1, and stirred for 5min. A mortar-setting-time tester
was used to measure the pressure values of the expandable
slurries with high water content over time, and the pressure
values obtained were substituted into the following equation
to calculate the penetration resistance of the slurries over
time [24]:

f p =
Np

Ap
, 1

where f p denotes the penetration resistance (in MPa), which
is precise to 0.01MPa, Np is the static pressure (in N) when
the penetration depth reaches 25mm, and Ap is the cross-
sectional area of the penetration test needle, which is 30mm2.

The phasic change in the solidification rate of the slurry
can be represented by the slope of the time-penetration
resistance curves. The time-penetration resistance curve
of the slurry was plotted, and the setting time of the slurry
was determined by the cutoff point of the slope change of
the curve.

(2) Fluidity. Viscosity is an important index with which to
measure the fluidity of the slurry [24]. The expandable slurry
with high water content with ideal fluidity can fully fill frac-
tures in coal and rock masses around the gas drainage bore-
hole and expand the grouting range, thereby improving the
gas drainage outcome. Therefore, the fluidity of the slurry
can be reflected by measuring its viscosity.

Property experiment of expandable material

Sample 
preparation

Expandable material with different 
water-cement ratio

(1) Only expandable material 
(2) Expandable material with coal

Groutability Fluidity Compressibility SealabilityMain 
property

Experiment 
methods Scanning electron 

microscope

Mortar-setting-
time tester

Uniaxial 
compression 

machine

Marsh funnel

Test content 

Microstructure 

Setting time Viscosity
Compression

strength
Permeability 

Core flow tester

Figure 3: Experimental procedures to study the properties of the expandable material with high water content.
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First, the effects of water-cement ratio, set-retarding dis-
persant AA, quick-setting agent BB, and expander C in the
expandable material with high water content on the viscosity
of the slurry were studied separately. Four expandable
slurries with high water content were prepared at the mass
ratios listed below and stirred for 5min. A fluidity test was
carried out on the above-prepared expandable slurries with
high water content using the Marsh funnel [25]. The mass
ratios of the four different slurries were the following: (1)
A : B :AA : BB :C=5 : 5 : 3 : 2 : 2, and the water-cement ratio
being W : 1 (W=20, 16, 13, 11, 9, 8, 7, 6, 5, 4, and 3);
(2) A : B :AA : BB :C :water = 5 : 5 : x : 2 : 2 : 75, (x=1–7); (3)
A : B :AA : BB :C :water = 5 : 5 : 3 : y : 2 : 75, (y=1–7); (4) A:
B :AA : BB :C :water = 5 : 5 : 3 : 2 :h: 75, (h=1–7).

3.1.2. Compressive Strength. After the material is grouted into
the gas drainage borehole and factures in coal and rock
masses around the borehole and becomes solidified, the
compressive strength of the expandable slurry with high
water content will affect the stability of the gas drainage bore-
hole and its surrounding coal and rock masses, as well as the
number of regenerated fractures, thereby influencing the gas
drainage outcome. Hence, two samples were prepared in this
study, that is, the compressed induration of the expandable
material with high water content and the compressed
induration after grouting the expandable material with
high water content prepared according to the distribution
characteristics of the slurry in the borehole and coal mass
into the broken coal mass (as shown in Figure 4). These
samples were used to investigate the influence pattern of
different water-cement ratios on the induration of expand-
able material with high water content, as well as the indu-
ration of expandable material with high water content and
coal mass.

The sample production is as follows: Firstly, the expand-
able slurries with high water content, with the water-cement
ratios being 7 : 1, 8 : 1, and 9 : 1, were stirred for 5min. The
mass ratio of each component in these slurries was

A : B :AA : BB :C=5 : 5 : 3 : 3 : 3. Secondly, the slurries were
injected into the mold to make two groups of specimens.
The first specimen was the solidified expandable material
with high water content with a height of 100mm and a diam-
eter of 50mm (as shown in Figure 4(b)). The height of the
second specimen was 60mm, representing the solidified
slurry in the borehole. An induration of broken coal masses
bound with expandable material with high water content
was 40mm high, with a diameter of 50mm, representing
the strength of the induration after the slurry was injected
into the borehole (as shown in Figure 5(b)). The specimens
were then placed in a curing box for 10 d before being used
in the uniaxial compression test.

3.1.3. Sealability

(1) Permeability. By measuring the permeability of the
expandable material with high water content, we can deter-
mine its sealability after sealing fractures around the bore-
hole. In this test, a core flow tester was used to measure the
permeability of the expandable materials with high water
content whose water-cement ratios were 6 : 1, 7 : 1, and 8 : 1.
The specimens were 100mm high and 50mm in diameter.

(2) Microstructure. From the microstructure of the indura-
tion of expandable material with high water content and coal
mass, we observed the structural composition and fracture
filling of the induration of expandable material with high
water content and coal mass and obtained the permeability
of expandable slurry with high water content in fractures in
coal and rock masses around the gas drainage borehole, as
well as the binding between the expandable slurry with high
water content and coal and rock masses. The experimental
method is as follows: (1) A plastic tube with a diameter of
75mm was inserted into the center of a plastic bucket with
a diameter of 300mm; the wet coal powder was poured into
the gap between the plastic bucket and the plastic tube and
then pressed. After ensuring that the coal mass was dense
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material
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hole

(a)

40
0
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60
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hole
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Expandable material
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Figure 4: Model of induration of expandable material with high water content consolidated with coal masses: (a) schematic of borehole sealed
by slurry and (b) model profile.
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and the plastic bucket was filled with coal powder, the plastic
tube was rotated several times and then taken out to make the
simulated borehole. Two simulation models were completed
successively in this way; (2) The mixed cement slurry was
injected into the first simulated borehole and the mixed
expandable slurry with high water content was injected into
the second simulated borehole; (3) The two grouted experi-
mental models were cured in the same environment for 5 d.
After the slurries in the boreholes of both models were solid-
ified, the coal powder that had not been permeated and
solidified by the slurries was slowly peeled from the outside
to the inside to observe the permeation of the slurries in coal
masses surrounding the boreholes; and (4) The two models
were split radially and a scanning electron microscope
(Quanta 250, FEI Manufacturer, USA) was applied to observe
the permeation and binding of the two slurry indurationswith
the walls of the boreholes.

3.2. Results and Discussion

3.2.1. Penetration Resistance. Figure 6 shows the time-
penetration resistance curves of expandable slurry with high
water content at different water-cement ratios. Before the
cutoff point at which the time-penetration resistance curves
show any phasic change, each curve’s growth rate over time
is slow with a small increase, whereas after the cutoff point
of each curve, the growth rate accelerates with a rapidly
expanding increase, namely, the solidification rate of the
slurry changes from a stage featuring slow growth to one
characterized by rapid growth. Therefore, according to char-
acteristics of the curves in Figure 3, we can intuitively deter-
mine points A, B, C, and D, which are the cutoff points
dividing the phasic changes of the penetration resistance of

expandable slurry with high water content at different
water-cement ratios over time, that is, the initial setting times
of expandable materials with high water content at water-
cement ratios of 4 : 1, 5 : 1, 6 : 1, and 7 : 1 are 15.5, 19, 23,
and 25.5min, respectively.

Figure 7 shows the relationship between the final setting
time and penetration resistance of expandable slurry with
high water content. The penetration resistance of expandable
slurry with high water content increases with time until it
reaches its maximum value. However, the growth rate of the
time-penetration resistance curves begins to decrease after
reaching the maximum, that is, the solidification rate of the
slurry reaches amaximum value during a rapid growth phase,
and then enters a slow growth phase until it completely

100 m
m

 

50 mm

100 m
m

50 mm

(a)

(b)

(c) (d) (e)

(f)

(g) (h) (i)

Figure 5: Compression test of induration of expandable material with high water content and induration of expandable material with high
water content consolidated with coal masses: (a) uniaxial compression tester, (b) induration specimen of expandable material with high water
content, (c–e) compression tests of expandable material with high water content, (f) induration specimen of expandable material with high
water content consolidated with coal masses, and (g–i) compression test of induration of expandable material with high water content
consolidated with coal masses.
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solidifies. Therefore, the time corresponding to the points at
which the growth rates of the time-penetration resistance
curves reach their maximum values was taken as the final set-
ting time. Points E, F, G, and H in the figure are the cutoff
points dividing the phasic changes of the penetration resis-
tance of expandable slurries with high water content over
time, which is thefinal setting time of expandable slurries with
high water content at different water-cement ratios. As shown
in the figure, the final setting times of expandable materials
with high water content at water-cement ratios of 4 : 1, 5 : 1,
6 : 1, and 7 : 1 are 148, 172, 205, and 245min, respectively.

3.2.2. Fluidity. Figure 8 shows the relationship between the
water-cement ratio and funnel viscosity of expandable mate-
rial with high water content. By testing the fluidity of expand-
able slurries with high water content, the funnel viscosity of
expandable slurries with high water content at different
water-cement ratios was obtained. The funnel viscosity of
expandable slurries with high water content increases with
increasing water-cement ratio; when the water-cement ratio
is 20 : 1, the funnel viscosity is 11 s, and when the water-
cement ratio is 16 : 1, the funnel viscosity is 12 s. After that,
the funnel viscosity slowly increases with decreasing water-
cement ratio; when the water-cement ratio is 7 : 1, the funnel
viscosity rapidly increases to 42 s, and a significantly
increased growth rate is observed. When the water-cement

ratio is 6 : 1, the funnel viscosity reaches 50 s, and the slurry
can flow slowly, and when the water-cement ratio is 3 : 1,
the funnel viscosity can reach 145 s, and, with the flow rate
slowing significantly, it is difficult for the slurry to flow.

As shown in Table 1, with an increasing amount of mate-
rial AA, the funnel viscosity of the expandable slurry with
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Figure 7: Relationship between the final setting time and penetration resistance of expandable slurry with high water content.
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viscosity of expandable material with high water content.
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high water content changes slightly, and when the set-
retarding dispersant increases from 1% to 7%, the funnel vis-
cosity only increases by 3 s. Therefore, material AA has little
effect on the viscosity of the expandable slurry with high
water content. Moreover, as the amounts of materials BB
and C increase, the funnel viscosity of the expandable slurry
with high water content also increases constantly. As the
amounts of materials BB and C increase from 1% to 7%,
the funnel viscosity of the slurry increases by 10 and 8 s,
respectively. Hence, materials BB and C have a great influ-
ence on the viscosity of the expandable slurry with high
water content.

3.2.3. Compressive Strength. Figure 9(a) shows the stress-
strain curves of the induration specimens and pure coal spec-
imens of expandable slurries with high water content at
water-cement ratios of 9 : 1, 8 : 1, and 7 : 1, respectively. It
can be seen from the figure that the slopes of the curves of
the induration specimens of expandable slurries with high
water content at water-cement ratios of 9 : 1, 8 : 1, and 7 : 1
range from small to large successively before the peak, indi-
cating that as the water-cement ratio decreases, the elasticity

modulus of the induration specimen of expandable slurries
with high water content increases, along with its ability to
resist deformation. The peaks of curves 1, 2, and 3 increase
in turn, indicating that with the decrease of the water-
cement ratio, the strength of the induration specimen of
expandable slurries with high water content rises. The maxi-
mum strengths of expandable slurries with high water con-
tent at water-cement ratios of 9 : 1, 8 : 1, and 7 : 1 are 2.15,
3.42, and 4.26MPa, respectively. The postpeak stresses of
curves 1, 2, and 3 drop more rapidly, which implies that as
the water-cement ratio decreases the plasticity of the
induration of expandable slurries with high water content
gradually decreasing, whereas its brittleness increases.

The elastic modulus (resistance to deformation) of the
pure coal specimen is located between the indurations of
expandable slurries with high water content at water-
cement ratios of 9 : 1 and 8 : 1; the maximum strength of the
pure coal specimen is located between the two, the value of
which is 3.05MPa. In addition, as indicated by the postpeak
slope of the curve, the degree of destruction of the pure coal
specimen is also between the two. It can also be seen from
the figure that when the water-cement ratio of expandable

Table 1: Influences of materials AA, BB, and C on the funnel viscosity of expandable slurries with high water content.

Experimental number
Material AA Material BB Material C

Reagent
proportion (%)

Funnel
viscosity (s)

Reagent
proportion (%)

Funnel
viscosity (s)

Reagent
proportion (%)

Funnel
viscosity (s)

Group 1 1 14 1 15 1 15

Group 2 2 15 2 15 2 16

Group 3 3 14 3 16 3 16

Group 4 4 15 4 18 4 17

Group 5 5 16 5 19 5 19

Group 6 6 16 6 22 6 22

Group 7 7 17 7 25 7 23

0.000 0.002 0.004 0.006 0.008
0

1

2

3

4

5

St
re

ss
 (M

Pa
)

Strain

W : C = 9 : 1
Coal

W : C = 8 : 1
W : C = 7 : 1

(a)

0.001 0.002 0.003 0.004

0.0

0.5

1.0

1.5

2.0

2.5

3.0

St
re

ss
 (M

Pa
)

Strain

Coal mass : expandable material = 7 : 1
Coal mass : expandable material = 8 : 1
Coal mass : expandable material = 9 : 1

(b)

Figure 9: Stress-strain curves: (a) compression curves of expandable materials with high water content of different water-cement ratios
(W : C) and (b) consolidated with coal masses of different coal-slurry ratios.
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slurry with high water content is less than 8 : 1, the elastic
modulus and uniaxial compression resistance of its indura-
tion are greater than those of coal masses.

Figure 9(b) shows the stress-strain curves of expandable
slurries with high water content consolidated with coal
masses when the mass ratios of coal and expandable slurries
with high water content are 9 : 1, 8 : 1, and 7 : 1, respectively.
As shown in the figure, the slopes of the curves of expandable
slurries with high water content consolidated with coal
masses at mass ratios of 9 : 1, 8 : 1, and 7 : 1 ranging from
small to large successively before the peak, indicating that
the higher the mass of expandable slurries with high water
content grouted into the coal masses, the larger the elasticity
modulus of the induration specimen of slurries consolidated
with coal masses, and the stronger the resistance to deforma-
tion, with the maximum strengths of the compression failure
being 2.75, 2.23, and 1.28MPa, respectively. The post-peak
stresses of curves of expandable slurries with high water con-
tent consolidated with coal masses at mass ratios of 9 : 1, 8 : 1,
and 7 : 1 drop at a lower rate, indicating that as more slurry is
injected in the induration specimen of slurries consolidated
with coal masses, the plasticity of the induration specimen
of slurries consolidated with coal masses gradually decreases,
whereas its brittleness increases.

3.2.4. Gas Permeability. The permeabilities of the induration
specimens of expandable slurries with high water content at
water-cement ratios of 8 : 1, 7 : 1, and 6 : 1 were tested and
measured at a confining pressure of 3.0MPa, the results of
which are shown in Table 2.

As shown in Table 2, the permeabilities of the induration
specimens of expandable slurries with high water content
increase as the water-cement ratio rises. The permeability
is divided into five grades: (1) a permeability greater than
1000mD indicates excellent permeability; (2) a permeability
of 100–1000mD denotes good permeability; (3) a perme-
ability of 310–100mD indicates medium permeability; (4)
a permeability of 1–10mD indicates weak permeability;
and (5) a permeability of less than 1mD denotes ultralow
permeability. Since the permeability of expandable material
with high water content is in the range 1–10mD, the indura-
tion specimen of expandable material with high water con-
tent is characterized by weak permeability, indicating that
the expandable material with high water content has poor
gas permeability and thereby possesses an ideal sealing effect.

3.2.5. Adhesiveness of the Expandable Material with High
Water Content. Figure 10(a) shows the microstructure of
the expandable material with high water content at a mag-
nification scale of 80 times, in which relatively clear tex-
tures can be found at the boundary where the cement is
incorporated with the wall of coal masses. However, in

Figures 10(a), the expandable material with high water
content is fully integrated with the wall of coal masses
and the boundary between the two is blurred. As shown
in Figure 10(b), where the microstructure is magnified
2000 times, the gap between the cement and the wall of
coal masses is comparatively obvious, whereas the expand-
able material with high water content binds better with the
wall of coal masses, and the gap between them is smaller than
that between the cement and the wall of coal masses. Taken
together, the expandable material with high water content
has better adhesion than the cement in the process of bond-
ing with the wall of coal masses.

4. Flow Mechanism of the Expandable Material
Slurry with High Water Content in Coal and
Rock Mass Fractures

4.1. Governing Equation

(1) Viscosity time-varying function is as follows.

The kinematic viscosities of expandable slurries with
high water content at water-cement ratios of 6 : 1,
7 : 1, and 8 : 1 were obtained. The following viscosity
equation was gained by fitting the data curve

μ1 t = 4 00 × 10−5t6 − 1 10 × 10−3t5

+ 1 14 × 10−2t4 − 4 96 × 10−2t3

+ 7 96 × 10−2t2 − 1 83 × 10−2t + 0 35,
2

μ2 t = 6 00 × 10−5t6 − 2 00 × 10−3t5

+ 2 24 × 10−2t4 − 0 11t3 + 0 24 × t2

− 0 12t + 0 17,
3

μ3 t = 5 00 × 10−5t6 − 1 60 × 10−3t5 + 1 85
× 10−2t4 − 9 58 × 10−2t3 + 0 212t2

− 0 113t + 0 12,
4

where t denotes time (min) and μ1 t , μ2 t , and
μ3 t (in Pa · s) represent the time-varying viscos-
ities of the expandable material with high water
content at water-cement ratios of 6 : 1, 7 : 1, and
8 : 1, respectively.

(2) Porosity of coal and rock mass is as follows [26].

ϕ = 1 − 1 − ϕ0
1 + εv

1 − p − p0
Ks

5

Here, ϕ denotes the porosity, ϕ0 is the initial
porosity, εv the volumetric strain of the coal and
rock masses, p (in Pa) is the pressure of the fluid,
p0 (in Pa) is initial pressure of the fluid, and KS
represents the volumetric compression modulus
of the coal and rock masses.

Table 2: Permeability of expandable slurries with high water
content sample under confining pressure 3.0MPa.

W : C 6 : 1 7 : 1 8 : 1

Permeability (mD) 3.85 4.32 5.26
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(3) Permeability under isothermal conditions was obtained
per the Kozeny-Caman equation in permeation fluid
mechanics.

k = k0
1 + εv

p + εv
ϕ0

+ p − p0 1 − ϕ0
Ksϕ0

6

Here, k denotes the permeability and k0 is the
initial permeability.

(4) Flow equation of the slurry is as follows [27].

−∇
k

μ t
∇p + ∂εv

∂t
+ 1 − ϕ

Ks
+ ϕ

Kf

∂p
∂t

= 0

7

Here, Kf is the volumetric compression modulus
of the fluid, μ (in Pa · s) is the kinematic viscosity
of the fluid, and g (in kg/s2) is the gravitational
acceleration.

(5) Reflecting the solid-liquid stress coupling, the effec-
tive stress field equation is as follows.

σij = 2Gεij + λδij − ϕδijp 8

Here, σij is the stress tensor, λ and G are the Lamé
constants, where λ = Ev/ 2 1 + v 1 − v and G =
E/2 1 + v , and δij is the Kronecker delta.

(6) The stress field control equation of the coal and rock
masses is as follows.

Gui,jj +
G

1 − 2v uj,ij + ϕpi + Fv = 0 9

Here, uj,jj and ui,jj denote the displacement ten-
sors and Fv (N/m

3) is the volume force.

4.2. Calculation Principle and Assumptions

4.2.1. Calculation Principle. The schematic of the numerical
analysis is shown in Figure 11, where the pressure of the
slurry affects the volumetric strain of coal and rock masses,
thereby affecting the porosity and permeability, while the
change of the porosity and permeability will affect the perme-
ability diffusion pressure of the slurry in the coal masses. As
an important parameter, the viscosity of the slurry has a great
influence on permeability and diffusion of the slurry. In this
study, we focus on analyzing the impact of the time-varying
characteristics of the viscosity of the expandable material
with high water content on the permeability pressure and
the diffusion range of the slurry.

4.2.2. Assumptions. In this study, the following assumptions
were made regarding the model proposed to calculate perme-
ability and diffusion of the slurry in the stratum with frac-
tures caused by gas drainage boreholes: (1) the strata are
homogeneous isotropic porous media, (2) the upper and
lower borders of all the strata are impermeable, (3) the effect
of gravity on permeability and diffusion of the slurry is
ignored, and (4) the parameters of the injected media are
selected according to the actual stratigraphic investigation
and laboratory test results, and the grouted strata satisfy the
conditions for grouting on the whole.

Cement

Coal
Coal

Expandable material

Coal

Coal
Cement

Expandable 
material

(c)

(b)

(d)

Observation sample Microstructure

(a)

×200

×2000

Front view

Top view

Coal

Cement Expandable 
material

Figure 10: Microstructure observation of coal masses bound with cement and expandable material with high water content: (a, b) 200x
magnification and (c, d) 2000x magnification.
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4.3. Calculation Model and Parameters

4.3.1. Establishment of the Calculation Model. As shown in
Figure 12, a calculation model consisting of the grouting of
a mudstone roof (20× 20× 3m), coal seam (20× 20× 10m),
and sandstone floor (20× 20× 4m) was established. The
borehole was in the center of the coal seam and has a
diameter of 0.1m and a depth of 20m.

4.3.2. Initial and Boundary Conditions

(1) Initial Conditions. Initial slurry pressure in each stratum
was set to be 0MPa.

(2) Stress and Displacement Boundary Conditions. A crustal
stress of 8.5MPa was imposed on the four sides of the model,
a vertical crustal stress of 7MPa was applied on the top sur-
face, the bottom surface was fixed without displacement,
and the gas drainage borehole is a free boundary.

(3) Grouting Boundary Conditions. The surrounding four
sides of the model were set as symmetric boundary condi-
tions, with the pressure set as 0MPa, and the top and bottom
of each rock stratum have no flow boundary conditions. The

grouting pressure at the borehole was set to be P = 1, 2, 3, 4,
and 5MPa.

4.3.3. Model Parameters. The model parameters were
obtained from laboratory tests and field tests in Mine 5 of
the Yangquan Coal Industry Group, as shown in Table 3.

4.4. Numerical Analysis Results and Discussion. Figure 13
shows the contour and distribution of slurry pressure in the
coal seam at 120, 480, and 840 s when the slurry grouting
pressure at the borehole is equal to 2MPa. It can be seen that
the pressure of the slurry reaches its maximum at the injec-
tion port, which is 2MPa, and the pressure near the orifice
is decaying rapidly, whereas the slurry pressure away from
the orifice decreases slowly. As the slurry moves deeper into
the coal masses, the pressure gradually decreases and eventu-
ally decreases to 0Pa in the coal seam, which is the maximum
diffusion position of the slurry.

Figure 14 shows a comparison of the permeation diffu-
sion range of viscosity time-varying expandable slurry with
high water content at a water-cement ratio of 7 : 1 and that
of the nonviscosity time-varying slurry whose initial viscosity
is the same as that of expandable material with high water
content under the same grouting pressure, that is, 2MPa.
It can be seen that the diffusion range of viscosity time-
varying expandable materials with high water content is
smaller than that of nonviscosity time-varying slurry within
the same period of time. As the viscosity of expandable
slurry with high water content increases with time, the
resistance used by the slurry to overcome the forward
movement increases and the permeability diffusion rate of
the slurry gradually decreases and the diffusion range of the
slurry whose viscosity remains unchanged is greater than that
of the slurry whose viscosity keeps increasing within the
given time.

Figure 15 shows the pressure distributions of expandable
slurries with high water content at water-cement ratios of
6 : 1, 7 : 1, and 8 : 1 at the moment of 480 s under the same
grouting pressure, that is, p = 2 MPa. It can be seen that the
higher the water-cement ratio, the greater the pressure of
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Figure 11: Schematic of numerical analysis.
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the slurry at the same position in the coal seam, indicating
that the greater the water-cement ratio, the larger the diffu-
sion range of the slurry at the same moment. The water-
cement ratio directly determines the viscosity of the slurry
and it is known from the experiment that the higher the
water-cement ratio of the slurry, the smaller the viscosity of
the slurry. According to the Newtonian viscosity formula
[24], the shear stress of the slurry is proportional to its viscos-
ity during the motion. Therefore, the slurry with a small vis-
cosity is affected by less resistance during the movement
process, which means that the slurry with a high water-
cement ratio tends to have a relatively large diffusion range.
Nevertheless, as the water-cement ratio increases, the increase
in pressure drops. In addition, according to the experiment, as
the water-cement ratio increases, the consolidation strength
between the slurry and the coal masses decreases, so the opti-
mal water-cement ratio for grouting is 7 : 1.

Figure 16 shows the pressure distribution of the expand-
able slurry with high water content at a water-cement ratio of
7 : 1 in the coal seam at the moment of 480 s under different
grouting pressures. As the grouting pressure decreases, the
slurry pressure in the same position of the coal seam
decreases and the decay rate declines as well. When the
grouting pressure reaches above 3MPa, there is little change
in the slurry pressure in the same position of the coal seam.

Figure 17 shows the variation of porosity and permeability
of the coal masses after being grouted with expandable mate-
rial with high water content. As indicated by (4) and (5), both
the porosity and permeability of the slurry are affected by the
grouting pressure P and its volumetric strain εv . As shown in
the figure, the porosity and permeability share the same vari-
ation pattern at the same time. Since the grouting pressure is
used to overcome the resistance encountered by the slurry to
permeate and diffuse into fractures in the coal seam, the
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volume of the coal seam increases near the orifice and the
porosity and permeability increase as well. The slurry pres-
sure declines as the slurry flows away from the grouting
orifice, and the porosity and permeability decrease with
the decline of the grouting pressure, with the initial porosity
eventually decreasing to 0.38 and the initial permeability
dropping to 8.89× 10−13.

Figure 18 shows the diffusion radius of the slurry at a
water-cement ratio of 7 : 1 under different grouting pressures.
Given the same grouting pressure, the higher the viscosity of
the slurry, the larger the diffusion radius of the slurry. More-
over, it can be seen from the figure that once the grouting
pressure increases to 3MPa, the diffusion radius of the slurry
will only increase slightly if the grouting pressure further goes
up. From the perspective of performance requirements and
energy consumption of the grouting equipment, the optimal
grouting pressure should be 2-3MPa, which not only ensures
a relatively large diffusion range of the slurry but also saves
energy as well as has comparatively low requirements on
the grouting equipment.

5. Potential Application for the Mining Industry

In this study, the expandable material slurry with high
water content is mainly used for plugging the fractures
of coal and rock mass around the gas drainage hole. Its
application in plugging the gas drainage hole is reflected

in the following aspects: (1) to fill the fractures around the
gas drainage hole and seal the air leakage channel, (2) to
decrease the permeability of coal and rock around the gas
drainage borehole and reduce the amount of air entering
the gas drainage hole, (3) to improve the strength of coal
and rock mass around the borehole, and (4) to increase the
radial support force to the wall of the borehole for resisting
the deformation of the borehole and reducing the crack
regeneration under the ground stress. Based on the above
characteristics, the expandable material slurry with high
water content can also be applied to filling the gob, packing
roadside along the gob-side entry, and sealing the fractures
which water gushes from in the coal mine.

6. Conclusions

(1) According to the experiment results on the setting
time of the expandable material with high water con-
tent, the setting time of the expandable material with
high water content increases as the water-cement
ratio increases. The initial settling times of expand-
able slurries with high water content at different
water-cement ratios (4 : 1, 5 : 1, 6 : 1, and 7 : 1) are
15.5, 19, 23, and 25.5min, respectively, and the final
settling times are 148, 172, 205, and 245min, respec-
tively. It is thus clear that the expandable slurry with
high water content is featured by early strength, so it

Table 3: Parameters of different slurries and the strata.

Name Physical properties Expression Units

Viscosity time-varying expandable
slurry with high water content

Slurry (W : C= 6 : 1) Viscosity μ1 t (1) Pa·s
Slurry (W : C= 7 : 1) Viscosity μ2 t (2) Pa·s
Slurry (W : C= 8 : 1) Viscosity μ3 t (3) Pa·s

Volumetric compression modulus Kf 1.2× 10−10 Dimensionless

Nonviscosity time-varying expandable
slurry with high water content

Slurry (W : C= 7 : 1) Viscosityμ0 0.3 Pa·s
Volumetric compression modulus Kf 1.2× 10−10 Dimensionless

Coalbed

Initial porosityφ0 0.38 Dimensionless

Initial permeability k 8.89× 10−13 Dimensionless

Elastic modulus E 1.85× 109 Pa

Poisson’s ratio v 0.31 Dimensionless

Volumetric compression modulus KS 1.66× 109 Pa

Mudstone

Initial porosityφ0 0.29 Dimensionless

Initial permeability k 3.48× 10−14 Dimensionless

Elastic modulus E 5.46× 109 Pa

Poisson’s ratio v 0.35 Dimensionless

Volumetric compression modulus KS 5.45× 108 Dimensionless

Fine sandstone

Initial porosity φ0 0.54 Dimensionless

Initial permeability k 5.17× 10−10 Dimensionless

Elastic modulus E 2.93× 1010 Pa

Poisson’s ratio v 0.23 Dimensionless

Volumetric compression modulus KS 5.27× 1010 Pa
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can quickly increase the strength of coal and rock
masses around the borehole.

(2) The results of the experiment on the viscosity of the
expandable material with high water content show

that the set-retarding dispersant has little effect on
the viscosity of the expandable slurry with high water
content and the quick-setting agent and expander C
have a relatively large influence on the viscosity of
the expandable slurry with high water content,
whereas the water-cement ratio has the most signifi-
cant impact on viscosity of the slurry and such
impact phasic. The funnel viscosity of the expandable
slurry with high water content increases as the water-
cement ratio decreases. The stable slurry with a
water-cement ratio above 6 : 1 has great or relatively
good groutability, while the slurry with a water-
cement ratio less than 6 : 1 features changeable fluid-
ity, poor groutability, or even nongroutability.

(3) As revealed by the results of the experiment on the
compressive strength of the expandable material
with high water content, the compressive strengths
of the expandable material with high water content
at water-cement ratios of 9 : 1, 8 : 1, and 7 : 1
decrease as the water-cement ratio increases and
their compression resistances are 2.15, 3.42, and
4.26MPa, respectively. The maximum strengths of
compressive failure of expandable slurries with
high water content consolidated with coal masses
at coal-slurry mass ratios of 9 : 1, 8 : 1, and 7 : 1 is
2.75, 2.23, and 1.28MPa, respectively. In addition,
the smaller the mass ratio and the larger the defor-
mation slope before the peak, the more slurry is
grouted into fractures in the coal masses, the
greater the elasticity modulus of expandable slur-
ries with high water content consolidated with coal
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masses, and the stronger the resistance to deforma-
tion and compression failure.

(4) From the permeability experiment and electron
microscopic observation, the expandable material
with high water content is characterized by low

permeability and can be tightly bound to the coal
masses, so the expandable material with high water
content features low gas permeability after sealing
the gas drainage boreholes, which contributes to
improving efficiency as well as the concentration
of gas drainage.

(5) According to the analysis of the variation pattern of
permeability and diffusion of the expandable material
with high water content, 2-3MPa is the optimal
grouting pressure that not only ensures a relatively
large diffusion range of the slurry but also reduces
energy consumption. The higher the water-cement
ratio, the larger the diffusion range of the slurry, yet
the growth rate of the diffusion range is relatively
small, so 7 : 1 is the optimal water-cement ratio that
simultaneously satisfies the sealing range and
strength. The viscosity of viscosity time-varying
expandable material with high water content
increases over time, and its diffusion range is smaller
than that of nonviscosity time-varying slurry with the
same viscosity. The porosity and permeability of
strata have a great influence on permeability and
diffusion of the slurry, that is, the greater the perme-
ability and the porosity, the larger the permeability
and diffusion range of the slurry.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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Figure 17: Variation of permeability and porosity over time (W : C= 7 : 1, p = 2 MPa): (a) porosity and (b) permeability.
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Well test analysis requires a preselected model, which relies on the context input and the diagnostic result through the pressure
logarithmic derivative curve. Transient pressure outer boundary response heavily impacts on the selection of such a model.
Traditional boundary-type curves used for such diagnostic purpose are only suitable for single-phase flow in a homogeneous
reservoir, while practical situations are often much more complicated. This is particularly true when transient pressure is
derived during the field development phase, for example, from permanent down-hole gauge (PDG), where outer boundary
condition such as an active aquifer with a transition zone above it plays a big role in dominating the late time pressure response.
In this case, capillary pressure and the total mobility in the transition zone have significant effect on the pressure response. This
effect is distinctly different for oil-water system and gas water system, which will result in the pressure logarithmic derivatives
remarkably different from the traditional boundary-type curves. This paper presents study results derived through theoretical
and numerical well testing approaches to solve this problem. The outcome of this study can help in understanding the reservoir
behavior and guiding the management of mature field. According to the theoretical development by Thompson, a new approach
was derived according to Darcy’s law, which shows that pressure response in the transition zone is a function of total effective
mobility. For oil-water system, the total effective mobility increases with an increase in the radius of transition zone, while for
gas-water system, the effect is opposite.

1. Introduction

With the increased reliability and technology enhance-
ment, more and more PDG have been installed in oilfields
around the world. Long-term data from PDG have the
potential to provide more information about a reservoir
than data from traditional pressure transient tests [1–3]. In
particular, during the oil field development stage, the influ-
ence of multiphase flow due to long-term nature of PDG data
is significant [4–6].

Some researchers proposed different scale models to
study different types of reservoirs, such as fractured tight
reservoirs [7, 8], preferential flow path with non-Darcy flow
reservoirs [9], mature waterflooding reservoirs [10], and
shale gas reservoirs [11, 12]. It is well known that the pres-
sure logarithmic derivative curve has been used to identify
true boundary model, but for multiphase flow well testing

[13, 14], it is much more complicated, there is a great influ-
ence on pressure derivative due to the changes of fluid prop-
erties in the transition zone [15–17]. For example, the
logarithmic derivative of bottom-hole pressure goes up and
then goes down in the late time for gas-water reservoir sys-
tems with an active aquifer underneath. If using a traditional
boundary-type curve for the model diagnostic, the wrong
conclusions may be obtained.

In the literature, some articles have been published
on multiphase flow, including those from Ramakrishnan
and Wilkinson [18], Thompson (1997), and Roadifer [19].
Ramakrishnan and Wilkinson took account of Buckley-
Leverett theory to describe the saturation profile and devel-
oped the radial Buckley-Leverett model [18]. Thompson
examined the behavior of transient pressure for single-
phase flow and multiphase flow in heterogeneous reservoirs.
He used mass conservation equations and Darcy’s law to
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derive the pressure derivatives, which can be used to interpret
well test from single-phase and multiphase flow. For single-
phase gas reservoir, the pressure derivative is a function of
the changing of rates with time. But for multiphase flow,
Thompson focused on gas-condensate reservoir and water
injection in an oil reservoir. He found that multiphase flow
drawdown is heavily influenced by the mobility in the region,
where the mobility is changing most rapidly with time. But
for both oil-water and gas-water systems, Thompson did
not consider the influence of transition zone [13].

Roadifer [19] examined the pressure behavior in a multi-
phase reservoir with a constant pressure boundary. Buckley-
Leverett theory was used to analyze multiphase well test at
the same time. Some laws on water saturation front were
derived numerically. Roadifer used Thompson equation to
interpret the pressure derivative of oil-water and oil-gas sys-
tems with constant pressure boundary. But he did not con-
sider the influence of capillary pressure [19].

In fact, for multiphase flow system, capillary pressure
cannot be ignored [20, 21]. In this work, based on Thompson
equation, but also considering capillary pressure, a new theo-
retical equation is derived from Darcy’s law, which shows
that the pressure response in the transition zone is a function
of total effective mobility and capillary pressure.

In order to study the rules of multiphase flow in transi-
tion zone, a 3D model was set up using Eclipse to simulate
the pressure responses due to multiphase flow. The oil-
water and gas-water systems were studied. Capillary pressure
was considered under closed reservoir or constant pressure
outer boundaries. Numerical well testing results can be inter-
preted qualitatively by this new theoretical equation for dif-
ferent multiphase reservoir systems. It is particularly useful
for analyzing the transient pressure outer boundary response.

2. Theory

According to the law of conservation of matter for black oil
system, isothermal multiphase flow in radial homogeneous
reservoir is described by a partial differential equation [22],
that is, diffusivity equation. When the conservation of mass
equation in each flowing phase is satisfied, Darcy’s law, which
describes pressure losses of system, is also satisfied.

First, in an oil-water system, capillary pressure is consid-
ered and gravity effect is ignored. The production rate can be
written at any radial location as [23–25]

qt r, t = qo r, t + qw r, t , 1

qo r, t = KKro Sw
μo

A r
∂Po
∂r

, 2

qw r, t = KKrw Sw
μw

A r
∂ Po − Pc

∂r
, 3

where A r is the cross-sectional flow area, ft2, that is,
A r = 2πrh.

Pc is capillary pressure, psi, that is, Pc = Po − Pw.

Equations (1), (2), and (3) can be rearranged as

∂Po
∂r

= qt r, t
2πrKhλt r, t

+ λw r, t
λt r, t

∂Pc
∂r

, 4

where λt r, t is the total effective mobility, that is, λt r, t =
λo r, t + λw r, t = Kro Sw /μ0 + Krw Sw /μw

Equation (4) can be applied to bounded reservoirs
(outer boundary condition: ∂Pe/∂r∣r=re = 0, t > 0, where re
is the radial extent of reservoir and Pe is the pressure
of outer boundary) or infinite-acting reservoirs (outer
boundary condition: lim

r→∞
P r, t = Pi, where Pi is the initial

reservoir pressure).
Considering finite-acting reservoirs, separating variables

of (4) and taking integral along a radial direction:

re

rw

∂Po
∂r

dr = 1
2πKh

re

rw

qt r′, t

r′λt r′, t
dr′

+
re

rw

λequivalent r′, t ∂Pc
∂r′

dr′,

5

where λequivalent r′, t = λw r′, t /λt r′, t
The drawdown solution can be obtained from (5):

ΔPo t = Pi − Pwf t

= 1
2πKh

re

rw

qt r′, t

r′λt r′, t
dr′

+
re

rw

λequivalent r′, t ∂Pc
∂r′

dr′

6

Finally, according to the results of laboratory experi-
ments, capillary pressure is a function of water saturation
and water saturation is a function of radial distance and
elapsed time.With respect to the natural logarithm of elapsed
time, (6) can be differentiated, and the pressure derivative is
given by

dΔPo t
d ln t

= 1
2πKh

re

rw

1
r′λt r′, t

∂qt r′, t
∂ ln t

−
qt r′, t

r′λ2t r′, t

∂λt r′, t
∂ ln t

dr′

+
re

rw

∂λequivalent r′, t
∂ ln t

∂Pc r′, t
∂Sw

∂Sw r′, t
∂r′

dr′

7
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Equation (7) is the general equation, which applies to
a radial flow system producing under defined wellbore
boundary conditions.

From this equation, it can be seen that the pressure loga-
rithmic derivative is a function of the total effective mobility,
capillary pressure, liquid rate, and water saturation. Because
this equation is highly nonlinear, an analytical solution can-
not be obtained. So the numerical well testing approach was
used to study multiphase flow rules, which considered phase
effective permeability, capillary pressure, saturation gradient,
and complex formation properties. The numerical results can
be analyzed qualitatively by (7).

3. Numerical Well Testing

In this section, a 3D model was built to simulate multi-
phase flow in order to derive numerical solution. At the
same time, (7) was used to verify qualitatively the accuracy
of the numerical solution.

3.1. Numerical Model. In the constructed numerical model,
the basic simulation grid consisted of 51 cells in the I-
direction and 51 cells in the J-direction, with 6 layers (in both
the anticline model and the flat model) (Figure 1). For the
anticline model, the angle of formation bedding (α) is about
2.8° and much smaller, so the gravity of liquid can be
neglected. Two systems, an oil-water model and a gas-water
model, with different properties were used in the simulations.
Data for the simulation model are summarized in Table 1.

3.1.1. Grid Description. Corner point geometry grids were
used with approximate dimension of 200× 200× 30 ft. Since
bottom-hole pressure is sensitive to the size of grid, a
nested grid technique was used in the model (Figure 2).
This not only makes the wellbore better connected to the grid
thereby avoiding numerical dispersion but also improves the
simulation speed.

3.1.2. Fluid Characterization. The variation of the fluid
properties in the lateral and vertical directions has been
taken into account. Under reservoir pressure, the viscosity

of gas, oil, and water for base model is 0.02 cp, 10 cp, and
0.5 cp, respectively.

3.1.3. Relative Permeability Modeling. Two sets of relative
permeability data to oil-water model (Figure 3) and gas-
water model (Figure 4) were used, which show that when
Kro is equal to Krw, the corresponding water saturation is
more than 0.5, which denotes that the rock has water
wetting property.

3.2. Case Study 1: Oil-Water System. The studies were
designed to test the impact of reservoir and fluid properties
on the pressure response. All cases are the start of a single
producer at a constant flow rate. These key parameters are
listed in Table 2.

3.2.1. Single-Phase Flow. The first case considered single-
phase flow. As shown in Figure 5, these are simulation results
of the drawdown (DD) tests for closed system. The pressure
derivatives of the two cases from flat and anticline models
are the same. It means that the shape of model does not affect
the numerical solutions of models.

For single-phase flow in these closed systems, mobility
does not change and capillary pressure is not present,
that is, ∂λt r, t /∂t = 0 and Po = Pw, Pc = 0; therefore, (7)
reduces to

dΔPo t
d ln t

= t
2πKh

re

rw

1
r′λt r′, t

∂qt r′, t
∂t

dr′ 8

OilSat

0.00000 0.15007 0.30014 0.45021 0.60028

(a)

OilSat

0.00000 0.15007 0.30014 0.45021 0.60028

(b)

Figure 1: The anticline model: 3D (a) and 2D cross-section profile (b).

Table 1: Reservoir model characteristics.

Parameter Oil-water Gas-water

Porosity Φ, % 30 30

Absolute permeability K , mD 500 10

Wellbore radius rw , ft 0.15 0.15

Total reservoir thickness, ft 180 180

Initial reservoir pressure Pi, psi 2555 2430

Top depth, ft 4500 4500
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200⁎200⁎30 ft

50⁎50⁎2.5 ft

200⁎200⁎10 ft

100⁎100⁎5 ft

5⁎5⁎2.5 ft 1⁎1⁎2.5 ft

(a) (b)

(c) (d)

(e) (f)

Figure 2: The procedure of nested grid systems, in which the size of the grid cells in each direction can be reduced step by step until the size of
the near wellbore grid cells is close to the radius of the wellbore. (a) The basic configuration of nested grid systems. (b–f) The distribution of
oil saturation, which indicates that the size of nested grid cells will be reduced from 200 ∗ 200 ∗ 10 ft to 1 ∗ 1 ∗ 1 5 ft.
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Hence, the pressure derivative is a function of the flow
rate changes with time in the reservoir.

Before pseudo-steady state is reached, the flow rate in
the reservoir will continue to increase, for example, if t <
tpss, where tpss is the time to reach the pseudo-steady state;
we can get

∂qt r′, t
∂t

> 0 9

According to the result of (9), (8) shows that the pressure
derivative will remain positive until the pseudo-steady state is
reached, that is,

dΔPo t
d ln t

> 0, t < tpss 10

At late time, when the pressure disturbance reaches a
closed boundary, the formation pressure decreases with
time, until the drawdown at wellbore is equal to the draw-
down at boundary, from then on, the pseudo-steady state
flow will start.

At the same time, the formation flow rate at any location
with elapsed time will approach to some constant value and
the increment of changes for formation flow rate at any loca-
tion will approach to zero, that is,

Δqt r′, t → 0, t→ tpss 11

After the pseudo-steady state flow, the increment of
changes for formation pressure at any location will approach
to constant.

ΔPo r, t → constant, t→ tpss, 12

or dΔPo t
d ln t

→ constant∗t, t→ tpss 13

Equation (13) indicates that in late time, the slope of
derivative in log-log plot is unit 1. Figure 5 shows that the
numerical result is identical to that from (13).

All of these results are consistent with single-phase flow
solutions in closed system.

Table 2: The designs of different flow conditions.

Fluid Case Pc Model OWC (ft) Well location Boundary condition Oil viscosity (cp)

Single-phase model
Flat / Flat / Center Closed system 10

Anticline / Anticline / Center Closed system 10

Oil-water model

OW-1 No Pc Anticline 4735 Center Closed system 10

OW-2 No Pc Anticline 4735 Center Closed system 1

OW-3 No Pc Anticline 4735 Center Closed system 5

OW-4 No Pc Anticline 4735 Center Closed system 25

OW-5 Pc Anticline 4735 Center Closed system 10

OW-6 High Pc Anticline 4735 Center Closed system 10

OW-7 Pc Anticline 4735 Center Aquifer 10

OW-8 No Pc Anticline 4735 Center Aquifer 10

OW-8 High Pc Anticline 4735 Center Aquifer 10

OW-9 No Pc Anticline 4700 Center Closed system 10

Closed system: the no-flow condition implies zero superficial velocity at the outer boundary and hence the local pressure gradient must also be zero, that is,
∂Pe/∂r∣r=re = 0, t > 0; aquifer: the well is situated in the center of a drainage area with a constant pressure, equal to the initial pressure, Pi , maintained along
the outer boundary, P re, t = Pi , t > 0.

0.1

0.01

1E − 4 1E − 3 0.01 0.1 1 10 100 1000
Elapse time (hr)

Δ
P

 an
d 
Δ
P
′

ΔP (flat model)
ΔP′ (flat model)

ΔP (anticline model)
ΔP′ (anticline model)

Figure 5: This figure shows the log-log plot of drawdown
from closed system. It shows that the pressure responses (ΔP0 =
Pi − Pwf ) and the pressure derivative responses (ΔPo ) for anticline
model and flat model under single-phase flow condition are
the same.
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3.2.2. Two-Phase Flow. For two-phase flow in homogeneous
reservoir, the capillary pressure was not considered at the
beginning, that is, Po = Pw, Pc = 0. According to Buckley-
Leverett theory, in oil-water transition zone, there exists sat-
uration front, and the reservoir can be divided into three
regions (Figure 6). The first region is between the wellbore
and the downstream side of saturation front, rw < r < r−f ; the
second region is between the downstream side of saturation
front and the upstream side of saturation front, r−f < r < r+f ;
and the third region is between the upstream side of satura-
tion front and outer boundary of the reservoir, r+f < r < re.

After the pressure reached the boundary of closed system
and the pseudo-steady state occurred, the increment of
change for volumetric flow rate at any location in late time
will approach to zero, that is, Δqt r′, t → 0, t > tpss or ∂Δqt
r′, t /∂t→ 0, t > tpss; the general pressure derivative equa-
tion (7) can be simplified as

dΔPo t
d ln t

= t
2πKh

r‐f

rw

−
qt r′, t

r′λ2t r′, t

∂λt r′, t
∂t

dr′

+
r+f

r−f

−
qt r′, t

r′λ2t r′, t

∂λt r′, t
∂t

dr′

+
re

r+f

−
qt r′, t

r′λ2t r′, t

∂λt r′, t
∂t

dr′

14

Ahead of saturation front, the flow is single-phase (oil)
and the total effective mobility is unchanged, so dλt t /dt =
0, rw < r < r−j ; from upstream of saturation front to outer
boundary, the total effective mobility increases and finally
becomes constant, so at late time, dλt t /dt→ 0, r+f < r < re,
then (14) can be reduced to

dΔPo t
d ln t

= 1
2πKh

r+f

r−f

−
qt r′, t

r′λ2t r′, t

∂λt r′, t
∂ ln t

dr′

= −
t

2πKh
r+f

r−f

qt r′, t

r′λ2t r′, t

∂λt r′, t
∂t

dr′

15

Equation (15) is the generalized pressure derivative equa-
tion for transition zone of oil-water or gas-water systems.
Since (15) is a highly nonlinear equation and cannot obtain
analytical solution, it can be used to qualitatively validate
the numerical solution and interpret the pressure behavior
in transient zone.

According to the interpretation results of numerical solu-
tion, the pressure derivative curve, the total mobility curve of
saturation front, the fluid rate of saturation front, and the total
mobility derivative curve of saturation front were obtained. As
shown in Figure 7, the pressure derivative starts to go down at
48.16 hours, and then goes up. How can this phenomenon
be explained? Figure 8 shows that when the well produces
by depletion, at downstream saturation front, with oil pro-
duced, the combined water did not flow and the oil mobility
was decreased, so the total mobility was decreased until to the
point of 48.16 hours. At upstream saturation front, the com-
bined water starts to flow, water encroachment will occur,
and the total mobility starts to increase rapidly.

After 48.16 hours, the λt r, t of upstream saturation
front increases, so ∂λt r, t /∂t increases with time and
∂λt r, t /∂t > 0 (Figure 9). According to (15), dΔPo t /d
ln t is negative and decreasing with time.

