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In traditional sequential single-wing mining practices, one-entry longwall mining systems make it challenging to efficiently and
smoothly transfer mining equipment during a continuous mining sequence. In two-entry longwall systems, the headgate of the
current panel and the tailgate of the next panel are excavated parallel to one another, effectively creating space for the transfer of
mining equipment. +e tailgate of the panel, however, is subjected to high-mining-induced stresses, causing severe floor heave,
which seriously affects the efficiency of coal production. In this paper, field measurements and numerical simulation methods are
used to reveal the mechanism of floor heave induced by the rupture and instability of a competent roof. +e results show that the
positional relationship between the adjacent tailgate and the longwall face is divided into three stages.+roughout the three stages,
the area in which the coal pillar is not horizontally displaced moves from the center of the pillar to the goaf, and the area of peak
vertical stress within the coal pillar shifts from the center of the pillar to the side nearest to the tailgate. Field studies suggest that the
proposed technologies can effectively control floor heave in the tailgates of two-entry longwall mining systems.

1. Introduction

In one-entry longwall mining systems (see Figure 1(a)), the
tailgate of the next longwall panel is generally excavated after
the current panel has been mined out and the strata above
the goaf have stabilized [1–3]. +is causes significant in-
terruptions and prevents continuous mining. As mining
depth increases, ventilation challenges also become in-
creasingly apparent [4]. In two-entry longwall systems (see
Figure 1(b)), the tailgate of the next panel is excavated in
advance, permitting continuous mining and solving chal-
lenges associated with transportation, ventilation, and gas
control. However, the tailgate is inevitably subjected to
mining-induced stresses as the current panel is mined,
causing a series of problems, including an unstable coal pillar
and the deformation and damage of the tailgate. A certain
area of the tailgate in front of the working face is affected by
the continuously moving front abutment pressure. +e

deformation of the roadway is generally unsubstantial (stage
A). Within a certain range behind the goaf of the longwall
face, the roadway is subjected to high mining-induced
stresses caused by the fracture, turning, and slipping of the
main roof, resulting in severe floor heave in the tailgate of the
next panel (stages B and C) [5].

Many scholars have researched the movement and
stability of the strata structures above tailgates located beside
a goaf [6–8]. Jiang et al. [9] established a triangular sus-
pended plate structure model to describe the strata at the end
of a fully mechanized caving face. Li et al. [10] stated that the
ground pressure characteristics in the tailgate are directly
related to the geometrical dimensions and motion charac-
teristics of the suspended plate structure. He [11] used the
elastic foundation beam theory to prove that the lateral
suspension structure will break above the coal seam, and the
point of collapse will shift to deep position where the sur-
rounding rock properties are higher. In recent decades, in

Hindawi
Shock and Vibration
Volume 2020, Article ID 5632943, 17 pages
https://doi.org/10.1155/2020/5632943

mailto:baijianbiao@cumt.edu.cn
https://orcid.org/0000-0002-1369-9792
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/5632943


order to effectively improve the recovery rate of coal re-
sources and reduce the width of coal pillars, China has
widely adopted narrow coal pillar road protection tech-
nology. Hou and Li [12] proposed the theory of large-small
structures to describe the rocks surrounding the tailgate of
fully mechanized longwall panels. +e rock mass is defined
as a large structure, and the rock bolts and anchored rock
mass are defined as small structures. Studying and under-
standing the stability of a large number of narrow coal pillars
along the tailgate are a prerequisite for large-scale over-
burden stabilization [13–18]. Ground control in tailgates
driven along a goaf largely depends on maintaining the
stability of the small structure as the large structure breaks
and becomes unstable.