OWC
rf
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rf
+

rw

re

OilSat

0.00000 0.15007 0.30014 0.45021 0.60028

Figure 6: According to Buckley-Leverett theory, using saturation
front, reservoir can be divided into three regions. The first region
is between the wellbore and the downstream side of saturation
front, rw < r < r−f ; the second region is between the downstream
side of saturation front and the upstream side of saturation front,
r−f < r < r+f ; and the third region is between the upstream side of
saturation front and outer boundary of the reservoir, r+f < r < re.
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Figure 7: The log-log plot of drawdown of a closed system which
shows that the pressure derivative starts to decrease at 48.16
hours. At this point, the pressure reached transition zone.
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3.2.3. Sensitivity Studies

(1) Effect of Different Oil-Water Contacts (OWC). Under dif-
ferent OWC conditions (as listed in Table 2, the depths of
OWC for case OW-1 and OW-9 are 4735 ft and 4700 ft,
resp.), there is a large variation in the pressure derivative.
Figure 10 shows that the pressure derivatives go down overall
at the transition zone, but for high oil-water contact, because
the saturation front is much higher, the pressure disturbance
reaches the saturation front quickly. Hence, the pressure
derivative goes down earlier and much further.

(2) Effect of Capillary Pressure. In practice, capillary pressure
exists everywhere in reservoirs with multiphase flow as long
as oil saturation is different from water saturation [26–28].
This is reservoir’s inherent nature. According to analysis
above, considering the capillary pressure of saturation front

in transition zone, (7) can be rearranged for transition
zone as

dΔPo t
d ln t

= t
2πKh

r+f

r−f

−
qt r′, t

r′λ2t r′, t

∂λt r′, t
∂t

dr′

+ t
r+f

r−f

∂λequivalent r′, t
∂t

∂Pc r′, t
∂Sw

∂Sw r′, t
∂r′

dr′

16

For λequivalent r′, t = λw r′, t / λt r′, t = λw r′, t /
λw r′, t + λo r′, t = 1/ 1 + λo r′, t /λw r′, t , from the
downstream saturation to the upstream saturation front
r−f → r+f , λw r′, t increases with time and λo r′, t
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Figure 8: (a) The total mobility curve and (b) the volumetric of water curve just downstream of the saturation front (r→ r−f ), before 48.16 hr,
the combined water does not flow, but because the oil is moving, the total mobility decreases. (c) The total mobility curve and (d) the
volumetric of water curve at upstream saturation front (r→ r+f ), from 48.16 hr, the water encroachment will occur, the total mobility starts

to increase rapidly.
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decreases with time, so λo r′, t /λw r′, t decreases with time.
Hence, λequivalent r′, t increases and ∂λequivalent r′, t /∂t > 0.
But for ∂Pc r′, t /∂Sw, it is negative as shown in Figure 3.
However, Figure 11 indicates that ∂Sw r′, t /∂r′ is positive, so

∂λequivalent r′, t
∂t

∂Pc r′, t
∂Sw

∂Sw r′, t
∂r′

< 0 17

Figure 12 shows that the transition zone pressure deriva-
tive of the reservoir with capillary pressure goes down more
than that without capillary pressure.

(3) Effect of Constant Pressure Outer Boundary. As shown in
Figure 13, with and without capillary pressure, the pressure
derivative followed nearly the same trend in reservoir with
constant pressure at the outer boundary.

(4) Effect of Oil Viscosity. In order to study the pressure
behavior of a transition zone caused by varying oil viscosities,
four cases were designed, in which oil viscosity is 1 cp, 5 cp,
10 cp, and 25 cp (the oil/water viscosity ratio is 2, 10, 20,
and 50), respectively.

According to the radius of investigation equation,

Rinv = 0 033 kt
ϕμct

18
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Figure 9: The total mobility derivative curve just upstream of the
saturation front (r→ r+f ); the total mobility derivative is positive
and increasing with time (at early time, the calculation results are
not stable due to numerical dispersion).
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Figure 10: The log-log plot of drawdown for closed system. It shows
that the pressure derivatives for different OWC cases all together go
down in transition zone, but for high OWC case, the pressure
derivative goes down in advance and much deeper.

0.8

0.7

0.6

0.5

0.4

0.3

0 1000 2000 3000 4000 5000
Radius (�)

W
at

er
 sa

tu
ra

tio
n 

(S
w

)

0 days
4.25 days
81.244 days
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shows that the transition zone pressure derivative of reservoir with
capillary pressure goes down more than that without capillary
pressure.
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If the oil/water viscosity ratio is higher, the time of the
pressure reaching transition zone is longer. This is consistent
with simulation results shown in Figure 14.

Meanwhile, according to numerical simulation results,
under low oil/water viscosity ratio condition (such as the
oil/water viscosity ratio is 2), the pressure derivative did not
decrease in log-log plot. As shown in Figure 15, although
the total mobility has changed, the changes of total mobility
are very small, especially in late time, ∂λt/∂t→ constant;
hence, the total effective mobility did not change quickly
at saturation front of transition zone under low oil/water vis-
cosity ratio condition, so the phenomenon of the pressure
derivative going down at transition zone will not occur.

3.3. Case Study 2: Gas-Water System

3.3.1. Two-Phase Flow. For a gas-water reservoir system,
there are two boundary system conditions: the closed bound-
ary and the constant pressure boundary. Sensitivity studies
were designed for these systems. The key parameters are
listed in Table 3.

As with the studies of the oil-water system, capillary pres-
sure was not considered at first. As shown in Figure 16, the
pressure derivative of the wellbore pressure starts to go up
at 10.10 hours. This is due to the rapid decrease in total
mobility (Figure 17). According to (7), at 10.10 hours, the
λt r, t decreased, so the absolute value of ∂λt r, t /∂t
increased and ∂λt r, t /∂t < 0, but dΔPo t /d ln t is positive
and increasing with time.

3.3.2. Sensitivity Studies

(1) Effect of Capillary Pressure. According to (18), because
− qt r′, t /r′λ2t r′, t ∂λt r′, t /∂t > 0, ∂λequivalent r′, t /∂t
∂Pc r′, t /∂Sw ∂Sw r′, t /∂r′ > 0, so dΔPo t / d ln t > 0.

Figure 18 shows that the transition zone pressure deriva-
tive of a reservoir with capillary pressure goes up more than
that without capillary pressure.

(2) Effect of Constant Pressure Boundary. Considering con-
stant pressure boundary, Figure 19 shows the simulation
results of drawdown (DD) test and buildup (BU) test under
constant pressure boundary conditions. The pressure deriva-
tives of DD and BU both go up when the pressure reached
transition zone.

Figure 20 shows that the transition zone pressure deriva-
tive in a reservoir with capillary pressure goes up more than
that without capillary pressure.

(3) Distance of Movement for Saturation Front. In order to
simulate the saturation front movement, PDG data were gen-
erated by simulation (Figure 21). The first DD test and the
last DD test were selected for analysis. As shown in
Figure 22, for the first DD, at 2.123 hours, the pressure
reached the saturation front, but for the last DD, the time
for pressure reaching the saturation front is about 1.190
hours. Using (18), for the first DD, the radius investigation
of R1 is calculated as about 1712.237 ft; for the last DD, the
radius investigation of R2 is calculated as about 2282.869 ft.
The angle of formation bedding (α) is about 2.8°, H = sin
α × R2 − R1 ; the height of saturation front can be obtained
as about 27.87 ft. Figure 23 shows that the height of satura-
tion front is about 27.7 ft. In comparison with the well test
and simulation results, the error is only 0.6%.

4. Field Application

In order to apply the pressure behavior of the study in prac-
tice, two field examples are studied: a gas well test and an oil
well test.

4.1. Well A: Gas Well Test. This well is located between two
faults. The distances from the well to the faults are 2100 ft
and 3600 ft (Figure 24). The average permeability of the gas
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OW-7-Pc-∆P′
OW-6-high-Pc-∆P′

Figure 13: The log-log plot of drawdown in reservoir with constant
pressure boundary. It shows that the transition zone pressure
derivative of reservoir with capillary pressure goes down more
than that without capillary pressure.
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Figure 14: The log-log plot of pressure response in a reservoir
without Pc under different oil viscosities. If oil viscosity is greater,
the time that takes to reach the transition zone is longer.
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reservoir is 1.8mD, and the porosity is 11.5%. In order to test
well productivity, a well test was performed (Figure 25).
From the test data, the last build up data was analyzed.

Because geologist engineers thought that the gas well did
not encounter a water layer during the drilling, this gas
reservoir is assumed to be a dry gas reservoir. Therefore,
a single-phase theory was used to interpret the well test.
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Figure 15: (a) The total mobility curve and (b) the total mobility derivative curve at upstream saturation front with oil viscosity at 1 cp.
Although the total mobility has some changes, the total mobility derivative is very small and close to constant in late time.

Table 3: The design of different flow conditions.

Fluid Case Pc Model OWC (ft) Well location Aquifer Viscosity (cp)

Gas-water model

GW-1 No Pc Anticline 4735 Center No 0.02

GW-2 Pc Anticline 4735 Center No 0.02

GW-3 Pc Anticline 4735 Center Aquifer 0.02

GW-4 No Pc Anticline 4735 Center Aquifer 0.02

GW-5 High Pc Anticline 4735 Center Aquifer 0.02
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Figure 16: The log-log plot of gas-water reservoir with closed
boundary. The pressure derivative starts to increase from 10.10
hours (m p is pseudopressure of gas-water reservoir, Δm p =
m Pi −m Pwf , Δm p ′ = dΔm p /d ln t ).
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Figure 17: The total mobility curve at upstream saturation front
(r→ r+f ), from 10.10 hours. The total mobility starts to decrease
rapidly.
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From the log-log plot (Figure 26), at late time, the pressure
derivative went up, using one fault model to match this test
response; at 670 ft away from well A, there is a no-flow
boundary. Combining the geological knowledge, reservoir
engineers believed this no-flow boundary may be a subseis-
mic fault. But after this well was put into production for
two months, the water broke through.

The lesson learnt from this case was that the use of single-
phase theory to interpret the test is inappropriate. Although
well test data had some ambiguities, if the impact of multi-
phase flow was not taken into account, especially at transition
zone, which can affect the late time pressure response, the

analysis result could lead to a completely wrong decision.
In fact, in this well test log-log plot, the pressure derivative
goes up at late time, purely due to the changes of total mobil-
ity in transition zone, and nothing to do with the reservoir
outer boundary.

4.2. Well B: Oil Well Test. This reservoir is an anticline reser-
voir (Figure 27). The average buried depth of this reservoir is
1650 ft, and the oil viscosity is 120 cp. But the average perme-
ability of the formation is 3D, and the porosity is 0.27.
Hence, although oil property is very bad, the formation prop-
erty is very good. Using conventional method to produce, the
single well productivity is very high. The key of the field
development is the evaluation of formation energy. So well
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Figure 18: The log-log plot of the pressure response in gas-water
reservoir with Pc and closed boundary. The pressure derivative
with capillary pressure goes up more than that without capillary
pressure.
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Figure 19: The log-log plot of the pressure response in gas-water
reservoir under constant pressure boundary. The pressure
derivative of DD and BU goes up when the pressure reached
transition zone and then goes down when the pressure reached
outer boundary.
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the pressure derivative with capillary pressure goes up more than
that without capillary pressure in transition zone.
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testing was used (Figure 28). From the test data, the last
DD and the last BU were selected for the analysis. The
DD and BU plots show that at late time, the pressure deriva-
tives all go down (Figures 29 and 30), which was a sign of the
pressure reaching aquifer, and it means that the reservoir has
higher energy.
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Figure 23: (a) The initial oil-water contact (OWC). (b) The oil-water contact at 1060 days, according to the saturation profile. The distance of
movement for saturation front with time is about 27.7 ft.

Figure 24: The sketch map of well A. This gas reservoir was
controlled by two faults. 5100
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Figure 25: The test history of well A. The last BU was selected for
the analysis.
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Figure 22: The interpretation result of the first DD and last DD. For the first DD, from 2.123 hours, the pressure reaches saturation front, but
for the last DD, the time of pressure reaching saturation front is about 1.190 hours.
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According to the well testing result, at early development
phase, the natural depletion mechanism development was
advised. But after 6-month production, some wells in this
reservoir could not continue production, including well B.

In fact, for this reservoir, if multiphase flow theory was
used to interpret the well test, in the log-log plot of DD, the
pressure derivative decreased, purely as a response to the
change of the total mobility in the transition zone. Again, this
is nothing to do with the outer boundary.

5. Conclusions

(1) Based on a theoretical development by Thompson, a
new expression can be derived from Darcy’s law.
According to this expression and the numerical well

test results, we reasonably interpret the pressure
behavior of transition zone in oil-water and gas-
water reservoirs. The results presented in this work
are generally applicable to multiphase reservoir,
which have either an infinite-acting or a constant
pressure outer boundary.

(2) Capillary pressure in the transition zone has an insig-
nificant impact on pressure response.

(3) Two field examples were interpreted, based on this
new understanding of pressure behavior in the tran-
sition zone. It seems to work well as an explanation
of the situations of these two well tests.

Nomenclature

qt: Total rate in RB/D for all systems
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Figure 28: The test history of well B. The last DD and last BU are
selected for analysis.
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Figure 29: The log-log plot of well B last DD. From this plot, the
pressure derivative decreases at late time.
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Figure 30: The log-log plot of well B last BU. On this plot, the
pressure derivative also decreases quickly at late time.
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Figure 27: The plan view of well B. This oil reservoir is an anticline
reservoir.
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Figure 26: The log-log plot of well A last BU. At late time, the
pressure derivative goes up.
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qo: Oil rate in RB/D for all systems
qw: Water rate in RB/D for all systems
K : Absolute reservoir permeability, mD
Kro: Oil relative permeability
Krw: Water relative permeability
Krg: Gas relative permeability
μ0: Oil phase viscosity, cp
μw: Water phase viscosity, cp
μg: Gas phase viscosity, cp
A r : Cross-sectional area, ft2

Pc: Capillary pressure, psi
Po: Oil phase pressure, psi
Pw: Water phase pressure, psi
Pwf : Flowing bottom-hole pressure, psi
H: Distance of movement for saturation front with

time, ft
α: The angle of bedding, °

Rinv : Investigation radius, ft
r: Radius, ft
rw: Wellbore radius, ft
r−f : Radius to downstream saturation front, ft
r+f : Radius to upstream saturation front, ft
re: Radial extent of reservoir, ft
Sw: Water saturation, fraction
h: Formation thickness, ft
λo: Oil phase effective mobility
λw: Water phase effective mobility
λt: Total effective mobility
t: Time, hour
tpss: Pseudo-steady state time, hr
Rinv : Investigation radius, ft
ϕ: Porosity
ct: Total compressibility, psi−1.
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Refracturing is an encouraging way to uplift gas flow rate and ultimate gas recovery from shale gas wells. A numerical model,
considering the stimulated reservoir volume and multiscale gas transport, is applied to simulate the gas production from a
refractured shale gas well. The model is verified against field data from a shale gas reservoir in Sichuan Basin. Two refracturing
scenarios: refracturing through existing perforation clusters and refracturing through new perforation zones, are included in the
simulation work. Three years after production is determined to be the optimum time for refracturing based on the evolution
analysis of reservoir pressure, effective stress, fracture permeability, and gas recovery. The role that the hydraulic fracture
conductivity and hydraulic fracture half-length play in gas production for different refracturing cases is explored. Pumping
parameters of the refracturing job in Sichuan Basin are discussed combining with sensitivity analysis, and suggestions for
pumping parameters optimization are proposed.

1. Introduction

The gas flow rate of shale wells declines significantly in the
very first years after the initial hydraulic stimulation, and
the large volume of gas still remains in a shale reservoir [1].
Some wells might not achieve an economical gas flow rate
when the initial stimulation is inadequate: small treatment
size, low proppant concentration, poor proppant distribu-
tion, poor fracturing fluid selection, insufficient perforations,
and operational problems with completion [2–7]. Refractur-
ing is an encouraging way to uplift shale reservoir gas pro-
duction and ultimate gas recovery by enlarging fracture
geometry, creating new fractures, improving pay coverage,
reinflating natural fractures, increasing proppant conductiv-
ity, and restoring fracture conductivity [8–11]. Compared to
drilling and completing of infill wells, refracturing is an
economical alternative to promote well productivity when
the right candidate is selected [12–16]. The refracturing pro-
cess has been developed and applied to Barnett, Haynesville,

Bakken, Fayetteville, Eagle Ford, and Woodford shale reser-
voirs in recent years [6, 15].

Gas flow from an ultralow permeability shale reservoir
through a complex fracture network, stress, and pressure
field change must be modeled so that restimulation designs
and completion strategies can be properly evaluated. It is
difficult to predict gas production and improvement in
hydrocarbon recovery post refracturing treatment. Several
previous works developed numerical simulation approaches
to model fluid flow, complex fracture networks, and initial
hydraulic fractures of refracturing treatment. Tavassoli
et al. perform a sensitivity study on the effect of different res-
ervoir and hydraulic fracture parameters on refracturing per-
formance based on a dual permeability model [11]. Rodvelt
et al. use an analytical production simulator to forecast the
productivity index and EUR of Marcellus shale wells [8].
Haddad et al. use commercial software program to simulate
the gas production of a refractured shale reservoir [16].
Urban et al. use a dual permeability simulator that takes into
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account free gas in matrix and fractures and adsorbed gas to
simulate refracturing in the Eagle Ford shale [17]. Huang
et al. use a finite element method to evaluate the well perfor-
mance under different refracturing designs [18]. However,
these models are still not applicable to describe the complex
gas flow transport mechanism in shale gas reservoirs due to
the different sorption behavior and flow regimes between
kerogen pockets and the inorganic solid medium.

In this paper, a numerical model, considering the stimu-
lated reservoir volume and multiscale gas transport, is
applied to simulate the gas production from a refractured
shale gas well. The model is verified against field data of a
refractured shale horizontal well in Sichuan Basin, Southwest
of China. The evolution of effective stress, reservoir pressure,
fracture permeability, and gas recovery is analyzed to deter-
mine the optimum time for refracturing. Two refracturing
scenarios: refracturing through existing perforation clusters
and refracturing through new perforation zones, are included
in the simulation work. The role that the hydraulic fracture
conductivity and hydraulic fracture half-length play in gas
production for different refracturing cases is explored. In
addition, the pumping parameters of the refracturing job
are discussed combined with sensitivity analysis.

2. Governing Equations

A shale reservoir is a triple-continuum formation which con-
sists of organic matter, inorganic matrix, and natural frac-
tures [19]. During the production process, the gas release
follows the mechanism: kerogen system-inorganic matrix
system-fracture system [20]. The effective stress increases
while the reservoir pressure depletes, in which, in turn, the
porosity and permeability of shale reservoir change due to
rock matrix deformation. The stress sensitivity will further
reduce the flow capacity of the fracture system in the stimu-
lated area [21], which is a critical factor for production
prediction and optimal designation of restimulation. The
existing complex fracture network is properly characterized
in this numerical model; in addition, the solid deformation
effect and complex gas flow behavior are taken into consid-
eration. Sang et al. presented the model assumptions [22].

2.1. Deformation of Fractured Porous Shale

2.1.1. Constitutive Equation. Considering the kerogen matrix,
inorganic matrix, and fractured solid system as linearly elas-
tic media, the constitutive equation for fractured porous
shale can be generally expressed as

G∇2u + G + λ ∇εv −
2G
3 + λ ∇εS − αm∇Pm + αk∇Pk+αf∇P f = 0

1

2.1.2. Initial and Boundary Conditions. Assuming that the
well is not disturbed under the original geological state,
therefore, the displacement of shale rock is zero and the ini-
tial condition can be presented as

ux x, y, t = 0,
uy x, y, t = 0

2

The boundary conditions can be presented as

ux∣x=0 = 0 y = 0 ∼ Ye ,
ux∣x=Xe

= 0 y = 0 ∼ Ye ,
uy∣x=0 = 0 y = 0 ∼ Ye ,
uy∣x=Xe

= 0 y = 0 ∼ Ye ,
ux∣y=0 = 0 x = 0 ∼ Ye ,
ux∣y=Ye

= 0 y = 0 ∼ Xe ,
uy∣y=0 = 0 x = 0 ∼ Ye ,
uy∣y=Ye

= 0 y = 0 ∼ Xe

3

2.2. Stress-Dependent Porosity and Permeability. The effec-
tive pressure of triple-continuum formation can be presented
as [23]

σij′ = σij − αmPm + αkPk + αfP f δij 4

Stress-dependent correlations are used to consider
porosity and permeability reduction. Based on experimental
and numerical simulation results [24], power law correla-
tions are used to calculate these stress-dependent properties
as follows:

ϕξ = ϕξ0 exp −cξ σ′ − σ0′ ,

Kξ = Kξ0 exp −cξ σ′ − σ0′
5

2.3. Gas Flow

2.3.1. Continuity Equation of Kerogen System. The transport
mechanisms in the kerogen system include viscous flow,
Knudsen diffusion, and surface diffusion. Regardless of the
space transmission of the gas in kerogen, the continuity
equation of the kerogen system can be present as

−
σkmρgKkapp Pk − Pm

μg
=
∂ εkpϕρg

∂t
+ ∂ εks 1 − ϕm − ϕf qa

∂t
,

6

where qa is the adsorbed gas volume per unit volume kerogen
and defined as

qa =
ρsVLMg

Vstd

Pk

PL + Pk
, 7

where Kkapp is the apparent kerogen permeability and
defined as

Kkapp = Kk0 +
εkpϕDkkμg
CkZRgT

+
εks 1 − ϕm − ϕf DsCμsμgPk

PL + Pk
2Ck

,

8
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where Dkk is Knudsen diffusivity of the kerogen system
and defined as

Dkk =
ϕk
τ

2rk
3

8RT
πMg

1/2

9

2.3.2. Continuity Equation of Inorganic Matrix System. The
free gas transport in an inorganic matrix involves two trans-
fer terms. On the one hand, the adsorbed gas diffuses from
the kerogen system to the inorganic matrix system. On the
other hand, the inorganic matrix system supplies gas for the
fracture system. Considering the slippage effect, Knudsen dif-
fusion, and viscous flow, the gas continuity equation of the
inorganic matrix system can be presented as

∇ ⋅
ρgKmapp

μg
∇Pm +Wkm −Wmf =

∂ 1 − εkp ϕρg

∂t
,

10

where Kmapp is the apparent inorganic matrix permeability
and defined as

Kmapp =
ϕm 1 − εkp

τ
DkmμgCg + Fm

r2m
8 , 11

where Fm is the slippage factor and defined as

Fm = 1 +
μg

Pmrm

2
α
− 1 8πRT

Mg
0 5, 12

where Dkm is the Knudsen diffusivity of the inorganic matrix
system and can be defined as

Dkm = 2rm
3

8RT
πMg

0 5, 13

whereWmf is the transfer term between the inorganic matrix
system and fractures. It can be presented based on the
Warren-Root transfer model:

Wmf =
σmfρgKmapp Pm − P f

μg
, 14

where σmf is the pseudosteady state shape factor, which can
be defined as [25]

σmf = 4 1
L2fx

+ 1
L2fy

15

2.3.3. Continuity Equation of Fracture System. The pore
diameters in the fracture system are equal to the millimeter
scale, the Knudsen diffusion in the fracture system is notably
small, and only viscous flow is taken into account. Therefore,
according to the conservation of mass, the continuity equa-
tion of the fracture system can be present as

∇ ⋅
ρgK f
μg

∇P f +Wmf −Qgwell =
∂ ρgϕf

∂t
, 16

where Qgwell is the production rate of the fracture system and
can be defined based on the Peaceman model [26]:

Qgwell =
2πρgK fW f

μgVb

P f − Pwf
ln re/rw

17

2.3.4. Initial and Boundary Conditions. Assuming that the
initial pressures of the kerogen system, inorganic matrix sys-
tem, and fracture system are identical, then the initial condi-
tion can be presented as

Pk x, y, t ∣t=0 = Pm x, y, t ∣t=0 = P f x, y, t ∣t=0 = Pi 18

The shale formation is considered a closed unit. The bot-
tom hole flow pressure is applied as the inner boundary
condition:

∂P f
∂n

∣Γ1 = Pwf 19

The no-flow outer boundary condition is applied:

∂P f
∂n

∣Γ0 = 0,

∂Pm
∂n

∣Γ0 = 0,

∂Pk
∂n

∣Γ0 = 0

20

Start

Grid mesh and parameters input

Time step Δt

Gas flow equation in kerogen system

Gas flow equation in inorganic matrix system

Gas flow equation in fracture system

Solid deformation equation

Volume strain and effective stress calculation

Production calculation at t Time

Time of refracturing?

Simulation time?

End

Yes

Yest1 = t1 + Δt

t2 = t2 + Δt
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U
pdate hydraulic fracture and

reservoir param
eters

U
pdate reservoir param

eters

Figure 1: Simulation procedure of modeling initial fracturing and
refracturing job.
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where Γ1 represents the inner boundary of the production
well and Γ0 represents the outer boundary.

2.4. Simulation Procedure. The finite difference method is
used to solve the highly nonlinear mathematical model. The
simulation procedure is as follows:

Step 1. The stimulated area and hydraulic fractures are
meshed by the nonuniform rectangular grid system.

Step 2. The pressure in the kerogen system, inorganic system,
and fracture system is calculated, respectively.

Step 3. The pressure calculated in Step 2 is used to calculate
the volume strain of grid points; after further calculating
the average effective stress, the reservoir parameters are
renewed and transferred to the gas flow model. The calcula-
tion pauses at the time for refracturing.

Step 4. Hydraulic fracture and reservoir parameters are
updated at the time node of refracturing; the iterative compu-
tation will stop at the end of simulation time.

The simulation procedure detail is shown in Figure 1.

3. Results and Discussion

3.1. Model Validation against Field Data. A horizontal well
with multistage hydraulic fracturing is placed in the center
of the reservoir model (500m× 400m× 50m). Reservoir
and wellbore geometry parameters similar to shale gas field
in Sichuan Basin, Southwest of China, are presented in
Table 1. 395m of the horizontal wellbore was initially stimu-
lated with 6 stages, and the horizontal well achieved an aver-
age daily gas flow rate of 2.5× 104m3 during the early
production stage. However, the daily gas flow rate sharply
declined to less than 0.5× 104m3 after 4 years of production;
it cannot meet the critical liquid carrying flow, and the well
was shut in.

The refracturing job of this well was carried out by
general temporary plug and diversion process. The slick
water was firstly pumped through the casing to compen-
sate reservoir energy. While the bottom hole pressure
(BHP) reached instantaneous shut-in pressure (ISIP) of
the initial fracturing treatment, the particulate drops were
pumped downhole to temporarily block open perforations,
and the larger proppant mass treament schedules were
further pumped. The increased pressure gained with
particulate drops and stages of sand indicating diversion
into new rock. The process was repeated for last 3 stages.
The altered stress field leads to the main uncertainty of

Table 1: Reservoir and wellbore geometry parameters for the simulation model.

Parameter Symbol Value Units

Well radius rw 0.1 m

Bottomhole flowing pressure Pwf 15 MPa

Initial reservoir pressure Pi 20 MPa

Transient shape factor σkm 8 1/m2

Pseudosteady state shape factor σmf 1 1/m2

Initial porosity ϕξ0 0.05 —

Natural fracture porosity φf 0.001 —

Portion of kerogen grain volume in total shale core grain volume εks 0.1 —

Inorganic matrix permeability Kmi 1× 10−7 μm2

Elastic modulus E 22 GPa

Poisson ratio ν 0.2 —

Initial conductivity of hydraulic fractures Fcd 0.1 D·cm
Hydraulic fracture half-length Lf 70 m

Maximum principal stress σH 40 MPa

Minimum principal stress σh 36 MPa

Reservoir thickness H 50 m

Langmuir volume VL 3× 10−3 m3/kg

Langmuir pressure PL 6 MPa

Molecular mass Mg 0.016 kg/mol

Surface diffusion coefficient Ds 1× 10−7 m2/s

Length of horizontal well L 395 m

Reservoir temperature T 85 °C
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how much of the lateral and which stage were stimulated
[27, 28]. Fortunately, the microseismic monitoring data
proved that intervals closer to the heel (equivalent to
stages 3 through 6 from the original stimulation treat-
ment) were refractured.

For the refracturing work, the hydraulic fracture con-
ductivity is promoted from 0.1D∙cm to 0.4D∙cm; the res-
ervoir pressure and the adsorption gas content distribution
of the simulated reservoir with refracturing treatment are
illustrated in Figures 2(a) and 2(b), respectively. Compared
to the stage with restimulation, the reservoir pressure of
stage 5 and stage 6 maintains a higher level after 10
years of production due to the depletion of fracture con-
ductivity, the recovery of the absorbed gas is very low,
and a large amount of absorbed gas still remains in the
shale reservoir.

The gas production is increased through refracturing
treatment, as shown in Figure 3. Figure 3(a) shows the field
data of the gas flow rate for the horizontal well with initial
fracturing treatment and refracturing treatment producing

at a constant well pressure. This well was shut in for 7 times
before refracturing, which may be one of the main factors
that lead to history data-matching error. In general, the
simulation results present a good match with the field data,
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Figure 2: Reservoir pressure and reservoir adsorption gas content distribution after refracturing treatment.
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Figure 3: Comparison of simulation results with field data: (a) gas flow rate and (b) cumulative gas production.
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which has verified the numerical model is capable of model-
ing initial fracturing and refracturing of shale formation.

3.2. Parametric Study Hydraulic Fractures. The role that opti-
mal refracturing time, hydraulic fracture permeability, and
hydraulic fracture half-length play in gas production is
explored in this section. Two cases are considered, as shown
in Figure 4. In the first case, the refracturing job is performed
through the existing perforation clusters. In the second case,
the refracturing job is performed through new perforation
zones. In addition, the pumping parameters are also dis-
cussed combined with sensitivity analysis.

3.2.1. The Optimal Refracturing Time. Finding the optimal
time for refracturing is crucial so as to maximize the perfor-
mance of the refracturing job; the flow capacity of hydraulic
fracture and cumulative gas production are the important
indicators. The effective stress will increase as the reservoir
pressure depletes during the production, and the induced
effective stress increment will lead to the degrading flow
capacity of the hydraulic fracture, which is one of the major
obstacles for expected shale gas recovery. As shown in
Figure 5, during the early production stage, the ratio of the
hydraulic fracture permeability after and before production
(K f /K f i) decreases sharply, and it presents a linear and stable
decreasing trend after 3 years of production. The gas pro-
duction performance is simulated for refracturing at the
third, fourth, and fifth years, respectively. Cumulative gas
production of 10 years is shown in Figure 6. As shown in
the figure, refracturing at the fourth and the fifth years
achieves almost the same cumulative gas production, while
refracturing at the third year achieves a better performance
but not obvious. However, there is an optimum time for
refracturing, according to the research results of Wang
et al., waiting too long between initial stimulation and
refracturing results in reduced treatment effectiveness [29].
This is because the reservoir pressure continues to decrease
while the fracture flow capacity presents a stable value.
Therefore, it is the optimal time for a refracturing job when
the flow capacity of the original fractures trends to be stable.

For the horizontal shale gas well in Sichuan Basin, it is better
to perform refracturing work after 3 years of production.

3.2.2. Hydraulic Fracture Conductivity.As shown in Figures 7
and 8, the gas production of both refracturing scenarios
presents a positive correlation with hydraulic fracture
conductivity. Figures 7(a) and 8(a) illustrate that the gas flow
rate of refracturing through the existing perforation clusters
(4 stages) is higher than that of refracturing through new
perforation zones (3 stages). However, refracturing through
new perforation zones achieves better gas production com-
pared to reopening of the original fractures for the consider-
ation of every stage contribution. In the case of 0.4D∙cm
hydraulic fracture conductivity, the initial average gas flow
rate of every stage for refracturing through existing perfora-
tion zones is 1.57× 104m3, while the average gas flow rate
of every stage for refracturing through new perforation clus-
ters is 1.79× 104m3. The average cumulative gas production
of every stage for refracturing through new perforation zones
is higher than that of refracturing through existing perfora-
tion clusters, as shown in Figures 7(b) and 8(b). This is
because the area undrained by the initial hydraulic fractures
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maintains relatively higher reservoir pressure, which contrib-
utes a higher production pressure drop. As shown in
Figures 9 and 10, compared with performing refracturing
through existing perforation clusters, refracturing through
new perforation clusters can communicate the area which
the initial fracturing is unstimulated, expanding the reservoir
seepage area and improving the reservoir recovery. It is
unlikely that economic success will be achieved simply by
restoring the flow capacity of hydraulic fractures with new
proppant. Therefore, higher proppant concentration and
large-scale treatment size should be applied to increase frac-
ture geometry and reservoir contact with the wellbore for
both refracturing scenarios. In addition, refracturing with
higher strength proppant is helpful for hydraulic fractures
to maintain long-term conductivity due to the increment of
effective stress [29], as shown in Figure 5.

3.2.3. Hydraulic Fracture Half-Length. In the case of refrac-
turing through new perforation clusters, gas flow rate and
cumulative gas production for different hydraulic fracture
half-length are shown in Figures 11(a) and 11(b), respec-
tively. Increasing the hydraulic fracture half-length enlarges
the seepage area along the longitudinal direction of the reser-
voir as to promote gas production. As shown in Figure 11(b),
the cumulative gas production of the well increases from
0.48× 108m3 to 0.54× 108m3 while the hydraulic fracture
half-length increases from 70m to 110m. In addition, the
reservoir pressure decreases slower with higher hydraulic
fracture half-length, which is beneficial for long-time pro-
duction, as shown in Figures 12 and 13. However, in refrac-
turing, the fracture does not follow the same path of the
initial fracture due to the change in stress anisotropy; it is
not easy to obtain longer fracture length [14].
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Figure 7: Well performance of refracturing through existing perforation clusters: (a) gas flow rate and (b) cumulative gas production.
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Figure 8: Well performance of refracturing through new perforation zones: (a) gas flow rate and (b) cumulative gas production.
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Figure 9: Reservoir pressure distribution: (a) refracturing through existing perforation clusters and (b) refracturing through new perforation
zones.
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Figure 10: Reservoir adsorption gas content distribution: (a) refracturing through existing perforation clusters and (b) refracturing through
new perforation zones.
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Figure 11: Effects of hydraulic fracture half-length on: (a) gas flow rate and (b) gas flow rate of refracturing through new perforation zones.
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3.2.4. Pumping Parameters. The pumping parameters of the
refracturing job should be designed for enlarging fracture
geometry, improving pay coverage, and restoring fracture
conductivity. The existing fracture network should be taken
into consideration. For the horizontal well discussed in this
paper, the pumping rate of the initial fracturing job is
13~14m3/min, due to the existing fracture network and
higher fracturing fluid filtration, and the pumping rate
increased to 14~16m3/min. In addition, the average fluid
volume of every stage increases from 1960m3 to 2490m3,
as shown in Figure 14.

100 mesh, 40/70 mesh, and 30/50 mesh ceramic proppant
are used for both initial fracturing and refracturing job; the
portion of different size ceramic proppant used is shown in
Figures 15 and 16. For initial fracturing, only an average vol-
ume of 7.5m3 100 mesh proppant is used to polish the frac-
ture near the wellbore for every stage treatment, 40/70 mesh
proppant is mainly used to prop the hydraulic fracture, and
an average volume of 9.6m3 30/50 mesh proppant is used to
achieve higher fracture conductivity near the wellbore. This
well is generally refractured, and the higher proppant is deliv-
ered within the limitation of well head pressure (WHP).

Based on microseismic monitoring and pumping data statis-
tics, the average volume of 100 mesh proppant is promoted
from 7.5m3 to 25m3 to keep the narrow fractures created
by refracturing open. 40/70 mesh proppant is also the main
proppant used to restore fracture conductivity.

0
x/m

100 200 300 400 500

0

100

200

−100

−200

y
/m

7.5

9.1

10.7

12.3

13.8

15.4

17.0

18.6

20.0
Mpa

(a)

0
x/m

100 200 300 400 500

0

100

200

−100

−200

y
/m

7.5

9.1

10.7

12.3

13.8

15.4

17.0

18.6

20.0
Mpa

(b)

Figure 12: Reservoir pressure distribution: (a) 90m hydraulic fracture half-length and (b) 110m hydraulic fracture half-length.
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Figure 13: Reservoir adsorption gas content distribution: (a) 90m hydraulic fracture half-length and (b) 110m hydraulic fracture half-length.
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The field production data validate that the pumping
parameters for the refracturing job performed through the
existing clusters can effectively restore fracture conductivity
as to promote gas flow rate (Figure 3). For refracturing
through the existing clusters, a higher portion of microprop-
pant is helpful to keep the narrow fractures created by refrac-
turing open for improving gas production. It is the most
common method to promote pumping rate, fluid volume,
and proppant concentration in the previous successful
refracturing jobs [29–32]. On the one hand, a higher pump-
ing rate helps to reduce proppant collection at the bottom of
the wellbore [6]. On the other hand, higher proppant concen-
tration and large-scale treatment size are helpful to restore or
increase hydraulic fracture conductivity so as to increase gas
production, as shown in Figure 7.

4. Conclusion

A numerical model, considering the existing stimulated
reservoir volume and multi-scale gas transport, is applied to
simulate the gas production of the refractured shale well.

The model is verified against field data of the gas flow rate.
The optimum time for refracturing is discussed based on
the simulation results. Two refracturing scenarios: refractur-
ing through existing perforation clusters and refracturing
through new perforation zones, are included in the simula-
tion work. The role that the hydraulic fracture conductivity
and hydraulic fracture half-length play in gas production
for different refracturing cases is explored, and the pumping
parameters are also discussed. The main observations and
conclusions are summarized below:

(1) The simulation results of the gas flow rate present a
good match with the field data. It is the optimal time
for the refracturing job when fracture flow capacity
trends to be stable. For the horizontal shale gas well
in Sichuan Basin, it is better to perform the refractur-
ing job after 3 years of production.

(2) Production uplift can be achieved by performing the
refracturing job both through existing perforation
clusters and new perforation zones. Generally, creat-
ing new fractures can achieve better gas production
compared to reopening the original fractures.

(3) The gas production presents a positive correlation
with hydraulic fracture conductivity for both refrac-
turing scenarios. It is unlikely that economic success
will be achieved simply by restoring the flow capacity
of hydraulic fractures with new proppant. Higher
proppant concentration and large-scale treatment
size should be applied to increase fracture geometry
and reservoir contact with the wellbore.

(4) Increasing the hydraulic fracture half-length enlarges
the seepage area along the longitudinal direction of
the reservoir as to promote gas production. The
reservoir pressure decreases slower with longer
hydraulic fracture half-length, which is beneficial
for long-time production.

(5) The field data validate that the pumping parameters
for the refracturing job performed through the exist-
ing clusters can effectively restore fracture conductiv-
ity as to promote the gas flow rate.

Nomenclature

Cμs: Maximum monolayer adsorbed gas on the kerogen
surface (mol/m3)

Ck : The moles of free gas per kerogen organic pore
volume (mol/m3)

Cm: The moles of free gas per inorganic matrix pore
volume (mol/m3)

Cg: Gas compression coefficient of inorganic matrix
system (MPa−1)

cξ: Experimental coefficient
Dkk : Knudsen diffusivity of kerogen system (m2/s)
Dkm: Knudsen diffusivity of inorganic matrix system

(m2/s)
Ds: Surface diffusion coefficient (m2/s)
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Figure 15: Proppant parameters of initial fracturing job.
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Figure 16: Proppant parameters of the refracturing job.
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Fm: Slippage factor
G: Shear modulus (MPa)
Kk0: Kerogen intrinsic permeability (μm2)
Kmapp: Apparent inorganic matrix permeability (μm2)
Kξ: Permeability of shale reservoir during production

(μm2)
Kξ0: Initial permeability of shale reservoir (μm2)
Rg: Universal gas constant (J/(K∙mol))
rm: Pore radius of inorganic matrix (m)
Mg: Molecular mass (kg/mol)
Pk : Kerogen pressure (MPa)
Pm: Inorganic matrix pressure (MPa)
P f : Fracture pressure (MPa)
PL: Langmuir pressure (MPa)
Pi: Initial reservoir pressure (MPa)
VL: Langmuir volume (m3/kg)
V std: Gas molar volume at the standard condition

(273.15K and 101.325 kPa) (m3/mol)
Z: Deviation factor
Lfx , Lfy: Fracture spacing of x-axis and y-axis,

respectively (m)
Wmf : Mass transfer term between inorganic matter and

natural fractures (mol/(m3∙s))
Qgwell: Production rate of fracture system (mol/(m3∙s)).

Greek Symbols

αm: Inorganic matrix effective stress coefficient
αk : Kerogen effective stress coefficient
αf : Fracture effective stress coefficient
σij′: Reservoir effective stress (MPa)

σij: Stress tensor (MPa)

σ0′: Initial effective stress (MPa)

σ′: Effective stress during production (MPa)
σkm: Transient shape factor (1/m2)
σmf : Pseudo-steady state shape factor (1/m2)
εν: Volume strain
εS: Volume strain induced by gas desorption
εkp: Portion of kerogen pore volume in total interconnected

matrix pore volume
εks: Portion of kerogen grain volume in total shale core

grain volume
ϕξ: Porosity during production process
ϕξ0: Initial porosity
ϕ: Total matrix porosity
ϕm: Inorganic matrix porosity
ϕf : Fracture porosity
ρg: Gas density (kg/m3)
μg: Gas viscosity (mPa∙s)
λ: Melanie constant
u: Displacement (m)
δij: The symbol of Kroneker (if i = j, then δij = 1, else

δij = 0).

Subscripts

k: Related to kerogen

m: Related to inorganic matrix
f : Related to fracture
0: The reference state.
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Based on a brief overview on the determination methods of formation pressure and their features, the major principle of formation
pressure testing while drilling (FPTWD) and existing physical simulation systems was introduced, and the deficiency of the
existing physical simulation systems was also discussed. A laboratory high-precision physical simulation system was therefore
developed to simulate the downhole testing environment and testing process of FPTWD. The present experimental system was
designed to endure pressures up to 20,000 psi, and the relative control accuracy of pressure is approximately 0.02% FS. Two kinds
of man-made specimens with the permeability of 10–110mD were used to test the pressure response and to verify the present
physical simulation system. The debugging results indicated that the variation amplitude under the stable condition is
approximately 0.07 psi, 0.08 psi, 0.11 psi, and 0.11 kN for the annular pressure, pore pressure, confining pressure, and thrust force,
respectively. Thus, the high control accuracy is approximately ±1.0 psi under the stable conditions. The experimental results
indicated that the pressure drawdown declines rapidly in the stage of withdrawing formation fluids and then recovers slowly. The
pressure drop amplitude also decreases with permeability, while the pressure buildup amplitude increases with permeability. The
tendency of pressure change is nearly the same for both the present and the previous systems, and the pressure curve of the
present system is much smoother and better than that of the previous system. The relative error of explaining formation pressure
is less than 1% and 4% for the present and the previous systems, respectively. In addition, this physical simulation system has
important applications to verify the interpretation model, to analyze pressure response recorded by FPTWD tools, to test the
capability and design of FPTWD tools, and to calibrate the formation pressure, formation parameters, and instrument factors.

1. Introduction

Pore pressure, also known as the formation pore pressure or
the formation pressure, refers to the fluid (oil, gas, and water)
pressures in the pore spaces of porous formations [1, 2]. In
general, the normal pore pressure increases with depth at a
constant gradient (i.e., the hydrostatic pressure gradient); if
the pore pressure is lower or higher than the hydrostatic
pressure or normal formation pressure, it is an abnormal
pore pressure [3, 4]. When the pore pressure is higher than
the normal pore pressure, it is overpressure or abnormal high

pore pressure; while when the pore pressure is lower than
the normal pore pressure, it is underpressure or subnormal
pore pressure [5, 6]. The abnormal pore pressure has so
many impacts on the exploration, exploitation, and utiliza-
tion activities of deep earth geo-energy and geo-resources,
such as the petroleum drilling, scientific drilling, petroleum
exploitation, geothermal exploitation, CO2 geological seques-
tration, and nuclear waste disposal [7–11].

In the process of petroleum drilling and scientific drilling,
pore pressure is one of the most important parameters for the
drilling plan; it can be used to optimize the drilling fluid
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density, wellbore configuration, and pressure control equip-
ment. If the abnormal pore pressure cannot be accurately
predicted, some very complex down-hole incidents, such as
fluid influx, gas kick, overflow, blowout, and mud loss, can
occur and even occur the out-of-control blowout and lost cir-
culation in a severe case, which obviously increase the drilling
risk, cycle, and costs [5, 6]. In the process of petroleum
exploitation, pore pressure is an important basic parameter
for oil and gas development; it can be used to characterize
the type of reservoir, estimate geological reserves, determine
the energy of oil and gas reservoir, and conduct the predic-
tion of production performance, which determines the for-
mation fluid properties, the development mode, and the
ultimate recovery [12]. In the process of geothermal exploita-
tion, pore pressure has a significant impact on the dynamic
production performance and geothermal resource recovery
[13, 14]. In the process of CO2 geological sequestration and
nuclear waste disposal, pore pressure affects the injection
capacity of CO2 or nuclear waste, and it also has a significant
impact on the long-term storage capacity [15, 16]. Thus, it is
very important to determine the formation pressure for
petroleum drilling, scientific drilling, petroleum exploitation,
geothermal exploitation, CO2 geological sequestration, and
nuclear waste disposal.

Currently, there are five kinds of conventional methods
that can be used to determine formation pressure, such as
the seismic method, dc-exponent method, well logging
method, drill stem test (DST), and wire-line formation test
(WFT) [5, 6]. However, these methods are usually featured
by low precision and poor real time, which makes accurately
detecting formation pressure in real time become very diffi-
cult. In order to overcome the problems mentioned above,
on the basis of traditional WFT and measurement while dril-
ling technologies, the concept of formation pressure testing
while drilling (FPTWD) was put forward. The FPTWD tester
is installed in the bottom-hole assembly (BHA), and the for-
mation pressure is tested in the process of a short pause
under drilling operations [3, 4]. Therefore, the detection of
formation pressure becomes more accurate and real time.
Due to the great advantages of FPTWD tester, PETRO-
CHINA, SINOPEC, and CNOOC of China also began to
conduct research and development of FPTWD tools. But
there are still no mature FPTWD products in China; the
main reason is that there is a lack of a verification method
for the FPTWD tool.

Thus, the aim of the present paper is to overview the
determination methods and the major principle of forma-
tion pressure testing and to introduce a new physical sim-
ulation system for FPTWD and its application. In Section
2, the conventional determination methods of formation
pressure and their features were introduced, the major
principle of FPTWD and existing physical simulation sys-
tems for FPTWD was reviewed, and the deficiency of the
existing physical simulation systems was also discussed.
In Section 3, a new kind of physical simulation system for
FPTWD was designed; the key parts of this physical sim-
ulation system, such as the sample size, core holder, con-
trol system, and main operating procedures, had been
introduced. In Section 4, two typical experiments were

introduced to verify the present physical simulation sys-
tem; the debugging results, testing results, and discussions
were also discussed.

2. Overview of the Determination of
Formation Pressure

2.1. Conventional Methods for the Determination of
Formation Pressure. In order to use pore pressure to guide
the exploration, exploitation, and utilization activities of deep
earth geo-energy and geo-resources, many scholars had
therefore proposed the prediction or detection method of
pore pressure. The fundamental theory of pore pressure pre-
diction is based on Terzaghi’s and Biot’s effective stress law,
which indicates that the pore pressure is a function of total
stress and effective stress [5]. In other words, when the total
stress and effective stress are obtained, the pore pressure
can be determined by using Terzaghi’s and Biot’s effective
stress law. In which, the total stress can be easily deter-
mined from the overburden pressure of formations, while
the determination of effective stress is generally more diffi-
cult. In 1965, Hottmann and Johnson conducted the earli-
est study on pore pressure prediction for shale formations
[17]; their discovery became known as the normal compac-
tion theory. From then on, many prediction methods of pore
pressure were presented based on resistivity, sonic transit
time, natural potential, seismic wave velocity, and other well
logging data [5].

According to the fundamental theory, the conventional
prediction method for pore pressure can be classified into
two main categories: (1) prediction method based on normal
compaction trend (NCT): the determination of the NCT is
critically important; the most commonly used methods
include the equivalent depth method [18], Eaton’s method
[19, 20], and modified Eaton’s method [21]; the logging data
used include resistivity, sonic transit time, and natural
potential, and (2) prediction method based on effective
stress theory: it is unnecessary to determine the NCT; the
most common used methods include Bowers’ method [22],
Miller’s method [5], Tau method [23], Zhang’s method
[24], and Eberhart-Phillips’ method [25]; these methods
mainly be determined by using acoustic logging data and
other well logging data. Due to the compaction theory
which is suitable for mudstone or shale formation, thus,
these methods can be used to predict pore pressure for
mudstone or shale formation. Currently, the difficulty is
to predict the pore pressure for carbonate formations [26].
According to the obtaining order, the conventional predic-
tion or detection method for pore pressure can be classified
into three categories:

(1) Predrill pore pressure prediction: pore pressure can
be predicted by extracting the seismic wave velocity
from geophysical exploration data, but seismic data
often lack the spatial resolution needed for accurate
pore pressure prediction [1]. Thus, this method is
usually suitable for pore pressure prediction in new
exploration areas or new exploration wells.
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(2) Pore pressure detection during drilling: pore pressure
can be detected by using drilling parameters, the the-
oretical basis is still the normal compaction theory,
where the rate of penetration (ROP) data is used to
determine NCT, and the most commonly used
methods include the dc-exponent method and sigma
exponent method [5, 6], but the detection precision is
very poor.

(3) Postdrill pore pressure prediction or detection: for
postdrill pore pressure prediction, it mainly refers
to the logging-based prediction methods; both the
normal compaction theory and the effective stress
theory can be used; and resistivity, sonic transit time,
natural potential, and other well logging data are suit-
able. For postdrill pore pressure detection, the main
methods include DST and WFT [27–29]; these two
methods can test the pore pressure accurately, but
the DST and WFT are featured by time-consuming,
inefficiency, and high cost. In addition, the WFT tool
is usually difficult to run into the highly deviated well
and horizontal well, and there is a risk of sticking
pipe, slacking off, and fishing during formation pres-
sure testing [3, 4].

2.2. Formation Pressure Testing while Drilling (FPTWD). In
order to improve the detection precision of pore pressure,
some new requirements are raised in the application of
WFT. In the middle and later periods of the 1990s, on

the basis of traditional WFT and measurement while dril-
ling technologies, the foreign oilfield technology service
companies put forward the concept of formation pressure
testing while drilling (FPTWD) to overcome the disadvan-
tages of DST and WFT. The probe-type FPTWD tester is
installed in the bottom-hole assembly (BHA), and the for-
mation pressure is tested in the process of a short pause
under drilling operations.

In 1999, Pathfinder Company developed the first
FPTWD tester, that is, the Drilling Formation Tester
(DFT), where the structure of double packers was designed,
as shown in Figure 1; the main processes of DFT testing are
as follows [30]: (1) locate the down-hole position of DFT
by using gamma logging data; (2) send a starting command
to activate the down-hole DFT and to set the packer; (3)
let the down-hole DFT launch the test sequence, including
pressure drop, pressure buildup, and unsealing processes.
However, due to the friction effect between the rubber
packer and the borehole wall, the packers are easy to dam-
age during the rotation of the drill string; consequently,
these two packers cannot seal the borehole annulus and
the whole test failed.

In 2002, Halliburton Company developed a probe-type
FPTWD tester, the Geo-Tap system, to solve the problem
mentioned above [31]. Figure 2(a) shows the major compo-
nents of the typical probe-type FPTWD tester, Figure 2(b)
shows the main workflow of the FPTWD tester, and
Figure 2(c) shows the pressure response curve of the FPTWD
tester. As shown in Figures 2(a) and 2(b), the main processes
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of FPTWD testing are as follows: (1) lift or lower the drill
string to locate the down-hole position of the FPTWD tester;
(2) send a starting command to activate the down-hole
FPTWD tester; (3) let the down-hole FPTWD tester launch
the test sequence of formation pressure testing; as shown
in Figure 2(c), the test sequence mainly includes five stages
[3, 4]: (A) pretest stage, (B) set packer stage, (C) pressure
drawdown stage, (D) pressure buildup stage, and (E) posttest
stage; (4) after testing the pressure response, the down-hole
FPTWD tester processes the pressure response curve, then
the processing results to the surface were uploaded, and the
test sequence was finished; (5) once the down-hole data
upload is completed, the test sequence ends automatically,
and then the drilling operations can be continued.

From then on, various oilfield technology service
companies have also developed several kinds of probe-
type FPTWD testers: Baker-Hughes Company developed
the Tes-Trak system, Schlumberger Company developed
the Stetho-Scope system, and Weatherford Company devel-
oped the Compact-MFT system [35]. The probe-type
FPTWD tester is installed in the bottom-hole assembly
(BHA), and the formation pressure is tested in the process
of a short pause under drilling operations. The FPTWD tes-
ter starts the formation pressure testing for a short time as
long as wells have been drilled; that is, the mud invasion
has just started during the procedure, so that the measured

pore pressure is more accurate [3, 4]. Furthermore, because
the FPTWD tester can determine the pore pressure without
removing the drill string from the borehole, it can overcome
the disadvantages of DST and WFT, the FPTWD is featured
by real-time, high-accuracy, high-efficiency detection of pore
pressure, and the difficulty of WFT run into the highly devi-
ated well and horizontal well is also solved.

Due to the great advantages of the FPTWD tester, PET-
ROCHINA, SINOPEC, and CNOOC of China also began
to organize research and development of FPTWD tools:
Chuan and coauthors, working at the Southwest Petroleum
University, developed a prototype tool of the probe-type
FPTWD [35]; Zhao and coauthors, working at the Daqing
Drilling Engineering Company of PetroChina, developed an
SDC-I type of the FPTWD tool and conducted the field test
in 6 wells [36]; Zheng and coauthors, working at the Research
Institute of Petroleum Engineering of SINOPEC, developed a
prototype tool of the probe-type FPTWD [37]. On the whole,
these studies had made a great progress, but there are still no
mature FPTWD products; the main reason is that there is a
lack of a verification method for the FPTWD tool, and the
results are as follows: (1) the reasonable design parameters
of FPTWD tools are not very clear, such as the suction
scheme, suction rate, suction volume, and push force of the
probe; (2) the theoretical model of pressure response and
data processing method is very difficult to validate; (3) the
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performance of the FPTWD tool is very difficult to test.
Thus, in order to speed up the process of research and
development for FPTWD tools, it is necessary to develop
a physical simulation system for formation pressure testing
while drilling. Therefore, the present paper aimed at devel-
oping a high-precision physical simulation system for the
FPTWD tester and conducting the application of this phys-
ical simulation system.

2.3. Existing Physical Simulation Systems for FPTWD. In
fact, the process of formation pressure testing is actually
a fluid seepage process in pore spaces of porous forma-
tions. The most important stages are mainly the pressure
drawdown stage and pressure buildup stage. The forma-
tion pressure, time constant, and buildup magnitude can
be determined by multiple linear regression of the buildup
pressure curve [30, 31, 35]. Once we obtained the time
constant and buildup magnitude, the formation fluidity
and fluid compression coefficient also can be determined,
where the fluidity refers to the ratio of the permeability
to viscosity. In addition, some instrument factors, such
as the probe geometric shape factor, flowline volume,
and flow factor of drawdown pressure, need to be cali-
brated before the FPTWD tool is used. If these instrument
factors did not calibrate accurately, the calculation results
of the FPTWD tool are not credible.

The physical simulation of formation pressure testing is a
very important aspect to achieve the objective that was men-
tioned above, but only very little laboratory work had been
published. In 1994, Desbrandes and Xu [38] conducted the
pressure transient test for the WFT system, and the influence
of the actual mud system or mud cake was involved; however,
the experimental apparatus was not introduced, and these
tests were conducted in only a few cases and with very low
formation pressures less than 600 psi.

In 1995, Ramakrishnan et al. [39] designed an experi-
mental apparatus to investigate the permeability in hemi-
spherical flow with application to formation testers; this
experimental apparatus can flow fluids through a probe
under isotropic confining stresses. It mainly consists of the
pressure vessel, the rubber jacket, the floating piston,
probe-packer assembly, two pumps, several valves, several
sensors, the control system, and the computer. The radius
of the specimen was designed as twice the length to test
the anisotropic permeability. A number of synthetic and nat-
ural rocks were used to conduct pressure measurements on
confining pressure, probe size, flow rate, and flow direction
for WFT conditions, but they did not test the pressure
response of formation testing.

In 2004, Lee et al. [40] designed an experimental
apparatus to analyze pressure transients recorded by the
Geo-Tap FPTWD tool; the experimental apparatus mainly
consists of the core holder, three cylinders, three pumps,
the drawdown piston, two transducers, three solenoids, and
an electrical control and visualization system. Although the
antipressure ability of this experimental apparatus can
reach 6000 psi and they reported ~180 experiments were
conducted, only five representative cases were published,
and these five experiments were performed with very high

permeabilities higher than 982mD (982mD, 1946mD, and
3649mD) and medium formation pressures less than
2000 psi (500 psi, 1500psi, and 2000 psi).

In 2014, Ma and coauthors [3, 4] also developed an
experimental apparatus for the FPTWD system. It mainly
consists of the work platform, the core gripper, the push
action cylinder, the pretest chamber, three pressurizers, three
pumps, seven valves, the main control board, and the com-
puter. The main performance indicators are listed as follows:
specimen diameter is 100mm, specimen length is 50–
200mm (adjustable), confining pressure is 0–10,000 psi with
a precision of ±0.5%, formation pressure is 0–10,000 psi with
a precision of ±0.5%, annular pressure is 0–10,000 psi with
a precision of ±0.5%, withdrawn volume is 0–25ml with a
precision of ±0.1%, and drawdown flow rate is 0–5ml/s with
a precision of ±0.1%. They conducted a large number of
experiments to verify the validity of the analytical model, to
analyze pressure response recorded by FPTWD tools, and
to test the capability and design of FPTWD tools. There are
seven representative cases published, and these experiments
were performed with medium-low permeabilities lower than
120mD (1.14–110.25mD) and medium-high formation
pressures less than 3000psi (2393–2973psi).

The physical simulation system can be used to verify the
interpretation model and to analyze pressure response
recorded by FPTWD tools. It also can be used to calibrate
the instrument factors, the pore pressure, formation fluidity,
and fluid compression coefficient. Currently, only three kinds
of experimental apparatuses have been reported, and only
very few experiments associated with the pressure response
of FPTWD have been published. This experimental appa-
ratus was not used to calibrate the FPTWD tools, maybe
because the precision requirement of the physical simula-
tion system is very high, and these systems have no
enough precision. Due to these instrument factors, forma-
tion fluidity and fluid compression coefficient are very sen-
sitive to the pressure; the precision requirement of the
physical simulation system is very high. In general, the
resolution of the pressure sensor in the FPTWD tool is
approximately 1.0 psi; thus, the control accuracy of the
physical simulation system should be as close to 1.0 psi
as possible. The precision performances of existing physi-
cal simulation systems were reported rarely; only Ma and
coauthors [3, 4] provided the precision performances, but
its precision of all pressure is ±0.5% with a measurement
range of 0–10,000 psi; that is, the absolute precision of full
range is approximately ±50 psi, and it is not enough to
calibrate the FPTWD tools. Therefore, it is necessary to
develop a high precision physical simulation system to
investigate the pressure response recorded by FPTWD
tools, to verify the validity of the analytical model, and
to calibrate the instrument factors, the pore pressure, for-
mation fluidity, and fluid compression coefficient.

3. Study of the Physical Simulation System

3.1. System Design. In view of the need for testing the pres-
sure response recorded by FPTWD tools, testing the capabil-
ity and design of FPTWD tools, verifying the interpretation

5Geofluids



model, and calibrating the instrument factors and FPTWD
tools, a physical simulation system for FPTWD was designed
that could simulate the action of the FPTWD tool under sim-
ulated wellbore conditions. According to the testing principle
of FPTWD tools, the schematic of the physical simulation
system is shown in Figure 3. The physical simulation system
is composed of the foundation, the core holder, the packer,
the thrust rod, the pretest piston, five servomotors, five decel-
erators, five ball screws, three cylinders, three vessels, seven
break valves, three relief valves, five sensors, several control-
ling and measuring lines, several liquid lines, the driving and
controlling system, and the computer. The present physical
simulation system can simulate the testing environment,
such as the formation pressure, the confining pressure, the
annulus pressure, and the packer setting.

3.2. Sample Size Determination

3.2.1. Sample Diameter. The key to conduct the physical
simulation for FPTWD is the determination of the represen-
tative sample such as shape and size. Although the specimen
diameter of 160mm and specimen length of 50–200mm
(adjustable) are given in Section 3.1, we should discuss how
to determine the sample size. Thus, we analyzed the relation-
ship of pressure distribution near the borehole wall. Consid-
ering a typical seepage problem of FPTWD, as shown in

Figure 2(a), the analytical model of the pressure response
equation can be expressed as

1
r2

∂
∂r

r2
∂P
∂r

= 1
η

∂ P
∂ t

, 1

where pressure transmitting coefficient η is given as

η = kf
ϕ0μCt

2

The boundary conditions and initial conditions are given
as follows:

∂P
∂r r=rw

=
qμ

2πr2pkf
, solution domain Γ1,

0, solution domain Γ2,
P r→∞, t = Pi,
P r, t = 0 = Pi,

3

where r is the radial distance (m), η is the pressure transmit-
ting coefficient, ϕ0 is the porosity (%), μ is the fluid viscosity
(cp), P is the pressure (psi), kf is the formation spherical per-
meability (md), Ct is the comprehensive compression coeffi-
cient (psi−1), t is the time (s), rw is the wellbore radius (cm),
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rp is the probe radius (cm), q is the withdrawn flow rate of
fluid (cc/s), and Pi is the initial pore pressure (psi).

According to (1), (2), and (3), we can solve the analytical
solution by using the Laplace transformation, and the analyt-
ical solution of the ideal pressure response equation can be
given as

P = Pi −
qμ

2πkf r
erfc r

2η t
4

Assume a typical wellbore condition which has the pore
pressure of 5800 psi, wellbore pressure of 6000 psi, porosity
of 10.0%, permeability of 10mD, fluid viscosity of 1mPa·s,
comprehensive compression coefficient of 2.07× 10−6 psi−1,
wellbore radius of 10.8 cm, probe radius of 1.0 cm, and with-
drawn flow rate of 1ml/s. Using (4), if the withdrawn time is
5 s, then the pressure distribution near the borehole wall is
shown in Figure 4. It is very clearly found that the pressure
drop mainly appears near the testing probe, the pressure
drop is approximately 1608 psi, 1158 psi, 836 psi, 536 psi,
268 psi, 143 psi, and 53psi for a radial distance of 2 cm,
3 cm, 5 cm, 7 cm, 10 cm, 20 cm, and 40 cm, respectively.
When the radial distance is greater than 10 cm, the pressure
drop is less than 300 psi, and when the radial distance is
greater than 20 cm, the pressure drop is less than 150 psi;
thus, when the radial distance reaches a limited value, the
pressure drop must be small enough. In other words, the typ-
ical seepage problem of FPTWD can be regarded as the seep-
age problem with a finite boundary. Therefore, the physical
simulation of FPTWD is reasonable and feasible. From this
point of view, the reasonable ratio of supply boundary to
probe should be higher than 10–20 for FPTWD. In general,
the diameter of the probe is approximately 10mm, and the
sample size is recommended larger than 100mm in diameter.

3.2.2. Sample Length. As shown in Figure 5, the seepage pro-
cess of FPTWD should be a hemispherical seepage problem.

Thus, we should investigate the controlling relationship
between physical simulation and FPTWD testing. For the
physical simulation provided in Figure 3, the pore pressure
is applied at the right end of the sample, and the probe
is applied at the center of the left end of the sample. Thus,
the physical model of physical simulation is shown in
Figure 5; the measured pressure is a reflection of both hemi-
spherical and linear flows. In order to ensure the boundary
effects do not affect the pressure testing and the flow charac-
teristics are largely hemispherical, the following conditions
are imposed [39]:

rp
R

≪ 1,
rp
L

≪ 1,

ΔPl
ΔP ≪ 1,

5

where R is the sample radius (cm), L is the sample length
(cm), △Pl is the pressure drop of the linear flow (psi/
cm), and △P is the pressure drop of the hemispherical
flow (psi/cm).

As shown in Figure 5, in cylindrical coordinates with the
origin at the center of the left end of the sample and the z-axis
coinciding with the axis of the sample, the equilibrium equa-
tion of pore fluid can be expressed as [39]

∂2P
∂r2

+ 1
r
∂P
∂r

+ ∂2P
∂z2

= 0 6

The boundary conditions and initial conditions are given
as follows:

rp

0

∂P
∂z

rdr = −
qμ
2πkf

, r < rp, z = 0,

∂P
∂r r=R

= 0,

P r, z = L, t = Pi,
P r, z = 0, t = 0 = P,

7

where r is the radial distance (cm), z is the z-axial distance
(cm), L is the sample length (cm), and R is the sample radius
(cm).

According to (6) and (7), we can solve the analytical solu-
tion of the ideal pressure drop.

ΔP = qμ
kf

1
4rp

−
ln 2
2πL + 1

πL
〠
∞

n=1

K1 nπR/2L
I1 nπR/2L , 8

where K1 and I1 are the Bessel functions.
In (8), the first term on the right belongs to the hemi-

spherical flow term, while the second term on the right
belongs to the linear flow term. Thus, according to the
assumed conditions of (5), the linear flow term should satisfy
the following condition:

r = 2, 3, 5, 7, 10, 20, 40 cm
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−
ln 2
2πL + 1

πL
〠
∞

n=1

K1 nπR/2L
I1 nπR/2L = 0 9

Reduction (9), we can obtain

R = ln 2π/ln2
π

L = 0 7L 10

Equation (10) presents the relationship to determine the
sample size. In general, the probe diameter is approximately
10mm; if the sample diameter is set as 100mm, then the
length of the sample should be 72mm; if the sample diameter
is set as 160mm, then the length of the sample should be
114mm.

On the basis of determination for sample diameter and
length, considering the requirements of a larger probe, the
sample size is recommended as 160mm in diameter and
50–200mm in length, and the length can be adjusted from

50mm to 200mm, so that the influence of sample size on
physical simulation can be investigated.

3.3. Core Holder. In order to conduct experiments related to
high pressure (20,000 psi), the laboratory is configured with
a high-pressure core holder which can concurrently bear
the pore pressure, confining pressure, and wellbore pressure.
The configuration of the core holder is shown in Figure 6; it is
mainly composed of the cylinder, two end caps, adjustable
pad, seal ring, thrust rod, rubber jacket, probe and packer,
several pull rods, and several nuts. The maximum operating
pressure is 20,000 psi that can satisfy the requirements of
high-pressure physical simulation; thus, the axial force that
is induced by the operating pressure exceeds 2800 kN. The
configuration of the pull rod is suitable for tension, so the
configuration of the pull rod is adapted to against the high
operating pressure for the pore pressure, confining pressure,
and wellbore pressure. The von Mises stress distribution in
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Figure 5: Streamlines in a finite physical simulation sample.
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the cylinder is shown in Figure 7, the maximum stress occurs
at the inner wall of the cylinder, but if the assembled config-
uration is used, the maximum stress occurs at the outer wall
of the cylinder. Consequently, the cylinder does not bear the
axial force that is induced by the operating pressure; it is ben-
eficial to the safety of the high pressure vessel. The left and
right end caps are composed of two end caps that are con-
nected by hinge to enhance operability, because the end cap
is very heavy. End cap 1 is inside and end cap 2 is outside,
and the sealing is provided by cylinder, end cap 1, and seal
ring, while end cap 2 just provides the effect of compaction
by the pull rod and nut.

3.4. Control System. The difficulty of the control system is
to achieve the high-precision control. In order to enhance
the control precision of pressure, flow rate, and force, the
high-precision servo control system was used, and the core
components consist of the servo controller, synchronous
motor, decelerator, and ball screw. According to the
requirements of physical simulation, there are five closed-
loop control subsystems, such as formation pressure, con-
fining pressure, annular pressure, withdrawn flow rate,
and thrust force, as shown in Figures 3 and 8. However,
according to the control objective, there are three kinds of
control subsystem:

(1) Each individual control subsystem for pressure,
such as formation pressure, confining pressure,
and annular pressure, mainly consists of the master
controller, digital to analog converter, servo control-
ler, synchronous motor, decelerator, ball screw,
piston cylinder, load, pressure sensor, and signal pro-
cessor. These three control subsystems can provide
the high-precision formation pressure, confining
pressure, and annular pressure to simulate the testing
environment of FPTWD. The control accuracy

of each pressure can reach an absolute pressure
of ±5.0 psi, and the measuring accuracy of these pres-
sure sensors is ±1.0 psi.

(2) The individual control subsystem for the withdrawn
flow rate mainly consists of the master controller,
digital to analog converter, servo controller, synchro-
nous motor, decelerator, ball screw, piston cylinder,
load, pressure and displacement sensor, and signal
processor, where the displacement sensor is config-
ured to control the withdrawn flow rate of the fluid,
while the pressure sensor is configured to measure
the withdrawn pressure. Therefore, the withdrawn
subsystem can conduct high-precision withdrawn
testing, but it cannot perform the servo control of
the withdrawn pressure. The withdrawn subsystem
has a withdrawn volume of 0–25ml with a precision
of ±0.1%, the drawdown flow rate of 0–5ml/s with
a precision of ±0.1%, and pressure measuring accu-
racy of ±1.0 psi.

(3) The individual control subsystem of thrust force
mainly consists of the master controller, digital to
analog converter, servo controller, synchronous
motor, decelerator, ball screw, load, force and dis-
placement sensor, and signal processor. The thrust
force subsystem is used to simulate the process of set-
ting packer and provide the packer sealing. There-
fore, the thrust force control is very important for
the thrust force subsystem. The control accuracy of
thrust force can reach a relative value of ±1.0%FS,
and the thrust displacement of packer is 40–60mm
with a control precision of ±1.0% FS.

3.5. The Physical Simulation System. Figure 9 shows the
real photos of the physical simulation system. The physical
environment simulator that consists of foundation, core
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holder, packer, thrust rod, one decelerator, ball screw 1, and
servomotor 1 was configured separately, due to its huge
volume and weight. The withdrawn subsystem that consists
of servo controller, synchronous motor 5, decelerator 5, ball
screw 5, piston cylinder, pressure, and displacement sensors
was also configured separately; due to this, the subsystem
sometimes needs to be replaced by a real withdrawn system
of FPTWD tools, as shown in Figure 9(b). The other ele-
ments were configured on the experimental platform, where
the servo control subsystems were installed in the bottom
of the platform, while the computer, driving and control-
ling system, pressure gages, valves, and vessels were
installed in the top of the platform. These two parts were
connected by stainless steel tubes and cables. In this way,
it is beneficial to simplify experiment operation and insure
experiment safety.

The main performance indicators are listed as follows:
specimen diameter is 160mm, specimen length is 50–
200mm (adjustable), confining pressure is 0–20,000 psi with
a precision of 0.02% FS, formation pressure is 0–20,000 psi
with a precision of 0.02% FS, annular pressure is 0–
20,000 psi with a precision of 0.02% FS, the control precision
is ±1.0 psi when the pressure is stable, thrust force of the
packer is 15–50 kN with a control precision of ±1.0% FS,
thrust displacement of the packer is 40–60mmwith a control
precision of ±1.0% FS, withdrawn volume is 0–25ml with a
precision of ±0.1%, and drawdown flow rate is 0–5ml/s with
a precision of ±0.1%.

3.6. Main Operating Procedures. The main workflow of
the physical simulation system is as follows (as shown
in Figures 3 and 9):

Commond
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Master
controller D/A Servo

controller 
Synchronous

motor 2
Decelerator

2 Ball screw 2 Piston
cylinder

Load
(formation
pressure)

Signal
processor Pressure sensor

Computer control system Servo system for motor speed Decelerating mechanism

Servo
controller 

Synchronous
motor 3

Decelerator
3 Ball screw

3
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processor Pressure sensor

Servo system for motor speed Decelerating mechanism

Servo
controller 

Synchronous
motor 4

Decelerator
4 Ball screw 4

Signal
processor Pressure sensor

Servo system for motor speed Decelerating mechanism

Servo
controller 

Synchronous
motor 1 Decelerator 1 Ball screw 1

Signal
processor Force/displacement sensor

Servo system for motor speed Decelerating mechanism

Load
(confining
pressure)
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(annular
pressure)
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Piston
cylinder
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motor 5
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Load
(withdraw
flowrate)

Piston
cylinder

Figure 8: Scheme of the control system.
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(1) Prepare for the physical simulation experiment.
Install the testing sample, tighten the bolt, and con-
nect all lines.

(2) Inject liquids to the vessels. Close valve numbers
1–3, and inject different liquids to three vessels,
such as formation fluids for formation pressure,
oil for confining pressure, and drilling mud for
annular pressure.

(3) Inject liquids to the cylinders. Power on the physical
simulation system, close valve numbers 4–6, and
open valve numbers 1–3, then control servomotor
numbers 2–4 to suction different liquids into the
corresponding cylinders.

(4) Push the probe out to seal the packer. Close valve
numbers 1–3, and open valve numbers 4–6. Firstly,
start servomotor number 3 to drive the decelerator,
ball screw, and piston to move onto the left to apply
the confining pressure. Secondly, start servomotor
numbers 2 and 4 to drive the decelerator, ball screw,

and piston to move onto the left to apply the forma-
tion pressure and annular pressure independently.
Note that the confining pressure should always be
greater than the formation pressure and annular
pressure. The confining pressure, formation pres-
sure, and annular pressure should be automatically
controlled by the computer.

(5) Start the sealing sequence for FPTWD testing. Open
valve number 7; start servomotor number 1 to drive
the probe setting and packer sealing on the right end
of the sample, and the thrust force and displacement
should be automatically controlled by the computer.

(6) Start the testing sequence of FPTWD. If the with-
drawn subsystem is used, start servomotor number
5 to drive the decelerator, ball screw, and piston to
move onto the right to withdraw formation fluid,
where the withdrawn flow rate and volume must
be automatically controlled by the computer, and
pressure sensor number 5 records the response of

Computer

Vessel pressure gage

Operating platform

ValveFPTWD tool

Physical environment simulator

FPTWD tool

AC servomotor

Decelerator

Ball screw
Force sensor

Thrust rod

Core holder

Power and computer

Withdraw line

(a)

(b)

Figure 9: Photos of the physical simulation system for FPTWD. (a) The whole physical simulation system. (b) The physical environment
simulator with a real withdrawn system of a FPTWD tool.
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pressure drawdown. If the withdrawn system of a
real FPTWD tool is used, start the withdrawn sys-
tem to withdraw formation fluid, where the with-
drawn flow rate and volume must be automatically
controlled by the FPTWD tool, and both pressure
sensor number 5 and built-in pressure sensor can
record the response of pressure drawdown.

(7) Test the response of buildup pressure for FPTWD.
If the withdrawn subsystem is used, control the
withdrawn subsystem to stop withdrawing forma-
tion fluid and waiting for pressure buildup; that is,
stop servomotor number 5 to wait for pressure
buildup in the pretest piston, and pressure sensor
number 5 records the response of buildup pressure.
If the withdrawn system of a real FPTWD tool is
used, control the withdrawn system to stop with-
drawing formation fluid, where both pressure sen-
sor number 5 and built-in pressure sensor can
record the response of pressure buildup. After pres-
sure buildup is begging, the repeated pumping tests
can be performed, and the operator just needs to
repeat step (6) to step (7).

(8) End the testing sequence of FPTWD. Start servo
motor numbers 2–4 to release the confining pres-
sure, formation pressure, and annular pressure; then
start servomotor number 1 to retract the probe and
unseal the packer. If the withdrawn subsystem is
used, start servo motor number 5 to pump the fluid
out of the pretest piston. If the withdrawn system of
a real FPTWD tool is used, control the withdrawn
system to pump the fluid out. After finishing the
whole testing sequence, the repeated tests can be
performed, and the operator just needs to repeat
step (5) to step (8).

(9) Finish the testing. Close valve numbers 4–6, and
separate the core holder to take the sample out.
Open valve numbers 1–3, and start servomotor
numbers 2–4 to pump fluids out of the cylinders.

(10) Finally, power off the physical simulation system,
and clean up the experimental platform.

4. Verification Testing of the Physical
Simulation System

4.1. Testing Specimens. The testing samples used are two
kinds of man-made siltstone. The instrument of X-ray dif-
fraction (XRD) was adopted to determine the mineral com-
position for two kinds of man-made siltstone. The XRD
testing results indicated that both the fine and the coarse silt-
stones are featured by rich in quartz, followed by clay min-
eral, feldspar, and calcite, and the mineral content is shown
in Table 1. It is clearly found that the content of quartz in
the fine siltstone is lower than that in the coarse siltstone,
while the content of clay mineral in the fine siltstone is
greater than that in the coarse siltstone. These two kinds of
siltstone are fine grained and tawny in color. The dry density
is measured as 2.50 g/cm3 and 2.24 g/cm3 for the fine siltstone
and coarse siltstone, respectively. The scanning electron
microscope (SEM) was used to observe these two kinds
of siltstone. As shown in Figure 10, the grain size of the fine
siltstone mainly ranges from 0.01mm to 0.05mm, while the
grain size of the coarse siltstone mainly ranges from
0.05mm to 0.10mm. Finally, rock specimens with a size of
160mm in diameter and 200mm in length are sliced from
the homogenous man-made block.

4.2. Testing Steps. In order to verify the present physical sim-
ulation system, a series of experiments had been conducted.
The testing samples used are man-made siltstones, and the
penetrating liquids are oil. The experimental study is carried
out in three steps: (1) saturate the rock specimens by using
the simulated formation oil; (2) test the control accuracy of
the physical simulation system; and (3) conduct the physical
simulation experiments based on the main operation proce-
dures of the physical simulation system. Figure 11 shows a
part of experimental specimens, where one of them was sat-
urating by using the simulated formation oil, and a steel spec-
imen was used to debug this physical simulation system.

Table 1: Main mineral composition and content.

Number Lithology
Mineral composition and content (%)

Quartz Orthoclase Plagioclase Calcite Clay mineral

1 Fine siltstone 81.67 2.05 1.33 1.47 13.48

2 Fine siltstone 70.85 1.58 1.20 1.32 25.05

3 Fine siltstone 74.64 2.35 1.50 1.86 19.65

Max. 81.67 2.35 1.50 1.86 25.05

Min. 70.85 1.58 1.20 1.32 13.48

Mean 75.72 1.99 1.34 1.55 19.39

4 Coarse siltstone 85.83 0.88 1.00 0.95 11.34

5 Coarse siltstone 76.80 1.06 0.90 0.95 20.30

6 Coarse siltstone 83.15 0.96 1.37 0.79 13.72

Max. 85.83 1.06 1.37 0.95 20.30

Min. 76.80 0.88 0.90 0.79 11.34

Mean 81.93 0.97 1.09 0.90 15.12
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Using this steel specimen, this physical simulation system
was debugged. After debugging this physical simulation sys-
tem, simulation experiments were performed with high to
low permeabilities of 10–200mD and medium to high for-
mation pressures of 1500–5000 psi. During testing, the suc-
tion rate was controlled as 0.5–3ml/s, the suction volume
was 5–15ml, and suction time was 3–5 s. The thrust force
was approximately 20 kN.

4.3. Debugging Results. Figure 12 shows the debugging results
of annular pressure, pore pressure, confining pressure, and
thrust force under a given value in 1000 seconds. It is clearly
found that the variation amplitude is approximately 0.07 psi,
0.08 psi, 0.11 psi, and 0.11 kN for the annular pressure, pore
pressure, confining pressure, and thrust force, respectively.
The control objective is 1200 psi, 1150 psi, 1750 psi, and
20 kN for the annular pressure, pore pressure, confining pres-
sure, and thrust force, respectively. Thus, the thrust force also
can meet the control accuracy of force with a value of ±1.0%,
and all of these pressure parameters can meet the control
accuracy of pressure with a value of ±1.0 psi under the stable
pressure conditions. Therefore, this physical simulation sys-
tem is a high-precision experimental system.

4.4. Testing Results under Different Permeabilities. After
debugging this physical simulation system, a large number
of experiments were conducted to verify the present physical
simulation system, to verify the validity of the analytical
model, to analyze pressure response recorded by FPTWD

tools, and to test the capability and design of FPTWD tools.
In this paper, only two representative cases were selected to
verify this physical simulation system. Figure 13 shows the
testing results of pressure response for two kinds of different
permeabilities (105.2mD and 10.2mD). The confining pres-
sure was controlled as 4500 psi, and the annular pressure
was controlled as 3900 psi, while formation pressure was
controlled as 3000psi. Some characteristic parameters of
these tests are listed in Table 2. It is clearly found that the
present physical simulation system can record the very
smooth curve of pressure response for different permeabil-
ities. The pressure drop and pressure buildup were clearly
recorded. The pressure drawdown declines rapidly in the
stage of withdrawing formation fluids and then recovers
slowly. The lowest pressure decreases with permeability,
and the pressure drop amplitude also decreases with perme-
ability. The final buildup pressure decreases with permeabil-
ity, while the pressure buildup amplitude increases with
permeability. The pressure buildup time decreases with per-
meability. The higher the permeability is, the higher the
productivity of formation fluid. Thus, the pressure buildup
of high permeability situation is much faster than that of
low permeability situation.

4.5. Discussions

4.5.1. Comparison with Testing Results of Previous System. In
this paper, the previous experimental system [3, 4] was also
used to test the pressure response of FPTWD. These experi-
ments have a confining pressure of 4500 psi, annular pressure
of 3900 psi, formation pressure of 3000 psi, and specimen size
of 100mm in diameter and 100mm in length. The testing
results of pressure response for both the present and the pre-
vious systems are shown in Figure 14. It is clearly found that
the tendency of pressure change is nearly the same for both
the present and the previous systems. The cross plot of these
two pressures is drawn in Figure 15, the testing pressures are
almost located in the ranges of −20% to +40%, and only a few
of pressures are not located in the normal range (data in the

EHT = 20.00 kV Signal A = SE1 Date: 20 Dec 2017
WD = 15.0 mm Mag = 2.00 K X Time: 16:12:05

10 𝜇m
ZEISS

(a)

EHT = 20.00 kV Signal A = SE1 Date: 20 Dec 2017
WD = 14.5 mm Mag = 2.00 K X Time: 16:22:24

10 𝜇m
ZEISS

(b)

Figure 10: SEM images of these two man-made siltstones. (a) Fine siltstone. (b) Coarse siltstone.

Figure 11: Testing specimens of physical simulation experiments.

13Geofluids



red circle of Figure 15). In fact, there also exist some signifi-
cant differences in the pressure response between the present
system and the previous system. On the whole, the pressure
curve of the present system is smoother than that of the pre-
vious system. In the stage of pressure drop, the pressure curve
of the present system is obviously higher than that of the pre-
vious system, and the pressure curve tends to linearly decline

with the withdrawn time for the present system, while the
pressure curve tends to unsmoothly decline with the with-
drawn time for the previous system. In the stage of pressure
buildup, the general trend of the pressure curve of the present
system is roughly consistent with that of the previous system,
and the pressure curve tends to smoothly and exponentially
increase with the withdrawn time for the present system,
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Figure 12: Debugging data of annular pressure, pore pressure, confining pressure, and thrust force under a given value in 1000 seconds. (a)
Annular pressure versus time. (b) Formation pressure versus time. (c) Confining pressure versus time. (d) Thrust pressure versus time.
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Figure 13: Testing results of pressure response under different permeabilities. (a) Pressure response versus time (number 1, k = 105 2 mD,
q = 1 5 ml/s, t0 = 5 s). (b) Pressure response versus time (number 2, k = 10 2 mD, q = 0 5 ml/s, t0 = 5 s).
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while the pressure curve tends to unsmoothly and exponen-
tially increase with the withdrawn time for the previous sys-
tem. For the high permeability specimen (k = 105 2mD), the
pressure response curve is very close to each other for both
the present and the previous systems. However, for the low
permeability specimen (k = 10 2 mD), the pressure buildup
curve is very close to each other for both the present and
the previous systems, while the difference of two pressure
drop curves is very significant, even the previous system
cannot capture the process of pressure drop. The error
between these two pressures in the pressure drop stage
and the initial stage of pressure buildup is much higher
than that of the other stages. The error of specimen number
1 is less than ±40%, while the error in the middle and late
stages of pressure buildup is obviously less than ±20%; the
error of specimen number 2 is less than ±60%, while the
error in the middle and late stages of pressure buildup is
obviously less than ±20%. The reason is due to the differ-
ence of control accuracy for pressures. In the previous sys-
tem, the control accuracy of pressures is not enough, so the
pressure is not very stable, and therefore, the pressure

Table 2: Experimental results.

Number Parameters Number 1 Number 2

1 Lithology Coarse siltstone Fine siltstone

2 Permeability (mD) 105.2 10.2

3 Confining pressure (psi) 4500 4500

4 Annular pressure (psi) 3900 3900

5 Formation pressure (psi) 3000 3000

6 Pressure drop time (t0/s) 5.0 5.0

7 Withdrawn flow rate (q0/(ml/s)) 1.5 0.5

8 Lowest pressure (psi) 467 50

9 Pressure drop amplitude (psi) 3433 3850

10 Final buildup pressure (psi) 2898 2827

11 Pressure buildup amplitude (psi) 2431 2777

12 Pressure buildup time (t1/s) 185 1300
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Figure 14: Testing results of pressure response for both the present and the previous systems under different permeabilities. (a)
Pressure response versus time (number 1, k = 105 2 mD, q = 1 5 ml/s, t0 = 5 s). (b) Pressure response versus time (number 2, k = 10 2 mD,
q = 0 5 ml/s, t0 = 5 s).
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response is not smooth. Thus, the present system is much
better than the previous system.

4.5.2. Interpretation of Formation Parameters. The process of
formation pressure testing is actually a fluid seepage process
in pore spaces of porous formations. As shown in Figure 2,
the most important stages are mainly the pressure drawdown
stage and the pressure buildup stage, and the pressure
response of these two stages can be expressed as follows [4]:

P t = Pi −
qμGef f 1 + S

2πrp kfVkfH
1 − exp At , t ≤ t0,

P t = Pi −
qμGef f 1 + S

2πrp kfVkfH
exp

A t − t0 1 − exp At0 , t > t0,

11

where constant A is given as

A = −
2πrp kfVkfH
μC fV s 1 + S

, 12

where S is the skin coefficient, kfH is the horizontal perme-
ability (mD), kfV is the vertical permeability (mD), Gef f is
the pressure correction factor, t0 is the withdrawn time (s),
C f is the fluid compressibility (1/psi), and V s is the flowline
volume (cc).

By using (11) and (12), the explained formation pressure
is listed in Table 3. It is clearly found that the explained for-
mation pressure of the present system is obviously much bet-
ter than that of the previous system. Using the previous
system, the absolute error is approximately −50.77 psi and
−115.12 psi for specimen number 1 and number 2, respec-
tively. While using the present system, the absolute error is
approximately −4.88 psi and −26.78 psi for specimen number
1 and number 2, respectively. In other words, the absolute
error is less than 30psi and 120 psi for the present and the
previous systems, respectively. Using the previous system,
the relative error is approximately −1.75% and −3.97% for
specimen number 1 and number 2, respectively. While using

the present system, the absolute error is approximately
−0.17% and 0.92% for specimen number 1 and number 2,
respectively. In other words, the relative error is less than
1% and 4% for the present and the previous systems, respec-
tively. In addition, the error under high permeability condi-
tion is obviously lower than that of low permeability
condition. On the whole, the present can meet the require-
ments of formation pressure calibration.

5. Concluding Remarks

In the present paper, all of the determination methods of
formation pressure and their features were reviewed, includ-
ing the predrill pore pressure prediction, the pore pressure
detection during drilling, the postdrill pore pressure predic-
tion or detection (well logging method, drill stem test
(DST), wireline formation test (WFT)), and the formation
pressure testing while drilling (FPTWD). The major princi-
ple of FPTWD and existing physical simulation systems for
FPTWD was introduced, and the deficiency of the existing
physical simulation systems was also discussed.

A laboratory scale high-precision physical simulation
system was designed and developed to simulate the down-
hole testing environment and testing process of FPTWD
tools. The key parts of this physical simulation system, such
as the sample size, core holder, control system, and main
operating procedures, had been introduced. Compared to
the previous physical simulation systems, the experimental
system was designed to endure pressures up to 20,000 psi.
The debugging test results indicated that the variation
amplitude under the stable condition is approximately
0.07 psi, 0.08 psi, 0.11 psi, and 0.11 kN for the annular pres-
sure, pore pressure, confining pressure, and thrust force,
respectively. Thus, the control accuracy of pressure can
reach approximately ±1.0 psi under the stable conditions,
and the thrust force also can meet the control accuracy of
force with a value of ±1.0%.

A large number of physical simulation experiments were
conducted to verify the present physical simulation system.
There are two kinds of different specimens with the

Table 3: Explained results of formation pressure.

Number Parameters Number 1 Number 2

1 Lithology Coarse siltstone Fine siltstone

2 Permeability (mD) 105.2 10.2

3 Confining pressure (psi) 4500 4500

4 Annular pressure (psi) 3900 3900

5 Formation pressure (psi) 3000 3000

6 Pressure drop time (t0/s) 5.0 5.0

7 Withdrawn flow rate (q0/(ml/s)) 1.5 0.5

8 Explained results using the present system (psi) 2895.12 2873.22

9 Absolute error (psi) −4.88 −26.78
10 Relative error (%) −0.17 −0.92
11 Explained results using the previous system (psi) 2849.23 2784.88

12 Absolute error (psi) −50.77 −115.12
13 Relative error (%) −1.75 −3.97
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permeability of 10–110mD which were used to test the pres-
sure response of FPTWD. The results indicated that the pres-
sure drawdown declines rapidly in the stage of withdrawing
formation fluids and then recovers slowly. The present sys-
tem can record a very smooth curve of pressure response
for different permeabilities.

The lowest pressure decreases with permeability, and the
pressure drop amplitude also decreases with permeability.
The final buildup pressure decreases with permeability,
while the pressure buildup amplitude increases with perme-
ability. The pressure buildup time increases with permeabil-
ity. The tendency of pressure change is nearly the same for
both the present and the previous systems; the pressure
curve of the present system is smoother than that of the
previous system. The absolute error is less than 30psi and
120 psi for the present and the previous systems, respec-
tively, and the relative error is less than 1% and 4% for
the present and the previous systems, respectively. The
error under high permeability condition is obviously lower
than that of low permeability condition.

In the present paper, only two kinds of typical cases were
introduced. Due to the capacity of high precision and high
pressure, this physical simulation system has important
applications. In the future, more physical experiments should
be conducted to further inspect and verify the design of the
present system and to apply it to verify the validity of the ana-
lytical model, to analyze pressure response recorded by
FPTWD tools, to test the capability and design of FPTWD
tools, and to calibrate the formation pressure, formation flu-
idity, fluid compression coefficient, and instrument factors.
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Heavy metals such as Cu(II) are widespread in the environment, and the impact of heavy metals on the environment of soils
depends on the ability of soils to immobilize these pollutants. It is necessary to investigate the mechanism of interaction between
heavy metal and soil from a soil remediation perspective. In this study, a series of experiments were conducted to investigate the
adsorption and desorption behavior of Cu(II) in silty clay. Several impact factors such as pH, organic matter, temperature, and
coexisted ions Zn(II) were considered. It was found that the adsorption process reached equilibrium after 4 hours of the
experiment, and the data can be fitted well by the Elovich model and the double-constant model for the kinetic sorption
process. The isothermal adsorption results showed that the adsorption rate reached a peak value when the initial concentration
was about 20mg L−1. The decrease of H+ can increase the adsorption activity of Cu(II) and reduce the ability of the desorption
of Cu(II) ions. The adsorption capacity of Cu(II) is less than the desorption capacity under the condition of strong acidity and
low concentration of Cu(II). In addition, the adsorption capacity of the native soil on Cu(II) was larger than that of the soil with
the removal of organic matter, while the opposite was true for the desorption capacity on Cu(II). The maximum adsorption of
Cu(II) occurred at 35°C for this study, and the binding energy increased as the temperature increased. Thermodynamic analysis
revealed that the adsorption process of Cu(II) was spontaneous and endothermic. The Freundlich, Langmuir, Temkin, and
Henry adsorption models were used for analyzing the adsorption isotherm of Cu(II), and it was found that the Freundlich
model agreed the best with the experimental data compared with other three models. The results of the competitive adsorption
experiments indicated that the competitive capacity of Cu(II) was greater than that of Zn(II) in low-permeability media such as
silty clay, and the existence of binary metals can weaken the adsorption force between the single metal and the soil surface.

1. Introduction

Many industrial activities such as metal plating, mining oper-
ation, industry fertilizer, metallurgy, manufacturing battery,
and dyeing in textile industries introduce heavy metals into
the environment via their waste effluents [1]. A great deal
of heavy metal ions from anthropogenic sources has been
one of the most significant environmental problems because
of their toxicity, persistence, and nonbiodegradable nature.

Cu(II), as one of the most widely used heavy metals in the
industry, is considered a micronutrient but is extremely toxic
to the living organism under relatively high concentrations
[2, 3]. To reduce the harm caused by heavy metals to soil
and plants, the European Union has established maximum

heavy metal limits for soil and for industry by-products such
as biosolids and composts to be applied to fields. The soil cri-
teria for Cu(II) set by the European Union is 140mgkg−1 [4].
Hence, removal of Cu(II) from the soil and groundwater has
been the subject of many studies [5–11].

Clay is a typical highly weathered soil. It is widely distrib-
uted all over the world and contains a great amount of Al and
Mg oxides. Such soils have strong physical and chemical
adsorption capacity, due to the soil particles with the large
surface area, and carry a negative charge. In addition, differ-
ent from other high permeability media such as sand, the
unique mineralogy of clay such as porosity, pore size, and
pore structure must be taken into consideration when study-
ing clay’s adsorbability. Several previous studies have focused
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on the adsorbability of clay. For instance, Tassanapayak et al.
[12] investigated the efficiency of clay in heavy ion sorption
and found that it can be utilized as potential heavy metal
adsorbents in wastewater treatment. Hasine et al. [13] also
studied the role of clay properties in heavy metal ion sorption
and desorption with a series of experiments and found that
soil composition would greatly affect the sorption efficiency.
Li et al. [14] pointed out that once the clay is contaminated,
it is very difficult and it will take a very long time to remove
the pollutants.

Adsorption is usually a primary process for the accumu-
lation of heavy metals in soils while desorption is a main pro-
cess for the removal. The study of adsorption and desorption
processes is of utmost importance for understanding how
heavy metals are transferred between the aqueous phase
and the solid phase. Heavy metals in soils can be adsorbed
as compounds like ions and complexes or exchangeable
forms [15]. The most important interfaces involved in heavy
metal adsorption in soils are predominantly inorganic col-
loids [16]. Heavy metal such as Cu(II) can be adsorbed into
the soil and desorbed under certain conditions [17]. The
mobility of heavy metals is often affected by the characteris-
tics of soil, such as pH, amount of organic matter, tempera-
ture, and the types of ions.

Chenchao mining area is a famous iron mine, which is
located in the central south of China (E’Zhou city, Hubei
province). Cu(II) and Zn(II) are the two main toxic heavy
metals in this mine. The surface soil in that area is mainly
silty clay. In recent years, Cu(II) contamination to the soil
has become an increasing concern there. In order to avoid
continuous contamination on the soil and remediate the
soil contaminated with Cu(II), it is necessary to investigate
the adsorption-desorption behavior of Cu(II). Therefore, a
series of experiments were conducted to understand how
are the impacts of pH, amount of organic matter, and tem-
perature on Cu(II) adsorption and desorption in single-
metal solutions. The adsorption isotherm for Cu(II) in its
aqueous solution will also be investigated to explore the
mechanism of metal binding to adsorbent. Furthermore,
we will investigate competitive adsorption onto the silty
clay for solutions containing binary-metal mixtures of
Zn(II) and Cu(II), which coexist in Chenchao mining area.
The results of this study will provide some theoretical
insights for preventing contamination and remediation of
the contaminated soil.

2. Materials and Methods

2.1. Adsorbent. The soil samples, without contamination
from heavy metals, were selected from the mining area. The
soil samples were air-dried, then passed through a 60-mesh
sieve. Some basic physicochemical properties of the samples
are listed in Table 1, which shows that the soil can be classi-
fied as silty clay according to the People’s Republic of China
national standards GB/T50123-1999 “Earthwork Experi-
mental Technique Standard”. Mineral composition of soil
samples is given in Table 2.

2.2. Instrumentation. The Cu(II) concentration in the
solution was tested by UV-Visible spectrophotometer
(Jasco-V-630, Japan) at a wavelength of 805 nm, and the
pH was tested by HQ40d HACH pH (HACH company,
USA). A thermostated rotary shaker (NRY-200, China) was
used in all adsorption/desorption experiments.

2.3. Chemicals. Cu(NO3)2 and Zn(NO3)2 were used in
adsorption/desorption experiments. The pH was adjusted
by using 0.1mol L−1 HNO3 or 0.1mol L−1 NaOH. The deion-
ized water was used in the experiments.

2.4. Experiment Procedure. Experiments for the adsorption of
Cu(II) in silty clay soil were carried out in a batch of tubes.
The Cu(II) solutions were prepared by dissolving Cu(NO3)2
in deionized water and diluted to the required initial con-
centration (20mgL−1). In this study, the impact of several
factors such as pH, organic matter, and coexisting ions on
the adsorption and desorption of Cu(II) in the silty clay
was examined.

For the kinetic adsorption experiments, 20mL of Cu(II)
solution (20mgL−1) was put in a 50mL centrifuge tube with
a fixed soil adsorbent dosage (1 g) and was agitated in a
thermostated rotary shaker at a speed of 180 rpm at 25°C;
the pH value of Cu(II) solution was set to be 5.5. At various
time intervals, the adsorbent was separated from the samples
by filtering and the filtrate was analyzed using a UV-Visible
spectrophotometer.

For the adsorption isotherm experiments, different initial
Cu(II) concentrations (0.5–200mgL−1) were agitated with
1 g soil adsorbent in a thermostated rotary shaker at the
speed of 180 rpm for 24 hours. The pH value of Cu(II) solu-
tion was set to be 5.5. The adsorbent was separated, and the

Table 1: Physical and chemical properties of the tested soil.

Grain components
Clay particle Silty grain Sand grain CEC Organic matter pH Cu(II)

≤0.005 0.005–0.075 0.075–2 cmol kg−1 g kg−1 mg kg−1

Sample 23.4% 63.14% 13.44% 5.83 20.46 5.57 2.904

Table 2: Mineral composition of the tested soil.

Quart (%) Feldspar (%) Calcite (%) Dolomite (%) Montmorillonite (%) Chlorite (%) Illite (%) Kaolinite (%)

48 8 0 2 0 21 21 0
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adsorbed Cu(II) was determined. The amount of adsorption
q (mg kg−1) can be calculated as

q =
Cinit − Ceq

∗V

M∗1000 , 1

where Cinit and Ceq are the initial concentration and equilib-
rium concentration of Cu(II), respectively (mgL−1), V is the
volume of aqueous phase (mL), andM (g) is the mass of soil.
The percentage of adsorption (%) can be calculated using the
following equation:

Ads % =
Cinit − Ceq

Cinit
× 100 2

For the desorption experiments, 20mL NaNO3 solution
(0.01mol L−1, pH=5.5) was put in the filtered residue of soil
after the adsorption experiment and was agitated in the
thermostated rotary shaker at a speed of 180 rpm for 24
hours. After that, taking the supernatant in the tube andmea-
suring the Cu(II) concentration of the supernatant, the
amount of desorption of Cu(II) can be obtained.

3. Results and Discussions

3.1. Kinetics of Adsorption. The results of kinetic adsorption
of Cu(II) are presented in Figure 1. As shown in this figure,
the adsorption process can be classified into two stages: a
rapid adsorption at the early stage and a slow adsorption after
a short period of time (around 4 hours). After 4 hours of the
experiment, the amount of adsorption increases very slowly.
This feature can be explained as follows: firstly, the quantity
of vacant adsorption sites will decrease as time increases. Sec-
ondly, at the rapid adsorption stage, adsorption of Cu(II)
mainly occurs on surfaces of soil particles or large pores. As
time increases, adsorption of Cu(II) will occur on surfaces
of inner small pores. Meanwhile, a stable complex or chelate

will form. Consequently, it will lead to a slow adsorption rate
of Cu(II), which will approach an asymptote when time is
long enough.

The following kinetic models are used to evaluate the
mechanism of the adsorption process. These are the Elovich
model, intraparticle diffusion model, double-constant model,
pseudo-first order (PFO) kinetic model, and pseudo-second
order (PSO) kinetic model. A brief introduction of these five
models can be found in Appendix A. The fitting results of
these five models are shown in Table 3 and Figure 1. One
can see that both of the Elovich model and the double-
constant model agree well with the experimental data, sug-
gesting that these two models can describe the kinetic
adsorption of Cu(II) in silty clay. The coefficient of determi-
nation (R2) for the Elovich model and the double-constant
model are very close to each (0.955 and 0.952, resp.). The
applicability of the Elovich model and the double-constant
model indicates that the adsorption kinetics experiment is a
heterogeneous diffusion process. In addition, the good agree-
ment with the Elovich model indicates the activation energy
varies greatly during the sorption process.

3.2. Isothermal Adsorption. The results of the isothermal
adsorption are shown in Figure 2(a). One can see that
when the equilibrium concentration of the solution is
low, the adsorption of Cu(II) increases rapidly. Similarly,
we also observe that the adsorptive rate of Cu(II) increases
rapidly at the beginning stage and then decreases gradually
(Figure 2(b)). Specifically, the adsorption rate reaches a peak
value when the initial concentration is about 20mgL−1. This
phenomenon might be due to the chemical characteristics of
Cu(II) and the number of the adsorption site of silty clay.
Adsorption can be divided into two types according to the
nature of heavy metals after being adsorbed, specific adsorp-
tion means that the soil organic matter or surface functional
group forms stable metal chelate complexes; the metal ions
fixed by specific adsorption can be desorbed only by strong
acid and elements that have similar chemical properties or
affinity. Nonspecific adsorption forms weak covalent bonds
and outer complexes through electrostatic force and thermo-
dynamic equilibrium [18].

When the initial concentration of Cu(II) is low, there are
many adsorption sites on the soil surface, so most Cu(II) can
be combined with high energy adsorption sites [19]. There-
fore, specific adsorption accounts for a higher proportion,
and the corresponding growth rate of adsorption is rela-
tively high. As the equilibrium concentration increases, more
Cu(II) joins the competition to take up sites. When the
adsorption sites with a high binding energy approach the full
capacity, the proportion of nonspecific adsorption increases.
Cu(II) gradually reaches the adsorption equilibrium, and the
rate of adsorption decreases subsequently.

In order to calculate the saturated adsorption capacity
(Qmax) and the parameters related to adsorption capacity,
four kinds of isotherms including the Freundlich, Langmuir,
Temkin, and Henry models are used to analyze the adsorp-
tion of Cu(II). The details of these four models can be found
in Appendix B. The fitting curves with the experimental data
are shown in Figure 2(a), and the estimated parameters of
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adsorption isotherms are listed in Table 4. It is shown that the
Freundlich model agrees the best with the experimental data,
suggesting that Cu(II) adsorption onto silty clay is dominated
by multilayer and heterogeneous adsorption.

In the following, we will investigate the influences of pH,
organic matter, and temperature on the adsorption/desorp-
tion processes.

3.2.1. Effect of pH on Adsorption. In order to investigate the
effect of pH on the isothermal adsorption, several experi-
ments are conducted at different pH values of 2.0, 3.0,
4.0, and 5.5. The impact of pH on the adsorption of
Cu(II) is shown in Figure 3. It is found that the sorption
of Cu(II) increases as the pH increases (Figure 3(a)). This
feature can be understood from a few aspects. Firstly, for
the concentration with a low pH, the content of H+ is
high, which will lead to soil mineral dissolution, releasing
ions such as Mg(II), Fe(II), and Al (III) [20]. These ions
compete with Cu(II) for adsorption sites. Secondly, if the
pH is low, the surface groups are protonated. Conse-
quently, it will produce a positive surface charge which
may weaken the ability to form complexes with Cu(II)
[21]. Thirdly, with elevated pH, the ionic state may
change, and the hydroxylation of Cu(II) makes Cu(II)
more favorable to the soil.

It is also interesting to see that when pH is less than 4,
with the increase of pH value, the soil adsorption rate of
Cu(II) increases significantly (Figure 3(b)). When pH is

greater than 4, the adsorption rate of Cu(II) tends to be sta-
ble. This phenomenon may be related to the change of
point-of-zero charge of soil, which is mainly controlled by
pH. When the solution pH is less than the value corre-
sponding to the point-of-zero charge, H+ makes the sur-
face of soil particles carrying positive charges; then soil
adsorption sites decrease, leading to a low Cu(II) adsorp-
tion rate. With elevated pH, the content of H+ decreases,
leading to a large number of the hydroxyl group bond
with soil particle; thus, the rate of adsorption increases.
After the negative charge groups of soil surface reach equi-
librium with Cu(II), the rate of adsorption will not
increase anymore. Besides, when pH=2, a value much less
than the point-of-zero charge (which is around 4 in this
experiment), the adsorption rate can still reach 60%. It is
shown that the adsorption rate is not only related to the
soil charge but also influenced by the composition and
properties of soil. Similar results have also been reported
by Agbenin and Atin [21].

3.2.2. Effect of Organic Matter on Adsorption. The organic
matter might have a great impact on adsorption [22].
Adsorption experiments are conducted using soil samples
treated by 30% H2O2 to investigate the effect of organic mat-
ter on the adsorption of Cu(II) in silty clay. For this effort,
initial Cu(II) concentration is set to be 0.5–200mgL−1, soil
dosage is 1 g, and pH is equal to 5.5. The adsorption results
are shown in Figure 4. With the decrease of organic matter,

Table 3: Fitting parameters of kinetic models to Cu(II) adsorption.

Ion
The Elovich model
qt = K0 ln t + C0

The intraparticle
diffusion model
qt = C1 + K1 t

1/2

The double-constant
model

ln qt = K2 ln t + C2

The PFO kinetic
model

ln qe − qt = ln qe − K3 t

The PSO kinetic
model

t/qt = 1/ qe2 K4 + t/qe
C0 K0 r2 C1 K1 r2 C2 K2 r2 qe K3 r2 qe K4 r2

Cu(II) 352.1 3.5 0.955 359.3 0.548 0.593 5.864 0.01 0.952 374.5 2.711 0.78 373 1.28 0.811
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Figure 2: Adsorption isotherm of Cu(II): (a) adsorbed amount of Cu(II) and (b) adsorption rate of Cu(II).
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the adsorption amount versus equilibrium concentration
curve is the same as that of the untreated native soil, but the
adsorption amount of Cu(II) is less than that of the native
soil, given the same equilibrium concentration (Figure 4(a)).
When the initial concentration of Cu(II) is relatively low
(such as 0.5mgL−1), the adsorption amount and rate of
the processed soil are much less than those of the native
soil and they may even become negative (Figure 4(b)). This
is because H2O2 may change the structure of soil particles,
which will increase the mobility of Cu(II) in the original
organic matter, and the original Cu(II) consequently

desorbs. Therefore, the amount of adsorption is less than
that of desorption.

In addition, humic acid (HA) and fulvic acid (FA) are the
two main components of soil; these components contain
strong binding groups with heavy metals. The groups provide
high energy sites for specific adsorption of Cu(II) on soil [18,
23]. In general, these sites can be easily combined with Cu(II)
and form stable complexes. The H2O2 treatment has dam-
aged the native layer structure and changes the surface prop-
erties. Under acid condition, H2O2 can promote degradation
and diffusion of clay minerals, so the high energy sites of
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Figure 3: Effect of pH on adsorption: (a) adsorbed amount of Cu(II) and (b) adsorption rate of Cu(II).

Table 4: Adsorption isotherm model parameters and coefficient of determination (R2) for adsorption of Cu(II) at different conditions.

Parameters
Langmuir isotherm Freundlich isotherm Temkin isotherm Henry isotherm
K

(L kg−1)
Qmax

(mg kg−1)
R2 KF

(mg kg−1)
n R2 A B R2 Kp

(L kg−1)
D

(mg kg−1)
R2

pH

2.0 0.0124 1698.06 0.992 68.0 1.763 0.988 185.30 −67.99 0.825 7.79 75.9 0.909

3.0 0.0201 1747.64 0.997 91.6 1.831 0.989 169.05 132.49 0.776 9.61 128.3 0.888

4.0 0.0522 2027.98 0.968 262.3 2.411 0.997 188.73 503.40 0.838 16.14 228.8 0.840

5.5 0.0524 2286.39 0.971 304.4 2.440 0.990 217.60 −192.11 0.869 18.99 250.4 0.820

C0

Native soil 0.0524 2286.39 0.971 304.4 2.440 0.990 217.60 565.60 0.869 18.99 250.4 0.820

Reduce organic matter 0.0187 2129.93 0.976 99.82 1.597 0.932 323.58 −83.01 0.800 16.81 132.7 0.840

T (°C)

10 0.0651 2053.32 0.972 311.3 2.269 0.993 196.88 561.95 2.569 16.95 254.9 0.798

25 0.0524 2286.39 0.971 304.4 2.447 0.990 217.60 565.60 0.869 18.99 250.4 0.820

35 0.2386 2840.71 0.958 417.8 2.905 0.965 234.58 639.45 0.928 18.48 302.6 0.743

Solution composition

Single-metal solution 0.0524 2286.39 0.971 304.4 2.440 0.990 217.60 565.60 0.869 18.99 250.4 0.820

Binary-metal solution 0.0323 1882.17 0.971 191.8 2.300 0.982 167.17 372.10 0.774 11.52 243.3 0.827
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processed soil reduce rapidly, resulting in decreased specific
adsorption. At low equilibrium concentration, adsorption
of Cu(II) is dominated by specific adsorption, and the
amount and rate of adsorption decrease as well. Similar
results have also been found by Meyers and Quinn [24].

3.2.3. Effect of Temperature on Adsorption. Adsorption
experiments are also conducted at three different tempera-
tures of 10°C, 25°C, and 35°C, to investigate the effect of tem-
perature, with initial Cu(II) concentration of 0.5–200mgL−1

and soil dosage of 1 g with pH=5.5. It is observed that the
adsorption increases with the increase of temperature as
shown in Figure 5. This is because that the adsorption energy
of Cu(II) increases as the temperature increases, which

makes Cu(II) easier to contact with sites; then it will improve
the adsorption efficiency of Cu(II). In addition, the rise of
temperature may change the properties of soil, such as pore
size, and carbon activity.

To evaluate the metal ion-adsorbent system, thermody-
namic parameters such as change in free energy (△G°),
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Table 5: Thermodynamic parameters for the adsorption of Cu(II)
in aqueous onto clay.

T (K) K° △G°
△H°

△S°

(KJ mol−1) (KJ mol−1) (J mol−1 K−1)

283.15 9.38 −5.27
298.15 15.00 −6.71 19.58 87.85

308.15 18.26 −7.44
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enthalpy (△H°), and entropy (△S°) are relevant and can be
calculated by the following equations:

ΔG° = −RT ln K° ,

ln K° = ΔS°

R
−
ΔH°

RT
,

3

where R is the gas constant (8.314 JK−1 mol−1), T is the abso-
lute temperature (K), and K° is the adsorption isotherm con-
stant. △G° and △S° can be calculated from the slope and
intercept of the plot of ln K° versus 1/T. The fitting curve
is shown in Figure 6, and the results of thermodynamic
parameters are shown in Table 5. Negative values of △G°

and positive values of△S° indicate that the sorption of Cu(II)
is spontaneous and endothermic. Therefore, it is no wonder to
see that adsorption increases with the increase of temperature.

3.2.4. Effect of Competitive Adsorption of Cu(II) and Zn(II). It
is also necessary to investigate adsorption when other ions
coexist with Cu(II), as this is commonly seen in nature. Zn(II)
is a common ion which can easily coexist with Cu(II) in many
contaminated soil and groundwater systems. Therefore, we
have conducted experiments to investigate the competitive
adsorption of Cu(II) with the presence of Zn(II), and the
results are shown in Figure 7. One can see from this figure that
there is an obvious competition between Cu(II) and Zn(II),
and the amount of adsorption in single-metal solution is much
greater than that of the mixed binary-metal solution. The
adsorption process can be divided into two stages for a mixed
Cu(II) and Zn(II) solution. At a relatively low equilibrium
concentration, there is a slight difference in the amount of
adsorption between the single-metal and the binary-metal
solutions. The difference increases gradually with the increase
of equilibrium concentration. A possible reason is that adsorp-
tions of Cu(II) and Zn(II) can be classified as specific adsorp-
tion at low equilibrium concentration. The competition is not
obvious between two ions, as the sites could meet the demand

of adsorption for the two ions. When the sites approach the
adsorption capacity as the initial concentration increases, the
competitive adsorption becomes significant.

According to the decreased average adsorption rate
shown in Figure 8, the average adsorption rate of Cu(II)
is 86.69% when Zn(II) is not presented, while it is 73.08%
when Zn(II) is presented, reflecting a 15.7% reduction
(Figure 7(a)). The average adsorption rate of Zn(II) is
72.80% when Cu(II) is not presented, while it is 57.45% when
Cu(II) is presented, showing a 21.1% reduction (Figure 7(b)).

In general, one can conclude that the competitive capac-
ity of Cu(II) is greater than that of Zn(II). This phenomenon
can be understood after the following considerations: firstly,
the electronegativity of Cu(II) is greater than that of Zn(II),
indicating greater ability of Cu(II) to adsorb electrons of ions.
Secondly, the first-order hydrolysis constant of Cu(II) is
greater than that of Zn(II); thus, the hydroxyl metal ions pro-
duced by hydrolysis are easily adsorbed by soil particles.
Thirdly, the pliability parameter of Cu(II) is greater than that
of Zn(II), which indicates a greater ability to form a covalent
bond between soil colloid and metal ions.

3.3. Results of Desorption. Desorption experiments have also
been conducted to evaluate the ability of soil to release heavy
metal ions under certain conditions. Similar to the analysis of
adsorption, the effects of pH, organic matter, temperature,
and coexisted ions Zn(II) are examined.

3.3.1. Effect of pH on Desorption. Desorption experiments are
carried out with pH of 2, 3, 4, and 5.5. The results show that
the amount of desorbed Cu(II) decreases when pH increases,
as shown in Figure 9(a). This phenomenon can be explained
by considering the surface charge. The positive surface
charge decreases with the increase of pH; thus, the combina-
tion of Cu(II) with soil becomes more stable. In addition, the
influence of pH on the desorption rate is depicted in
Figure 9(b). It is interesting to see that the average desorption

2000

1500

1000

500

0

0 20 40 60 80 100 120
Equilibrium concentration of Cu(II) (mg/L)

A
m

ou
nt

 ad
so

rb
ed

 o
f C

u(
II

) (
m

g/
kg

)

Cu(II)
Cu(II) and Zn(II)

(a)

2000

2500

1500

1000

500

0

0

A
m

ou
nt

 ab
so

rb
ed

 o
f Z

n(
II

) (
m

g/
kg

)

20 40 60 80 100 120 140
Equilibrium concentration of Zn(II) (mg/L)

Zn(II)
Cu(II) and Zn(II)

(b)
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of Zn(II).

7Geofluids



rate of Cu(II) is more than 100% at pH of 2; this implies that
the background Cu(II), in addition to the adsorbed Cu(II),
has been desorbed also because of a high concentration of
H+ at pH of 2. That is to say, the adsorption capacity of
Cu(II) is less than the desorption capacity under strong acid-
ity and low concentration of Cu(II).

3.3.2. Effect of the Organic Matter on Desorption. Desorption
experiments are also conducted using soil samples treated by
H2O2 to investigate the impact of organic matter on desorp-
tion. The results are shown in Figure 10. It is observed that
the amount of desorption increases significantly after reduc-
ing organic matter. As discussed above, the proportion of

specific adsorption of Cu(II) decreases significantly as the
organic matter decreases. On the contrary, the proportion
of nonspecific adsorption is higher than that of the native
soil. It is notable that it is easier to desorb for the nonspecific
adsorption case than the specific adsorption case. Conse-
quently, significant desorption of Cu(II) is found for treated
soil, as shown in Figure 10.

3.3.3. Effect of Temperature on Desorption.Desorption exper-
iments are also conducted at three different temperatures of
10°C, 25°C, and 35°C. As shown in Figure 11, the amounts
of desorbed Cu(II) decreases as temperature increases. The
effect of temperature can be explained by considering the
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binding energy of Cu(II). Since the binding of Cu(II)
increases as the temperature increases, the combination of
Cu(II) with soil at a relatively higher temperature is more
stable than that at a lower temperature. This indicates that
a higher temperature will result in a higher proportion of
specific adsorption under the experimental conditions of
this study.

3.3.4. Effect of Competitive Desorption of Cu(II) and
Zn(II). Desorption experiments are carried out in coexisted
Cu(II) and Zn(II) solutions to investigate the competitive
desorption of Cu(II) and Zn(II). The amount of desorbed
Cu(II) in the binary-metal solution of Cu(II) and Zn(II)
is greater than that of the single-metal solution of either
Cu(II) or Zn(II), as shown in Figure 12. This is because the
competition between Cu(II) and Zn(II) will decrease the pos-
sibility of the two ions to attach with the high binding energy

adsorption sites. Consequently, the competitive adsorption is
less stable for the binary-metal solution than that for the
single-metal solution. Thus, it is easier to desorb Cu(II) for
the case with Cu(II) and Zn(II) in the solution, as shown in
Figure 12.

4. Conclusions

In this study, a series of experiments are carried out in a
batch of tubes. Kinetic adsorption experiments are per-
formed at 25°C, pH=5.5; initial Cu(II) concentration is
set to be 20mgL−1. Isothermal adsorption experiments are
performed at 25°C, pH=5.5, with different initial Cu(II) con-
centrations (from 0.5 to 200mgL−1). Several impact factors
including pH, organic matter, temperature, and coexisted
Zn(II) ions are considered. Desorption experiments are car-
ried out under the same conditions using NaNO3 solution
(0.01mol L−1). The main results obtained in this study can
be summarized as follows:

(1) The kinetic adsorption process can be divided into
two stages: a rapid adsorption stage followed by a
slow adsorption stage. The rapid uptake is mainly
concentrated in the first 4 hours. The experimental
data of the kinetic adsorption can be fitted well by
the Elovich model and the double-constant model.

(2) The isothermal adsorption results reveal that the
adsorption rate reaches a peak value when the initial
concentration is about 20mgL−1. The isothermal
adsorption can be fitted well by the Freundlich model.

(3) The pH value plays an important role in adsorption
and desorption processes. The high concentration
of H+ could improve the migration ability of exoge-
nous Cu(II) in silty clay and reduce the strength of
Cu(II) adsorption. In addition, the adsorption

500

400

300

200

100

0

−100
0 500 1000 1500 2000 2500

Amount adsorbed of Cu(II) (mg/kg)

A
m

ou
nt

 d
es

or
be

d 
of

 C
u(

II
) (

m
g/

kg
)

Original soil
Reduce organic matter

Figure 10: Effect of organic matter on desorption.

300

200

100

0

0 500 1000 1500 2000
Amount adsorbed of Cu(II) (mg/L)

A
m

ou
nt

 ad
so

rb
ed

 o
f C

u(
II

) (
m

g/
kg

)

10°C
25°C
35°C

Figure 11: Effect of temperature on desorption.

300

200

100

0

0 500 1000 1500 2000
Amount adsorbed of Cu(II) (mg/kg)

A
m

ou
nt

 ad
so

rb
ed

 o
f C

u(
II

) (
m

g/
kg

)

Cu(II)
Cu(II) and Zn(II)

Figure 12: Desorption of Cu(II) in single-metal and binary-metal
solutions.

9Geofluids



capacity of Cu(II) is less than the desorption capacity
under strong acidity and low concentration of Cu(II).

(4) The organic matter is found to have a great impact on
the soil particle adhered to metal ions. Specifically,
the adsorption capacity of the native soil is larger
than that of soil with the removal of organic matter,
whereas the ability to desorb Cu(II) is opposite.

(5) The kinetic energy of Cu(II) is higher at higher tem-
perature. The calculated thermodynamic parameters
reveal that the adsorption process of Cu(II) is sponta-
neous and endothermic.

(6) The existence of binary metals weakens the adsorp-
tion force between the single metal and the soil sur-
face. It is found that the competitive capacity of
Cu(II) is greater than that of Zn(II).

(7) The results show that the combination of Cu(II) and
silty clay is relatively stable, and the migration and
transformation of Cu(II) are difficult to occur under
certain conditions (say, pH of 5.5, temperature of
35°C, organic-rich soil, and without other heavy
metal ions).

Appendix

A. Kinetic (or Nonequilibrium)
Sorption Models

The Elovich equation [25] is one of the most widely used
equations for the kinetic adsorption of solute from an aque-
ous solution, which can be expressed as

dqt
dt

= αe −βqt , A 1

where α is an initial adsorption rate (mg kg−1 min−1), β is a
desorption constant (kgmg−1), and qt is the amount of Cu(II)
adsorbed (mgkg−1) on the adsorbent at time t. The Elovich
model was developed on the basis of the diffusion, or the
chemisorption is dominant for the sorption process. A sim-
plified equation of A1 can be expressed as

qt = K0 ln t + C0, A 2

where K0 and C0 are two empirical constants to be deter-
mined from experimental data.

The intraparticle diffusion model [26, 27], derived from
Fick’s second law of diffusion, is used to analyze and elucidate
the diffusion mechanism, and is expressed as

qt = C1 + K1t
1/2, A 3

where C1 is an intercept constant indicating the effect of
boundary layer to adsorption and K1 is an intraparticle diffu-
sion rate constant. Values of K1 and C1 are calculated from
the plot of qt against t

1/2.
The double-constant model [28] is suitable for heteroge-

neous diffusion process. It is given as

ln qt = C2 − K2 ln t, A 4

where C2 is an intercept constant and K2 is an adsorption
rate constant.

The pseudo-first order (PFO) kinetic model [29] provides
a simplified description of often complicated kinetic-sorption
mechanisms, which can be expressed as

ln qe − qt = ln qe − K3t, A 5

where qe (mg kg−1) is the amount adsorbed at equilibrium
and K3 is a rate constant of the pseudo-first order kinetic
model.

The pseudo-second order (PSO) kinetic model [30] is
represented by

t
qt

= 1
q2eK4

−
t
qe
, A 6

where K4 is the pseudo-second order rate constant for sorp-
tion. For this model, the sorption process is controlled by
chemisorption, and the sorption capacity is controlled by
the number of the active sorption sites. This chemisorption
mechanism involves the sharing of electrons or the transfer
of electrons between adsorbates and adsorbents.

B. Isothermal (or Equilibrium) SorptionModels

The Freundlich model [31] is generally applied to describe
sorption isotherm, which can be expressed as

W = KFC
1/n, B 1

whereW is the adsorbed amount of Cu(II) (mgkg−1) and C is
the concentration of Cu(II) (mgL−1). KF is a constant
(mgkg−1) indicative of efficiency of adsorption of ions
and n is a constant indicative of the intensity of adsorption
of ions.

The Langmuir model is commonly applied to the mono-
layer chemisorption of the gaseous phase, applicable to the
aqueous phase under most circumstances. This isotherm is
mainly applied when no strong adsorption is expected, and
the adsorption surface is uniform [32]. A commonly used
formula of the Langmuir adsorption isotherm is

C
W

= 1
KQmax

+ 1
Qmax

, B 2

where C andW are defined the same way as in (A.5), Qmax is
the saturated adsorption (or adsorption capacity) (mgkg−1),
and K is a constant (LKg−1), which reflects the bonding
energy between solution and ions.

The Temkin model [33] is often used to describe the
uneven surface of a soil particle, which can be expressed as

W = A ln C + B, B 3

where A and B are two empirical constants.
The Henry model is a very simple linear form to describe

adsorption and is defined as

W = KpC +D, B 4
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where Kp is an adsorption constant (L kg−1) and D is the
initial amount of adsorbed ions (mgkg−1).
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Rock mechanics test is not only the basis for obtaining the mechanical parameters of rock but also an important means for studying
rock mechanics and engineering. In this paper, the uniaxial compression deformation test, Brazilian splitting test, and cornea
pressure shear test are carried out for rocks in the Dajishan tungsten mine. The basic mechanical parameters such as uniaxial
compressive strength, tensile strength, elastic modulus, Poisson’s ratio, and internal friction angle of ore rock and surrounding
rock are obtained. Meanwhile, damage characteristics of rock are deeply studied and analyzed under different experimental
conditions. According to rock mechanics parameters which are obtained from indoor rock mechanics tests, three design
schemes of stope structure parameters are optimized by using the FLAC3D numerical simulation software. On the premise of
ensuring the stability of the stope structure, the recovery rate of ore and the production capacity of the stope are taken into
consideration. It is suggested that the second scheme should be adopted for mines (18m for ore room and 7m for ore pillar),
which provides scientific guidance for the safe and efficient mining of mines.

1. Introduction

As the main body of underground engineering, the evalua-
tion of the stability of underground structures is based on
the stability analysis of engineering rock mass. Rock is also
a basic component of rock mass, and its influence on the
mechanical properties of rock mass is characterized mainly
by its own mechanical properties. In most cases, rock is the
decisive factor determining the mechanical properties and
mechanical functions of underground engineering rock
mass [1]. Mechanical properties of rock refer to the char-
acteristics of stress and strain corresponding to rock under
stress and the characteristics of failure, mainly including the
strength characteristics, deformation characteristics, and sta-
bility characteristics. On the study of rock mechanics proper-
ties, domestic and foreign scholars have carried out a large
amount of scientific research and achieved fruitful results

[2–6]. Rock mechanics test is one of the most important
means to study rock mechanics and engineering. Although
the current high technology electronic computing and theo-
retical analysis have reached a high level, the rock mechanics
test is still irreplaceable as a direct solution to the mechanical
problems in practical engineering [7]. Through the triaxial
compression tests at different temperatures, Zhu Jie grasped
the mechanical properties and regularities of soft rock in
the Cretaceous strata under different low temperatures and
confining pressures, which provided a reliable basis for the
design and construction of the mine freezing method in
Western China [8]. Based on the experimental data of sand-
stone, mudstone, and shaly sands, Pourhosseini and Shaba-
nimashcool proposed a theoretical model of weakening the
cohesive strength of rocks’ constant frictional strength [9].
Based on the results of rock mechanics test, people judge
the status of engineering geology and classify and evaluate
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the quality of rock mass [10, 11], which provides necessary
basic data for mining design and optimization and on-site
construction [12].

The Dajishan tungsten mine in Jiangxi Province was dis-
covered and mined in 1918 and has been in mining history
for nearly a hundred years now. With annual mining of
300,000 tons of crude ore, mining has gradually entered the
deep area. At present, the mine is listed as one of the 40
national demonstration bases for comprehensive utilization
of mineral resources [13]. Although there are almost 100
years of mining history, the mine’s rock mechanics data is
very scarce for various reasons. Mining planning and pro-
gram design are all based on the experience of engineers
and analogy method, lacking the necessary scientific basis,
which leads to the occurrence of rock burst, roadway defor-
mation, overlying rock movement, and surface collapse
[14]. In order to comprehensively evaluate the rock mass
quality and surrounding rock stability of the mine and pro-
vide reliable basic data for the design and optimization of
the subsequent deep mining plan of the mine, in this paper,
the basic mechanical parameters and failure characteristics
of ore rock and surrounding rock are obtained according to
the uniaxial compression test, Brazilian splitting test, and
cornea compression shear test. On this basis, three different
stope structural parameters are compared and studied to pro-
vide reference for mine safety and efficient mining.

2. Preparation of Rock Samples

The collection of experimental rock samples is completed by
field sampling. The ore rock is mainly composed of granite,
and the surrounding rock is mainly composed of metamor-
phic sandstone and slate. Processing and preparation of all
the samples strictly comply with the requirements of the
standards of the International Society for Rock Mechanics
[15] and the standard of testing methods for engineering
rock mass (GB/T 50266-2013) [16]. After grinding, the cylin-
der sample size meets the test specifications:

(1) The specimens used for the uniaxial compression set
test and the shear strength test are 50± 2mm in
diameter and 100± 3mm in height with a 1 : 2 ratio
of specimen diameter to height; the specimens used
for the indirect tensile test meet the height diameter
ratio of 1 : 1, the height of about 50± 2mm.

(2) The parallelism of the specimen shall meet the
requirement of the flatness error between two end
faces which is less than 0.05mm, and the diameter
error is less than 0.3mm. The end face of the specimen
should be kept perpendicular to the specimen axis,
and the maximum error value shall not exceed 0.25°.

(3) There is no obvious joint surface and cracks on the
specimen surface.

After the preparation of rock sample processing, 90
rock samples were obtained in the laboratory. Rock
samples that are not damaged and meet the test
requirements are grouped by rock type in an orderly

manner, and the rock type, sample size, and sample
weight of each sample are also recorded.

3. Analysis of Rock Mechanics
Test Characteristics

3.1. Uniaxial Compression Deformation Test Analysis

3.1.1. Uniaxial Compression Test Results. Samples of the axial
wave velocity near the specimen were selected from the pre-
pared rock samples, and the uniaxial compression deforma-
tion test was carried out after group numbering. This test is
aimed to determine the longitudinal and transverse strain
of the specimen under unconfined and uniaxial compressive
stress and calculate the rock compressive strength, elastic
modulus, and Poisson’s ratio. The RMT-150C rock mechan-
ics test system (Figure 1) was used in the test. The loading
mode of displacement loading was selected, and the loading
rate was 0.002mm/s. The YJZ-16 type intelligent digital static
resistance strain gauge is used in the deformation test part.
The press and the specimen are connected with the cushion
block to ensure the uniform force of the specimen.

It should pay attention to keep the loading system and
strain collection system in synchronous operation in order
to ensure the synchronization of the data. The test results
are shown in Table 1.

3.1.2. Uniaxial Compression Deformation Test Analysis.
According to the stress-strain curve for the specimen, the
deformation process of the sample can be divided into 3
stages. Because of the large number of samples, the stress-
strain curves of the K-1 ore rock specimen (Figure 2) are
selected for the detailed analysis of the 3 stages.

Stage I. During the initial stage of specimen loading,
the stress-strain curve tends to convex downward.
The slope of the curve increases slowly with the
increase of stress, and the stress increase is obviously
smaller than the strain increase, indicating that the
specimen is in the stage of compaction. The micro-
cracks, micropores, schistosity, and bedding in the
ore rock are quickly closed under external load. From
the whole stress-strain curve, it can be seen that the
rock deformation at this stage reaches 25% of the
whole deformation stage, while the strength is only
1.3% of the ultimate strength. The deformation is
mainly plastic deformation.

Stage II. With the increase of the external load, the
slope of the stress-strain curve is basically at a certain
value, which shows a linear relationship. The increase
of stress is obviously faster than that of stage I, and the
increase of stress is larger than that of strain. It is
shown that the load at this stage is mainly carried by
the crystalline granular skeleton of the ore rock mate-
rial and presents the elastic deformation characteris-
tics. This stage belongs to the stage of elastic
deformation, and the elastic deformation is the main.
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Stage III. At this stage, the load has reached the peak
strength of the sample. When the strain curve reaches
its peak value, the overall trend shows a step-down
trend. It shows that the internal structure of the mate-
rial has been partially damaged after reaching the ulti-
mate load, but it still has some bearing capacity. The
overall shape of the ore rock can be basically main-
tained. The microcracks on the surface of ore rock
rapidly expand, extend, and penetrate, eventually
forming macroscopic rupture surface until the rela-
tive sliding reaches the deformation limit. This stage
belongs to the stage of macro damage deformation.

On the above stress-strain curve, there is a straight line
elastic deformation stage before the peak of stress. The slope
of the approximate straight part is the ratio of the stress to the
axial strain, which is called the average elastic modulus of the
rock. The data of linear elastic phase of the stress-strain curve
of the specimen are linearly fitted by the Origin software.
The slope of the fitted curve was the average elastic modulus
of the rock. Figure 3 shows the average elastic modulus of K-2
ore rock samples.

The formula for calculating the average elastic modu-
lus Eav is

Eav =
σb − σa
εlb − εla

1

σa is the stress value of the beginning point of the linear
segment on the stress-strain relation curve (MPa); σb is
the stress value of the end of the linear segment on the
stress-strain relation curve (MPa); εla is the axial strain
value when the stress is σa, and εlb is the axial strain value
when the stress is σb.

By analyzing and sorting out the data of each sample, the
elastic modulus of the ore rock and surrounding rock is
finally obtained (Table 1).

The measured axial strain and radial strain of the linear
elastic phase were introduced into the Origin software for
linear fitting (Figure 4). The slope of the fitted curve was
obtained as the average Poisson’s ratio of the rock samples.

The formula is

μav =
εdb − εda
εlb − εla

, 2

where μav is the average Poisson’s ratio of the rock. εla is the
axial strain value corresponding to the previous σa. εlb is the
axial strain value corresponding to the previous σb. εda is the
radial strain values corresponding to the previous σa. εdb is
the radial strain values corresponding to the previous σb.

3.1.3. Analysis of Failure Mode under Uniaxial Compression.
According to the experimental results, it is shown that the fail-
ure of the rock after uniaxial compression is more fragmen-
tary, which is characterized by an elastic brittle failure. The
release of elastic energy is sudden, accompanied by a burst
of sound, most of which are columnar or flaky. A failure
mode is parallel to the loading direction along the fracture
failure, and the vertical cracks on the surface of rock sam-
ples are more developed. After loading, it basically expands
along the cracks of the previous specimen (Figure 5 K-2
specimen) until the whole failure. The other is that when
the sample is under pressure, compressive stress concentrates
on the end of the specimen. In other regions, except for the
axial pressure, the radial and circumferential directions are
under tension. The cracks on the specimen surface are mainly
broken by tensile shear, the rupture surface angle of about 30°

(Figure 5 K-3 sample).

3.2. Tensile Strength Test Analysis

3.2.1. Test Method and Process. There are direct and indirect
methods for testing the tensile strength of rock. Due to the
high requirement for specimen preparation and testing tech-
nology, the application of the direct tensile method to a large
extent restricts its application. Therefore, the indirect tensile
method is usually used in laboratories now. In 1978, the
Brazilian splitting method, which was recommended by the
international society for rock mechanics to test the tensile
strength of rocks in the laboratory, was widely used for
its simple experimental operation. The RMT-150C rock
mechanics test system is still used in the Brazilian splitting
test and the test using a displacement loading method with
a loading rate of 0.002mm/s. The parameters of the test
sample are shown in Table 2.

3.2.2. Test Results and Analysis of Failure Types. The formula
for calculating the tensile strength of rock is

σt =
2P
πDh

3

In the form, σt is the rock tensile strength (MPa); P is the
specimen failure load (N); D is the cylinder specimen diame-
ter (mm); and h is the cylinder specimen height (mm). In
addition to the failure of surrounding rock sample W-4, the
test results of others are shown in Table 2.

It can be seen from Table 2 that the maximum tensile
strength of surrounding rock is 9.01MPa, and the average
tensile strength is 7.21MPa. The maximum tensile strength
of ore rock is 4.92MPa, and the average tensile strength is

Figure 1: Uniaxial compression test.
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4.08MPa. In general, the tensile strength of the surrounding
rock is larger than the ore rock, which is more conducive to
the stability of the mine goaf.

From the failure form of the test specimen, the failure of
the specimen is to crack at both ends of the disc specimen
then crack through the center of the disc through the whole
sample, forming a vertical crack and finally completely split
into two semicircles (Figure 6). The destruction shows a
straight line of the failure mode.

3.3. Cornea Pressure Shear Test Analysis

3.3.1. Test Results. The cornea pressure shear test is a com-
mon test method in the laboratory. Parts of the surround-
ing rock and ore rock with similar wave velocity are

selected and grouped for cornea pressure shear test at
three angles of 30°, 45°, and 60°. Using the RMT-150C
type rock mechanics test system, the loading mode of
the stroke is selected, and the loading rate is 0.002mm/s.
The sample information and test results of the shear
strength test are shown in Table 3.

Shear failure of the specimen is to overcome the cohesion
force and the friction resistance on the shear surface, so the
shear strength can be reflected by the cohesive force and
the internal friction angle of the rock. The shear stress and
normal stress at the time of the failure of the limiting shear
test are plotted on the σ-τ stress coordinate system. The test
results are fitted to obtain the cohesion force and the internal
friction angle (Figures 7 and 8).

Table 1: Summary of main lithologic physical and mechanical parameters.

Rock
classification

Tensile strength σt
(MPa)

Compressive strength σc
(MPa)

Elastic modulus E
(GPa)

Poisson’s
ratio (υ)

Cohesion force c
(MPa)

Internal friction
angle φ (°)

Surrounding
rock

7.21 166.99 52.85 0.22 6.9051 29.382

Ore rock 4.08 74.26 25.44 0.23 15.427 11.497
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Figure 2: Stress-strain curve of ore rock.

Strain

St
re

ss
 (M

Pa
)

80

70

60

50

40

30

20

10

0
0.000 0.001 0.002 0.003 0.0050.004 0.006

Stress strain cure
Fitting curve

Figure 3: Fitting diagram of elastic modulus of ore rock.

Longitudinal strain (�휇�휀)

Tr
an

sv
er

se
 st

ra
in

 (�휇
�휀)

−2000

400

350

300

250

200

150

100

50

0
−1800 −1600 −1400 −1200 −1000 −800 −600 −400 −200

Fitting curve
Strain scatter point

Figure 4: Poisson’s ratio fitting diagram of K-2 sample.

Figure 5: Part of the ore sample failure mode.
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The results of cohesion force and internal friction angle
obtained from the rock sample test are shown in Table 4.

3.3.2. Analysis of Shear Failure Types. From Figures 9 and 10,
it can be seen that under different conditions of specimen
placement, the variation of shear stress-time curve of ore
rock and surrounding rock is consistent. The deformation
process of samples can be roughly divided into four stages.

Stage I. At the initial stage of specimen loading, the
shear stress-time curve is relatively gentle. The micro-
cracks, micropores, schistosity, and bedding in the
rock quickly closed under the external load.

Stage II. With the increase of the external load, the
shear stress-time curve is approximately linear. There
is a stress drop in the curve at this stage, and it may be
that one of the structural surfaces in the rock is first
cut out, and a stress drop appears.

Stage III.A large stress drop occurs in the shear stress-
time curve after the peak shear stress is reached. It is
shown that when the shear stress increases to a certain
level, the shear deformation of the rock has also been
accumulated to a certain extent. There is no damaged
part of the rock in the way of instantaneous destruc-
tion and with a larger stress drop.

Stage IV. The shear stress-time curve has a larger
stress drop after the peak, and the shear stress is not

directly down to the end but shows a gradual down-
ward trend because the shear failure of rock also
needs to overcome the friction force on the shear

Table 2: Parameters and results of the tensile strength test
specimen.

Rock
classification

Sample
number

Diameter
(mm)

Height
(mm)

Tensile
stress
(MPa)

Tensile
strength
(MPa)

Surrounding
rock

W-1 49.52 48.40 7.33

7.21
W-2 49.54 51.89 9.01

W-3 49.52 51.56 5.30

W-4 49.54 48.36 —

Ore rock

K-1 48.60 45.40 3.89

4.08
K-2 48.60 50.80 4.92

K-3 48.94 45.80 4.67

K-4 48.94 50.12 2.86

Figure 6: Failure mode of some ore rock tensile specimens.

Table 3: Angle-moulded shear specimen parameters and test
results.

Rock
classification

Angle
Sample
number

Height
(mm)

Diameter
(mm)

Peak stress
(MPa)

Surrounding
rock

30°

WJ-1 100.40 48.94 53.506

WJ-2 99.60 49.00 55.450

WJ-3 100.30 48.96 60.417

WJ-4 100.06 48.94 53.048

60°

WJ-5 100.90 49.02 66.219

WJ-6 99.62 48.90 52.957

WJ-7 98.64 48.98 25.293

WJ-8 100.10 49.00 54.819

45°

WJ-9 100.00 49.00 42.0356

WJ-10 99.44 48.94 91.858

WJ-11 97.02 48.84 105.659

WJ-12 99.40 48.92 38.860

Ore rock

30°

KJ-1 99.40 49.40 89.781

KJ-2 99.00 48.80 60.732

KJ-3 99.60 48.74 57.272

KJ-4 100.02 48.84 79.796

60°

KJ-5 99.40 48.70 40.234

KJ-6 99.52 48.66 58.545

KJ-7 100.00 49.62 69.944

KJ-8 100.02 48.60 52.173

45°

KJ-9 99.00 48.84 87.441

KJ-10 100.82 48.90 100.489

KJ-11 99.40 48.84 91.471

KJ-12 100.80 48.94 74.901
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Figure 7: The relationship between the shear stress and the positive
stress of the surrounding rock.
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surface. Due to the existence of shear stress on the
shear surface, shear failure of rock still has a cer-
tain ability to resist shear that there is residual
shear strength.

From the failure form of the rock samples, the failure
modes are all the main shear planes rupture through the
two ends (Figure 11), and there are a small number of local
tensile shear cracks near the upper and lower ends. The
failure process of the test rock sample is roughly with
the increase of the external load, and the broken and
intermittent small cracks appear in the shear face position
in turn. These cracks continue to grow along the existing
direction and form a large crack through each other. After
accumulating to a certain extent, the cracks form the
whole shear plane and then shear failure.

4. Stability Analysis of Stope Structure

4.1. Model Establishment. This numerical simulation com-
bines the mining method used in the mine and takes the
417 middle section as the key research area. The size of the
mining block is 25m long, 30m wide, and 40m high. The
optimization model of stope structure parameters mainly
considers the mining of one ore pillar and two ore rooms.
Considering the influence range of mining disturbance is
3~5 times of the mining range [17–19], the final model
size is 900m long, 300m wide, and 500m high. The

establishment of the model and the division of the grid
is shown in Figure 12.

4.2. Model Mechanical Parameters. According to the results
of geological survey in the mine, based on the Hoek-Brown
strength criterion, combined with other methods and engi-
neering experience, the indoor rock mechanics parameters
were reduced after comprehensive evaluation [20–23]. The
mechanical parameters used in this simulation are shown
in Table 5.

4.3. Disruption Guidelines.Ore rock and surrounding rock of
the numerical simulation area can be considered as isotropic
elastic-plastic materials. Therefore, the Mohr-Coulomb
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Figure 8: The relationship between the shear stress and the positive
stress of ore rock.
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0
0

5

10

15

20

25

30

20 40 60 80 100 120 140
Time (s)

Sh
ea

r s
tre

ss
 (M

Pa
)

60°

30°
45°

Figure 10: Shear stress-time curves at different laying angle of ore
rock.

Table 4: Calculation results of cohesive force and internal friction
angle.

Rock classification Cohesion force Internal friction angle

Surrounding rock 6.9051 29.382

Ore rock 15.4272 11.497
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failure criterion can be applied, and its mechanical model
is as follows:

f s = σ1 − σ3
1 + sin φ

1 − sin φ
− 2c 1 + sin φ

1 − sin φ
4

In the form, f s is the failure discrimination coefficient; σ1
is the maximum principal stress; σ3 is the minimum princi-
pal stress; c is the cohesion force; and φ is the internal

friction angle. When f s < 0, the rock mass is stable; when
f s = 0, it is in the critical state, and when f s > 0, the rock
mass enters the plastic state.

4.4. Stope Structure Parameters Scheme Optimization.
According to the actual production situation of the mine
and the burial condition of the ore body, three different stope
structure parameter schemes were designed for mining
simulation. The three schemes are as follows: scheme 1:

Figure 11: Shear failure mode of surrounding rock and ore rock specimen.

Itasca Consulting Group, Inc.
Minneapolis, MN USA

Block group
1
2
3

Figure 12: Stope model.

Table 5: Model mechanical parameters.

Rock
classification

Tensile strength
(MPa)

Bulk
density

Elastic modulus
(GPa)

Poisson’s
ratio

Internal friction
angle

Cohesion force
(MPa)

Surrounding
rock

2.4 2.75 17.6 0.22 19.58 4.6

Ore rock 1.36 2.77 6.36 0.23 7.66 10.29
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20m ore room and 5m ore pillar; scheme 2: 18m ore
room and 7m ore pillar; and scheme 3: 15m ore room
and 10m ore pillar. The FLAC3D software was used to
simulate the effect of mining an ore pillar and its two side
ore rooms on pillar stability. Then the best stope structure
parameters were chosen. The material is used in one exca-
vation, and the material is large deformation. Under the
same conditions, the three schemes were simulated.
Finally, the results of plastic zone distribution, vertical dis-
placement, maximum principal stress, and minimum prin-
cipal stress after mining were obtained as shown in
Figures 13–15.

(1) Plastic zone distribution: by comparing and analyz-
ing the plastic zone distribution map of the three
schemes, it was found that the plastic zone of scheme
1 is the most and almost runs through the whole
pillar, which indicates that the collapse of stope is
likely to happen during excavation, and it does not
meet the requirement of stability. The plastic zone

of scheme 2 or 3 is smaller, and the size of the plastic
zone decreases with the increase of the size of the
pillar, which meets the requirement of stability.

(2) Vertical displacement changes: from the vertical
displacement cloud diagram of the three schemes,
it can be seen that the top and bottom plates all
show different degrees of deformation. The maxi-
mum displacement appears in the middle part of
the top and bottom plates, and the vertical dis-
placement of the three schemes shows a small dif-
ference. The roof subsidence is 14.19mm, 8.35mm,
and 6.41mm, respectively. The upward displace-
ment of the bottom plate is 16.77mm, 13.63mm,
and 9.17mm, respectively. The maximum displace-
ment of the pillar is 5mm.

(3) Maximum and minimum principal stress: because
the stress set to pull the direction is positive and pres-
sure is negative, the minimum stress is the size of the
compressive stress. The maximum compressive stress

Block state

Itasca Consulting Group, Inc.
Minneapolis. MN USA

None
Shear-n
Tension-n

(a) Plastic zone distribution

Contour of Z-displacement
Magfac = 1.000e + 000

Interval = 5.0e − 003
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−1.0000e − 002 to −5.0000e − 003
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5.0000e − 003 to 1.0000e − 002
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−5.0000e + 006 to −2.9335e + 006

(c) Minimum principal stress
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(d) Maximum principal stress

Figure 13: Scheme 1 mining result.
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of the three schemes is 34.64MPa, 33.36MPa, and
24.39MPa, which all meet the requirements of com-
pressive strength. The maximum tensile stress of the
three schemes is 0.92MPa, 0.87MPa, and 0.02MPa,
respectively. Although there are some areas in the
first scheme and the second scheme that have been
devastated, due to the limited area, the stability of
the overall structure of the stope cannot be consid-
ered affected.

Through the comparative analysis of plastic zone dis-
tribution, vertical displacement, and maximum and mini-
mum principal stress characteristics after excavation of
the three schemes, the first scheme may lead to instability
of stope structure due to the plastic zone penetrating. The
third scheme because of the long column is not conducive
to increase the production capacity of the stope. Therefore,
on the basis of ensuring the safety of stope structure, con-
sidering the completion rate of the production plan and
economic benefit of the mine, it is suggested to take the

second scheme where the ore room size is 18m, and the
ore pillar size is 7m.

5. Conclusion

(1) By uniaxial compression deformation test, the basic
mechanical parameters such as uniaxial compressive
strength, Poisson’s ratio, and elastic modulus of ore
rock and surrounding rock are obtained. The com-
pressive strength of ore rock is 74.26MPa, the elastic
modulus is 25.44GPa, and the Poisson’s ratio is 0.23.
The compressive strength of surrounding rock is
166.99MPa, the elastic modulus is 52.85GPa, and
the Poisson’s ratio is 0.22.

(2) The basic mechanics parameters such as tensile
strength, internal friction angle, and cohesion force
of ore rock and surrounding rock are obtained by
the Brazilian splitting and cornea pressure shear test.
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Figure 14: Scheme 2 mining result.
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The tensile strength of ore rock is 4.08MPa, the inter-
nal friction angle is 11.497°, and the cohesion force is
15.427MPa. The tensile strength of surrounding rock
is 7.21MPa, the internal friction angle is 29.382°, and
the cohesion force is 6.9051MPa.

(3) According to the test results of rock strength, both
the ore rock and surrounding rock show elastic
brittle failure under unidirectional stress state. When
the stress reaches the peak, the elastic energy is sud-
denly released and accompanied by bursts of sound,
but the degree is slightly different between them. The
surrounding rock performance is the strongest.
Therefore, rock burst should be considered in the
mining process.

(4) By using the FLAC3D numerical simulation software,
three kinds of stope structural parameters are simu-
lated and analyzed from aspects of plastic zone, verti-
cal displacement, maximum principal stress, and
minimum principal stress. On the basis of ensuring
the stable structure of the stope and considering the

production capacity of the stope and the recovery
rate of the ore, it is suggested to take the second
scheme where the ore room size is 18m and the ore
pillar size is 7m.
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Gas outburst has always affected the safety of coal mining. To eliminate this risk by high-efficiency extraction of coalbed
methane (CBM) in 4102 working face of number 3 coal seam in Hebi Number 3 coal mine, a model of CBM extraction in
working face was established which was considering the mining impact of adjacent 4101 working face. In this model, the
coupling relationships between stress, desorption, and migration of methane were analyzed. Moreover, we also studied the
changes of methane pressure, plastic failure scope, and permeability of coal during the mining and then verified the results
with the field data. And on this basis, a stimulation solution for methane extraction by injecting air into coal seam was
presented, and the extraction effect was simulated. The simulation results show that the injection of air decreases the effective
stress of coal which increases the permeability of coal and promotes the methane migration within the coal seam fractures.
Besides, affected by the velocity of gas migration, the pressure drop between fractures and matrix will reduce with time while
air injection can provide extra power for gas migration in fractures which causes the desorption and diffusion of methane in
the matrix. So this stimulation solution can enhance the efficiency of gas extraction of coal seam and prevent gas outburst of
the working face.

1. Introduction

China has abundant coal resources and mainly depends on
coal as energy [1]. Coalbed methane (CBM) is a companion
gas of coal, and it is also a kind of low-carbon energy.
According to the statistics of China Energy Bureau, the total
geological reserves of CBM are about 10 billion m3. In China,
there are many problems on the extraction of CBM, such as
slow methane pressure decreasing, rapid methane concentra-
tion reducing, and low permeability of coal seam. This makes
it difficult to use the low concentration methane effectively
which will be eventually discharged into the atmosphere.
Efficient extraction of CBM and reduction of coal and gas
outburst disasters have a profound impact on the simulta-
neous exploitation of coal and CBM [2].

Due to the advantages of easy construction, eliminating
gas outburst risks, the technologies of drilling holes along
and across coal seam are widely used in CBM extraction.
Many studies indicate that methane migration is influenced
by gas-solid coupling effect between mining pressure and
gas pressure of coal seam [3]. The deformation of coal
induced by mining pressure would change the pore volume
of matrix, which leads to the change of coal seam permeabil-
ity. To quantitatively analyze the influence of matrix shrink-
age and expansion on coal permeability, Liu et al. [4]
proposed a coupled model of permeability based on the gas
adsorption/desorption experiments and then analyzed the
effect of matrix shrinkage on permeability. Since then, many
scholars have done different researches on the coal seam per-
meability model with gas-solid coupling. Gilman and Beckie
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[5], Pillalamarry et al. [6], Chen [7], Sawyer et al. [8], and
Seidle and Huitt [9] established relevant theoretical models
of permeability based on different assumptions, respectively.

In the mining process, Huy et al. [10] considered that
with the increase of effective stress, the fracture opening
of coal seam decreases gradually and some microfractures
were completely closed, which made the permeability
decrease sharply. Liang [11] introduced the geological storage
conditions of Huainan mining area and studied the related
technology of CBM extraction and drainage boreholes. Shi
et al. [12] studied the relationship between loading rate and
borehole destruction and proposed that the layout of meth-
ane drainage boreholes should take into account the mining
pressure. Yin et al. [13] studied the methane extraction pro-
cess under the mining pressure of the adjacent working face.
The results show that the gas flow rate gradually decreases
with the increase of mining pressure. With the help of KSE
gas concentration recorder and SF6 gas conveyor, Wang
et al. [14] studied the gas-solid coupling phenomenon
between mining pressure and gas migration. The results
showed that the change of mining pressure is the key factor
of permeability change in the coal seam. Based on the
research background of Zhangji coal mine, Xue et al. [15]
analyzed the influence of different mining methods on the
permeability of coal seam.Wei et al. [16] also pointed out that
the coal permeability showed a u-shaped curve change in the
coal sample full stress-strain experiment.

In the previous studies, a series of theoretical models for
methane extraction have been put forward on the safety of
methane extraction. These models were applied to research
the gas-solid coupling phenomenon in the process of meth-
ane extraction. However, most of the studies focused on the
mechanism of gas migration and permeability change, and
the influence of dynamic mining pressure change on the
methane extraction in coal seam was seldom taken into
account. In this study, we established a dual-porosity and
dual-permeability methane drainage model with the peri-
odic effect of mining pressure of the near working face to
solve the specific problems in the methane drainage of
4102 working face in number 3 coal seam of Hebi Number
3 coal mine in China. The interaction relationship between
gas and coal seam under the influence of mining was stud-
ied, and the methane concentration and flow rate were
analyzed. On this basis, a solution to enhance the effi-
ciency of methane extraction by injecting air was put for-
ward. A simulation study was carried out to analyze the
permeability change of coal seam and the gas migration
rule after air injection.

2. Background of the Experimental Mine

2.1. Geological and Storage Conditions. Hebi Number 3
coal mine is located in Hebi City of Henan Province of
China. Many coal and gas outburst accidents occurred
since 1978. The geological conditions of number 3 coal
seam are shown in Figure 1(a), 4101 working face is the
first mining working face, and 4102 working face is pre-
pared for eliminating the danger of gas outburst before
mining. The burial depth of two working faces and the

average thickness of number 3 coal seam are 784m and
5.2m, respectively. And the methane content of number
3 coal seam is about 10.92–8.96m3/t. The methane pres-
sure measured in the field is between 1.58 and 2.36MPa.
Boreholes are drilled along the coal seam for methane
extraction with a diameter of 94mm, and negative extrac-
tion pressure is about 12–20 kPa.

2.2. Main Problems in Gas Extraction. In fact, in the
related study of mining pressure and methane emission,
it is considered that under the influence of abutment pres-
sure, due to the effect of “relieving pressure and increasing
permeability of coal” [17], it will accelerate the migration of
gas in the fracture. Finally, the amount of methane emission
will increase, which will help to eliminate the danger of gas
outburst. In view of the actual methane extraction of the
4102 working face, especially affected by the mining activities
of 4101 working face, the mining pressure value and position
of the 4102 working face are constantly changed. At this
point, it is necessary to further study the coupling effect
between the coal permeability change, free gas migration,
and adsorption deformation of 4102 working face.

As a gas outburst mine, Hebi Number 3 coal mine has
taken a series of measures to eliminate coal and gas outburst,
such as hydraulic fracturing and loose blasting of deep-hole
explosives. At the same time, according to the regulations
of coal mine safety, it is necessary to use the upward drilling
of the roadway excavated in the floor of coal seam to extract
methane technology [18]. But it is difficult to popularize
because the effect of penetration and extraction cannot meet
the requirement of mine safety production and the replace-
ment of working face. Therefore, we have to take a more
effective method to quickly reduce the methane pressure of
coal seam.

3. Dual-Porosity Model for Methane Migration

3.1. Model Assumptions. The permeability of coal seam is the
key influence factor for the methane extraction research.
Compared with conventional natural gas reservoirs, the
permeability of coal seam extracted by mines changes
between 0.1D and 0.001mD (1D=10−12 m2) [19], which is
completely different from the conventional natural gas
extraction. In general, coal seam is a dual-porosity media
containing matrix pores and fractures. Natural fractures of
coal seam can be divided into horizontal bedding fracture
and vertical cleat fracture. Methane is mainly stored in the
pores by adsorbing on the micropore surface accounting for
70–95% [20, 21] of the total reserves. Free methane mainly
migrates in coal seam fractures following the convection-
diffusion equation. In the matrix system, there are many phe-
nomena involved, but Fickian diffusion is the most dominant
in the porous structure of the coal matrix [22, 23]. The main
process of methane migration in the coal seam is shown in
Figure 2.

In the following, a set of field equations for coal deforma-
tion, gas flow, and transport are defined. These field equa-
tions are coupled through new porosity and permeability
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models for matrix and fractures. The derivations are based on
the following assumptions:

(1) Coal is a dual-poroelastic continuum.

(2) The influence of coal seammoisture on gas migration
is ignored.

(3) Methane contained in the pores is ideal gas, and its
viscosity is constant under isothermal conditions.

(4) The air injected in coal seam is ideal saturated gas,
and the adsorption effect of coal seam on air is
ignored.

3.2. Coal Deformation Equation. As shown in Figure 1, the
ideal simplified model of coal seam is composed by fractures
and matrices. The matrices are composed by many primary
pores. The deformation of this dual-porosity model can be
represented by a Navier-type equation [24]:

Gui +
G

1 − 2ν uk − αpmmix − βpfmix − K
εLPL

PL + Pm1
2 + Fi = 0,

1

where G, ν, and K are the shear modulus, Poisson’s ratio,
and bulk modulus of coal, respectively, α and β are the Biot
coefficients of matrix and fracture, εs is gas sorption strain,
and Pmmix and P fmix are the pore pressure in fractures and
matrix. The relationship of these parameters can be defined
as follows:

G = D
2 1 + ν

, D = 1
E
+ 1
a0 ⋅ K f

−1
,

α = 1 − K
Ks

,

β = 1 − K
a0 ⋅ K f

,

εs =
εLpm1

pm1 + PL
,

2

where E is the elastic modulus of coal, K f is the bulk modulus
of fracture, Ks is the bulk modulus of matrix, K f is the nor-
mal stiffness of fracture, Fi is the body force of element, usu-
ally is gravity, and εL and PL are the Langmuir adsorption
strain and pressure constants.

In (1), the first two terms represent the deformation of
representative element volume (REV) under the influence
of gas mixture pressure change and adsorption. The third
and fourth terms represent the deformation of methane pres-
sure in the matrix and fracture system, respectively. The fifth
term represents the volume deformation due to the adsorp-
tion effect of matrix on gas.

3.3. Methane Migration Equation. According to Masoudian
et al. [25], there are two types of coalbed methane reservoir
models that may be used for methane flow in coal. The most
primitive type is the diffusion which is assumed to be instan-
taneous, but this cannot fully describe the methane flow

processes in coal seams. The second type, which is the most
widely used for coalbed methane simulations, assumes coal
is modeled with a dual-porosity system comprised of frac-
tures and is microporous. Based on the methane migration
speed, the model includes the Darcy convection equation
for gas transfer in the fracture and Fick equation for gas dif-
fusion in the matrix. The equation of gas mass transfers
between them can be expressed as follows [26]:

∂Mn

∂t
+ ∇ vn ⋅ ρn − ∇ Dn ⋅ ∇Mn =Qs, 3

where M is the mass of gas in coal seam; the subscript “n”
(n = 1, 2) represents methane and air; νn is the transfer
velocity of gas in fracture; Dn is the diffusion coefficient of
component gases; ρn is the gas density; t is the time; and
Qs is the term of gas source, usually regarded as the gas ini-
tial pressure.

Methane is mainly stored in matrix pores in adsorbed
and free states. By ignoring the influence of matrix on the
air, the mass of methane and air in matrix can be expressed
as follows at any time [27]:

Mm1 = ρm1ϕm + ρgaρc
VLpm1
pm1 + PL

,

Mm2 = ρm2ϕm

4

Methane and air are mainly transferred in the fractures of
coal, and the mass of mixed gas in the fractures can be
expressed as follows at any time:

M fn = ρgnϕf , 5

whereMm1 is the mass (kg/m3) of gas. The subscripts of “m”
and “f” indicate the matrix and fracture, respectively; ρga is
the gas density at standard atmospheric pressure (kg/m3);
ρc is the density of coal (kg/m

3); PL is the Langmuir adsorp-
tion pressure constant (MPa); VL is the Langmuir adsorption
volume constant (m3/t); ϕm is the matrix porosity (%); ρmn is
the density of gas in the matrix, ρmn =mnPmn/RT ; ρfn is the
density of gas in the fracture, ρfn =mnP fn/RT .

In regard to the term of gas migration in (4), the convec-
tion velocity of any gas can be expressed as follows (ignoring
the effect of gravity):

v fn =
kf
u
∇pfmix,

vmn =
km
u
∇pmmix,

6

where kf and km are the fracture permeability and matrix
permeability, respectively; u is the dynamic viscosity of gas
mixture; and ∇pf and ∇pm are the pressure difference of
gas flow in the fracture and matrix. Substituting (4), (5),
and (6) into (3), the gas mixture flow control equation can
be obtained.
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ϕm + ρcpga
VLPL

pm1 + PL
2

∂pm1
∂t

+ pm1
∂ϕm
∂t

= ∇ pmmix
km
u
∇pmmix + ∇ D1ϕm∇m1

− ω pmmix − pfmix ,

7

ϕf
∂pf1
∂t

+ pf1
∂ϕf
∂t

− ∇ pfmix
kf
u
∇pfmix − ∇ D1ϕf∇m1

= ω pmmix − pfmix ,
8

ϕm
∂pm2
∂t

+ pm2
∂ϕm
∂t

− ∇ pmmix
km
u
∇pmmix − ∇ D2ϕm∇m2

= −ω pmmix − pfmix ,
9

ϕf
∂pf2
∂t

+ pf2
∂ϕf
∂t

− ∇ pfmix
kf
u
∇pfmix − ∇ D2ϕf∇m2

= ω pmmix − pfmix ,
10

where ω = 8 1 + 2/a02 km/μ is the exchange coefficient
between matrix and fracture [28] and a0 is the initial frac-
ture width.

3.4. Dynamic Permeability Model of Coal Seam. For CBM
extraction, the effective stress change and methane desorp-
tion cause deformation of the coal; Palmer and Mansoori,
Shi and Durucan [29], and Cui and Bustin [30] had pro-
posed a dynamic variation model of permeability based
on different assumptions. On the basis of summarizing
the development and application of coalbed methane, Pan
and Connell [31] analyzed the existing reservoir permeabil-
ity model and analyzed that the change of permeability is
an important physical parameter for evaluating the extrac-
tion of coalbed methane. Mohsen et al. [32] also pointed
out that the permeability model under vertical stress
change should be considered and needs to find a balance
between the complexity of the permeability model and
the accuracy of the field permeability data. In this study,
we use the dynamic permeability variation model proposed
by Wu et al. [33] to study the CBM extraction under the
mining pressure. However, unlike Wu’s model, the cou-
pling effect of gas mixture pressure and different cycle min-
ing pressures on gas migration was studied in this paper.
The equation of coal seam matrix permeability can be
expressed as

ϕm = α + ϕm0 − α exp 1
K

1
K

+ b0
a0K f

−1
εV − εV0 − εS + εS0 ,

11

where ϕm is the real-time porosity of the matrix and the
subscript “0” indicates the initial state; εV = ε11 + ε22 + ε33

indicates the deformation of the representative element vol-
ume; and εS = εLpm1/ pm1 + PL is the gas adsorption strain
in pores.

In the same way as above, the porosity of coal seam frac-
ture system can be expressed as

ϕf
ϕf0

= 1 + 1
K f

1
K

+ b0
a0K f

−1
εV − εV0 − εS + εS0 12

During the methane extraction, with the continuous
decrease of gas pressure, the pore volume of matrix changes
continuously with time. The equation for porosity change
within the matrix over time can be written as

∂ϕm
∂t

= ϕm − α exp 1
K

1
K

+ b0
a0K f

−1 ∂εV
∂t

−
∂εS
∂t

,

13

∂ϕf
∂t

= ϕf0
K f

1
K

+ b0
a0K f

−1 ∂εV
∂t

−
∂εS
∂t

14

The permeability and porosity of coal seam matrix and
fracture can be expressed in the cubic formula:

kf
kf0

= ϕf
ϕf0

3

= 1 + 1
K f

1
K

+ b0
a0K f

−1
εV − εV0 − εS + εS0

3

,

km
km0

= ϕm
ϕm0

3

= 1 − α

Kϕm0

1
K

+ b0
a0K f

−1
εV − εV0 − εS + εS0

3

,

15

where kf0 and km0 are the initial permeability of the fracture
and matrix (in m2).

3.5. Coupled Field Equations. By substituting (13) and
(14) into (7), (8), (9), and (10) of gas flow, respectively,
the final equation of gas flow control equations can be
expressed as

ϕm + 1 − ϕm0
ρcpgaPLVL

pm1 + PL
2 −

αK f
b0/a0 K + K f

PLεLpm1
pm1 + PL

2
∂pm
∂t

= ∇
km
u
pmmix∇pmmix + ∇ ϕmD1∇pmmix

+ 8 1 + 2
a02

km
μ

pf1 − pm1 −
αK f

b0/a0 K + K f
pm1

∂εv
∂t

,

16
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ϕf
∂pf1
∂t

− ∇
kf
u
pfmix∇pf − ∇ ϕfD1∇pfmix

= −8 1 + 2
a02

km
μ

pf1 − pm1

· − 3ϕf0pf1
ϕf0 + 3K f /K

·
∂εv
∂t

−
εLPL

pm1 + PL
2

∂pm1
∂t

,

17

ϕm
∂pm2
∂t

− ∇
km
u
pmmix∇pmmix − ∇ ϕmD2∇pmmix

= 8 1 + 2
a02

km
μ

pf2 − pm2 + pm2

· α

K
1

1/K f + b0/a0K

·
PLεL

pm1 + PL
2

∂pm1
∂t

−
∂εV
∂t

,

18

ϕf
∂pf2
∂t

− ∇
kf
u
pfmix∇pfmix − ∇ ϕfD2∇pfmix

= −8 1 + 2
a02

km
μ

pf2 − pm2 −
pf2ϕf0
K f

· 1
K

+ b0
a0K f

−1 ∂εV
∂t

−
PLεL

pm1 + PL
2

∂pm1
∂t

19
Equations (16), (17), (18), and (19) describe the flow of

mixed gas within fracture of coal seam under mining pres-
sure. In (16), the first term ∂pm/∂t at the left is composed
of three subterms sequentially including (I) pressure varia-
tion of free gas in matrix pores; (II) deformation of the matrix
caused by gas desorption; and (III) deformation of fracture
volume. The third and fourth terms on the right of the equa-
tion indicate the exchange of free gas between the fracture
and matrix, methane released by the deformation of coal.
The first term on the left of (17) represents the pressure var-
iation of methane in the fracture. The second term on the
right of the equation contains two subterms, that is, the effect
of coal seam volume deformation on gas and the effect of
methane desorption strain. The physical meanings of (18)
and (19) are the same as those of (16) and (17). The above
coupling control equations contain the terms of time and
space derivation, which need to be solved by Comsol Multi-
physics. The interaction between the physical fields is shown
in Figure 3.

4. Gas Migration Characteristics under the
Mining Pressure

4.1. Numerical Model and Input Parameters. The model is
established based on a section of 4102 working face of num-
ber 3 coal seam with dimensions of 40m (length)× 5m
(height). Negative-pressure drainage boreholes were drilled
in advance and arranged in the horizontal center of number

3 coal seam. The diameter of boreholes is 100mm, and the
horizontal spacing is 3m. The numerical model of the 4102
working face is shown in Figure 4 and the input parameters
in Tables 1 and 2 as required. In this part, we only simulated
the methane extraction under mining pressure.

As the advancing of 4101 working face, the mining pres-
sure applied in 4102 working face would change as shown in
Figure 5. In order to present the mining pressure, the pres-
sure applied on the top of model can be divided into three
iteration cycles. When the 4101 working face advanced by
10meters totally, the mining pressure boundary was set again
and the advance repeated in sequence until the end of the
methane extraction. The initial pressure of methane in the
coal (fracture and matrix) was set to 2MPa, and the air pres-
sure was set to 0MPa. The migration of methane into the
boreholes was only considered. Three points of A, B, and C
of the model were selected as the data source for postproces-
sing with coordinates of (0.2, 2.5), (22.5, 2.5), and (39.8, 2.5).

4.2. Simulation Results. Under the influence of the mining in
the 4101 working face, the initial stress equilibrium state of
the coal seam is broken, and the different stress distribution
regions are formed along the direction of the coal seam,
which further affected the permeability of the coal seam. In
the vicinity of gas drainage holes, there were three zones, that
is, plastic failure zone, stress concentration zone, and original
rock stress zone [34]. The permeability variations at the plas-
tic failure zone and data points around the boreholes on both
sides of the model are shown in Figure 6.

As shown in Figure 6(a), the permeability in the abut-
ment pressure zone (right side of the model) was significantly
lower than that in the original rock stress zone. During the
whole extraction time, the variation of permeability was
affected by the effective stress (Fy − P fmix) and the strain of
methane desorption. The permeability of coal seam (K f )
depends on the competition between them. In the early stage
of extraction, the effective stress near the abutment pressure
zone was obviously higher than the original rock stress zone,
so the permeability was lower than that of other zones
inhibiting the gas migration. With the increase in extraction
time, the gas in adsorbed state was desorbed gradually, result-
ing in matrix shrinkage and gradual increase in the perme-
ability. At the end of extraction, the permeability of coal
seam in the original rock stress zone changed by about 5%
(0.8–1.2). In the vicinity of the drainage boreholes, the dril-
ling and excavation improved the expansion and extension
of the original fractures leading to a sharp increase in the
gas permeability of the coal seam. The permeability of the
coal seam was significantly higher than the external perme-
ability, and the fracture permeability increased by 5 times
(0.8–4). The fractures in plastic failure zone became the dom-
inant factor of permeability.

Figure 7 shows the methane pressure distribution at dif-
ferent extraction times. The gas migration during the extrac-
tion represented a typical gas-solid coupling. In the effect of
extraction negative pressure, the gas pressure showed an
exponentially decreasing trend. The trend line of methane
pressure at point C went down significantly faster than that
in the matrix. The decrease rate of gas pressure at point C
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Figure 3: Coupling relationship between coal deformation and methane migration.

40 m

X

5 m

Point 1~3: a, b, c

BA C

The first iteration cycle Fy

The second iteration cycle Fy

The third iteration cycle Fy

Fixed boundary
The diameter of the borehole,

the number of boreholes, and the size of
the coal seam to be extracted are only indicative

Abutment pressure zone
Original

rock stress zone

Methane extraction
pressure: 20 kPa

Methane extraction borehole

Methane extraction borehole number: 1~13 Coal seam has not yet been extracted

Initial methane pressure
in coal seam: 2 MPa Roller

boundary

y

Figure 4: Numerical model of methane extraction in 4102 working face.

Table 1: Numerical model physical parameters.

Parameter Value Parameter Value

Coal elastic modulus E (MPa) 2813 Adsorption pressure constant PL (MPa) 2.07

Matrix elastic modulus Es (MPa) 8439 Adsorption volume constant VL (m
3/kg) 0.0256

Poisson’s ratio ν 0.34 Adsorption pressure strain εL 0.015

Coal density ρc (kg/m
3) 1250 Initial matrix porosity. φm0 0.05

Air density (kg/m3) 0.717 Initial matrix permeability km0 2.8·10−18

Facture stiffness K f (MPa) 4800 Methane diffusion rate Dn (m
2) 3.6·10−12

Dynamic viscosity u (Pa·s) 1.84·10−5 Initial fracture porosity φf0 0.002

Bulk modulus K (MPa) 5400 Initial fracture permeability kf0 2.08·10−17

Matrix width a0 (m) 5·10−6 Initial temperature T (K) 300

Frack width b0 (m) 0.005 Air diffusion rate Dn (m
2) 5.8·10−12
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was significantly slower than that at point B as the effective
pressure of the coal seam was higher and the opening of
the original fractures was smaller in the abutment pressure
zone. The methane pressure difference (Pm − P f ) signifi-
cantly increased at the early stage of the extraction (10 days
ago) as there was pressure difference of gas transferred
between the matrix and fracture. At the late stage of the
extraction, the gas pressure difference gradually decreased
until it was zero.

4.3. Comparisons with Field Data. The field data of methane
pressure at number 1 and number 3 drainage boreholes were
collected as shown in Figure 1. The methane pressure data
obtained from the model were compared with the field data
as shown in Figure 8. In the figure, although the methane
pressure showed an overall decreasing trend, its downward
trend was affected by the geological and storage conditions
of the coal seam and the negative pressure of the drainage
drilled holes resulting in fluctuations in pressure. The meth-
ane extraction numerical model was established with ideal
conditions, ignoring the ash content and moisture in coal
seam or other geological factors. Although their data were

different, their curves showed the same change trend. This
model can be used to predict and evaluate the long-term
effect of borehole gas extraction.

5. Enhanced Gas Extraction Test by
Injection Air

5.1. Air Injection Parameters. To eliminate gas outburst risks
and reduce methane pressure as soon as possible, by injecting
air into the existing boreholes of the 4102 working face, the
gas migration was improved in the coal seam to increase
the methane extraction effect. Figure 9 shows the injection
boundary conditions and drilled boreholes in the model.
The deformation field of the coal seam was established with
the same settings as that of Section 4.1. The calculation
parameters required by the model were the same as those
in Table 1, and the air transport equation is shown in Table 3.

5.2. Gas Pressure Distribution. Figure 10 shows the effect of
injection air pressure on methane pressure drop. The dotted
line in the figure shows the change of methane pressure
without air injection, and the solid line shows the change

Table 2: Numerical model boundary conditions.

Coal seam deformation Value Methane migration Value

Upper boundary (MPa) 14 transition to 21

Pressure of methane extraction borehole (kPa) 20Lower boundary Fixed boundary

Left boundary
Roller support

Right boundary
Methane pressure (MPa) 2

Borehole boundary Free deformation

Initial displacement 0 Others (MPa) 0

Air inflow roadway

Return air roadway
4101

working face

Mining

direction

4102
working face

No. 3

coal seam
Forward
direction

Initial ground stress

Abutment pressure

Methane
drainage boreholes

Coal seam floor

Figure 5: 4102 preparation work face.
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Figure 6: Different calculation steps, permeability, and plastic zone distribution.
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of methane pressure under different injected air pressures.
When there was no air injected into the coal seam, the
methane pressure at point C decreased to the safety pres-
sure of 0.75MPa, which took about 12 days. When the

air pressure was increased to 1MPa, the methane pressure
decreased to 0.75MPa, which only took about 8 days.
The injection of air could significantly reduce the meth-
ane pressure.
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5.3. Evaluation of Coal Seam Permeability. Figure 11 shows
the change trend of fracture permeability of coal seam at
points B and C. During the whole extraction period, the per-
meability at the two points showed an increasing trend.
When the air pressure in the fracture continued to increase,
the effective stress of the coal seam continuously decreased,
so the permeability at point B in the initial stage of injection
was significantly higher than that at point C without injec-
tion. After 30 days of air injection, the air pressure in the
model reached an equilibrium; the coal seam permeability
at points B and C increased by 10% and 8%, respectively,
compared to that in the initial stage of the extraction.

5.4. Gas Flow Characters in Fracture. Figure 12 shows the
variation of methane concentration. In the figure, the solid
black line represents the methane concentration which
decreased slowly when there was no air injection and showed
an approximately linear decreasing trend in the extraction.
After 15 days of extraction, the concentration only decreased
by about 23%. The methane concentration decreased by 50%
and 80%, respectively, compared with that under the air
injection pressure of 0.6MPa and 1MPa in the condition that
the extraction time was the same. By comparing the drop
curve of methane pressure at point B in Figure 10, the meth-
ane pressure decreased to less than half of the initial value.

Figure 13 shows the variation of air concentration at
point B and the change curves of methane flow rate under dif-
ferent air pressures. Figure 13(b) shows that themethane flow
rate was significantly affected by the air pressure, that is, the
higher the air pressure, the faster the methane flow rate at
point B decreased. This was because the increasing of air
pressure provided an additional power for methane to
migrate in the fracture. Meanwhile, the fracture permeability
was affected by the deformation of adsorbed methane desorp-
tion and the volume deformation of the coal. The desorption
of methane caused continuous shrinkage of matrix eventually
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Figure 9: Setting of numerical model for methane extraction under air injection.

Table 3: Air migration equation setting.
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improving the permeability by 10% (Figure 11). The addi-
tional air pressure and permeability improvement accelerated
the flow of methane in the fracture.

6. Conclusions

To study the impact of mining pressure on the methane
extraction in coal, a dual-porosity and dual-permeability
model was established with gas seepage, effective stress, and
adsorption deformation. The gas-solid coupling between
methane migration and borehole damage under the influence
of abutment mining pressure was studied. On this basis, a
stimulation treatment for methane extraction by injecting
air was presented. Based on this study, the following conclu-
sions can be obtained:

(1) When the boreholes are affected by the abutment
mining pressure, the plastic failure zone around
the boreholes increases the permeability of the coal
and promotes the methane pressure drops rapidly,
eliminating the danger of gas outbursts. On the
contrary, radial extension along the boreholes, espe-
cially in the abutment pressure zone, with the
increase of effective stress, not only the permeabil-
ity decreases continuously but also limits the meth-
ane migration within the fracture. In the original
rock stress zone, the change trend of coal perme-
ability is between plastic failure zone and abutment
pressure zone.

(2) The simulation results show that the methane in the
fracture first flows into the drainage boreholes, then
the methane in the matrix gradually diffuses. This is
the reason why the methane pressure within coal is
not on average always decreasing. Compared with
the field data, the correctness of the methane drain-
age model under the abutment pressure near the
working face was verified.

(3) When air is injected into the coal, it first flows into
the fractures and then reduces the effective stress of
the coal, caused the fracture opening to increase con-
tinuously, and finally improves the permeability of
coal. Extra air provides a new source of power for
gas flow and promotes the flow of gas into the bore-
holes at the same time. This is the reason why the
methane pressure within the fracture is always
decreasing.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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In this study, proppant pillar deformation and stability during the fracturing fluid flowback of channel fracturing was simulated
with DEM-CFD- (discrete element method-computational fluid dynamics-) coupling method. Fibers were modeled by
implementing the bonded particle model for contacts between particles. In the hydraulic fracture-closing period, the height of
the proppant pillar decreases gradually and the diameter increases as the closing stress increases. In the fracturing fluid flowback
period, proppant particles could be driven away from the pillar by the fluid flow and cause the instability of the proppant pillar.
The proppant flowback could occur easily with large proppant pillar height or a large fluid pressure gradient. Both the pillar
height and the pillar diameter to spacing ratio are key parameters for the design of channel fracturing. Increasing the fiber-
bonding strength could enhance the stability of the proppant pillar.

1. Introduction

Channel fracturing is a relatively new stimulation technique
first proposed by Gillard et al. in 2010 [1]. It is mainly com-
posed of three technical parts: the pulse pumping technique,
the multicluster perforating process, and the injection of
fracturing fluid mixed with fibers. The major difference
between channel fracturing and conventional fracturing lies
in the pattern of proppant placement. In channel fracturing,
the fibers are expected to keep proppant pulses cohesive and
prevent them from spreading when traveling through the
fracture slots. As a result, the proppant after channel fractur-
ing could assemble as clusters in the fracture. When the frac-
tures close during fracturing fluid flowback or the production
process, those proppant clusters are analogous to pillars
which resist the closing process. The void space between
proppant pillars form the fluid channels which greatly

improve the fracture conductivity during the production
[2]. An investigation based on the results of more than
1000 times channel fracturing found that more than 99.9%
of the channel-fracturing jobs fully completed the proppant
placement and by average channel fracturing could save
43% of the proppant compared with the conventional tech-
nique implemented in adjacent wells [3, 4]. The oil produc-
tion with channel fracturing could also be greatly enhanced.
For instance, the channel-fracturing operation of tight oil
and gas reservoirs in Ordos Basin, China, has produced
2.4 times as much oil as conventional fracturing, and the
gas well production is 4-5 times as high as that of conven-
tional fracturing [5].

After the hydraulic-fracturing operation, the fracturing
fluid flows back to the wellbore which results in additional
drag force to the proppant particles. Consequently, the prop-
pant pillar might lose its stability due to the flow of proppant,
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resulting in sanding and significant decrease of fracture con-
ductivity. Therefore, how to avoid the flowback of proppant
has attracted great attention. Channel-fracturing technology
adds fibers to the fracturing fluid by which the rheological
properties of the proppant are changed. The fracturing fluid
mixed with low concentration short fibers can be affected
by the formation temperature and exhibit some adhesion
[6, 7]. Figure 1 shows the network structure of fibers and
proppant mixture. The bonding strength of fibers could
effectively glue the proppant particle together, and thus, the
fiber-proppant cluster is able to better support the hydraulic
fractures, prevent the proppant flowback, and also reduce the
risk of sanding. In the channel-fracturing tests of Eagle Ford
and other shale fields, sand production was improved and
fibers showed better proppant flowback resistance [5, 8, 9].

The network structure of fibers and proppant mixture
and the adhesion of fibers make the mechanical mechanism
of the proppant pillar greatly different from the one for the
traditional proppant placement scheme. The existing litera-
tures mainly focus on the mechanical process of the flowback
of fiber-free proppant. Vreeburg et al. [10] performed a labo-
ratory study on two types of back-production to help clarify
the effect of curing temperature, water production rate, prop-
pant size, and stress cycling on the integrity of resin-coated
proppant (RCP) packs. The number of applied stress cycles
and the initial RCP pack strength appear to be the domi-
nant factors that govern proppant back-production. Goel
and Shah [11] investigated proppant flowback phenomena
using a large-scale fracturing simulator. Experimental results
show that flowback initiates at lower cleanup rates when the
closure stress increases or when the fracture width increases
and flowback initiates at higher cleanup rates when the sand
size increases. Smith et al. [12] investigated the effects of
various factors on the proppant flowback, including the
differential-fracture closure, leak-off of fracturing fluid, and
fracturing fluid rheology, and claimed that those effects
should be combined in the proppant transport analysis.
Aidagulov et al. [13] presented a quantitative model to pre-
dict proppant flowback based on treating both the proppant
pack and the reservoir as poro-elasto-plastic media. But with
adoption of such a continuum model, interactions between
flowback proppant particles would not be observed directly.
Daneshy [14] suggested that the main cause of the proppant
flowback was the presence of shear fractures which led to the
formation of many randomly distributed tight proppant
packs. The three requirements for proppant flowback were
motion initiation, motion maintenance, and infinite con-
ductivity along the return path, and gravity played a very
important role on proppant flowback. Hu et al. [15] estab-
lished a proppant mechanical model to predict critical
flowback velocity. They concluded that adopting a lower
velocity before the fracture closes and a higher velocity after
the fracture closes helps to discharge fracturing fluid in
time and effectively prevent proppant flowback. Qi and
Jiao [16] presented a model to predict proppant flowback in
a fractured gas well. However, with the hypothesis of a
one-dimensional flow and ignoring the influence of gravity,
this model cannot demonstrate real interactions between
liquid and proppants. McLennan et al. [17] described the

experimental results of a radially convergent flow and a linear
flow into a wellbore through an initially packed fracture.
Results of a radial flow through a transverse fracture sug-
gested the creation of flow channels, while results of a linear
flow through a longitudinal fracture suggested more prop-
pant removal. The above studies have pointed out that
effects such as fluid viscosity, fluid pressure gradient, and
closing stress are crucial to the proppant flowback for the
conventional proppant placement scheme. They laid an
important foundation for the research of proppant flowback
with channel fracturing.

Other studies explored the evolution of fracture width
and conductivity in channel fracturing. The deformation
characteristics of the proppant pillar are described using
numerical and analytical methods though some of them are
not quite reasonable. Gomaa et al. [18] described experimen-
tal and numerical models to generate pillar-propped frac-
tures based on fingering phenomena observed in fluid
injection. Experimental and numerical results confirmed that
increasing the injection rate reduced the main channel width
and increased branching. Neto and Kotousov [19] developed
a simplified semianalytical method for calculating the resid-
ual opening of fractures partially filled with proppant. They
used the one-dimensional Terzaghi’s consolidation model
to describe proppant response. Both pore water and particles
are assumed to be incompressible and changes of void vol-
ume are linked to deformation. Zheng et al. [20] derived an
analytical model to calculate permeability and conductivity
in channel fracturing. The proppant pillar is treated as a
cylindrical indenter which is rigid. Guo et al. [21] established
an analytical model to describe fracture aperture change
and conductivity for cuboid shaped pillars. Yan et al. [22]
developed an analytical model to represent the physical
deformation of channel-fracturing fractures, and the Darcy-
Brinkman equation was applied to simulate the flow in pillars
and fluid channels. Both Guo et al. and Yan et al. calculate the
axial deformation of the proppant pillar using Hooke’s law.

Later, Deng et al. [23] adopted the discrete element
method to study interactions between shale and proppant.
Effects of factors such as shale modulus and proppant size
on fracture aperture were numerically modelled and learned.
Fan et al. [24] developed a DEM-LB workflow to understand
the interaction between reservoir depletion, proppant com-
paction, and single-/multiphase flows in a hydraulic fracture.

Figure 1: Network structure of fibers and proppant mixture [6, 7].
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Furthermore, Zhang et al. [25] developed an integrated
DEM-CFD modeling workflow to model proppant embed-
ment and fracture conductivity. Fracture conductivity after
fracture closing was evaluated by modeling fluid flow
through the proppant pack by use of DEM coupled with
CFD. Results showed that the fracture conductivity increased
with the increase of proppant concentration or proppant
size and decreased with the increase of fracture-closing
stress or degree of shale hydration. Shale-hydration effect
was confirmed to be the main reason for the large amount
of proppant embedment. With increasingly frequent applica-
tion of DEM-CFD, it was believed that DEM-CFD was the
most suitable computational method for modeling two-way
solid–fluid interactions (e.g., Tomac and Gutierrez [26]).
This paper utilizes the DEM-CFD-coupling method, by
which the cementation between the fibers and the proppant
particles is mimicked by the tensile and shear bonding
strength between discrete element particles, to set up the
hydromechanically coupled model for the interactions of
proppant-fiber-fracturing fluid. The model aims to reveal
the mechanism of proppant pillar deformation and stability
during fracturing fluid flowback by combing the analysis
at both micro- and macroscales. The effects of pressure
gradient, fluid viscosity, pillar height, pillar diameter to
spacing ratio, and bonding strength of fibers are investi-
gated, and the amount of flowback proppant and the
spreading area of proppant are studied. This work could
provide a potential guideline and theoretical background
for the design of channel fracturing and also the optimization
of field fracturing operation.

2. Theoretical Background and Numerical
Model Setup

2.1. DEM-CFD-Coupled Model for Proppant Pillar
Deformation and Stability during the Fracturing Fluid
Flowback of Channel Fracturing

2.1.1. Proppant Particle-Fiber Interaction. Romero and
Feraud [27] first studied the stability of a proppant pack rein-
forced with fibers and presented a fiber-reinforced failure cri-
terion in their study. They set up a laboratory model to
demonstrate the effect of fiber properties on proppant pack
stability. Two modes of failure were distinguished in their
experiments: collapse of the arch at the perforation and total
failure of the proppant pack creating a channel within the
fracture. The fracturing fluid used in the channel fracturing
contains fibers that have wrapping and restraining effects
on proppant, which can enhance the sand-carrying capacity
of the fracturing fluid. When proppant and fibers are injected
into the fractures with fracturing fluid, the bonding and fric-
tion between the fibers and proppant make the proppant
cluster as a whole, which achieves the balance under the
action of closing stress and lateral stress. During the flow-
back, the proppant pillar is subjected to shear deformation
by the fluid force; however, the existence of fibers helps to
prevent the collapse of the proppant pillar.

In this study, we apply the bonded particle model in
DEM to model the interaction between proppant particles

and fibers [28, 29]. DEM is an ideal tool to model the
mechanical behaviors of a granular assembly such as a prop-
pant pack. The macroscale mechanical response emerges
from the interaction of particles or grains through their con-
tact behaviors at the particle scale, either frictional or with
cementation. Since the shape of fibers is irregular, it is techni-
cally difficult to model fibers together with proppant parti-
cles. Thus, we indirectly model the fibers by implementing
the bonded particle model which adds bonding strength
between proppant particles but without explicitly represent-
ing the fibers. The theory of DEM and bonded particle model
are well documented in the literatures and hence are not pre-
sented here for brevity.

2.1.2. DEM-CFD Coupling for Proppant Particle-Fracturing
Fluid Interaction. By considering force balance for particles
within a cell, the driving force applied to a single particle is
given by (1). The driving force consists of two kinds of forces
caused by the flow. One is the viscous force induced by fluid
viscous properties and characterized by shear force on the
particle surface. The other is the force acting on the particles
by pressure gradient and characterized by a normal force on
the particle surface [30].

f di = −
f int
1 − ϕ

+ ∇p
π

6 dpi
3, 1

where f di is the driving force applied to particle i, f int is the
interaction force per unit volume between particles and fluid,
dpi is the diameter of particle i, ϕ is the porosity of this cell,
and ∇p is the pressure gradient.

In the first term of (1), f int represents the interaction
force per unit volume between particles and fluid. The minus
sign means that the force applied to the fluid is opposite in
direction with f int. The sign of f int depends on the relative
moving direction of particles in flow. If the relative moving
direction is opposite between particles and the flow, f int
is negative and the driving force is positive, which means
particles are pushed forward by the flow. f int equals 0
when particles are static relative to the flow. In the second
term of (1), the minus sign means that pressure decreases
with positive flow when ∇p is negative. The force acting
on the particles by the pressure gradient pushes particles
forward if ∇p is negative.

When fracturing fluid begins to flow back, the flow direc-
tion is opposite to the relative moving direction of proppants
and pressure decreases with positive flow. Thus, both viscous
force and the force acting on the particles by the pressure gra-
dient work as positive forces to particles.

Interaction force per unit volume between particles and
fluid in the j direction is given by

f int j = βint j vj − uj , 2

where uj is fluid velocity in the j (j = x, y, z) direction, vj is
average velocity of particles in the j direction, and βint j is

the fluid-particle friction coefficient. βint j is defined by
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different expressions according to different porosity values.
When porosity is lower than 0.8, βint j is given by

βint j = 150 1 − ϕ 2

dp
2
ϕ

μf + 1 75 1 − ϕ

dp
ρf vj − uj , 3

where dp is the average diameter of particles, μf is the kine-
matic viscosity of fluid, and ρf is the density of fluid. When
porosity is higher than 0.8, βint j is given by

βint j =
3
4 ρfCD

1 − ϕ ϕ−1 7

dp
vj − uj , 4

where CD is the drag coefficient (dimensionless).
Pressure gradient ∇pj also has two expressions accord-

ingly. When porosity is lower than 0.8, ∇pj is given by
Ergun’s equation:

∇pj = 150 1 − ϕ 2

dp
2
ϕ2

μf + 1 75 1 − ϕ

dpϕ
ρf vj − uj vj − uj

5

When porosity is higher than 0.8, ∇pj is given by the
Wen-Yu equation:

∇pj =
3
4 ρfCD

1 − ϕ ϕ−2 7

dp
vj − uj vj − uj 6

2.2. Numerical Model Setup. Figure 2 shows the numerical
model setup. The model consists of one proppant pillar
which is sandwiched by two shale plates. The rock plate
and proppant pillar are made of blue particles with a face-
centered cubic (FCC) structure and yellow particles with
random distribution, respectively. Taking the 6mm high
proppant pillar as an example, the simulation procedure
can be summarized in the following steps.

(1) Generate a cubic-shape rock sample with the FCC
structure. The initial model size is 20mm× 20mm×
30mm. The microscale properties of rock are
assigned to all contacts.

(2) A small confining stress of 0.5MPa is applied to the
sample by a servocontrol procedure.

(3) A 6mm thick layer in the middle of the sample is
deleted to generate a fracture slot perpendicular to
the z direction.

(4) A cylindrical proppant pillar with a height of 6mm
and diameter of 10mm is generated in the middle
of the fracture slot.

(5) The two rock plates are gradually loaded with the
compression stress of 41.4MPa while the proppant
pillar is deformed.

(6) After the loading, the fluid grid is set up for the prop-
pant layer and fluid flow calculation is carried out.

For the calculation of fluid-particle coupling, 10 fluid
cells are set up along the two horizontal directions and 1 fluid
cell is set up along the vertical direction of the proppant pillar
height. In order to apply the fluid boundary condition, one
additional layer of fluid cells is needed at each of the six faces
of the calculation domain. It means that in each of the three
directions (x, y, z), there are two additional boundary layers.
The final cell pattern is 10 + 2 × 10 + 2 × 1 + 2 = 12 ×
12 × 3 given that the initial cell pattern is 10 × 10 × 1. There-
fore, the gird mesh has 12 × 12 × 3 = 432 fluid cells in total.
With the two additional boundary layers, the final model size
in both the x and y directions is 10 + 2 × 2mm = 24mm
(Figure 3). Cells outside the red line in Figure 4 are boundary
cells. Only cells within this “boundary” ran the fluid-particle
interaction computation.

In fluid flow calculation, a negative pressure gradient is
applied along the x direction by applying positive fluid pres-
sure on the left boundary at the inlet and applying zero fluid
pressure on the right boundary at the outlet. The flowback

30 mm 6 mm

20 mm

Shale plates
Proppant

pillar

(a)

CFD grid

Velocity
vector

Proppant
pillar

24 mm

(b)

Figure 2: (a) Model perspective view and (b) coupled DEM-CFD analysis for proppant pillar deformation and stability. The blue and yellow
particles represent the rock matrix and proppant pillar, respectively, and the green meshes represent the CFD fluid grids.
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pattern of the proppant pillar at different times can then be
simulated.

2.3. Calibration of the Numerical Model with
Experimental Results

2.3.1. Microscale Properties of Rock. The microscale proper-
ties of rock are firstly calibrated by comparing the measured
rock macroscale properties in numerical modeling with the
given experimental results (uniaxial compression strength
215MPa, elastic modulus 30GPa, and Poisson’s ratio 0.28).
The summary of calibrated microscale properties of rock is
listed in Table 1.

2.3.2. Microscale Properties of the Proppant Pillar. In order to
calibrate the microscale properties of the proppant pillar, lab
experiments of proppant pillar compression are carried out
first with the following procedure.

(1) Put proppant particles and fibers (weight ratio
1 : 0.004) into a beaker.

(2) Use a glass rod to mix the proppant and fibers
(Figure 5(a)).

(3) Add glue into the proppant-fiber mixture and stir the
sample until it is solidified.

(4) Fill the sample into a metal mold (hollow cylinder
with inner diameter of 10mm and height of 10mm)
and make proppant pillars (Figure 5(b)).

(5) Heat the proppant pillars in an oven for 1 hour with
the temperature of 60 degrees, then cool them down
under ambient condition.

(6) Fill the array of proppant pillars in the testing
chamber designed based on the API standard for
proppant conductivity testing; load the pillars at
the given normal loading stress and keep the load-
ing for 1 minute until reaching the steady state
(Figure 5(c)).

(7) Calculate the change of pillar height based on the
recorded variation of vertical displacement.

(8) Disassemble the experimental setup and record the
profiles of proppant pillars after the testing
(Figure 6(a) and 6(b)).

(9) Repeat step (1) to (8) for a different closing stress.

To calibrate the microscale properties of proppant pillars,
a numerical sample of the proppant pillar was first made and
then compressed with constant stress from the two ends
(Figure 6(c) and 6(d)). Numerical tests were carried out with

(a)

2 mm 2 mm

Boundary
cells

2 
m

m
2 

m
m

20
 m

m

20 mm

(b)

Figure 3: Illustration of model size: (a) grid mesh without particles; (b) size of boundary cells and flow area.

(a)

(b)

Figure 4: Coupled DEM-CFD model: (a) vertical view; (b) front
view.
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different compression stresses, and the pillar height and pillar
diameter after the tests were compared with the experimental
results for the model calibration, as shown in Figures 7 and 8.
The final calibrated microscale properties of proppant parti-
cles are listed in Table 2.

3. Proppant Pillar Deformation and Damage
Laws during Fracture Closing and Fracturing
Fluid Flowback

3.1. Fracture-Closing Period. The calibrated microscale prop-
erties (Tables 1 and 2 are used as input parameters in the
model shown in Figure 2. Numerical modeling of fracture
closing and fracturing fluid flowback is then calculated.
Figures 9 and 10 plot the profiles of a proppant pillar at
two different closing stresses, 20.7MPa and 41.4MPa,
respectively. The height of the proppant pillar is 6mm, and
the diameter is 10mm.With the increase of the closing stress,

the height of the proppant pillar decreases gradually and the
diameter increases. The pillar is compressed into a pancake
shape. The compression from the shale plate changes the
stress state in the proppant pillar and crushes down the pillar.
Some particles near the edge of the pillar falls down and rolls
away from the pillar.

3.2. Fracturing Fluid Flowback Period. The fluid flowback cal-
culation with coupled DEM-CFD analysis was carried out
after the fracture closing. Figure 11 shows the profiles of the
proppant pillar at different flow times. The initial height
and diameter of the proppant pillar are 6mm and 10mm,
respectively. The fluid viscosity is 0.001Pa·s and the pressure
difference is 64 kPa. The black arrows in the plot represent
the fluid velocity vector at each fluid cell, and the velocity
magnitude is indicated by the length of the arrow. The parti-
cles for rock plates are not shown in the plot. With the
increase of flow time, the proppant pillar starts to spread
and particles around the proppant pillar diffuse outward

Table 1: Summary of microscale properties of rock.

Microparameters

Linear contacts

Apparent modulus Ec (GPa) 5.7

Normal stiffness kn (N/m) 2 6ks
Shear stiffness ks (N/m) 2DEc

Parallel bonds

Apparent modulus Ec (GPa) 5.7

Normal stiffness kn (GPa/m) 2 6ks

Shear stiffness ks (GPa/m)
Ec
D

Normal bond strength (MPa) 38

Shear bond strength (MPa) 38

Radius multiplier 1

Friction 0.5

Density (kg/m3) 2650

Particle radius (D/2) (mm) 0.2

(a) (b) (c)

Figure 5: (a) Proppant-fiber mixture, (b) array of proppant pillars, and (c) testing chamber with proppant pillars placed.
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(a) (b)

(c) (d)

Figure 6: Comparison of proppant pillar profiles from experiments and from numerical modeling: (a) lateral view before the testing in the
experiment, (b) top view after the testing in the experiment, (c) lateral view before the testing in the numerical modeling, and (d) top view after
the testing in the numerical modeling.
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Figure 7: Comparison of numerical modeling results and
experimental results for pillar height at different closing stress.
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Figure 8: Comparison of numerical modeling results and
experimental results for pillar diameter at different closing stresses.
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Table 2: Summary of microscale properties of proppant.

Proppant size combination 40/70 30/50 20/40

Microparameters

Linear contacts

Apparent modulus Ec (MPa) 100

Normal stiffness kn (N/m) 2DEc
Shear stiffness ks (N/m) k n

Parallel bonds

Apparent modulus Ec (MPa) 100

Normal stiffness kn (MPa/m) E c/D

Shear stiffness ks (MPa/m) k n

Normal bond strength (Pa) 3000

Shear bond strength (Pa) 3000

Radius multiplier 1

Friction 0.9

Density (kg/m3) 2650

Particle radius (D/2) (mm) 0.21–0.42 0.3–0.6 0.42–0.84

(a) (b)

Figure 9: Profiles of the proppant pillar at 20.7MPa closing stress: (a) lateral view and (b) top view.

(a) (b)

Figure 10: Profiles of the proppant pillar at 41.4MPa closing stress: (a) lateral view and (b) top view.
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and form a single layer. After 0.0105 s, the proppant particles
gradually escaped from the right side of the flow field and
start to flow back. The number of flowback particles in this
paper is defined as the number of proppant particles escaping
from the flow field.

We select the first row of fluid grids at the entry (shown
in Figure 11(b)) to monitor the change of flow velocity. Fluid
velocities reach stable values at about 0.04 s flow time
(Figure 12). Before 0.005 s, fluid velocities show fluctuation

which indicates that the flow is subjected to unstable change
of proppant ahead due to the spreading of particles. Between
0.025 s and 0.035 s, fluid velocities show more drastic fluctu-
ation caused by fast flowback of a number of proppants. The
results above indicate that a larger pillar diameter is prone to
cause proppant particle spreading as well as unstable fluid
flow. On the other hand, a smaller pillar diameter will lead
to wider fluid channel and favor the stable fluid flow; how-
ever, the pillar-supporting capacity might not be met to resist
the fracture-closing stress. Therefore, a proper size of prop-
pant pillar is needed which can satisfy both the stability
requirement and conductivity enhancement.

(a) (b)

(c) (d)

Figure 11: Profiles of the proppant pillar at different flow times: (a)
right after fracture closing, (b) flow time of 0.00015 s, (c) flow time
of 0.0005 s, and (d) flow time of 0.0105 s. The red square in (b)
represents the location of a monitoring fluid cell.
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Figure 12: Fluid velocity of the 10 fluid cells at the entry.
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Figure 13: Evolution of the number of flowback proppant particles
and proppant spreading area for different pressure gradients.
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4. Discussions

4.1. Effect of Pressure Gradient. To investigate the effect of
pressure gradient, a set of numerical simulations were run
by gradually increasing the pressure difference between the
two ends from 64 kPa to 512 kPa, while the height and diam-
eter of the proppant pillar are kept as 6mm and 10mm,

respectively, and the fluid viscosity is 0.001Pa·s. Figure 13
plots the evolution of the number of flowback proppant par-
ticles and proppant spreading area for different pressure gra-
dients. The flowback process can be divided into two stages.
At the first stage, the number of flowback proppant particles
has an early increase but the growth rate decreases, while the
difference of the flowback proppant particles among the four

0.00005 s 0.00525 s 0.00950 s

(a)

0.00005 s 0.00525 s 0.00950 s

(b)

0.00005 s 0.00525 s 0.00950 s

(c)

0.00005 s 0.00525 s 0.00950 s

(d)

Figure 15: Evolution of the proppant pillar profile for different pressure gradients: (a) pressure difference 64 kPa, (b) pressure difference
128 kPa, (c) pressure difference 256 kPa, and (d) pressure difference 512 kPa.
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different fluid pressure gradients is minor. At the second
stage, the difference of the number of flowback proppant par-
ticles gets larger and larger. Note that the difference of
spreading area for different fluid gradients is minor. The rea-
son is that the calculation of spreading area is based on the
farthest particle in the domain. Figure 14 plots the evolution
of the fluid velocity at the monitoring fluid cell (red cell in
Figure 11(b)) for different pressure gradients. As the calcula-
tion starts, the fluid velocity gradually increases and reaches
the plateau value which is proportional to the pressure differ-
ence. The difference of fluid velocity for the first stage of the
flowback is small which accounts for the small difference of
flowback proppant particles as shown in Figure 13.

Figure 15 plots the evolution of the proppant pillar profile
for different pressure gradients. In order to make better com-
parison for pillar profiles, proppants which run outside the
flow field are not shown and similar figures are treated in
the same way. For different pressure gradients, the profiles
of proppant pillars are similar at the first stage. At the second
stage, more proppants flow back in the high-pressure gradi-
ent case than in the low-pressure gradient case.

4.2. Effect of Fluid Viscosity. To study the effect of fracturing
fluid viscosity on the flowback of proppant particles, the
proppant pillar with 6mm height and 10mm diameter was
run with different fluid viscosities, while the pressure differ-
ence between the inlet and outlet of the flow field was fixed
as 64 kPa. Figure 16 shows the evolution of the number of
flowback proppant particles and proppant spreading area
for different fluid viscosities. It can be seen that when the
pressure boundary condition is used, the amount of flowback
particles and the spreading area decreases with the increase
of fluid viscosity. According to (5), with the constant pressure
gradient, increase of the fluid viscosity causes the decrease of
the velocity difference vj − uj . However, from (3), the size
of the βintj is difficult to determine (one part of (3) increases

and the other decreases). Therefore, the force exerted on the
particles by the fluid is difficult to determine. Figure 17 plots
the evolution of fluid velocity for the monitoring fluid cell
(blue cell in Figure 11(b)) for different fluid viscosities. It
shows that when the viscosity of the fluid is large, the over-
all flow rate is small, which indirectly explains the phenom-
enon that the number of particles and the spreading area
are smaller when the viscosity is larger. Figure 18 plots
the evolution of the proppant pillar profile for different
fluid viscosities. For lower viscosity cases, proppant pillars
break down into separated packs, while for higher viscosity
cases, proppant pillars are able to retain integrity during the
flowback period.

It should be noted that the trends in Figure 16 will be
reversed if velocity boundary is applied at the inlet.
Figure 19 plots the evolution of the number of flowback
proppant particles and proppant spreading area for different
fluid viscosities, with a fixed fluid velocity of 3.64m/s applied
at the inlet. The results show that larger fluid viscosity causes
more flowback proppant particles and larger spreading area,
opposite with the results in Figure 16. At the beginning of
calculation, forces applied by the fluid on particles varied
due to different particle sizes. Particle movement was further
complicated by collision, and thus, average particle velocity
might change dramatically. This kinematical disorder in
turn caused fluctuation at the beginning of the blue line by
particle-fluid interaction term in (2).

Figure 20 plots the evolution of the proppant pillar profile
for different fluid viscosities, with velocity boundary applied
at the inlet. Since the flowback process is different for the
pressure boundary case and velocity boundary case, pillar
profiles at different flow times are used. For the velocity
boundary case, proppant pillars are more possible to break
down when fluid viscosity is higher, which shows an exactly
reverse law to the pressure boundary case.
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Figure 16: Evolution of the number of flowback proppant particles
and proppant spreading area for different fluid viscosity.
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4.3. Effect of Proppant Pillar Height.With the given proppant
pillar diameter, an initially tall proppant pillar is expected to
provide larger closing aperture and more conductive chan-
nels for the fluid flow after fracture closing than the initially
short proppant pillar. However, the tall proppant pillar might
also be subjected to the large amount of flowback proppant
particles since during the fracture-closing process, particles
at the edge of the proppant pillar are prone to be stripped
off. Figure 21 shows the proppant pillar profile after the flow-
back for two different proppant pillar heights, 6mm and
8mm. The case with the 8mm pillar height has larger spread-
ing area and more flowback proppant particles than the case
with the 6mm pillar height.

The lab experiments by Gillard et al. [1] and Nguyen
et al. [31] show that the conductivity of proppant pillars
can be up to two orders of magnitude higher than the
one with the traditional proppant placement scheme. The
proppant pillar profile after the conductivity measurement
(Figures 22 and 23) shows that the proppant particles keep
bonded together during the flow testing process and the
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(a)

0.00005 s 0.00950 s 0.02030 s

(b)

0.00005 s 0.00950 s 0.02030 s

(c)

Figure 18: Evolution of the proppant pillar profile for different fluid viscosities: (a) 0.001 Pa·s, (b) 0.01 Pa·s, and (c) 0.02 Pa·s.

0.0000 0.0025 0.0050 0.0075 0.0100
0

1000

2000

3000

Fl
ow

ba
ck

 p
ar

tic
le

s

Calculation time (s)

0.001 Pa·s: flowback particles
0.010 Pa·s: flowback particles
0.020 Pa·s: flowback particles

0.001 Pa·s: spreading area
0.010 Pa·s: spreading area
0.020 Pa·s: spreading area

30

60

90

120

150

180

Sp
re

ad
in

g 
ar

ea
 (c

m
2 )

Figure 19: Evolution of the number of flowback proppant particles
and proppant spreading area for different fluid viscosities, with
velocity boundary applied at the inlet.

12 Geofluids



flowback of proppant particles cannot be clearly identified.
Our modeling results however show that the flowback could
occur with a large proppant pillar height or large fluid
pressure gradient. As a result, the conductivities measured
in the numerical models could be largely dropped due to
the occupancy of particles in the fluid channels. The field
tests with channel fracturing shows the increase of oil/gas
production [3–5] compared with the traditional proppant
placement scheme, but the improvement is much less
remarkable than the experimental results by Gillard et al.
[1] and Nguyen et al. [31].

Due to the flowback of proppant particles, the prop-
pant particles move into the channels between pillars,
which results in the single layer or a few layers of proppant
particles between pillars (Figure 21). Part of a proppant pillar
could still remain stable after flowback, and the initially open
fluid channels might be filled with loosely packed proppant
particles. The work by Fredd et al. [32] shows that the
single-layer proppant in the fracture could enhance the

fracture conductivity. Therefore, the fluid channels between
pillars, though filled with a single layer or a few layers of
proppant, may still effectively increase the fluid conductivity
and make channel fracturing preferable than conventional-
fracturing methods.

4.4. Effect of Pillar Diameter to Spacing Ratio. In channel
fracturing, the fracturing fluid pulses, containing either
the fracturing fluid without proppant or proppant-laden
fluid, alternately pumped into the fractures, forming loose
and discontinuous proppant clusters. Figure 24 shows the
two-dimensional schematic of high-conductivity fluid chan-
nels. The volumes of the fracturing fluid without proppant
and the proppant-laden fluid can be simplified as two fluid
columns in the plot while the volume ratio of the two fluids
is related to the ratio of the pillar diameter and spacing by
the following equation:

D/L = d/x 7

0.00005 s 0.000225 s 0.00525 s

(a)

0.00005 s 0.000225 s 0.00525 s

(b)

0.00005 s 0.000225 s 0.00525 s

(c)

Figure 20: Evolution of the proppant pillar profile for different fluid viscosities, with velocity boundary applied at the inlet: (a) 0.001 Pa·s, (b)
0.01 Pa·s, and (c) 0.02 Pa·s.
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Among them, d is the diameter of the proppant pillar, x is
the pillar spacing, L is the length of the fracturing fluid with-
out proppant, and D is the length of proppant-laden fluid.

The pillar diameter to spacing ratio (d/x) is therefore a
key parameter for the design of channel-fracturing treat-
ment. If the pillar diameter to spacing ratio is small, the pillar
column might not be stable which causes small fracture-
closing apertures and the fracture conductivity is reduced.
On the contrary, large d/x leads to a narrow fluid channel
and increasing amount of flowback particles. To optimize

the value of d/x and determine the appropriate volume ratio
of two fracturing fluids, simulation series by fixing the pillar
spacing but varying the pillar diameter is carried out.

Figure 25 plots the percentage of flowback proppant par-
ticles for different d/x by using the pillar height of 6mm and
diameter of 10mm. The fluid viscosity is 0.001Pa·s, and the
pressure difference is 64 kPa. There is nearly no flowback
particles when the d/x ratio is smaller than 0.43. The percent-
age of flowback proppant particles reaches 57% when the
d/x = 0 70. If the d/x ratio is more than 0.70, the percentage
of flowback proppant particles is close to 100%. The results
suggest that the optimized d/x ratio is between 0.43 and
0.70, with the assigned input parameters in this case. How-
ever, it is worth mentioning that the analysis above is based
on the assumption that the pillars are placed in arrays, while
the real distribution of proppant pillars in field operation is
expected to be less regular, given the fact that there could
be multiple circumstances which cannot all be considered
in the numerical models.

Figure 26 plots the evolution of the proppant pillar profile
for different pillar diameter to spacing ratios. With increasing

(a) (b)

(c) (d)

Figure 21: Proppant pillar profile after the flowback: (a) proppant height 6mm, before the flowback; (b) proppant height 6mm, after the
flowback of 0.00075 s; (c) proppant height 8mm, before the flowback; and (d) proppant height 8mm, after the flowback of 0.00075 s. The
proppant diameter is 10mm, the pressure difference is 64 kPa, and the viscosity is 0.001 Pa·s.

Figure 22: Proppant pillar profile after the conductivity
measurement (Gillard et al. [1]).
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diameter, proppant pillars tend to break down at earlier flow
times and fill the flow field. There are almost no flowback
proppants when d/x is smaller than 0.43 (Figure 26(a) and
26(b)), which can be deemed as well-controlled flowback
conditions. Proppant flowback becomes a severe problem
as d/x grows higher.

4.5. Effect of Fiber-Bonding Strength. The effect of fiber-
bonding strength on the stability of the proppant pillar
was also studied. Figure 27 shows the evolution of the num-
ber of flowback proppant particles and proppant spreading
area for different fiber-bonding strengths, with the prop-
pant pillar height of 6mm and the diameter of 10mm.
The fluid viscosity is 0.001Pa·s, and the pressure difference
is 64 kPa. The greater the bond strength, the stronger the
cohesive effect of the simulated fibers on the proppant par-
ticles. With the enhancement of cohesion, the number of
flowback particles from the proppant pillar is reduced and
the spreading area is also decreased. Figure 28 plots the
evolution of the proppant pillar profile for different fiber-
bonding strengths. Comparing with bonding strengths of
3E+3 and 3E+6Pa, the proppant pillar remains quite stable

during the flowback period when the bonding strength is
3E+7Pa. It can be seen that reasonably adjusting the
physicochemical properties of the fibers increases the
cohesion between the proppant particles and helps to
enhance the stability of the proppant pillar in the high-
permeability fracture.

5. Conclusions

In this study, proppant pillar deformation and stability dur-
ing the flowback of channel fracturing was simulated with
the DEM-CFD-coupling method. The effect of fibers was
considered by implementing the bonded particle model for
contacts between particles. The major conclusions of this
study can be summarized as follows.

In the fracturing-closing period, the height of the prop-
pant pillar decreases gradually and the diameter increases
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Figure 23: Proppant pillar profile after the conductivity measurement; four types of proppant were used (Nguyen et al. [31]).
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Figure 24: Two-dimensional schematic of high-conductivity fluid
channels.
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as the closing stress increases. In the flowback period, prop-
pant particles could be driven away from the pillar by the
fluid flow and cause the instability of proppant pillar.

The flowback could occur easily with a large proppant
pillar height or large fluid pressure gradient. Increasing the
initial proppant pillar height gives more conductive channels
for the fluid flow after fracture closing, but on the other hand,
a tall proppant pillar might also be subjected to the large
amount of flowback proppant particles.

Besides the proppant height, the pillar diameter to spac-
ing ratio is another key parameter for the design of channel
fracturing. A small pillar diameter to spacing ratio causes
the instability of the proppant pillar and small fracture-
closing aperture; on the contrary, a large pillar diameter to
spacing ratio leads to narrow fluid channels and increasing
amounts of flowback particles.

The profile of proppant placement inside the fracture in
the field should be somehow between the ideal competent
proppant pillar arrangement and the uniform layer of the
proppant based on the traditional proppant placement
scheme. Adjusting the physicochemical properties of the
fibers increases the cohesion between the proppant particles
and helps to enhance the stability of the proppant pillar in
the high-permeability fracture.
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Figure 26: Evolution of proppant pillar profile for different pillar diameter to spacing ratios: (a) 0.25, (b) 0.43, (c) 67, (d) 0.70, (e) 0.80, (f)
0.90, (g) 1.00, (h) 1.50, (i) 2.33, and (j) 4.00.
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Figure 27: Evolution of the number of flowback proppant particles
and proppant spreading area for different fiber-bonding strength.
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Under the influence of advanced abutment pressure, the tightness of a borehole is destroyed, so secondary borehole sealing is
needed; however, the opportune time for a secondary borehole sealing is unclear. In addition, current borehole-sealing devices
do not have a secondary borehole-sealing functionality. In this paper, an opportunity election model of secondary borehole
sealing was established, and a dynamic secondary borehole-sealing device was developed. In working face 3908 of the Kaiyuan
Coal Mine, an in situ dynamic secondary borehole-sealing test was conducted. The test results show that the tightness of the
boreholes sealed with high-water-expansion slurry is obviously better than that of the boreholes sealed with cement mortar and
polyurethane. When a borehole is destroyed by the peak of the advanced abutment pressure, the secondary borehole-sealing
measures can significantly improve borehole suction pressure, gas concentration, and gas drainage amount in the advanced
abutment pressure loading stage.

1. Introduction

Coalbed methane is a kind of nonconventional natural gas
associated with coal and adsorbed in coal seams, and coun-
tries all over the world exploit and utilize it as a substitutive
strategic new energy source [1, 2]. The increase in coal seam
mining depth in China means an increase in the pressure gra-
dient of coalbed methane, and coalbed methane emission
from mining increases accordingly [3, 4]. In China, gas
drainage from a coal seam is usually performed through
boreholes along the coal seam. Nevertheless, coal seams in
China are universally characterized by low permeability, so
the gas flow rate from boreholes along the coal seam is very
low. In addition, with the continuous enlargement of road-
way deformation, the tightness of the boreholes along the
coal seam weakens, and fresh air enters the drainage pipeline
via the drainage boreholes, so the gas concentration from the
mining seam decreases while the suction pressure loss
increases, which greatly increases the utilization cost of gas
from a mining seam [5]. Therefore, how to raise the gas flow
rate and concentration from a mining seam and reduce the

suction pressure loss in the pipeline have become key aspects
that need to be urgently addressed.

When coal is extracted, the coal masses experience an in
situ stress stage, an advanced abutment pressure loading
stage, and an unloading stage after the peak of the advanced
abutment pressure vertically in turn (Figure 1) [6]. At the
unloading stage after the peak of the advanced abutment
pressure, the permeability of coal masses increases gradually;
in particular, at the late unloading stage, coal masses near the
coal wall are destroyed owing to the decrease in horizontal
stress, and the permeability of coal masses might increase
by 2-3 orders of magnitude, exhibiting pressure relief and
permeability increase, so the gas flow rates from boreholes
in this range become an order of magnitude greater than
those from boreholes in the in situ stress area. However, at
the unloading stage after the peak of the advanced abutment
pressure, the permeability of the coal mass increases, while
the tightness of the borehole is destroyed, so a large amount
of fresh air enters the borehole, resulting in a sharp decrease
in both the suction pressure and gas drainage concentration
in the borehole, and the advantage of high permeability in
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the advanced abutment pressure loading stage could not be
effectively exploited.

The damaged boreholes should be sealed again. Selecting
the right timing is the key to improve the tightness of the
borehole. Nevertheless, the opportune time for secondary
borehole sealing is unclear. In addition, with existing
borehole-sealing devices, one cannot take remedial measures
after the borehole tightness is destroyed by the advanced
abutment pressure, and the favourable opportunity for gas
drainage at the advanced pressure unloading stage is missed.
In this paper, an opportunity election model of secondary
borehole sealing was established, and the critical gas concen-
tration for secondary borehole sealing was obtained finally
through calculation. In addition, a dynamic secondary
borehole-sealing device was also developed in this paper.
The secondary borehole-sealing test was conducted by using
the high-water-expansion borehole-sealing material after the
borehole tightness was destroyed, and gas drainage after
secondary borehole sealing was investigated.

2. Opportunity Election Model of
Secondary Borehole-Sealing

It is crucial to choose the correct timing for secondary bore-
hole sealing. In order to obtain a reasonable timing, an
opportunity election model of secondary borehole sealing
was established in this paper.

2.1. Establishment of the Model. When coal is extracted, the
working face advances constantly and the coal masses in
front of the working face experience an elastic deformation
stage and a plastic deformation stage after the peak of the
advanced abutment pressure vertically, in turn, which corre-
spond to the elastic deformation area and the plastic defor-
mation area, respectively. To facilitate the development of
the model, a generalized process was devised by assuming
that n groups of boreholes were laid in the elastic defor-
mation area and only 1 group of boreholes were laid in the
plastic deformation area at a working face in the Kaiyuan

Coal Mine (Figure 2). The processes for both are presented
as follows:

(1) Gas flow rate from boreholes in the elastic deforma-
tion area: a field test was conducted for the gas flow
rate from boreholes in the elastic deformation area
of the intake airway for the 3710 working face, and
the curves of the gas flow rate from boreholes versus
suction pressure in the elastic deformation area were
obtained, as shown in Figure 3(a). As can be dis-
cerned from Figure 3(a), the correlation between
the gas flow rate from each borehole and the suction
pressure is not evident in the elastic deformation
area. The gas flow rate from boreholes attenuated
with drainage time according to an exponential law,
so the gas flow rate qti (in m

3/min) from the ith group
of drainage boreholes into the main pipeline can be
expressed as follows:

qti = k1i exp k2it , 1

where k1i is the initial gas flow rate from the ith group
of drainage boreholes inm3/min, k2i is the attenuation
coefficient of the gas flow rate from the ith group of
drainage boreholes, and t is the drainage time in days.

(2) Gas flow rate from boreholes in the plastic deforma-
tion area: in the plastic deformation area, the perme-
ability of the coal mass increased rapidly by 2-3
orders of magnitude, exhibiting a “pressure relief
and permeability increase” effect; the gas flow rate
from boreholes in this area was extremely sensitive
to the suction pressure. The test results showed that
the gas flow rate qs (in m3/min) from boreholes
increased with the suction pressure according to a
logarithmic function (Figure 3(b)), so

qs = k3 ln pc + k4, 2

where pc is the suction pressure in grouped boreholes
in the plastic deformation area in pascals, and k3 and
k4 are fitting coefficients.

Stress (Pa)

Unloading stage Advanced abutment pressure loading stage In situ stress stage
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Advanced abutment pressure curve
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Mining direction

Suction pressure (Pa)

Suction pressure curve
Gob

Figure 1: Variation of stress and suction pressure in front of the working face.
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The field test results showed that the gas flow rates from
boreholes in different areas had different sensitivities to the
suction pressure; the gas flow rate from boreholes in the elas-
tic deformation area was not sensitive to the suction pressure,
whereas that in the plastic deformation area was very sensi-
tive to the suction pressure. Therefore, in order to reduce
the pipeline friction resistance and raise the borehole suction
pressure in the plastic deformation area, the boreholes with
low-concentration gas should be sealed again at the right
time. Nevertheless, for a specific mine, the critical gas
concentration for secondary borehole sealing is unclear.

According to the Fanning equation, the friction resis-
tance R (in pascals) of gas flow in a round pipe under a
laminar flow state is given as

R = 32sμu
d2

, 3

where s is the pipeline length in meters, μ is the dynamic
viscosity of the gas in Pa ⋅ s, u is the gas flow speed in m/s,
and d is the pipeline diameter in meters.
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Figure 2: Schematic diagram of gas drainage characteristic zoning and distribution of drainage boreholes at the mining seam.
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Figure 3: Relations between the gas flow rate from a borehole versus suction pressure in the elastic deformation area and the plastic
deformation area. (a) Elastic deformation area. (b) Plastic deformation area.

3Geofluids



The pipeline friction resistance Ri (in pascals) caused by
the convergence of gas from the ith group of boreholes into
the main pipeline in the elastic deformation area can be
acquired through (1) and can be expressed as follows:

Ri =
32siμk1i exp k2iti

15πd4
, 4

where k1i and k2i are fitting coefficients and ti is the time
in days.

The suction pressure Pc (in pascals) in grouped boreholes
in the plastic deformation area can be expressed as follows:

Pc = P −
32μ
15πd4

〠
n

i=1
sik1i exp k2iti , 5

where P is the suction pressure (in pascals) in the main pipe-
line on the mining-stop-line side.

It was assumed that the gas concentration from the ith
group of boreholes in the elastic deformation area declined

to ci, so that the inleakage fresh air flow rate from this group
of boreholes can be expressed as follows:

qa =
k1i exp k2iti 1 − ci

ci
6

The suction pressure loss Ri′ (in pascals) in a borehole in
the plastic deformation area caused by air leakage through
the ith group of boreholes in the elastic deformation area
can be obtained by substituting (6) into (4):

Ri′ =
32μasik1i exp k2iti 1 − ci

15πd4ci
, 7

where μa is the dynamic viscosity of air in Pa ⋅ s.
According to the relationship between the gas flow rate

from boreholes in the plastic deformation area and the suc-
tion pressure, the decrease in gas flow rate QΔ (in m3/min)
in the plastic deformation area caused by air leakage through
the ith group of boreholes in the elastic deformation area can
be expressed as follows:

If qti >QΔ, then it was necessary to maintain drainage
from this group of boreholes, because the existence of this
group of boreholes has a positive effect on the increase in
total gas flow rate at the mining seam.

If qti <QΔ, then this group of boreholes should be
sealed again to raise the suction pressure in the plastic
deformation area, increasing the gas flow rate in the plastic
deformation area.

2.2. Example Verification and Application. To verify the
reliability of the opportunity election model for secondary
borehole sealing, the 3710 working face in the Kaiyuan Coal
Mine was used as an example for calculation in this study.
Gas drainage at the mining seam was conducted from 326
boreholes in 53 groups in the intake airway for the 3710
working face in the Kaiyuan Coal Mine on October 29, and
the total gas flow rate in the main pipeline in the intake
airway was 3.6m3/min on that day.

The values assigned to coefficients in the negative expo-
nential function and logarithmic function of the model can
be obtained according to the fitting results of field test data
of the gas flow rate from boreholes in various areas at the
3710 working face. The values assigned to all fluid properties
of the gas were obtained under normal temperature and
normal pressure. The model parameters are listed in Table 1.

The suction pressure loss caused by inleakage of fresh air
in the pipeline in the intake airway for the 3710 working face
on October 29 can be calculated by substituting the model
parameter values in Table 1 into (7), and then the attenuation

curve of the suction pressure in the intake airway for the 3710
working face can be calculated. The comparison curves
between field test results and model-calculated results are
shown in Figure 4. It can be seen from the test results that
the suction pressure in the 1st group of boreholes near the
mining stop line was 4 kPa, the suction pressure in the bore-
holes attenuated constantly with the extension of the pipe-
line, and the suction pressure in the 52nd group of
boreholes declined to 2.8 kPa, which was 30% lower than
the suction pressure in the 1st group of boreholes. The test
results basically agree with the model-calculated results.

The variation of the suction pressure loss caused by
inleakage of fresh air in the 52nd group of boreholes and
the gas flow rate in the plastic deformation area under differ-
ent concentrations can be calculated with (5) and (2), as
shown in Figure 5. As can be discerned from Figure 5, with
the decrease in gas concentration, the suction pressure loss
caused by the 52nd group of boreholes increased gradually;
in particular, the suction pressure loss increased sharply at
the low-concentration stage, which significantly influenced
the gas flow rate in the plastic deformation area.

The gas flow loss caused by air leakage through the 52nd
group of boreholes can be calculated with (8), as shown in
Figure 6. As can be discerned from Figure 6, when the gas
concentration in the 52nd group of boreholes was <15%,
the gas flow loss in the plastic deformation area caused by
air leakage through this group of boreholes was more than
the gas flow rate from this group of boreholes; at this
moment, this group of boreholes should be sealed again to

QΔ = k5 ln
P − 32μ/15πd4〠n

i=1sik1i exp k2iti
P − 32μ/15πd4〠n

i=1sik1i exp k2iti − 32μasik1i exp k2iti 1 − ci /15πd4ci
8
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raise the gas concentration in the pipeline at the mining
seam, with the total gas flow rate being guaranteed.

3. Experimental Study on Dynamic Secondary
Borehole Sealing

3.1. Secondary Borehole Sealing Experimental Device. Under
the influence of the advanced abutment pressure, the tight-
ness of the borehole is destroyed, so secondary borehole
sealing is needed. However, current borehole-sealing devices
do not have a secondary borehole-sealing functionality. To
solve the above problems, a secondary borehole-sealing
experimental device (Figure 7) was developed. This experi-
mental device uses an iron pipe to simulate the drainage
borehole. With a length of 6m and an inside diameter of
120mm, the iron pipe was divided into upper and lower
halves along the central axis and spliced with rectangular
flanges and sealing gaskets (Figures 7(a) and 7(c)). At the
time of the primary borehole sealing, the slurry fills the bag
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Figure 4: Comparison between field test results and model-
calculated results.

Table 1: Model parameters.

Parameter Parameter value Parameter Parameter value Parameter Parameter value Parameter Parameter value

t (days) 180.000 μa (Pa·s) 1.84× 10−5 k1 26 0.241 k2 26 −0.020

L (m) 1190 d (m) 0.180 k1 27 0.497 k2 27 −0.031

μ (Pa·s) 1.11× 10−5 P (Pa) 4000 k1 28 0.267 k2 28 −0.017
k1 1 0.360 k2 1 −0.007 k1 29 0.151 k2 29 −0.020
k1 2 0.346 k2 2 −0.015 k1 30 0.420 k2 30 −0.025
k1 3 0.176 k2 3 −0.012 k1 31 0.321 k2 31 −0.012
k1 4 0.228 k2 4 −0.124 k1 32 0.175 k2 32 −0.008
k1 5 0.326 k2 5 −0.077 k1 33 0.149 k2 33 −0.017
k1 6 0.150 k2 6 −0.007 k1 34 0.324 k2 34 −0.031
k1 7 0.245 k2 7 −0.014 k1 35 0.318 k2 35 −0.011
k1 8 0.140 k2 8 −0.015 k1 36 0.091 k2 36 −0.00049
k1 9 0.369 k2 9 −0.029 k1 37 0.370 k2 37 −0.012
k1 10 0.382 k2 10 −0.052 k1 38 0.185 k2 38 −0.082
k1 11 0.242 k2 11 0.000 k1 39 0.396 k2 39 −0.225
k1 12 0.140 k2 12 −0.062 k1 40 0.108 k2 40 −0.030
k1 13 0.503 k2 13 −0.028 k1 41 0.108 k2 41 −0.006
k1 14 0.129 k2 14 −0.006 k1 42 0.470 k2 42 −0.107
k1 15 0.213 k2 15 −0.089 k1 43 0.140 k2 43 −0.005
k1 16 0.129 k2 16 −0.007 k1 44 0.525 k2 44 −0.026
k1 17 0.182 k2 17 −0.011 k1 45 0.081 k2 45 −0.211
k1 18 0.154 k2 18 −0.008 k1 46 0.182 k2 46 −0.122
k119 0.279 k2 19 −0.037 k1 47 0.275 k2 47 −0.053
k1 20 0.393 k2 20 −0.022 k1 48 0.411 k2 48 −0.109
k1 21 0.131 k2 21 −0.009 k1 49 0.394 k2 49 −0.038
k1 22 0.398 k2 22 −0.090 k1 50 0.222 k2 50 −0.075
k1 23 0.267 k2 23 −0.017 k1 51 0.314 k2 51 −0.011
k1 24 0.189 k2 24 −0.165 k1 52 0.354 k2 52 −0.063
k1 25 0.065 k2 25 −0.010 k3 2.4 k4 −14.8
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in the inner section and the bag in the middle section first.
When the design pressure is reached, the explosion valve is
opened and the slurry fills the space between the two bags.
At the time of the secondary borehole sealing, the slurry fills
the outer bag close to the orifice. When the design pressure is
reached, the explosion valve is opened and the slurry fills the
outer sealing section. After filling the space outside the
borehole-sealing pipe, the slurry enters the additional devices
outside the iron pipe (Figures 7(b) and 7(d)). The flow condi-
tions of the slurry can be observed through these additional
devices. During the secondary borehole-sealing experiment,
the developed borehole-sealing device worked accurately,
providing secondary borehole-sealing functionality to guar-
antee repair of the failed borehole in the advanced abutment
pressure loading stage.

3.2. Borehole-Sealing Material. In the last few decades, some
sealing materials have been developed. Zhai et al. developed
a flexible paste sealing material [7]. Sun et al. studied the
influence of sodium hydroxide content in borehole-sealing
materials on the setting time and concluded that sodium
hydroxide can accelerate the crystallization of cement-type
borehole-sealing materials [8]. Ren et al. made cement-type
borehole-sealing materials that allowed simple operation at
low cost [9]. Stryczek et al. studied the rheological parameters
of fresh sealing slurries and ways of improving their liquidity
by using a properly selected third-generation superplasticizer
[10]. Pusch described a technique to delay hydration and
maturation of borehole seals of clay [11]. Van Geet et al.
studied the feasibility of sealing off a borehole in plastic
Boom clay by means of precompacted bentonite blocks
[12]. Akgun and Daemen studied the influence of elevated
temperature and degree of saturation on the borehole-
sealing performance of a cement grout and found that the
axial strength decreases with increasing curing and testing
temperature [13, 14]. However, dry shrinkage will occur for
sealing materials in the setting process, resulting in a contin-
uous decline in borehole tightness. In order to solve the above
problem, a high-water-expansion material was developed

[15]. The high-water-expansion slurry has a certain degree
of expandability after the final setting, overcoming the dry
shrinkage effect of the other borehole-sealing materials.

The high-water-expansion material is made by adding
material C (an expansion agent) into the high-water material
as an auxiliary material. The addition of material C enables
the high-water material slurry to expand during the curing
process, which enhances the sealing performance of the
slurry on the fractures of coal rock masses around the gas
drainage borehole. The hydrated product of the high-water-
expansion material is mainly ettringite, and its molecular
formula is (Ca6Al2(OH)12∙24H2O)∙(SO4)3∙2H2O. Ettringite
exhibits strong crystallization when it is dissolved in water.
After crystallization, it forms needle-like crystals, which are
interwoven into a network structure, as shown in Figure 8.
Studies have shown that the ettringite crystals can retain
water equivalent to 75% of their own mass even if they are
fully compressed under stress [16].

3.3. In Situ Experiment

3.3.1. Overview of Experimental Working Face. To investigate
the effects of applying different borehole-sealing materials
and borehole-sealing techniques, a comparative test of the
borehole-sealing effects of high-water-expansion materials,
cement mortar, and polyurethane and a dynamic secondary
borehole-sealing test were conducted in the return airway
of working face 3908 of the Kaiyuan Coal Mine. The average
thickness of the coal seam at working face 3908 is 2.34m. The
working face elevation is 702–749m, and the ground eleva-
tion is 1109–1172m. The strike length is ~1469m, the incli-
nation length is 220m, and the area is 323,180m2. The dip
angle of the coal seam averages 4°, the horizontal length of
the boreholes in the coal seam is 120m, and the borehole
diameter is 120mm.

3.3.2. Experimental Scheme. To compare the effects of differ-
ent borehole-sealing materials, an observation station was set
up at a distance of 100m from the cutting hole of working
face 3908, and six boreholes along the coal seam were drilled
in the observation station: boreholes HW-1 and HW-2 were
sealed with the high-water-expansion slurry, boreholes CM-1
and CM-2 were sealed with cement mortar, and boreholes
PU-1 and PU-2 were sealed with polyurethane, as shown in
Figure 9.

To investigate the secondary borehole-sealing effect,
secondary borehole sealing was performed on boreholes
HW-1 and HW-2 when their tightness was destroyed by
the advanced abutment pressure (sealing length of 8m), but
no secondary borehole sealing was performed on boreholes
CM-1, CM-2, PU-1, and PU-2. The comparative test scheme
for different borehole-sealing materials and techniques is
shown in Figure 10.

3.3.3. Analysis of Experimental Results. Borehole sealing was
performed immediately after the construction of boreholes,
and then the valve on the borehole pipeline was closed. As
the amount of gas emission from the borehole increases,
positive pressure begins to build up inside the borehole. To
investigate the air tightness of the test borehole, the internal
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Figure 7: Schematic and photographs of the experimental device. (a, c) Secondary borehole sealing device. (b, d) Additional devices.
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pressure in the borehole was observed through a nozzle on
the pipeline, and the observational results are shown in
Figure 11(a). As can be seen from Figure 11(a), the positive
pressures in boreholes HW-1 and HW-2 are obviously
higher than those in boreholes CM-1, CM-2, PU-1, and
PU-2. The average positive pressures in boreholes HW-1
and HW-2 are 139.5 and 116mmHg, respectively, while
those in boreholes CM-1, CM-2, PU-1, and PU-2 are 31,
62.3, 2.3, and 1.0mmHg, respectively. The positive pressure
in the borehole sealedwith the high-water-expansionmaterial
was a factor of 100 greater than that in the borehole sealed
with polyurethane. Therefore, it can be seen that the high-
water-expansion material can better seal the gap between
the drainage pipeline and the borehole wall. The high-water-
expansion slurry has a certain degree of expandability after

the final setting, overcoming the dry shrinkage defects after
the setting of the cement mortar and better sealing the gap
around the borehole.

With the advance of the working face, the station contin-
uously approaches the working face. During this process, the
suction pressure, gas concentration, and gas drainage amount
in the test borehole were continuously observed. The observa-
tional results are shown in Figures 11(b)–11(d). After drain-
age under negative pressure, the suction pressures and gas
concentrations in boreholes HW-1 and HW-2 are obviously
higher than those in boreholes CM-1, CM-2, PU-1, and
PU-2, which fully demonstrates that the tightness of the bore-
hole sealed with the high-water-expansion slurry is relatively
good. However, because of the influence of the advanced
abutment pressure, the airtightness of test boreholes became

Figure 8: Network structure of ettringite crystals.

3908 return airway

3908 intake airway
100 m

Main pipeline

PU-2PU-1CM-2CM-1HW-2HW-1

Open-off cut

Figure 9: Borehole layout in the observation station.
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damaged to different extents, resulting in a decrease in the
suction pressure and the gas concentration in test boreholes,
but the decrease in the suction pressure and the gas concentra-
tion in test boreholes sealed with the high-water-expansion
slurry were relatively small (Figures 11(b) and 11(c)).

When the test hole was 32m away from the working face,
the gas concentration in the test boreholes decreased sud-
denly because of the peak of the working face advanced abut-
ment pressure, which indicates that the tightness of the test
borehole was destroyed (Figure 11(c)). The gas concentration
in boreholes HW-1 and HW-2 were <15%, and the gas
concentration is lower than the critical gas concentration
for secondary borehole-sealing. Therefore, secondary bore-
hole sealing was performed on boreholes HW-1 and HW-2
at this time, and the suction pressures and gas concentrations
in boreholes HW-1 and HW-2 increased significantly after
secondary borehole sealing. The suction pressure in borehole
HW-1 increased from 7.6 to 11.3 kPa, and the suction pres-
sure in borehole HW-2 increased from 8.5 to 13.2 kPa
(Figure 11(b)). The gas concentration in borehole HW-1
increased from 14% to 92%, and the gas concentration in
borehole HW-2 increased from 13% to 65% (Figure 11(c)).

As the working face continued to advance, the test bore-
hole entered the advanced abutment pressure loading stage,
the permeability of the coal rock masses around the borehole
increased, and the gas drainage amount began to increase
continuously (Figure 11(d)). The higher suction pressure
increases the amount of gas extracted from boreholes

HW-1 and HW-2 compared to that from the other boreholes
(CM-1, CM-2, PU-1, and PU-2). The average drainage
amount for boreholes HW-1 and HW-2 in the advanced
abutment pressure loading stage reached 1.3m3/min, a factor
of 3.61 higher than that (0.36m3/min) of comparison bore-
holes in the advanced abutment pressure loading stage.

In conclusion, owing to the good fluidity of the high-
water-expansion slurry and the high strength of the consoli-
dated body after setting, the tightness of the boreholes sealed
with the high-water-expansion slurry is obviously superior to
that of boreholes sealed with cement mortar and polyure-
thane. When a borehole is destroyed by the peak of the
advanced abutment pressure, secondary borehole sealing
can significantly improve borehole suction pressure, gas
concentration, and gas drainage amount in the advanced
abutment pressure loading stage and can fully utilize the
pressure relief and increased permeability of coal masses in
front of the working face to improve gas drainage from the
coal seam.

4. Conclusions

(1) In this paper, a field test was conducted to determine
how suction pressure affected gas drainage at the
mining seam, and the test results showed that the
influence of suction pressure on the gas flow rate
from boreholes in the elastic deformation area was
relatively minor, and the gas flow rate from boreholes

Explosion valve
One-way valve

Two-way connection
Three-way connection

High-water-expansion slurry

Primary grouting

Secondary grouting

Grouting opening

Grouting opening

High-water-
expansion material 

Cement mortar

Polyurethane

8 m

8 m

8 m

Cement mortar
Polyurethane

Figure 10: Comparative test scheme for different borehole-sealing materials and techniques.
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in the elastic deformation area attenuated constantly
with drainage time according to a negative exponen-
tial function; the influence of suction pressure on the
gas flow rate from boreholes in the plastic deforma-
tion area was relatively large, and the gas flow rate
from boreholes increased according to a logarithmic
function with increasing suction pressure.

(2) An opportunity electionmodel of secondary borehole-
sealing was established, and the model-calculated
results were verified with the test results from the
drainage pipeline in the intake airway for the 3710
working face in the Kaiyuan Coal Mine. The test
results agreed with the model-calculated results. The
critical gas concentration for secondary borehole-
sealing was obtained through model calculation. A
secondary borehole-sealing experimental device was
developed. The developed borehole-sealing device
worked accurately, providing secondary borehole-

sealing functionality to guarantee the repair of the
failed borehole in the advanced abutment pressure
loading stage.

(3) To compare the application effects of different
borehole-sealing materials and borehole-sealing
techniques, a comparative test of the borehole-
sealing effects of high-water-expansion materials,
cement mortar, and polyurethane and a dynamic
secondary borehole-sealing test were performed in
the return airway of working face 3908 of the
Kaiyuan Coal Mine. The test results showed that the
tightness of the boreholes sealed with high-water-
expansion material is obviously better than that of
boreholes sealed with cement mortar and polyure-
thane. When a borehole is destroyed by the peak of
the advanced abutment pressure, secondary borehole
sealing can significantly improve borehole suction
pressure in the advanced abutment pressure loading
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stage and can fully utilize the pressure relief and
permeability increase of the coal mass in front of
the working face to improve gas drainage from the
coal seam.

Data Availability

All relevant data are available from FigShare, under the DOI:
(https://figshare.com/s/e72c1f8e7c8ed0bcf963).

Conflicts of Interest

The authors declare that there is no conflict of interest
regarding the publication of this paper.

Acknowledgments

Financial support for this work was provided by the
Fundamental Research Funds for the Central Universities
(no. 2015XKZD04), and Priority Academic Program
Development of Jiangsu Higher Education Institutions (no.
SZBF2011-6-B35). The authors thank X. Peng for assistance
with the experiments and Y. Dong for valuable discussion.

References

[1] G. Zhai andW. He, “Conventional natural gas’ actual succeed-
ing resources—coalbed methane,” Natural Gas Industry,
vol. 24, no. 5, pp. 1–3, 2004.

[2] W. Qin, J. Xu, and G. Hu, “Optimization of abandoned gob
methane drainage through well placement selection,” Journal
of Natural Gas Science and Engineering, vol. 25, pp. 148–158,
2015.

[3] G. Hu, H. Wang, H. Tan, X. Fan, and Z. Yuan, “Gas seepage
equation of deep mined coal seams and its application,” Jour-
nal of China University of Mining and Technology, vol. 18,
no. 4, pp. 483–487, 2008.

[4] G. Hu, J. Xu, H. Wang, Z.-y. Jin, and R. Wu, “Research on a
dynamically coupled deformation and gas flow model applied
to low-permeability coal,” Journal of China University of Min-
ing & Technology, vol. 40, no. 1, pp. 1–6, 2011.

[5] Z. Jiang, Y. Tao, and F. Wang, “Research and application on
automatic adjusting control system of concentration of gas
extraction,” Coal Technology, vol. 33, no. 10, pp. 28–30, 2014.

[6] M. Qian and P. Shi, Mining Pressure and Strata Control,
Jiangsu Province, China University of Mining and Technology
Press, China, 2003.

[7] C. Zhai, X. Xiang, X. Yu, S. Peng, G. H. Ni, and M. Li, “Sealing
performance of flexible gel sealing material of gas drainage
borehole,” Journal of China University of Mining & Technol-
ogy, vol. 42, no. 6, pp. 982–988, 2013.

[8] W. Sun, B. Guo, and R. Zhang, “Effect of sodium hydroxide on
properties of new material for sealing gas drainage boreholes,”
China Safety Science Journal, vol. 26, no. 3, pp. 98–102, 2016.

[9] Q. Ren, J. Zou, and L. Zhao, “A simple detection method for
gas drainage hole sealing quality and its field test,” Mining
Safety & Environmental Protection, vol. 42, no. 1, pp. 89–91,
2016.

[10] S. Stryczek, A. Gonet, R. Wiśniowski, and A. Złotkowski,
“New-generation sealing slurries for borehole injection pur-
poses,” Archives of Mining Sciences, vol. 60, no. 4, 2015.

[11] R. Pusch, “A technique to delay hydration and maturation of
borehole seals of expansive clay,” Engineering Geology,
vol. 121, no. 1-2, pp. 1–6, 2011.

[12] M. Van Geet, G. Volckaert, W. Bastiaens et al., “Efficiency of a
borehole seal by means of pre-compacted bentonite blocks,”
Physics and Chemistry of the Earth, vol. 32, no. 1–7, pp. 123–
134, 2007.

[13] H. Akgün and J. J. K. Daemen, “Influence of elevated temper-
ature on axially loaded expansive cement grout borehole plug
sealing performance,” Magazine of Concrete Research,
vol. 52, no. 5, pp. 379–394, 2000.

[14] H. Akgun and J. J. K. Daemen, “Influence of degree of satura-
tion on the borehole sealing performance of an expansive
cement grout,” Cement and Concrete Research, vol. 30, no. 2,
pp. 281–289, 2000.

[15] G. Hu, C. Lan, W. He, and Y. Zhu, “Study on groutability of
super high-aqueous expansive slurry during hole sealing pro-
cess of gas drainage holes,” Safety in coal mines, vol. 48,
no. 7, pp. 9–11, 2007.

[16] G. Feng, Research on the Superhigh-Water Packing Material
and Filling Mining Technology and Their Application, Ph.D.
Dissertation, University of Mining and Technology, Xuzhou,
China, 2010.

11Geofluids

https://figshare.com/s/e72c1f8e7c8ed0bcf963


Research Article
Multicomponent Lattice Boltzmann Simulations of Gas
Transport in a Coal Reservoir with Dynamic Adsorption

Zhigao Peng ,1 Shenggui Liu ,1 Songlei Tang ,1 Yuechao Zhao ,2 and Yingjun Li 3

1School of Mechanics & Civil Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China
2College of Resources & Safety Engineering, China University of Mining and Technology (Beijing), Beijing 100083, China
3State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology (Beijing),
Beijing 100083, China

Correspondence should be addressed to Shenggui Liu; liushg2002@163.com and Yingjun Li; lyj@aphy.iphy.ac.cn

Received 1 March 2018; Revised 15 May 2018; Accepted 29 May 2018; Published 12 July 2018

Academic Editor: Mandadige S. A. Perera

Copyright © 2018 Zhigao Peng et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Gas adsorption occurs when the dynamic adsorption equilibrium conditions of the local adsorptive sites are broken. In the overall
process of unconventional natural gas generation, enrichment, storage, and production, this phenomenon plays a significant role. A
double-distribution Lattice Boltzmann model for solving the coupled generalized Navier-Stokes equation and advection-diffusion
equation with respect to the gas-solid dynamic adsorption process is proposed for multicomponent gas migration in the
unconventional reservoir. The effective diffusion coefficient is introduced to the model of gas transport in the porous media. The
Langmuir adsorption rate equation is employed to control the adsorption kinetic process of gas-solid adsorption/desorption.
The model is validated in two steps through fluid flow without and with gas diffusion-adsorption between two parallel plates
filled with porous media, respectively. Simulation results indicate that with other parameters being equal, the rate of gas
diffusion in the porous material and the area of the dynamic adsorption equilibrium-associated region increase with the matrix
porosity/permeability. Similar results will happen with a greater saturation adsorption amount or a lower Langmuir pressure.
The geometric effect on adsorption is also studied, and it is found that a higher specific surface area or free flow region can
enhance the gas transport and the rate of adsorption.

1. Introduction

Coalbed methane (CBM) is one of the most important and
potential energies which has been recognized as an alterna-
tive to oil and has achieved more and more attention in
recent years [1]. Different with the conventional natural
gas, a coal seam is both a resource and reservoir of CBM
and stores methane in nanopores in the form of adsorption,
resulting in the low recovery of CBM exploitation [2]. Now-
adays, understanding the mechanism of gas storage and
transport in the reservoir is of vital importance for current
research and practical application.

Coal is one of the most complex solids, and its physical
property varies from the depth, hydrogeology, reservoir-
forming process, and so on, which leads to a highly heteroge-
neous structure with pore size ranging from a few nanome-
ters to over a micrometer. According to the classification

scheme proposed by the International Union of Applied
Chemistry (IUPAC) [3] and Hodot [4], pores are divided
into three categories based on size: micropores (less than
2nm), mesopores (from 2 to 50 nm), and macropores (from
50 to 104 nm), as well as microfractures (more than 104 nm).
Under the existing research [2], the coal contains massive
micropores, some mesopores, and little macropores. Micro-
pores and mesopores provide space for storing most of the
adsorbed molecules. Macropores are of no significance in
terms of adsorption capacity in that the area contribution is
very small and can usually be negligible compared to the area
contributed by the micropores/mesopores; they always act as
transport pores to allow adsorbate molecules to diffuse from
the bulk phase into the particle interior [5].

Generally, coal is characterized as a dual-pore system [6]
including the matrix porosity consisting of micropores/
mesopores in the coal matrix (i.e., the porous material
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region) and the fracture porosity composed of nonuniformly
distributed macropores and microfractures (i.e., the free flow
region) [7]. The adsorption processes of methane in the res-
ervoir can be divided into two parts: Enter the irregular
macropore- microfractures system by advection-diffusion;
diffuse in the nanopore network of a matrix, then adsorbed
on the interior surface of pores. The heterogeneity of geomet-
ric shapes, the difference of pore size/distribution, and the
involved multiple transport mechanism of fluid causing the
difficulty of the research and causing the fluid flow and trans-
port in the reservoir are usually treated at the representative
elementary volume (REV) scale in experiments and numeri-
cal simulation [8–12]. Recently, the Lattice Boltzmann
method (LBM) has been widely used in the field relevant to
fluid flow and gas transport at themesoscale because of its effi-
ciency and effectiveness in the implementation of multiple
interparticle interactions and complex geometry boundary
conditions [13–15]. Nithiarasu et al. [16] proposed a general-
ized Navier-Stokes equation for isothermal incompressible
flow in porous media, which ignores the detailed structure
of the porous media by including an additional term to
account for the presence of a porous medium. Guo and Zhao
[9] developed an LBmodel which can be used to solve the gen-
eralized Navier-Stokes equations. Then, Chen et al. [8]
employed the generalized Lattice Boltzmann (GLB) model
with the Klinkenberg effect in shale gas for studying the
gas slippage and its effect on apparent permeability. Ning
et al. [12] and Wang et al. [11] used a similar model for
studying the impact of surface adsorbed gas on apparent
permeability based on 2D and 3D reconstructed shale,
respectively. Liu and He [17] developed a nonorthogonal
multirelaxation time (MRT) LB model with the GLB equa-
tion for investigating convection heat transfer in porous
media.

As for the coal gas adsorption process, in general, it is
considered as a physisorption process because the molecular
forces involved are normally of the Van derWaals type [2, 7].
Many studies, including both experiment and numerical sim-
ulation, have focused on (isothermal) adsorption equilibrium
without concerning the intermediate states or time in recent
years [11, 18]. However, the isothermal adsorption equilib-
rium can only provide static information about the adsorp-
tion process at a specific stage, which is insufficient to
reflect the kinetic behavior of the coal gas stored in the reser-
voir. In adsorption kinetics, the concentration changes asso-
ciated with adsorption were related to the time variable.
Therefore, it is for the benefit of studying the effect of various
factors, such as the gas content, capacity, porosity, and per-
meability, on the adsorption process. Recently, more and
more researchers concentrated on developing an LB model
for multiple transport mechanisms with chemical reaction
in the porous media. He et al. [19] proposed an LB model
for fluid diffusion-convection with a chemical kinetic reac-
tion using the double distribution function for controlling
the fluid flow and diffusion, which introduced a source/sink
term in the diffusion equation to govern the reaction process.
Tian et al. [10] proposed a coupled LB model using the dou-
ble distribution function with the GLB equation to describe
the geochemical reactions during CO2 injection. It is essential

that a novel LB model be developed not only for multiple
transport mechanism investigation on methane migration
in the reservoir but also for practical reservoir upscaling tech-
niques used in unconventional natural gas exploitation.

In the present work, we developed a double-distribution
Lattice Boltzmann model to solve a coupled generalized
Navier-Stokes equation, and the advection-diffusion equa-
tion is proposed for unconventional natural gas migration
in the reservoir that includes gas-solid adsorption and
desorption, which is based on the REV model of Guo and
Zhao [9] and the diffusion-reaction model of He et al. [19].
The model mainly contains three parts: (1) the fluid flow at
the REV scale which is governed by the generalized Navier-
Stokes equations, (2) the mass transfer in porous media with
respect to the effective diffusivity and a source/sink term
solved by the advection-diffusion equation, and (3) the gas-
solid adsorption process in the porous matrix which is
governed by the typical Langmuir adsorption rate equation.
The remaining parts are organized as follows: In Section 2,
a generalized LB model for fluid flow in porous media is
revisited briefly. A passive scalar LB equation with adsorp-
tion is presented in Section 3. Numerical results and discus-
sion are given in Section 4. Finally, a brief conclusion is
made in Section 5.

2. Generalized Model for Fluid Flow in
Porous Media

For isothermal flows of incompressible fluids in porous
media at the REV scale, the generalized Navier-Stokes
equation which was proposed by Nithiarasu et al. is capable
for the simulation.

2.1. Generalized Navier-Stokes Equation. The governing
equations of mass and momentum for the generalized
Navier-Stokes equations can be given by

∇ ⋅ u = 0, 1

∂u
∂t

+ u ⋅ ∇
u
ε

= −
1
ρ
∇ εp + νe∇

2u + F, 2

where u is the fluid velocity, in m/s; ε is the porosity; ρ is the
fluid density, in kg/m3; p is the pressure, in Pa; νe is the effec-
tive kinematic viscosity, in m2/s, where νe = νJ and J is the
viscosity ratio; and F represents the total body force includ-
ing both medium resistance and external forces and can be
given by

F = −
εν

K
u − εFε

K
u u + εG 3

where G is the external body force, in N; Fε is the geometric
function, in N; and K is the permeability of porous media,
in m2.

Both Fε and K are related to the porosity. For a porous
medium composed of solid particles, the Ergun correlation
gives (Ergun 1952)
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Fε =
1 75
150ε3

,

K =
ε3d2p

150 1 − ε 2 ,
4

where dp is the diameter of the solid particle, in m.

2.2. LB Model for Generalized Navier-Stokes Equations. Guo
and Zhao [9] constructed an LBE model which can be used
to solve the generalized Navier-Stokes equations; the corre-
sponding evolution equation of the particle distribution
function is

f i x + eiδt, t + δt − f i x, t = −
1
τ

f i x, t − f eqi x, t + δtFi,

f eqi = ρwi 1 + ei ⋅ u
c2s

+ uu eiei − c2s I
2εc4s

,

Fi = ρwi 1 − 1
2τ

ei ⋅ F
c2s

+ uF eiei − c2s I
εc4s

5

where f i is the discrete density distribution function, f eqi is
the local equilibrium equation, ei is the discrete velocity of
particles, δt is the time step, τ is the relaxation time, I is the
unit matrix, cs is the sound velocity of the lattice, and wi is
the weighting coefficient.

As in the standard LBE, the density and velocity of flow
are defined as

ρ =〠
i

f i,

ρu =〠
i

f iei +
δt
2 ρF

6

Because the force F also contains the flow velocity, the
velocity u can be explicitly given by

u = v
c0 + c20 + c1 v

, 7

where v is a temporary velocity defined by

ρv =〠
i

f iei +
δt
2 ερG, 8

and the parameters c0 and c1 are given by

c0 =
1
2 1 + ε

δt
2
ν

K
,

c1 = ε
δt
2

Fε

K

9

By using the Chapman-Enskog technique with the pres-
sure p = c2sρ/ε and the effective viscosity νe = c2s τ − 0 5 δt,
the generalized LB model can recover to (1) and (2) in the
incompressible limit.

3. Governing Equation for Gas
Transport with Adsorption/Desorption

3.1. The Advection-Diffusion Equation for Mass Transfer.
Generally, gas transport in porous media can be considered
as a mass transfer process [20–22], which can be expressed
by the advection-diffusion equation

∂C
∂t

+ ∇ ⋅ Cu = ∇ ⋅ Ds∇C + Rs, 10

where C is the concentration of the gas phase, in mol/m3; Ds
is the diffusion coefficient, in m2/s; Rs is the resource/sink
term, which is involved in the adsorption-desorption process,
in mol/(m3·s).

The diffusion coefficient Ds is a key variable describing
the gas transport capacity in porous media and is deter-
mined by the physical property of the porous material.
Since the pore size included in the organic matrix is in
the order of nanometers, the diffusion process which is gen-
erally called Knudsen diffusion is quite complicated com-
pared to the gas diffusion in the free flow region and
should be considered separately. By considering diffusive
scattering for gas transport in a simple geometric capillary
with a length L and radius r, Kang et al. [24] estimated the
Knudsen diffusion coefficient

DK = 2r
3

8RT
πM

, 11

where r is the mean pore radius of the coal matrix, in m; R is
the gas constant, in J/(mol·K); T is the temperature, in K; and
M is the gas molar mass, in kg/mol.

However, the measurement of diffusivity is the outcome
of an expression derived from a single capillary pore, which
will be somewhat larger than the experimentally obtained
diffusion coefficient. Typically, for gas transport in porous
media, the porosity/tortuosity ratio should be related to dif-
fusivity. Therefore, we can roughly obtain the effective diffu-
sion coefficient [24]

Def f =
ϕk
ϕToc

ε

σ2
DK , 12

where ϕk/ϕToc is the organic/total volume ratio and σ is the
tortuosity.

3.2. The Rate Equation for Adsorption-Desorption Kinetics.
Gas migration through solid media is always accompa-
nied with gas-solid adsorption-desorption due to the local
concentration fluctuant breaking down the adsorption
equilibrium. In order to reveal the gas transport behavior
with adsorption in a coal gas reservoir, this paper
employed the typical Langmuir adsorption rate equation
which is widely used in unconventional natural gas
industries and is applicable for gas adsorption at the
nanoscale [19, 25, 26]:

∂V
∂t

= kaC Vm −V − kdV , 13
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where ka is the adsorption rate constant, in m3/(mol·s); kd is
the desorption rate constant, 1/s; V is the absorbed amount,
in mol/m3; and Vm is the saturated adsorption capacity,
in mol/m3.

Adsorption equilibrium information is the most impor-
tant part of the adsorption process, when ∂V/∂t = 0; (13)
can be recovered as the equivalent Langmuir isothermal
adsorption equilibrium equation

V = Vmpc
pc + pL

, 14

where pc is the pressure of the field, where pc = CMc2s , in Pa;
PL represents the Langmuir pressure, where pL = c2sMkd/ka,
in Pa.

In the Langmuir kinetic equation, the magnitude of ka
and kd fixes the adsorption/desorption rate; meanwhile,
kd/ka determines the slope of the isothermal adsorption
curve, thus any two of them can determine the third. It is
obvious that the rate of adsorption Ra = kaC Vm − V is a
concentration-dependent parameter and the rate of desorp-
tion Rd = kdV is in proportion to the adsorbed amount.

In order to incorporate the gas-solid adsorption, the
approach of He et al. [19] was modified to include the self-
adaptive conversion between free gas and adsorbed gas.
Under this situation, each lattice node corresponding to the
porous media is considered a well-adsorptive site. Therefore,
the Langmuir rate equation can be integrated into the source/
sink term in (10) as follows:

Rs =
∂V
∂t

= kaC Vm −V − kdV 15

In the evolution process, the adsorbed amount was
updated over time; the new amount can be obtained using
the first-order difference scheme

V t+1 −V = δt kaC Vm −V − kdV 16

It must be mentioned that a broad variety of pore size
and distribution exists in the coal matrix, which increases
the anisotropic and complexity of fluid flow, gas diffusion,
and gas-solid physisorption. However, for upscaling and
computational efficiency purposes, we can simplify the
porous media with homogenization theory due to the
material of porous media, the pressure, and the concen-
tration which will just fluctuate in a few ranges at the
REV scale.

3.3. LB Model for Gas Transfer with Adsorption in Porous
Media. For 2D simulation of the species transfer process, by
ignoring velocities at the D2Q9 diagonals, the model can be
reduced to the D2Q5 LB model and will not lose accuracy;
thus, the following D2Q5 LB equation is employed to control
mass transfer:

gi x + eiδt, t + δt − gi x, t = −
1
τg

gi x, t − geq
i x, t + ωiRsδt,

17

geqi = Cwi 1 + ei ⋅ u
c2s

, 18

where gi is the discrete density distribution function of mass
transfer, geq

i is the corresponding local equilibrium equation,
and τg is the relaxation time of mass transfer.

Similarly, the concentration of (18) is given by

C =〠
i

gi, 19

and with Ds = c2s tg − 0 5 δt, (17) can be recovered as (10).

4. Results and Discussion

Before the investigation, a schematic diagram is displayed in
Figure 1 to explain the adsorption process of coalbed meth-
ane in the reservoir. Generally, gas stored in the coal matrix
mainly contains three forms: free gas, adsorbed gas, and
dissolved gas.

The gas molecules of coalbed methane migrate with the
fluid in the free flow region, a part of the free gas molecules
will be trapped by the solid wall when they reached the inter-
face of the free flow region and the porous medium, and
more molecules enter the nanopore network and are
adsorbed on the inner surface of pores. In this process, both
gas adsorption and desorption exist due to the fluctuant of
the local concentration, which leads to the exchange of gas
molecules between pores and the wall. The detailed informa-
tion of coalbed methane storage in the reservoir can be seen
in Figure 1.

4.1. Flow between Two Parallel Plates Filled with a Porous
Media. To validate the present LB model, we simulate the
fluid flow between two parallel plates filled with a porous
medium which is a homogeneous material with a uniform
porosity ε and permeability K . In the simulation, the compu-
tational grid is 100× 100, the relaxation time τ is 0.8, and the
viscosity ratio J is assumed to be unity. The flow is driven by
a pressure difference, and a nonslip boundary condition is
applied to both the top and bottom walls.

Firstly, we suppose there was only one single component
fluid flow in the media, then the nonlinear resistance forces
[the second term in Eq. (3)] can be ignored due to the fluid
flow is weak and the inertial is disappeared. Consequently,
the flow at steady state can be described by the Brinkman-
extended Darcy equation

νe
ε

∂2u
∂y2

−
ν

K
u +G = 0, 20

with u x, 0 = 0 and u x,H = 0; the analytical solution can
be given by

u = GK
ν

1 − cosh r y −H/2
cosh rH/2 , r = νε/Kνe, 21

where H is the width of the field, and cosh is the hyperbolic
function with cosh x = ex + e−x/2 .
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The velocity profiles are detailed in Figure 2(a). When the
porosity is 1.0, the fluid flow between the two plates is the free
flow due to the porous material being absent. The results are
consistent with the analytical solution of the typical plane
Poiseuille flow. Owing to the existence of porous media, with
the reduction in porosity, the velocity profiles will be more
flattened, which is in good agreement with the solution of
the Brinkman-extended Darcy equation.

Then, the diffusion field with adsorption effect is added
for the validation of the coupling system. In this case, the dif-
fusion coefficient is 1/3, and a constant concentration C0 = 1
is set at the inlet; the initial concentration of the rest of the
field is 0, the saturation adsorption capacity is 3, the desorp-
tion rate constants are set to 0.005, 0.01, 0.015, and 0.02, and
the adsorption rate constant is fixed at 0.05. It is worthwhile
mentioning that the nonlinear resistance forces should be

Micropores Adsorbed gas

Coal fragments
Methane dissolved
in water

Pore space filled
with water Adsorbed gas

Free gas in the
micropores

Free gas in the
micropores

Figure 1: Diagram of coalbed methane storage in the reservoir.
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Figure 2: Simulation results of porous flow between plates. (a) The velocity profiles of a single-component fluid flow without mass transfer,
ignoring the nonlinear drag force term. Note that velocity u was normalized by the maximum velocity at the centerline of the channel
umax. (b) The relationship between the concentration and the adsorbed amount of coupled flow with both fluid flow and gas diffusion.
The results (symbols) are in good agreement with the analytical solution (lines).
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included due to the system involving mass transfer through
the fluid-solid interface.

Figure 2(b) displays the relationship between the concen-
tration and the adsorbed amount of the coupled flow with
both fluid flow and gas diffusion. At a fixed value of concen-
tration, the higher the Langmuir pressure, the lower the
adsorbed amount, which can be supported by the solution
of a typical Langmuir adsorption isothermal equation.

It is obvious that all the simulation results are in good
agreement with the analytical solution in Figure 2, which
ensures the validation of the present model.

4.2. Geometric Effects of Coal Matrix on the Adsorption
Process. The pore structure of a real solid of the coal reservoir
is so complex that we have to model (idealize) the structure
so that it can be represented mathematically, which makes
the mathematics of diffusion and adsorption tractable. On
the other side, it is essential that the porous media should
be reasonably complex enough to bring out the features of
the solid and their influence on diffusion and adsorption.
For a convenient implementation of the numerical investiga-
tion, the coal matrix is usually characterized by porous
media in two ways: a matrix with regularly distributed
square solid blocks and a pseudorealistic field which is ran-
domly divided by several irregular cleats. The first one is
simple enough for ignoring the influence of geometry, and
the second one is a general method for simulating fluid flow
through a heterogeneous porous media. Actually, the coal
seam contains both organic and inorganic matters, the gas-
solid adsorption always takes place in the organic parts,
and the inorganic media only act as the microchannel for
fluid flow. This paper ignores the influence of the inorganic
parts due to the computational domain being at a relatively
small scale.

In reality, the output concentration is the parameter we
always focus on in practical applications and in engineering;
meanwhile, the methane-coal adsorption is a concentration-
dependent process owing to the fact that the intrinsic adsorp-
tion rate is usually much faster than the diffusion rate [5].
Therefore, it is acceptable to evaluate the effect of geometric
and Langmuir parameters on adsorption through the change
in concentration distribution. In this section, the porous
structures G-1 (S = 0 4, εf = 0 64), G-2 (S = 0 27, εf = 0 64),
G-3 (S = 0 13, εf = 0 64), G-4 (S = 0 13, εf = 0 55), and G-5
(S = 0 13, εf = 0 44) were used to study the effect of porosity
of microfractures and the specific surface area of the organic
matrix on dynamic diffusion-adsorption processes. In order
to maintain the connectivity of the 2D reconstructed struc-
ture and achieve an economic computation time without los-
ing physical interpretation, a relatively high fracture porosity
is assumed [27].

Note that there are two kinds of porosity in our simula-
tion: the matrix porosity ε and the fracture porosity εf , the
former one is a static averaged data which reflects the level
of nanopores of the organic matrix, and another is the ratio
between the area of the free flow region (microfractures)
and the total area, which represents the magnitude of the area
of microfractures and ignores the void within the porous

material. The specific surface area S is the ratio between the
length and area of the porous solid.

In the simulation, the domain is discretized by 200× 200
lattices, with a resolution of 80nm; the reference temperature
for adsorption capacity is chosen as 303.15K. For the fluid
flow process, the no-slip boundary condition is used for the
top and bottom walls and the interface between the free flow
region and the solid matrix, and a pressure difference is set
between the inlet and the outlet. Two kinds of boundary
conditions are employed for methane transport: constant
concentration (C = C0) at the inlet and Neumann boundary
condition (∂C/∂n = 0) for the other three boundaries. The
initial concentration in the domain is 0. Other input param-
eters are detailed in Table 1. It must be mentioned that the
effect of matrix porosity (porosity of the porous material),
particle size, and distribution inside the porous media is
ignored due to the statistical averaged parameters used,
which can be ascribed to the reservoir upscaling technique
included in our model.

Figure 3 shows the concentration distribution profile
with different fracture porosities and specific surface areas,
respectively. The structures of G1 to G3 have different spe-
cific surface areas but the same porosities. With an increased
specific surface area, the concentration difference between
the free flow region and the porous material is smoother,
which means gas fully entered in the coal matrix and reached
the dynamic adsorption equilibrium consuming less time,
due to the small size and wide distribution of the porous
blocks. The structures of G3 to G5 have different fracture
porosities but the same specific surface areas. With increased
porosity, the difference in concentration magnitude distribu-
tion inside porous blocks of each structure is not significant;
however, the rate of gas transfer through the entire domain
was more efficient, due to the higher fracture porosity repre-
senting a more extensive free flow region, which leads to the
lowering of both the adsorbed amount per time and the total

Table 1: Input parameters in simulation.

Simulation domain (um × um) 16× 16
Temperature T (K) 303.15

Reservoir pressure P0 (MPa) 10

Pressure gradient (MPa/m) 0.1

The viscosity of methane (Pa·s) 1.39× 10−6

Concentration at inlet C0 (mol/m3) 0.1

Matrix porosity ε 0.05~0.4
The diffusion coefficient of free flow region Dsf (m

2/s) 1.59× 10−5

Knudsen diffusion coefficient DK (m2/s) 1.69× 10−6

∅k/∅Toc/σ2 0.0016

Saturation adsorption amount Vm (m3/t) 10~30
Adsorption rate constant ka (m

3/(mol·s)) 1.0× 103

Desorption rate constant kd (/s) 3.78× 107

Langmuir pressure pL (MPa) 1~4
Note that relevant parameters were selected from typical geologic
exploration data of the Qinshui Basin in China [28]. The adsorption and
desorption rate constants were referred from the literature [29, 30].
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adsorbed amount of porous solid. Besides, the decreased total
area of porous media may result in a relatively smaller
medium resistance to gas transport. These phenomena can
also be confirmed in Figure 4.

A larger specific surface area S means that the uniformly
distributed porous solidwill lead to highermedium resistance;
thus, the rate of output concentration is maintained at a lower
level as can be seen in Figure 4 and then increased due to the
widely distributed small size of porous blocks, making the
adsorption reach the equilibrium state at a shorter time. How-
ever, asmentioned above, a larger fracture porosity represents
the higher area of microfractures, leading to the output con-
centration increasing with εf . In addition, owing to the stud-
ied region being relatively small and the finite-adsorption
restriction, the output concentration at steady state of all cases
is the same with the input concentration.

For further studying the size effect of porous blocks on
adsorption, a system with three types of porous blocks
with varying areas is also investigated. It can be seen from
the difference of Figures 5(a) and 5(b); without adsorption
(Vm = 0), gas diffuses with the greatest rapidity if there is
an optimum connectivity of nanopores. This was also con-
firmed by Figure 6, on the assumption that other factors
being unchanged, the output concentration rate
(Figure 6(a)), and the concentration change rate of porous
blocks center (Figure 6(b)) decreases with increasing Vm.
The rate of adsorption Ra, as expected in (13), always
increases with the difference between the saturation
adsorption capacity Vm and adsorbed amount V , leading
to an increase in the total adsorbed amount. The adsorbed
amount difference between each case with different Vm
will become smaller over time, but it will last for quite a long
time. Comparing the right column with the left column in
Figure 5, as the size of porous blocks increases, so is the diffi-
culty of gas fully distributed inside the media, suggesting that
in the form of fast gas-solid adsorption, gas diffusion may
consume more time inside porous media.

The Langmuir pressure effect on adsorption is shown
in Figure 6(c). The Langmuir pressure varies directly with
the adsorption rate constant, and with a larger Langmuir
pressure, the adsorbed amount will drop in that the
adsorption strength will become weaker with the increas-
ing Langmuir pressure when the desorption rate constant
is fixed, as expected from (14). Therefore, both the output

concentration and the central concentration increased with
the Langmuir pressure.

4.3. Gas Migrations in the Reconstructed Coal Matrix. In
order to gain a deeper insight into the gas transport behavior
with adsorption in a coal gas reservoir, in this section, the
methane gas flow in a reconstructed 2D structure was stud-
ied. Coal is a dual-porosity medium composed of matrix
pores and fractures. Nanopores in the coal matrix are the
source of coalbed methane, and the fracture between the
matrices provides a channel for gas migration. Figure 7(a)
shows the microstructures of the coal reproduced from the

(a) (b) (c) (d) (e)
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Figure 3: Results of the concentration distribution profile for methane migration in porous media with adsorption under different porosities
and specific surface areas, respectively. (a) G-1 (S = 0 4, εf = 0 64), (b) G-2 (S = 0 27, εf = 0 64), (c) G-3 (S = 0 13, εf = 0 64), (d) G-4 (S = 0 13,
εf = 0 55), (e) G-5 (S = 0 13, εf = 0 44). The matrix porosity of the solid matrix is 0.1.
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literature (reproduced from Figure 1 in [31]). It can be
observed that numerous coal matrices with different sizes,
shapes, and distributions have been divided by the fracture
system. Both the size of the coal matrix and the fractures
range from a few nanometers to several micrometers. In fact,
countless nanopores were also distributed in the matrix. The
distribution and geometry of the pores are associated with
the coal rank, organic composition, and localized compac-
tion, and thus, it is difficult to obtain a universal model from
reconstruction. This paper reconstructed a porous medium
shown in Figure 7(b) based on the distribution characteristics
of the matrix-fracture system (as schematically shown in the
red box of Figure 7(a)), which roughly represents the micro-
structures of the coal composed of microfractures (white)
and organic matrix (black). Besides, numerous nanosized
pores of the organic matrix, which plays an important role
in coal-methane adsorption, were also considered in the
media. It can be found in (11) and (12) that the effective

diffusion coefficient is proportional to both the porosity
and the mean pore radius; thus, adjusting any one of them
could achieve the different diffusivity of the porous media.
Chen Jialiang and Yong [32] reported that the porosity of
coal is related to the coal rank, and the variation range is
0.02~0.25. Besides, through coal samples from 25 areas in
China, Fu and Wei [33] found that the mean pore radius
spans from 3.8 to 15.2 nm. In this section, the mean pore
radius follows a unified value (r = 4 nm), and the matrix
porosities are chosen as 0.05, 0.1, 0.2, and 0.4. Note that the
porosity of 0.4 may not be encountered in the coal samples,
which is chosen here just for comparison. In the simulation,
the boundary condition and input parameters are the same as
those in Section 4.2 (Table 1).

Figure 8 shows the velocity magnitude distribution.
When the porosity of the porous material is small (ε = 0 05
on the left), the fluid flow along a strongly preferred pathway
in the free flow region is due to the presence of the local flow
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Figure 5: Concentration magnitude distribution in the porous media with and without adsorption effect. (a) No adsorption. (b) p0 = 10MPa,
T = 303 15K, Cinlet = 0 1mol/m3, and Vm = 30m3/t, pL = 2MPa. The matrix porosity of the solid matrix is 0.1.
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resistance. As porosity increases, the magnitude of the Darcy
drag term in (3) will reduce, leading to a decrease in local
resistance. Therefore, the fluid can pass through the porous
media under this condition. When the porosity is relatively
high (ε = 0 4 on the right), the streamline almost appears
along with a straight path. The results are consistent with
the simulation results in [8], further suggesting the validity
of our model.

Figure 9 summarizes the effect of the matrix porosity and
the Langmuir pressure on the adsorbed amount magnitude
distribution. The porosities of the porous solid for the set of
images from the left to right columns are 0.05, 0.1, 0.2, and
0.4, respectively. The relatively higher porosity (ε = 0 4 on
the right column) makes the effective diffusivity of the
organic matter stronger, increasing the rate of mass transfer.
Therefore, the rate of gas diffusion in the porous material is
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more significant and the dynamic adsorption equilibrium-
associated region is more extensive.

The Langmuir pressure is in proportion to the ratio
between desorption constant and adsorption constant, which
is related to the adsorption strength of a porous matter. On
the assumption that other parameters are kept constant, the
Langmuir pressure determines the maximum adsorbed
amount under dynamic equilibrium. In the simulation, we
can vary the Langmuir pressure with a fixed desorption con-
stant for studying the effect of the Langmuir pressure on the
adsorbed amount, which means only the adsorption constant
should be discussed. As can be seen on the right column of
Figure 9, when the Langmuir pressure decreases, ka becomes
greater, which makes the adsorption strength greater. In con-
sequence, the maximum adsorbed amount under dynamic
equilibrium increases with the decreasing Langmuir pres-
sure, as well as the total adsorbed amount, which also
confirmed the results of Figure 6(c).

Moreover, medium resistance not only exists on fluid
flow but also works for gas transport due to the diffusivity

of the porous material far less than the free flow region.
Thus, a diffusion peak curve will be formed based on the
medium shape and distribution in the gas migrating pro-
cesses, which might influence the rate of local gas-solid
adsorption and also imply that the impact of the specific
surface area and fracture porosity plays a key role on the
adsorption process.

5. Conclusion

In this study, we proposed a coupled generalized Navier-
Stokes equation and the advection-diffusion equation for
gas migration in porous media which includes gas-solid
adsorption and desorption. The effective Knudsen diffusion
coefficient is introduced into the model for gas transport in
the organic matrix of coal. The Langmuir adsorption rate
equation is integrated into the source/sink term of the
advection-diffusion equation for controlling the adsorption
kinetic process of gas-solid adsorption and desorption. An
LB model is developed for solving the coupled equations.

(a) (b)

Figure 7: (a) The SEM image of a coal sample (reproduced from Figure 1 in [31]). (b) The reconstructed heterogeneous porous media with
fractures (white) and organic matrix (dark) for simulation.
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Figure 8: Velocity magnitude distribution in the porous media under different matrix porosities. (a) porosity = 0 05, (b) porosity = 0 1, (c)
porosity = 0 2, and (d) porosity = 0 4.
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Simulations of the array-distributed regular solid blocks
with different specific surface area, fracture porosity, matrix
size, and saturation adsorption capacity are investigated.
The results show that the adsorption effect becomes stronger
as the specific surface area and the fracture porosity increase
or the matrix size decreases. Moreover, the effect of satura-
tion adsorption amount shows an opposite trend as the frac-
ture porosity due to adsorption rate increases with the
difference between saturation adsorption capacity and the
adsorbed amount, and the impact of Langmuir pressure
shows a similar trend as the fracture porosity. Simulation
results of the reconstructed coal matrix confirm that
methane-coal adsorption is influenced by the matrix poros-
ity/permeability and the Langmuir pressure, as well as the
geometric complexity. A higher matrix porosity/permeability
or lower Langmuir pressure increases the adsorption rate and
the corresponding affecting area. The appearance of the
diffusion peak curve indicates that geometric complexity,
including matrix size, shape, and distribution, may play a
significant role in the adsorption-desorption process.

Our model can be applied to a wide range of simulation
in unconventional natural gas exploitation. However, future
work is still needed including more realistic effects in coal
such as gas desorption and matrix deformation.

Data Availability

The data used to support the findings of this study are
included within the article.

Additional Points

Highlights. (1) A double-distribution Lattice Boltzmann
model for solving the coupled generalized Navier-Stokes
equation and advection-diffusion equation with respect to
the gas-solid dynamic adsorption process is proposed for
multicomponent gas migration in the unconventional res-
ervoir. (2) The effective diffusion coefficient is introduced
to the model of gas transport in the porous media. The
Langmuir adsorption rate equation is employed to control
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Figure 9: Magnitude and distribution of the adsorbed amount in the porous medium varying the matrix porosity and the Langmuir pressure,
respectively. (a) pL = 1MPa, (b) pL = 2MPa, and (c) pL = 3MPa. According to the isothermal adsorption equation in (14), the maximum
adsorbed amounts in cases (a), (b), and (c) are 7.6, 4.4, and 3.1m3/t, respectively. The porosities of the permeable solid from the left to
right columns are 0.05, 0.1, 0.2, and 0.4, respectively.
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the adsorption kinetic process of gas-solid adsorption. (3)
The effect of porosity/permeability, the saturation adsorp-
tion amount, the Langmuir pressure, and the geometric
complexity of methane-coal adsorption dynamic processes
are numerically investigated.
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Supplementary Materials

(1) This program is a 2D generalized lattice Boltzmann
model code using a double-distribution function to simulate
gas transport in a coal reservoir. (2) The whole project is
composed of 1.par and GLBM.f90. 3. “1.par” is a header file,
where some common blocks are defined; all the subroutines
are integrated into “GLBM.f90,” where “subroutine Flow-
Field” is employed to reconstruct the images of 2D porous
media after binarization by MATLAB, “subroutine evolu-
tion” and “subroutine diffusion” are implemented to govern
the fluid bulk flow and diffusion, respectively, and “subrou-
tine initial” and “subroutine output” are used to initialize
the flow field and record the simulation results, respectively.
(4) Before running this project, please create a new subfolder
“out” under the working directory. (5) In the simulation, all
the parameters are dimensionless, and the output data can
be dimensionalized using the principle of similitude.
(Supplementary Materials)
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Many deep underground excavation practices show that the size and distribution of in situ stress are the main factors resulting in
the deformation and instability of the surrounding rock structure. The in situ stress measured by the Kaiser effect of rock is used by
engineers because of its economy and convenience. However, due to the lack of quantitative judgment basis in determining the
Kaiser point position, there is a large artificial error in the practical application. In response to the problem, this study
systematically investigates the characteristics of rock acoustic emission curve on the basis of the fractal theory and establishes an
accurate and simple interpretation method for determining the Kaiser point position. The indoor rock acoustic emission test
was carried out by drilling a rock sample at a mine site. By using the conventional tangent method, the cumulative ringing
count rate-time-stress curve of rock acoustic emission is analyzed to preliminarily determine the time range of Kaiser point
appearance. Considering that the fractal dimension of the rock Kaiser point is lower than the adjacent point, the minimum
point of the fractal dimension of this time range can be determined from the fractal dimension-time-stress curve. Such
determined point is the Kaiser point. The size of the in situ stress is calculated using an analytical method. Based on the value of
the in situ stress, the distribution of the in situ stress in the mining area is further analyzed using the geological structure of the
mine. The maximum principal stress is 19.38MPa, with a direction of N (30°-40°) E, and the minimum principal stress is
8.02MPa with a direction of N (50°-60°) W. The maximum and minimum principal stresses are approximately in the horizontal
plane. The intermediate principal stress is 11.73MPa in vertically downward. These results are basically consistent with the
distribution statistical law of the measured in situ stress fields in the world. The results presented in the study could provide a
reference for the later mining, stability evaluation, and support of the surrounding rock.

1. Introduction

As the original undisturbed stress in the rock, in situ stress is
one of the most important factors affecting the stability of
underground excavation engineering and many researches
have been done [1–3]. The study of in situ stress measure-
ment in a deep mine by Kang et al. provided the basic param-
eters for the layout and support design of a deep roadway [4].
Komurlu et al. studied the effect of horizontal in-situ stress
on the failure mechanism around underground openings
excavated in isotropic, elastic rock zones [5]. Lin et al. studied

the deformation, cracking and failure mechanism, and the
overall stability of the deep buried tunnel with high in situ
stress for designing optimal support system [6]. In situ
stress is the fundamental force causing the deformation
and destruction of mining, water conservancy and hydro-
power, civil engineering, and other underground rock
excavation engineering. It is a necessary prerequisite to
determine the mechanical properties of engineering rock
mass, analyze the stability of surrounding rock, and realize
the scientific design of rock excavation and decision-
making [7]. With the continuous expansion of the scale
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and depth of mine excavation, in situ stress has become
more prominent and the occurrence of many disaster
phenomena is closely related to the in situ stress [8–10].
Therefore, it is necessary to determine the distribution of
the in situ stress before the mining project. The rational
layout of the roadway can not only improve the safety and
avoid the occurrence of disaster but also reduce the cost of
support and maintenance.

At present, there are many in situ stress measurement
methods, which can be divided into two categories: direct
measurement method and indirect measurement method
[11, 12]. In the direct method, only the hydraulic fracturing
method and the acoustic emission method do not require
preexcavation of the chamber, which is relatively more
convenient and quick. The hydraulic fracturing method is
to estimate the stress field of the measuring point on the spot
after drilling to the measuring point. This method is
expensive due to the bulky hydraulic fracturing vehicle and
expensive measuring instruments. The acoustic emission
method only needs to obtain the rock core of the correspond-
ing measuring point, and the Kaiser effect of the rock can be
used to estimate the in situ stress. Due to a simple and
convenient operation, low price, less on-site operation, and
suitability for indoor large-scale batch testing, the acoustic
emission method is more widely used in mines [13, 14], oil
fields [15, 16], and tunnel traffic [17, 18].

Although the interpretation of the Kaiser point is the key
to the acoustic emission method for in situ stress measure-
ment, there are still some deficiencies in the interpretation
of the Kaiser point, which seriously hinders the wide applica-
tion of the method. At present, the interpretation of the
Kaiser point is based on the sudden increase of data on a
parameter or on the slope of the curve. There is no standard
for the quantitative evaluation of this kind of change, and it
lacks a scientific basis. When the change is not clear, it is
difficult to control the error of manual interpretation. There-
fore, it is in need to propose a method to determine the loca-
tion of the Kaiser point through quantitative evaluation
criteria. In this paper, the indoor rock acoustic emission test
was carried out by drilling a rock sample at a mine site.
According to the accurate and convenient interpretation
method of the Kaiser point, the test results are studied and
analyzed. Finally, the size and distribution law of in situ stress
in this mine are obtained. The result can provide basic data
for the mining design, roadway support, and stability
evaluation of the surrounding rock in the later stage of
mining and provide the guarantee for the high efficiency
and safe production of the mine.

2. Principle of Acoustic Emission Testing

Under the action of an external load, the stress concentra-
tion inside the material will form damage, which will lead
to the release of energy stored in the material. The stress
waves were released from the phenomenon of acoustic
emission. In 1950, German Kaiser discovered that there
was a lot of acoustic emission phenomenon once the
applied load exceeded the historical maximum stress level
of metallic materials. This phenomenon is called the

Kaiser effect. The point of transition from a small amount
of acoustic emission to a large amount of acoustic emis-
sion is called the Kaiser point, and the stress correspond-
ing to this point is the maximum historical stress of the
material. Later, many people proved by experiments that
a rock also has such a significant Kaiser effect [19–21].
Therefore, as long as the directional rock core is taken
back from the original rock for an indoor test, the original
rock stress can be obtained by using the Kaiser effect.

3. Interpretation of Kaiser Point

3.1. Shortcomings of Kaiser Point Interpretation Method. The
interpretation of the Kaiser point is the key to the acoustic
emission method for in situ stress measurement. Now, the
interpretation of the Kaiser point is usually determined by
the sharp change of one or more parameters of acoustic emis-
sion signals to determine the location of Kaiser points. There
are two kinds of conventional interpretation methods. One is
the direct interpretation of the relationship between a param-
eter and time by acoustic emission, as shown in Figure 1. The
basis of this method is whether there is a large amount of
acoustic emission after a certain time point. However, there
is no quantitative standard for the large quantity of acoustic
emission and the interpretation has a certain subjectivity. It
is difficult to grasp the accuracy in application.

Another method is to interpret the sharp change point of
the change rate of the relation curve between the cumulative
parameter and the time of acoustic emission. The method is
easier to interpret for a curve with a significant inflection
point, as shown in Figure 2. When the inflection point of
the accumulated parameter is ambiguous, the tangent is used
to assist the interpretation and the intersection point of
the tangent is determined as the Kaiser point, as shown
in Figure 3.

The above two methods for the interpretation of the
Kaiser point are based on the sudden increase of data on a
parameter or the sudden increase of the slope of the curve.
There is no quantitative evaluation of this kind of change.
When the change is not obvious, it is difficult to control the
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Figure 1: Kaiser point interpretation of acoustic emission
parameters.
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error of manual interpretation. Therefore, it is of great signif-
icance to propose a method to determine the location of the
Kaiser point through quantitative evaluation criteria.

3.2. Comprehensive Analysis Method of Kaiser Point
Interpretation. At present, the determination of the Kaiser
point is mainly based on the acoustic emission characteristic
curve. By analyzing and comparing different characteristic
parameter curves, the clear degree of the Kaiser point is as
follows: acoustic emission cumulative energy-time curve>
acoustic emission cumulative ringing count-time curve>
acoustic emission cumulative event-time curve. However,
when the Kaiser point is intuitively judged by the mapping
method, the acoustic emission cumulative energy-time
curve may have multiple mutation points. These interference
points will have a greater impact on the accuracy of the
interpretation results, while the acoustic emission cumulative
ringing count-time curve is less affected by this. After
comprehensive consideration, the cumulative ringing count
rate-time-stress curve is used to estimate the Kaiser point.

In addition, due to the unavoidable noise interference
during the acoustic emission signal acquisition. In order to
further reduce the impact of interference signals on the

cumulative ringing rate-time curve, it is necessary to denoise
the ringing count time sequence of acoustic emission before
data analysis. After thorough research, the wavelet analysis
method is used to extract the useful original signal from the
acoustic emission signal containing various noises, which
can improve the signal-noise ratio and restore more authen-
tic acoustic emission signal data. At the same time, different
types of wavelet functions are compared and analyzed
according to the characteristics of rock acoustic emission
signals. Finally, the noise reduction of rock acoustic emission
time series is determined by using the Daubechie wavelet
family. The noise reduction process is divided into the
following three steps:

(1) Wavelet decomposition of the original signal: a signal
model with noise can be expressed as

S j = f j + e j , j = 0, 1, k, n − 1 1

In the formula, S j is the original signal with noise,
f j is the true signal of rock acoustic emission, and
e j is the noise signal. The db3 wavelet base is
selected by MATLAB software to decompose the
acoustic emission original signal into 5 layers.

(2) Threshold quantization of wavelet coefficients with
noise: the fixed threshold method is used to denoise,
and the threshold Q is Q = sqrt 2 lg length y ,
where y represents the signal to be analyzed. Com-
paring the wavelet coefficients with noise and the
threshold Q after the wavelet changes, the wavelet
coefficients lower than Q become zero, and the wave-
let coefficients larger than Q become the difference
with Q.

(3) The wavelet coefficients which are quantized by
threshold quantization are reconstructed to get the
signal to remove the noise interference.

Many studies have found that the band energy of the rock
Kaiser point is higher than the other nearby points, but the
fractal dimension is lower than the adjacent points. Accord-
ing to the characteristics of the rock Kaiser point and the
cumulative ringing count rate curve of acoustic emission
which has less interference on the interpretation of the Kaiser
point, the correlation dimension of the acoustic emission
ringing count is used to analyze the fractal characteristics of
the rock. Using the method proposed by Grassberger and
Procaccia to calculate the correlation dimension of a
sequence from time series [22] (hereinafter referred to as
the G-P algorithm), the basic parameter sequence of acoustic
emission is taken as the object of study and each sequence
corresponds to a sequence set with a sample size of n:

X = x1, x2, x3,… , xn 2

Formula (2) can construct anm-dimensional phase space
(m < n) and take the number of m as an m-dimensional
vector of the sample space:

X1 = x1, x2, x3,… , xm 3
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Figure 2: Kaiser point interpretation of the inflection point of the
accumulated parameter.
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Figure 3: Kaiser point interpretation of the cumulative parameter
curve of the fuzzy inflection point.
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Then move one bit backward, take m numbers to form
the second vector, and so on, the time series can form a total
of n −m + 1 m-dimensional vectors. The corresponding
correlation function is

w r k = 1
N2 〠

N

i=1
〠
N

j=1
H r k − Xi − Xj 4

In the formula, H is the Heaviside function and r is
the given scale. In order to control the discreteness of
the calculation, results generally take

r k = k
1
N2 〠

N

i=1
〠
N

j=1
Xi − Xj 5

In the formula, k is the proportionality coefficient.
From the above all kinds of processing through the
MATLAB program, you can get a set of scattered points
in a given dimension. If these scattered points can form
a straight line on lnW r k , lnr k , it shows that the
acoustic emission sequence of the sample has good fractal
characteristics in a given dimension and the slope of the
regression line is the correlation dimension. The fractal
dimension-time-stress curve of each sample is obtained
by the above G-P algorithm.

Based on the above theory, a comprehensive analysis
method can be proposed to accurately interpret the Kaiser
point. First, the time range of the Kaiser point is estimated
on the cumulative ringing count rate-time-stress curve by
using the conventional tangent method. Then on the fractal
dimension-time-stress curve, look for the minimum value
of the fractal dimension in this time range, that is Kaiser
point. In this way, the position of the Kaiser point can be
determined by a quantitative evaluation criterion, which
not only has a certain physical meaning but also reduces
the error caused by manual interpretation to a certain extent
and improves the accuracy of interpretation. The specific
steps are as follows:

(1) Use the tangent method to draw the tangent at the
cumulative ringing count rate-time- stress curve.
The time corresponding to the tangent intersection
point is determined to be an approximate Kaiser
point time.

(2) Read the time of the minimum value of the fractal
dimension over the estimated approximate Kaiser
point time range; this time is fixed as the time when
the Kaiser point appears.

(3) Pick up the Kaiser point of time, and read the
corresponding stress value on the stress-time curve
that the stress at this time is the maximum stress level
in the axial history of the specimen.

4. Analytic Calculation Method of In Situ Stress

The acoustic emission test can measure the axial stress in
the core, and because of the directionality of the Kaiser
effect, stress levels in many directions can be obtained by

different coring directions. According to the elastic theory,
the stress tensor at any point of the space can be deter-
mined by the stress in 6 directions. In fact, many studies
have shown that the magnitude and direction of the prin-
cipal stress can be obtained by the formula transformation
based on knowing the normal stress of three different
cross sections.

As shown in Figure 4, three known cross sections, the
angle between the normal vectors n I and n II is θ12, and
the angle between n I and n III is θ13.

If the angle between principal stressσ1 and normal vectors
n I is φ, then the solution of principal stressσ1 and σ2is: It is
known that the normal stressesσI,σII,σIIIon the three
sections to calculate the magnitude of principal stressσ1 and
σ2, and the directionφ of principal stressσ1. (The prescribed
counterclockwise rotation is positive, and tensile stress is pos-
itive.) The relationship between the normal stress σn and the
principal stress at any cross section is as follows:

σn =
1
2 σ1 + σ2 + 1

2 σ1 − σ2 cos 2φ 6

Thus, the equation can be obtained:

σI =
1
2 σ1 + σ2 + 1

2 σ1 − σ2 cos 2φ, 7

σII =
1
2 σ1 + σ2 + 1

2 σ1 − σ2 cos 2 θ12 + φ , 8

σIII =
1
2 σ1 + σ2 + 1

2 σ1 − σ2 cos 2 θ13 + φ 9

Formula (7) and (8) simultaneous solution can be
obtained:

σ1 =
σI cos 2θ12 − sin 2θ12 tan 2φ − σII − σI − σII sec 2φ

1 − cos 2θ12 + sin 2θ12 tan 2φ ,

10

σ2 =
σI cos 2θ12 − sin 2θ12 tan 2φ − σII + σI − σII sec 2φ

1 − cos 2θ12 + sin 2θ12 tan 2φ
11

nΙΙΙ
nΙΙ

nΙ
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Figure 4: Direction of normal cross section.
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Substituting formulas (10) and (11) into formula (9) can
be obtained:

tan 2φ = σII − σI cos 2θ13 + σIII − σII − σIII − σI cos 2θ12
σII − σI sin 2θ13 − σIII − σI sin 2θ12

12
Then formula (12) is substituted by (10) and (11); the

formulas for calculating the principal stresses σ1 and σ2
are obtained.

σ1 =
−σI sin 2 θ13 − θ12 + σII sin 2θ13 − σIII sin 2θ12

sin 2θ13 − sin 2θ12 − sin 2θ23

−
σII − σI sin 2θ13 − σIII − σI sin 2θ12 sec 2φ

sin 2θ13 − sin 2θ12 − sin 2θ23
,

13

σ2 =
−σI sin 2 θ13 − θ12 + σII sin 2θ13 − σIII sin 2θ12

sin 2θ13 − sin 2θ12 − sin 2θ23

+ σII − σI sin 2θ13 − σIII − σI sin 2θ12 sec 2φ
sin 2θ13 − sin 2θ12 − sin 2θ23

14
In the formula, θ23 = θ13 − θ12.
Formulas (12), (13), and (14) are the basic expressions for

calculating the magnitude and direction of principal stresses.
It is generally considered that σ1 is the maximum principal
stress, so the φ value must satisfy the inequality derived from
formula (10) and formula (11) and σ1 − σ2 > 0 on the basis of
satisfying (14):

σI − σII sec 2φ
1 − cos 2θ12 + sin 2θ12 tan 2φ > 0 15

When the angles between the normal vectors nI and nII ,
and the angles between the normal vectors nII and nIII are
both 45° angle , it can be calculated according to the following
simplified formula.

σ1 =
σI + σIII

2 + 2
2 σI − σII

2 + σII − σIII
2,

σ2 =
σI + σIII

2 −
2
2 σI − σII

2 + σII − σIII
2,

tan 2φ = σI + σIII − 2σII
σI − σIII

16

From the above three formulas, the magnitude and
direction of the two principal stresses in the horizontal
plane can be obtained by solving the normal stress in
three different directions in the same horizontal plane.
Finally, according to the distribution of the intermediate
principal stress, the in situ stress distribution of the mea-
suring points can be obtained.

5. Acoustic Emission Test of Rock

5.1. Geological Conditions of Mining Area. The mine has
more than 90 years of mining history. In recent years, the

activity of ground pressure in the mining area has increased
significantly, which has threatened the safety of mine pro-
duction to a certain extent. A large number of mined-out
areas, structural activities of the mining area, and structural
characteristics of the rock mass have varying degrees of influ-
ence on the ground pressure activities in the mining area. The
strata in the mining area are mainly the Quaternary modern
slope deposits, residual deposits, and alluvial deposits, which
are located at the end of the Gukeng anticline of the
northwestern wing of the anticlinal incline to the SouthWest.
The direction of the strata in the area varies with the
structural position. Fold axial mostly appears in the direction
of the northeast-southwest and near the north-south direc-
tion. Tendency and inclination have greatly changed. There
are a lot of faults, joints, and fissures in the rock group, which
becomes the space of deformation compression. The middle
section of the mining area is mainly distributed in the weath-
ered layer and the tectonic development section. Because of
the high weathering degree and structural development, the
main structure of the rock mass is mainly cracked blocks or
fragments, which are locally mixed with mud, and the
bearing capacity of the structure is low.

5.2. Field Coring. In this experiment, the core is drilled at the
depth of about 500m in the middle part of the mining area.
The axial direction of the core is 90° vertical to the ground,
and the horizontal direction is 225°, 270°, and 315°. The
diameter of the core is about 50mm. The schematic diagram
of coring direction and the coring on the spot are shown in
Figures 5 and 6.

5.3. Sample Processing. In order to ensure the integrity and
homogeneity of the rock, 16 specimens with near wave veloc-
ity were selected from 47 processed metamorphic sandstone

45º

45º

y

x

z

Figure 5: The schematic diagram of coring direction.
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samples. The specimen is a cylindrical specimen that accords
with the test procedure, and the ratio of height to diameter is
about 2 : 1. Part of the sample is shown in Figure 7. The
specific information of the sample is shown in Table 1.

5.4. Test Instrument and Parameter Setting. The indoor
acoustic emission test needs to use the RMT-150C rock
mechanics test system (Figure 8(a)) and SAEU2S full
waveform multi-channel acoustic emission detector
(Figure 8(b)) to carry out the uniaxial loading test and
acoustic emission signal acquisition. The two systems can
collect and record the changes of basic variables and
parameters in the test process and automatically generate
the relationship diagram of each parameter.

The acoustic emission test is completed at the rate of
0.002mm/s under the displacement loading. The acoustic
emission test system uses a resonant U-type probe with a
center frequency of 1000 kHz. The probe is placed in the
central position of the specimen. In order to ensure the
success rate of the acquisition, two probes were used to
collect data simultaneously. The complete channel of data
acquisition was selected as the sample for data analysis.
Acoustic emission parameters are shown in Table 2.

5.5. Determination of Kaiser Point. In this experiment, the
influence of other factors on the determination of the Kaiser

point is not considered. Tests were carried out in accordance
with the experimental standard of rock uniaxial compression.
Using the above rock acoustic emission testing equipment,
the processed 16 samples were tested to obtain the acoustic
emission test signal. The db3 wavelet base is selected by using
MATLAB software, and the acoustic emission ringing count-
ing time sequence is denoised by the fixed threshold method.
Based on the data after the noise reduction, the cumulative
ringing count rate of acoustic emission is calculated and the
cumulative ringing count rate-time-stress curve is plotted.
The tangent intersection point is obtained by the conven-
tional tangent method, and the point is approximated as
the Kaiser point.

The G-P algorithm is used to calculate the ringing count
relevant fractal dimension of the whole acoustic emission
process. According to the process of the G-P algorithm, the
relevant fractal dimension is affected by the reconstructed
phase space dimension m. Taking sample 270-2 as an exam-
ple, the change trend of phase space dimension and relevant
fractal dimension is calculated, as shown in Figure 9. The
change gradient of the relevant fractal dimension is relatively
stable after the phase space dimension is taken as 4. It is
shown that the sample has a good fractal characteristic
when the embedded dimension is 4, so m = 4. When
calculating the relevant fractal dimension, the parameters
obtained by the acoustic emission test are taken as a time
varying sequence and the capacity of the sequence is 1024
that n = 1024.

The fractal dimension-time-stress relationship of each
sample is calculated by the G-P algorithm. The cumulative
ringing count rate-time-stress curve and the correspond-
ing correlation dimension-time-stress curve of each
specimen are shown in Figure 10. The minimum point

Figure 6: Coring on the site.

Figure 7: Some processed samples.

Table 1: Sample information of the acoustic emission test.

Azimuth
Sample
number

Sample size
Axial velocity
value (m·s−1)Height

(mm)
Diameter
(mm)

Horizontal
direction 225°

225°-1 102.56 54.00 4102

225°-2 102.60 55.28 4104

225°-3 102.40 55.00 4096

225°-4 101.10 55.04 4044

Horizontal
direction 270°

270°-1 101.70 53.44 3767

270°-2 103.00 53.74 3433

270°-3 101.48 53.50 3383

270°-4 102.06 53.40 3645

Horizontal
direction 315°

315°-1 102.76 54.02 3806

315°-2 102.40 53.74 3657

315°-3 102.02 54.00 4251

315°-4 103.30 54.02 3973

Vertical
direction 90°

90°-1 99.96 49.04 3832

90°-2 100.02 48.98 3804

90°-3 100.00 49.00 4167

90°-4 100.50 49.00 4188
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of the fractal dimension is read over the approximate
Kaiser point time range, where point P is the lowest
point, which is the Kaiser point. The corresponding stress
value at this point is the original rock stress in the axial
direction of the sample value. The stress value of each sample
is shown in Table 3.

6. Analysis of In Situ Stress in Mining Area

6.1. Magnitude of In Situ Stress in Mining Area. The existence
of vertical stress is related to tectonic activity, overlying strata
thickness, temperature, water pressure, and so on. The
gravity of overlying strata is the main influencing factor. A
wide range of worldwide statistical data shows that in the
depth range of 25~2700m, σv is approximately equivalent
to the average bulk density and γ is equal to 27 kN/m3

calculated gravity γH. The height of overlying strata in the
middle section of mining is about 500m, so the estimated
vertical stress σG in the middle section is

σG = γH = 0 027 × 500 = 13 5MPa 17

The vertical stress value of acoustic emission mea-
surement is 11.73MPa, which accords with the law of
overlying strata.

The stress values of the three horizontal directions are
σΙ = 9 27MPa, σII = 17 25MPa, and σIII = 18 13MPa. Put
them into the following formula:

σ1 =
σI + σIII

2 + 2
2 σI − σII

2 + σII − σIII
2

= 9 27 + 18 13
2 + 2

2 9 27 − 17 25 2 + 17 25 − 18 13 2

= 19 38MPa,

σ2 =
σI + σIII

2 −
2
2 σI − σII

2 + σII − σIII
2

= 9 27 + 18 13
2 −

2
2 9 27 − 17 25 2 + 17 25 − 18 13 2

= 8 02MPa

18

Therefore, the maximum horizontal principal stress is
19.38MPa, the minimum horizontal principal stress is
8.02MPa, and the vertical stress is 11.73MPa. A large num-
ber of experimental results show that the maximum andmin-
imum principal stresses in most parts of the world are
distributed in the plane direction which is nearly horizontal.
The ratio between the maximum horizontal principal stress
σh,max and the vertical stress σv is generally in the range of
0.5 to 5.5. Based on the measured data in the world, the
ratio between the two horizontal principal stress σh ,av
and the vertical principal stress σv is in the range of 0.8

(a) RMT-150C rock mechanics test system (b) Acoustic emission acquisition system

Figure 8: Test instrument.

Table 2: Acoustic emission acquisition parameter setting.

Threshold value Preamplifier gain Lower limit of analog filter Upper limit of analog filter Sampling rate Sampling length

40 dB 40 dB 100KHz 3MHz 1MSPS 2 k
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Figure 9: Relevant fractal dimension-phase space dimension
relation curve.
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Figure 10: Continued.
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Figure 10: Continued.
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to 1.5 (see Table 4) [23]. According to the test results, the
ratio of the mean value of the horizontal principal stress
to the vertical stress is σh,av/σv = 1 17 and the ratio of
the maximum horizontal principal stress to the vertical
principal stress is σh ,max/σv = 1 65. They are basically con-
sistent with the statistical laws of measured in situ stresses.

6.2. Direction of In Situ Stress in Mining Area. In order to
understand the distribution of the in situ stress in the mining
area and provide a basis for the ore body mining in the next
stage, on the basis of the in situ stress data obtained by
acoustic emission method, it is necessary to analyze the
tectonic stress field of the study area combined with the
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Figure 10: Interpretation of Kaiser point.
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geological structure and then infer the direction of the in situ
stress in the mining area.

Fold is the bending deformation of the rock stratum
under stress. It is the tectonic trace preserved by the crustal
rock deformation and fracture caused by the tectonic stress.
It is the most common geological structure in the crust.
The direction of the in situ stress can be inferred by studying
the direction of folds and strata in the mining area. Accord-
ing to the geological report of the mine, it is known that the
fold structure in the mining area is mainly the end of the
Gukeng anticline of the northwestern wing of the anticlinal
incline to the South West. The direction of the strata in the
area varies with the structural position. The axial direction
is 40~60 degrees, and the axis direction of the fold is parallel
to the direction of the minimum principal stress, so it is
perpendicular to the direction of the maximum principal
stress. It is speculated that the direction of the maximum
principal stress in the mining area is approximately N

(30°~40°) E; the direction of the minimum principal stress
is N (50°~60°) W.

6.3. Comprehensive Analysis of In Situ Stress in Mining Area.
In general stress distribution in the mining area, the
maximum principal stress is 19.38MPa in the direction of
N (30°~40°) E, the minimum principal stress is 8.02MPa in
the direction of N (50°~60°) W. The maximum principal
stress and the minimum principal stress are both generally
in the horizontal plane. The direction of the intermediate
principal stress is vertically downward and the size is
11.73MPa.

The maximum principal stress is 19.38MPa. According
to the relevant criteria, 0~10MPa is a low stress zone,
10~18MPa is a medium stress zone, and 18~30MPa is a high
stress area; more than 30MPa is an ultrahigh stress area [24].
Therefore, the in situ stress in the mining area belongs to the
high stress field.

The maximum horizontal principal stress in the
mining area is about 1.44 times that of the self-weight
stress, indicating that the stress field in the mining area
is dominated by the horizontal tectonic stress rather than
the self-weight stress.

The ratio between the maximum horizontal principal
stress and the minimum horizontal principal stress is 2.42,
which shows a large difference between the two. The
difference between the maximum principal stress and the
minimum principal stress will lead to a larger shear stress
in the rock mass. When the shear stress in the rock mass is
greater than the shearing strength of the rock mass, the frac-
ture will occur. This provides favorable stress conditions for
the formation of faults, joints, and fissures in the mining area.

7. Conclusion

Through the analysis and research of the various characteris-
tic curves of rock acoustic emission, the relationship curves
of cumulative ringing count rate-time-stress curve and fractal
dimension-time-stress curve of acoustic emission are ana-
lyzed and processed. A simple and accurate interpretation
method of in situ stress measurement by using the Kaiser
effect of rock is proposed.

In this experiment, a fractal theory was used to interpret
the acoustic emission test results, and the relevant fractal
dimension of rock acoustic emission is calculated. According
to the G-P algorithm, the fractal dimension-time-stress
curves of the samples were obtained. Combined with the
traditional mapping method, the Kaiser point of rock
acoustic emission is more accurately interpreted, reducing
the interference of human subjective factors.

According to the measured results and the comprehen-
sive analysis of the geological structure in the mining area,
the main distribution of the in situ stress field is obtained.
The maximum principal stress is 19.38MPa in the direction
of N (30°~40°) E, and the minimum principal stress is
8.02MPa in the direction of N (50°~60°) W. The direction
of the intermediate principal stress is vertically downward
with a value of 11.73MPa.

Table 3: Kaiser point stress value of rock sample.

Azimuth
Sample
number

Stress value
(MPa)

Average value
(MPa)

Remarks

Horizontal
direction 225°

225°-1 7.1

9.27
225°-2 8.8

225°-3 11.5

225°-4 9.7

Horizontal
direction 270°

270°-1 13.5

17.25
270°-2 14.5

270°-3 19.4

270°-4 21.6

Horizontal
direction 315°

315°-1 4.1

18.13
315°-2 22.8

315°-3 — Failure

315°-4 27.5

Vertical
direction 90°

90°-1 11.8

11.73
90°-2 — Failure

90°-3 9.1

90°-4 14.3

Table 4: Relationship between the average principal stress and the
vertical principal stress in different countries in the world [23].

Country name
σh,av/σv %

σh,max/σv<0.8 0.8~1.2 >1.2
China 32 40 28 2.09

Australia 0 22 78 2.95

Canada 0 0 100 2.56

America 18 41 41 3.29

Norway 17 17 66 3.56

Sweden 0 0 100 4.99

South Africa 41 24 35 2.50

Former Soviet Union 51 29 20 4.30

Other areas 37.5 37.5 25 1.96
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The magnitude and distribution of in situ stress in the
mine derived from the method presented in this study are
consistent with the distribution statistical law of the
measured in situ stress field in the world.
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The caved zone during longwall mining has high permeability, resulting in a mass of groundwater storage which causes a threat of
groundwater inrush hazard to the safe mining. To investigate the hazard mechanism of granular sandstone and mudstone mixture
(SMM) in caved zone, this paper presents an experimental study on the effect of sandstone particle (SP) andmudstone particle (MP)
weight ratio on the non-Darcy hydraulic properties evolution. A self-designed granular rock seepage experimental equipment has
been applied to conduct the experiments. The variation of particle size distribution was induced by loading and water seepage
during the test, which indicated that the particle crushing and erosion properties of mudstone were higher than those of sandstone.
Porosity evolution of SMM was strongly influenced by loading (sample height) and SP/MP weight ratio. The sample with higher
sample height and higher weight ratio of SP achieved higher porosity value. In particular, a non-Darcy equation, for hydraulic
properties (permeability 𝜅 and non-Darcy coefficient 𝜁) calculation, was sufficient to fit the relation between the hydraulic gradient
and seepage velocity. The test results indicated that, due to the absence and narrowing of fracture and void during loading, the
permeability 𝜅 decreases and the non-Darcy coefficient 𝜁 increases. The variation of the hydraulic properties of the sample within
the same particle size and SP/MPweight ratio indicated that groundwater inrush hazard showed a higher probability of occurrence
in sandstone strata and crushed zone (e.g., faults). Moreover, isolated fractures and voids were able to achieve the changeover from
self-extension to interconnection at the last loading stage, which caused the fluctuation tendency of 𝜅 and 𝜁. Fluctuation ability
in mudstone was higher than that in sandstone. The performance of an empirical model was also investigated for the non-Darcy
hydraulic properties evolution prediction of crushing and seepage processes.The predictive results indicated that particle crushing
and water erosion caused the increase of hydraulic properties, being the main reason that the experimental values are typically
higher than those obtained from the predictive model. The empirical model has a high degree of predictive accuracy; however, 𝜅
has a higher predictive accuracy than 𝜁. Furthermore, the predictive accuracy of 𝜅 increases and 𝜁 decreases with increasing weight
ratio of SP.

1. Introduction

As shown in Figure 1, Xiaojihan CoalMine is located in Yulin
City, Northern Shaanxi Province, China. The interbedded
deposit of sandstone and mudstone in Xiaojihan Coal Mine
is mainly formed in the Lower Cretaceous and the Upper
Jurassic periods above the coal seam [1]. The interbedded
deposit formed in Lower Cretaceous period, that is, Luohe
formation, is about 60–90m in thickness. The interbedded
deposit formed in Upper Jurassic period includes the Anding
formation, the Zhiluo formation, and the Yan’an formation.

The thickness of the three formations is from 90m to 200m,
200m to 320m, and 320m to 560m, respectively.

Longwall mining is an efficient production technology of
coal mining with several advantages, including high recovery
and safe working environment; therefore, it is adopted in
Xiaojihan Coal Mine. In longwall mining, as shown in
Figure 2, there are four disturbance zones that are formed in
the overlying strata of a coal seam [2]. Equilibrium will be
progressed in the overburden strata, with the consolidation of
the caved zone (gob) aftermining extraction [3].The granular
rocks are composed of an immediate roof and overlying
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strata, which were filling in the caved zone termed as “gob.”
The caved zone (gob) has high porosity and permeability
resulting in a mass of water storage, which is primarily
derived from weak and fractured adjacent coal beds and
formations [4]. The vertical thickness of a gob (caved zone)
with a highly irregular shape and different granular rocks can
reach 4–11 times the mining height [5]. Therefore, the strata
of sandstone and mudstone in Xiaojihan Coal Mine can be
naturally filled in the caved zone of mixture state.

Recent laboratory and field investigations show that
groundwater inrush hazard is mostly localized to the gob
[6]. In Xiaojihan Coal Mine, the coal mining activity under
the Luohe formation aquifer is threatened by the rich source
of groundwater, which is responsible for the increase in the
hydraulic conductivity of gob and roof strata [7]. There-
fore, large amount volumes of groundwater will inrush into
exposed space, for example, working face or tunnel [8–10].
Considering the effect of some more factors such as the
hydraulic pressure [11], geological setting, and extraction
percentage in underground mines [12–14], the hydraulic
properties of the granular rocks in gob (caved zones) have
drawn attention [15].

Significant permeability variation of the granular
medium under the effect of hydraulic pressure with
compacted regions and the formation of pathways has been
reported [16, 17]. The relationship between the pressure
gradient and the velocity of the groundwater inrush in
granular rock mass does not generally satisfy the Darcy
equation, but a distinct nonlinear correlation [15, 18], that
is, non-Darcy flow Forchheimer equation [19]. It is of great
theoretical and practical significance to establish a nonlinear
flow model for the identification of seepage mechanisms
and the reasonable prediction of groundwater inrush [20].
A nonlinear dynamic model of variable mass system for
non-Darcy flow in granular rocks was established based on
the mechanical plug in porous media [6]. Hou et al. 2018 [21]
applied a non-Darcy flow model (Forchheimer equation)
to describe the water flow in karst collapse (a kind of
granular rock); the dynamic process [22] of mining-induced
water inrush mechanism in karst collapse has also been
investigated by numerical simulation. Therefore, it is also
a key issue for experimental study of hydraulic properties
of granular sandstone-mudstone mixtures SMM samples,
especially the non-Darcy hydraulic properties prediction
using the limited laboratory data.

This paper aims to investigate the groundwater inrush
mechanism of mining-induced granular SMM in cave zone.
To carry out the study, self-designed granular rock seepage
experimental equipment has been invented, which is able to
quantify the effect of sandstone and mudstone weight ratio
and sample height (porosity) on the hydraulic properties
of granular SMM. An empirical model is also applied to
analyze the non-Darcy hydraulic properties evolution for the
crushing and seepage processes.

2. Experimental Methods

2.1. Granular Rock Materials. The sandstone and mudstone
blocks, which were in Zhiluo and Yan’an formation formed in
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Figure 3: Particle size distribution curve of tested granular rock
material.

Upper Jurassic period and excavated from drills in Xiaojihan
Coal Mine, were used in this study. The dry densities of
the sandstone and mudstone, which were determined in the
laboratory, are 2.561 × 103 kg/m3 and 2.423 × 103 kg/m3,
respectively.

In this test, a vertical vibrating-shaker with a pan was
used for dry-sieving. There was a series of selected standard
sieves with decreasing size installed in the experimental
system. By setting nearly 50Hz of the frequency and loading
rate and using 40% of the relative upper sieve volume
lasting for 10min, the fractions were prepared by sieving
with different sizes, as 20mm, 15mm, 12mm, 10mm, 8mm,
5mm, and 2.5mm, respectively. Firstly, to prepare the tested
materials, rock blocks were hammered into particles with
variable sizes less than 20mm diameters. Secondly, the
granular rock particles were then separated into seven size
ranges using sieves: <2.5mm, 2.5–5mm, 5–8mm, 8–10mm,
10–12mm, 12–15mm, and 15–20mm. Thirdly, particle sizes
above were divided into groups according to their quantity;
SMMsamples were prepared bymixing particles according to
the particle size distribution (PSD) curve shown in Figure 3.

Tested granular rock materials, granular sandstone-
mudstone mixtures (SMM), were mixed together according
to the weight ratio of sandstone particle (SP) mixture to
mudstone particle (MP) mixture 1 : 0, 2 : 1, 1 : 1, 1 : 2, and 0 : 1,
respectively. The weight of each granular sample was 1800 g.
ThePSD curves of the five tested granular rockmaterials were
consistent with the curve shown in Figure 3.The weight of SP
and MP of five samples is, respectively, mixed according to
the PSD listed in Table 1.

2.2. Experimental Systems. As shown in Figure 4, the exper-
imental system for testing water seepage in granular rocks
comprises four different parts: (a) sample height control
equipment, (b) hydraulic pressure control equipment, (c)
automatic data collection equipment, and (d) granular rock
seepage equipment.

Sample height control equipment shown in Figure 4(a)
is made up of an oil pump, a hydraulic cylinder, a relief
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Table 1: Weight of SP and MP for each sample.

No. Weight ratio of SP/MP
Weight of each particle size (g)

20–15mm 15–12mm 12–10mm 10–8mm 8–5mm 5–2.5mm <0.25mm
SP MP SP MP SP MP SP MP SP MP SP MP SP MP

A 1 : 0 787.5 0 364.5 0 198 0 162 0 175.5 0 84.4 0 28.1 0
B 2 : 1 525 262.5 243 121.5 132 66 108 54 117 58.5 56.3 28.1 18.8 9.4
C 1 : 1 393.8 393.8 182.3 182.3 99 99 81 81 87.8 87.8 42.2 42.2 14.1 14.1
D 1 : 2 262.5 525 121.5 243 66 132 54.0 108 58.5 117 28.1 56.3 9.4 18.8
E 0 : 1 0 787.5 0 364.5 0 198 0 162 0 175.5 0 84.4 0 28.1

p
Flow

velocity 
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Pressure 
sensor

Hydraulic cylinder

Water pump

Relief
valve

Oil pumpRelief valve

LVDT

Hydraulic 
cylinder

(d) Granular rock seepage equipment 

Computer

(c)

(b)

(a)

Figure 4: Schematics of water seepage system: (a) sample height control equipment, (b) hydraulic pressure control equipment, (c) automatic
data collection equipment, and (d) granular rock seepage equipment.

valve, and a linear variable differential transformer (LVDT).
To achieve different height levels, a steady-loading pressure
is conducted using the hydraulic cylinder and the oil pump,
and then the LVDT is applied to measure the sample height.

A water pump and a relief valve are themain components
of the hydraulic pressure control equipment (Figure 4(b)),
which supplies a stable and constant hydraulic pressure to the
granular rock sample.Thewater pump is conducted to fill the
cylindrical tube with water by a constant flow pressure.

Automatic data collection equipment (Figure 4(c))
includes a hydraulic pressure sensor, a flow rate transducer,
a data recorder, and a personal computer, which can collect
the data of the hydraulic pressure and flow velocity during
tests.

Granular rock seepage equipment (Figure 4(d)) is the
key component of this experimental system, which is mainly
made up of a cylindrical tube, a loading platen, two porous
plates and a pedestal. Figure 5(a) shows the connection of the
designed equipment.The loading plate and loading platen are
conducted to offer the steady-loading pressure. The porous
plate (Figure 5(b)) can ensure a steady water seepage. Two
epoxy resin rings are applied to seal the aperture between the

cylindrical tube andporous plates, guaranteeing the axial flow
of water. The axial gap between the pedestal and the cylinder
tube is enclosed by O-shaped rubber seal rings. This self-
designed testing system for water flow in granular rock can
supply flow quantity for a long time so that it can support the
steady state flow test.

2.3. Testing Methods and Procedure. In the following part,
detailed experimental steps for investigation on hydraulic
properties of the SMM are explained.

2.3.1. Sample Saturation. The sandstone particle and mud-
stone particle should be mixed uniformly according to a
designed weight ratio with a total mass of 1800 g (Table 1).
Then, place the granular particle into the cylinder tube. The
SMM sample should be saturated before testing with low
hydraulic pressure.

2.3.2. Sample Height Control. In order to achieve the
designed height level, a steady axial pressure was conducted
by the hydraulic cylinder and oil pump, and sample heightℎ in the cylindrical tube was measured by the LVDT. The
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Figure 5: Different components of the granular rock seepage equipment: (a) connection principle and (b) porous plate.

porosity 𝜙 of the SMM samples at each height level could be
calculated as follows:

𝜙 = 1 − 𝑚𝑠/𝜌𝑠 + 𝑚𝑚/𝜌𝑚𝜋𝑟2ℎ , (1)

where 𝜌𝑠 and 𝑚𝑠 are the density and mass of the sandstone
particle, respectively; 𝜌𝑚 and𝑚𝑚 are the density and mass of
the mudstone particle, respectively; 𝑟 is the radius of cross
section of the cylinder tube.

2.3.3. Forming Steady Seepage. During the experimental
investigation of seepage process, water was provided by a
constant hydraulic pressure or flow velocity. When hydraulic
pressure gradually became steady value along with time, the
gradient of the curve of the seepage with time was a constant
value, and then steady flow had formed in the SMM sample.
Furthermore, to obtain stable readings, the axial loading
was maintained at the setting level firstly. Then start the
water seepage measurement, namely, the loading change and
seepage flow, which belong to two different test stages.

2.3.4. Experimental Data Recorded. Until a steady seepage
was acquired, the water flow velocity and hydraulic pressure
with time at each testing step were recorded.

2.3.5. Calculation of the Non-Darcy Hydraulic Properties. The
Forchheimer equation [19] has been verified to model the
water seepage in granular rocks with good performance [23].
It was applied here to model the relation between the seepage
velocity and the hydraulic pressure of SMM sample as

−∇𝑝 = 𝜇𝜅−1V + 𝜌𝑤𝜁V2, (2)

where ∇𝑝 is the hydraulic gradient, 𝑝 is the hydraulic
pressure,𝜇 is thewater viscosity, V is the seepage velocity. 𝜌𝑤 is

the water density, 𝜅 is the hydraulic permeability of the SMM
sample, and 𝜁 is the non-Darcy coefficient. It must be noted
that the seepage obeys Darcy law if the value of 𝜁was close to
zero obtained from the test.

In the test, the steady seepage method was adopted to
measure the hydraulic properties of SMM sample. As shown
in Figure 5(a), the hydraulic pressure at the upstream and
that at the downstream ends were signed as 𝑝𝑎 and 𝑝𝑏,
respectively.Theupstreamendof the SMMsamplewas linked
with air, that is, 𝑝𝑎 = 0. 𝑝𝑏 can be automatically recorded with
time 𝑡, which was a steady value and assumed as 𝑝.Therefore,
the hydraulic pressure gradient ∇𝑝was a constant. We obtain

∇𝑝 = (𝑝𝑎 − 𝑝𝑏)𝐿 = −𝑝𝑏𝐿 = −𝑝𝐿 , (3)

where 𝐿 is the length of SMM sample. If a steady seepage
dominates, then 𝑝𝐿 = 𝜇𝜅−1V + 𝜌𝑤𝜁V2. (4)

Hydraulic properties (permeability 𝜅 and non-Darcy
coefficient 𝜁) were calculated by a least-squares regression
method from the relationship between hydraulic gradient
and seepage velocity curve (𝑝-V curve); that is,

𝜅 = 𝜇 [(∑𝑛𝑖=1 V3𝑖 )2 − ∑𝑛𝑖=1 V2𝑖 ∑𝑛𝑖=1 V4𝑖 ]
∑𝑛𝑖=1 𝑝𝑖V2𝑖 ∑𝑛𝑖=1 V3𝑖 − ∑𝑛𝑖=1 𝑝𝑖V𝑖∑𝑛𝑖=1 V4𝑖 , (5a)

𝜁 = ∑𝑛𝑖=1 𝑝𝑖V𝑖∑𝑛𝑖=1 V3𝑖 − ∑𝑛𝑖=1 𝑝𝑖V2𝑖 ∑𝑛𝑖=1 V2𝑖𝜌𝑤 [(∑𝑛𝑖=1 V3𝑖 )2 − ∑𝑛𝑖=1 V2𝑖 ∑𝑛𝑖=1 V4𝑖 ] , (5b)

where 𝑛 is total seepage times of each sample height, 1 ≤ 𝑖 ≤ 𝑛,𝑛 = 4 in the test.
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Figure 6: Testing procedure of SMM sample.

2.3.6. Particle Sieve of the Remainder Sample. The screening
test sieve machine was applied to monitor PSD mixture
alterations during tests; weights of the different particle size
ranges in the samples were determined before and after the
testing.

Figure 6 illustrates the complete testing procedure.Mean-
while, five groups of SMM samples were tested one by one.
To keep the accuracy, each of the SMM samples was carried
out for three times, and the average experimental value was
determined as the final test results.

3. Test Results and Discussion

3.1. PSD Alterations during Tests. PSD weight of tested rock
particles, before and after experiment (loading and seepage),
is presented in Figure 7(a). It can be seen that compared with
the initial PSD before test, the mean particle size 𝑑50 of the
sample decreases with the decrease of the weight ratio of SP,
which means sample within larger MP weight ratio has a
bigger variation rate of PSD. As can be seen from Figure 7(b),
the weight of size (20–10mm) decreases and size (8–0mm)
increases for each sample, respectively. This is because of the

crush of larger particles during loading; the weight of smaller
particles increases.Moreover, since larger particle sizes can be
crushed by loading more easily, the weight of larger size has a
more rapid decrease; for example, the largest size (20–15mm)
tends to the most rapid decrease in the size mixture. In detail,
the decreased position of weight variation for the sample
within less weight ratio of SPwas greater than that ofMP.This
is mainly because MP is crushed more easily than SP during
loading, which can also explain why the smaller particle gains
more size within less weight ratio of SP. The tiny minority of
size (10–8mm) increased for samples within SP/MP weight
ratio of 0 : 1 and 2 : 1 but reduced for the others, indicating that
particle crushing can be occurred by fracture and loading.
Furthermore, the variation of PSD in Figure 7(a) also shows
the water erosion effect by seepage and the weight loss of
some fine particles, which were also observed in Figure 7(b).
Weight loss increases with decreasing weight ratio of SP. The
weight loss for sample within SP/MP weight ratio of 0 : 1 is
maximum, that is, 68.7 g, but that of 1 : 0 is minimum, that is,
17.6 g. The former value is approximately 3.9 times the latter
one.This indicates that mudstone has higher variation under
water erosion than sandstone. In summary, the PSD variation
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Figure 7: Variation of PSD and weight for each sample after test. (a) PSD variation. (b) Weight variation.
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Figure 8: Porosity (a) and its variation rate (b) of each sample height level.

was induced by loading and water seepage. PSD variation of
mudstone is higher than that of sandstone.This indicates that
particle crushing and erosion properties of mudstone were
higher than those of sandstone.

3.2. Porosity Variation during Loading. Although there is
some weight loss in each sample because of water erosion,
the largest value of weight loss displayed in sample within
weight ratio 100% of MP, that is, 56.7 g, is only 3.8% of
the original weight (1800 g). Therefore, the effect of weight
loss on porosity calculation can be ignored. According to
(1), the porosity 𝜙 of samples at different height levels and
its variation rate are presented in Figures 8(a) and 8(b),
respectively. The results in Figure 8(a) show that the porosity

of SMM sample is intensely affected by loading (sample
height) and weight ratio of SP. To one given sample, the
fracture and void in SMMsample become less during loading;
therefore, the porosity decreases with the decrease of sample
height. To the same loading (sample height) level, the porosity
decreases with the decreasing weight ratio of SP; the sample
within SP/MP weight ratio of 1 : 0 is maximum, but that of
0 : 1 is minimum. The density of SP is larger than that of MP,
which means the volume of fracture and void in SP mixtures
is greater than that in MP mixtures when they have the same
weight. As shown in Figure 8(b), the porosity variation rate
in sample within less weight ratio of SP is greater, which
indicates the rock weight ratio is significant in loading; that
is, at the sample height 110mm, the porosity variation rates of
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140mm of each sample.

each sample with variable SP/MP weight ratio are as follows:
sample 1 : 0 (0.568), 2 : 1 (0.538), 1 : 1 (0.523), 1 : 2 (0.51), and
0 : 1 (0.483), respectively; that means the porosity variation
induced by loading to sample within less weight ratio of SP
has a bigger sensibility than that of MP.

3.3. Non-Darcy Hydraulic Properties. Relations of hydraulic
gradient with seepage velocity in height of 140mm of each
sample are shown in Figure 9. It is obvious that relations are
highly nonlinear for the tested SMM samples. Hydraulic gra-
dient decreases with the decrease of seepage velocity, and the
decreasing trend becomes slower at a lower seepage velocity.
In general, hydraulic gradient-seepage velocity curves display
quadratic relation, which indicates Forchheimer equation (2);
that is, the non-Darcy model could be applied to simulate the
water seepage in SMM samples.

According to (5a) and (5b), the variation of non-Darcy
hydraulic properties (permeability 𝜅 and non-Darcy coeffi-
cient 𝜁) of SMM samples during loading (variable porosity 𝜙)
is presented in Figure 10. It is indicated that the decreasing
permeability 𝜅 and the increasing non-Darcy coefficient 𝜁
are caused by axial loading, mainly due to the absence and
narrowing of fracture and void during the loading process.

However, in the loading process, due to the readjustment
of the particle structure and the crushing of corners and
edges, water flow (fracture) paths become more inconstant;
as a result, there is an exception of the abnormal climbing
in permeability 𝜅 and declining in non-Darcy coefficient 𝜁;
this means some fluctuations are obtained for both 𝜅 and 𝜁;
it is mainly resulted from the accession of granular particles
in expanded fractures and accelerated seepage. In addition,
compared with larger porosity, the sample within smaller
porosity seems to have a higher probability of the fluctuation.
A rational explanation is that samples at earlier loading

stage own much more effective fractures and voids among
the rock particles that decrease 𝜅 and increase 𝜁 rapidly.
However, at the last loading stage, isolated fractures and voids
in some samples are able to achieve the changeover from
self-extension to interconnection, which causes the tendency
fluctuation of 𝜅 and 𝜁, indicating the increase of permeability
and the decrease of non−Darcy coefficient. Furthermore, the
fluctuation in sample within more weight ratio of MP is
greater; for example, there exists fluctuation of 𝜅 in sample
within SP/MP weight ratio of 1 : 2 and 0 : 1 (Figures 10(d) and
10(e)) at the last loading stage; the fluctuation of 𝜁 in sample
within sandstone weight ratio 0 is more obvious than that
in others. This indicates that the rock particle crushing and
fractures and voids from self-expansion to interconnection in
mudstone have higher ability than that in sandstone during
loading.

For the same sample height, due to the higher porosity of
the sample within more weight ratio of SP, the permeability
is larger and non−Darcy coefficient is smaller than other
samples. For example, when the sample height is 140mm, as
shown in Figure 10(a), the permeability 𝜅 of sample within
sandstone weight ratio 100% is 3.7 times greater than that
within sandstone weight ratio 0 in Figure 10(e), yet the
non-Darcy coefficient 𝜁 is one order of smaller magnitude.
Considering the variation of hydraulic properties of the
sample within the same particle size and SP/MP weight ratio,
it can be concluded that groundwater inrush hazard shows
a higher probability of occurrence in sandstone strata and
crushed zone (e.g., faults). To summary, hydraulic properties
of SMM samples can be affected by sample height (porosity),
SP/MP weight ratio, and fractures and voids among the
rock particles, and the water flow (fracture) paths cannot be
ignored.

3.4. Prediction of Hydraulic Properties Evolution. Due to the
inaccessibility to investigate hydraulic properties of granular
rocks underground, hydraulic properties are often predicted
using limited experimental data. Wang et al. 2017 [24]
analyzed the relationship between hydraulic conductivity and
PSD. The grain diameter at 10% passing (𝑑10) was regarded
in porosity effect. However, 𝑑10 cannot be measured in
our test because of particle crushing by loading and fine
particle loss by water erosion.Therefore, it is better to predict
the permeability tendency considering porosity only. To
predict the permeability evolution in sands and sandstones,
Chilingar [25] investigated amathematical model to simulate
the relationship between permeability and porosity:

𝜅𝑖 = 𝑑2𝑒𝜙3𝑖72 (1 − 𝜙𝑖)2 . (6)

A good accuracy of the model has been proved in granular
mudstone [15]; it is therefore used to model the relation
of permeability and porosity in SMM sample in this study.
According to (6), we obtain

𝜅𝑖𝜅1 = (
𝜙𝑖𝜙1)
3 (1 − 𝜙11 − 𝜙𝑖 )

2 , (7)
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Figure 10: Variation of non-Darcy hydraulic properties during loading of each sample. Weight ratio of SP/MP: (a) 1 : 0; (b) 2 : 1; (c) 1 : 1; (d)
1 : 2; and (e) 0 : 1.
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Figure 11: Measured and predicted values of hydraulic properties. (a) Permeability. (b) Non-Darcy coefficient.

where 𝑑𝑒 is the effective diameter of particle sizes; 𝜅𝑖 and 𝜙𝑖
are the permeability and porosity when sample height is less
than 140mm, respectively; and 𝜅1 and 𝜙1 (𝑖 = 1) are the
original permeability and porosity of the sample with a height
of 140mm, respectively.

Furthermore, the non-Darcy coefficient 𝜁 in (2) is an
inherent property of the porous media. 𝜁 was also called
velocity coefficient [26], inertial resistance coefficient [27, 28],
turbulence factor [29, 30], inertial coefficient [31], and so on.
Although 𝜁 can be determined by (5a) and (5b), it is important
to hold that 𝜁 is a function of the porous medium such as 𝜅
and 𝜙 [32]. Chen et al. [33] and Zhou et al. [34, 35] confirmed
that the relation between 𝜅 and 𝜁 follows a power law in the
form of

𝜁 = 𝜆 ∙ 𝜅𝛽, (8)

where 𝜆 is the nondimensional coefficient and 𝛽 is the index.
Considering the principle of dimensional consistency and
convenience for calculation of engineering applications, an
empirical correlation between the 𝜅 and 𝜁 is used [36, 37] as

𝜁 = 𝑐√𝜅 , (9)

where 𝑐 is the Forchheimer coefficient, which can be deter-
mined according to the hydraulic experiments in porous
media with variable PSD and pore connectivity [38, 39].
Considering (7), we can get a similar form as

𝜁𝑖𝜁1 = √
𝜅1𝜅𝑖 = (

𝜙1𝜙𝑖 )
3/2 ( 1 − 𝜙𝑖1 − 𝜙1) . (10)

Tested and predictive values of hydraulic properties
(permeability 𝜅 and non-Darcy coefficient 𝜁) were presented

in Figure 11. The model performance was analyzed by using
a statistical efficiency criterion, which was on account of the
determination coefficient 𝑅2:

𝑅2𝜅 = ∑𝑁𝑖=1 (𝜅𝑡𝑖 )2 − ∑𝑁𝑖=1 (𝜅𝑡𝑖 − 𝜅𝑝𝑖 )2
∑𝑁𝑖=1 (𝜅𝑡𝑖 )2 , (11a)

𝑅2𝜁 = ∑𝑁𝑖=1 (𝜁𝑡𝑖 )2 − ∑𝑁𝑖=1 (𝜁𝑡𝑖 − 𝜁𝑝𝑖 )2
∑𝑁𝑖=1 (𝜁𝑡𝑖 )2 , (11b)

where𝑁 is the total number (sample height) of experimental
data, 𝑁 = 7. 𝜅𝑡𝑖 , 𝜅𝑝𝑖 , and 𝑅2𝜅 are the experimental value,
model predictive value related to a test, and determination
factor of permeability 𝜅, respectively. 𝜁𝑡𝑖 , 𝜁𝑝𝑖 , and 𝑅2𝜁 are
the experimental value, model predictive value related to a
test, and determination factor of non-Darcy coefficient 𝜁,
respectively.

The results of 𝑅2 values for variable test sample are
shown in Figure 12. It can be seen from Figure 12 that 𝑅2
values of all samples are larger than 0.91, which shows a
high level of predictive accuracy. Therefore, the adoption of
porosity calculation (voids and fracture) for the prediction of
hydraulic properties variations presents adequately accurate
results. However, as presented in Figure 11, experimental
values of hydraulic properties (permeability and non-Darcy
coefficient) are typically higher than those obtained from the
predictive model by the empirical equation. This could indi-
cate that the increase of hydraulic properties during loading
was caused by the particle crushing and water erosion. In (2),
the power of non-Darcy coefficient is quadratic, but that of
permeability is linear. Therefore, as shown in Figure 12, the
average 𝑅2 value of permeability (0.977) is larger than that
of non-Darcy coefficient (0.942). Moreover, the 𝑅2 value of
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permeability decreases with decreasing weight ratio of SP; for
example, 𝑅2 value of permeability within weight ratio 100%
of SP is the largest (0.991), while that of MP is the lowest
(0.936). This suggests that a larger weight ratio of mudstone
particles led to a higher percentage of crushed solids, giving
greater volume reduction of voids and fracture and altered
hydraulic properties. This indicates the particle crushing
of mudstone is higher than that of sandstone. Therefore,
the predictive accuracy of permeability increases with the
increasing weight ratio of SP. Compared with the predictive
trend of permeability, non-Darcy coefficient seems to have an
opposite trend except the sample within weight ratio 100% of
MP. This is mainly resulting from two parameters which are
shown in multiplication form in (9).

4. Conclusions

Thestrata of sandstone andmudstone inXiaojihanCoalMine
can be naturally filled in the caved zone of mixture state
during longwall mining. The caved zone (gob) has a high
porosity and permeability resulting in a mass of groundwater
storage, which causes a threat of groundwater inrush hazard
to the safety of coal mines. To investigate the effect of SP
and MP weight ratio on hazard mechanism, a self-designed
granular rock experimental system has been conducted to
monitor the non-Darcy hydraulic properties of SMM.

The PSD variation before and after test of each sample
indicates the PSD variation was induced by loading and
water seepage. The weight variation of variable particle size
reveals that the sample within more weight ratio of MP has
a bigger variation rate of PSD. The weight loss observed in
Figure 7(b) indicatesmudstone has a higher variation ofwater
erosion than sandstone. In summary, the particle crushing
and erosion properties ofmudstonewere higher than those of
sandstone. Furthermore, the effect of weight loss on porosity
calculation can be ignored, owing to the large amount of
original weight and relatively tiny variation in weight during

the test. Porosity evolution of SMM is strongly influenced
by loading (sample height) and SP and MP weight ratio.
Since the void in SMM sample becomes less during loading,
porosity decreases with the decreasing height of the sample.
Porosity increases with the increasingweight ratio of SP at the
same loading (sample height) level; this is because the density
of SP is larger than that of MP. Porosity variation induced by
loading to sample within less weight ratio of SP has a bigger
sensibility than that of MP.

According to experimental observations, hydraulic
gradient-seepage velocity curves show Forchheimer equation
(2); that is, the non-Darcy model can be applied to simulate
the water seepage in SMM samples. Non-Darcy hydraulic
properties (permeability 𝜅 and non-Darcy coefficient 𝜁) of
SMM samples are strongly influenced by the SP and MP
weight ratio during loading (decrease of porosity 𝜙). The
decrease of 𝜅 and increase of 𝜁 are caused by the absence and
narrowing of fracture and void during loading. Moreover,
because of the accession of granular particles in expanded
fractures and accelerated seepage, 𝜅-𝜙 and 𝜁-𝜙 curves show
some local fluctuation. The sample within smaller porosity
or within more weight ratio of MP seems to have greater
fluctuation. Isolated fractures and voids are able to achieve
the changeover from self-extension to interconnection at
the last loading stage, which cause the fluctuation tendency
of 𝜅 and 𝜁. Fluctuation ability in mudstone is higher than
that in sandstone during loading. Considering the variation
of the hydraulic properties for the rock particle mixtures
within the same particle size and SP/MP weight ratio, it can
be concluded that groundwater inrush hazard seems to have
a higher probability of occurrence in sandstone strata and
crushed zone (e.g., faults).

To predict hydraulic properties (permeability 𝜅 and non-
Darcy coefficient 𝜁) using limited experimental data, an
empirical model was used to analyze the hydraulic properties
evolution for the crushing and seepage courses. Particle
crushing and water erosion that cause increasing hydraulic
properties during loading are the main reason that exper-
imental values of hydraulic properties are typically higher
than those obtained from the predictive model. 𝑅2 values
indicate a high degree of predictive accuracy of hydraulic
properties. As the power of non-Darcy coefficient is quadratic
but that of permeability is linear, permeability 𝜅 has a
higher predictive accuracy than non-Darcy coefficient 𝜁. Fur-
thermore, the predictive accuracy of permeability increases
with the increasing weight ratio of SP; however, non-Darcy
coefficient has an opposite trend.
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