+e roles played by the surrounding rock’s horizontal
stress, principal stress angle, and horizontal displacement
leading to the breaking and instability of the strata overlying
the goaf have also been examined. For example, considering
the lateral fracture feature of the main roof above the goaf,
Zhang [19] stated that the “three-hinge” structure of the
main roof is subjected to extensive horizontal stresses during
the fully mechanized mining process of the longwall face,
causing severe disturbance in the coal pillar. Xu et al. [20]
then proposed the concept of a neutral surface within the
pillar, on which the horizontal displacement is zero, and
suggested that the neutral surface be used as the base point
for anchoring bolts. Liu et al. [21] carried out research on the
principal stress magnitude and angle and the plastic zone
distribution of coal pillars during the failure process of the
overburden strata and obtained the axial principal stress
distribution characteristics along seven sections of the
tailgate. +e principal stress characteristic curve is roughly
symmetrical: the middle section is high and gentle, while the
left and right sides are lower and more variable. +e
magnitude of the principal stress and the sharp change of the
angle occurred in the lag influence stage.+e principal stress
is positively correlated with the extended range of the plastic
zone. +e principal stress angle determines the extended
azimuth of the plastic zone. +e plastic zone generates
asymmetrical expansion under the joint action, causing
asymmetric deformation of the adjacent roadway. Yang et al.
[22] studied the horizontal displacement characteristics of
the backfill in the key block retaining process during the
spin-down process and calculated the friction between the
roof, the backfill, and the caving gobs using the elastic
foundation beam theory. Zhang [23] studied the relationship
between the overlying strata’s structural characteristics and
the roof’s asymmetric failure in the roadway along the goaf.
He concluded that the high lateral bearing pressure will be
generated directly on the roadway’s roof following the
patterns of the turning and sinking process of the broken
block. +is high pressure causes severe compression de-
formation within the coal pillars and finally leads to the
asymmetrical distribution of stress along the roadway and
along the rock surrounding the central axis of the roadway.

+is paper is centered on a case study performed at the
15202 tailgate along the 15201 longwall face at Jingfu coal
mine. A numerical simulation based on the case study was
also carried out. +e horizontal displacement and internal

stress distribution characteristics within the coal pillar be-
tween the tailgate and the longwall face, the variation of the
principal stress angle, and the floor heave mechanisms were
evaluated based on field observations and numerical result.
Supporting methods and parameters were proposed for
controlling the floor heave in the tailgate.

2. Case Study

2.1. Geological and Mining Conditions. Jingfu coal mine is
located in Shouyang City, Shanxi Province, China
(Figure 2(a)). +e main coal seam in the mine was the 15#
coal seam with an average thickness of 5.0m and depth of
580m. +e in situ vertical stress is approximately 14.5MPa
in the coal seam.+e coal seamwasmined out using the fully
mechanized longwall mining method with a two-entry
layout. +e headgate of the 15201 panel and the tailgate of
the 15202 panel were excavated simultaneously along the
coal seam floor. +e width of the pillar between the two
entries was 7.0m. +e 15202 tailgate was rectangular with a
height of 4.0m and a width of 5.0m (Figures 2(c) and 2(d)).
+e longwall face of the 15201 panel was 200m wide and the
length of the 15201 panel was 2000m long. Rock layers above
the coal seam consisted of limestone, sandy mudstone, fine
sandstone, sandy mudstone, limestone, and medium
sandstone in the ascending order, while the floor layers
below the coal seam consisted of mudstone, sandy mud-
stone, medium sandstone, sandy mudstone, and mudstone
in the descending order (Figure 2(b)). No unfavorable
geological structures (faults or aquifers, etc.) were discovered
in the study site.

2.2. Deformation and Failure of the 15202 Tailgate

2.2.1. Deformation. +e 15202 tailgate was supported with
rock bolts and cables. +e roof support consisted of seven
resin-grouted 2.4m long, 22mm in diameter rebar bolts
spaced 0.8m apart in a row. Cable bolts were also installed in
the roof, with two cable bolts per row spaced 2.0m apart.+e
cables were 8.3m long and 18.9mm in diameter. Each rib of
the tailgate was reinforced by five resin-grouted 2.4m long,
22mm in diameter rebar bolts spaced 0.8m apart in a row.
Limited rock mass deformation occurred in the 15202
tailgate before the 15201 longwall face passed by. However,
after the 15201 longwall face passed by, severe floor heave
occurred in the 15202 tailgate.

In order to obtain the deformation and failure charac-
teristics of the rock mass surrounding the tailgate under the
influence of mining-induced stress, a monitored station was
placed in the 15202 tailgate to monitor the convergence of
the tailgate as the 15201 longwall panel approached and
passed by the station (see Figure 2).

Figure 3 presents the monitoring results; from Figure 3,
we can identify three stages in the deformation of the 15202
tailgate. When the 15201 longwall face was 10m inby the
monitoring station, the deformations of the two ribs, the
roof, and the floor were only about 40mm; when the 15201
longwall face was 80m outby, the floor have, roof sag, in-
ward deformation of the solid coal rib, and inward
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deformation of the pillar rib reached up to 500, 200, 115, and
350mm, respectively. When the 15201 longwall face was
150m outby, the floor have, roof sag, inward deformation of
the solid coal rib, and inward deformation of the pillar rib
reached up to 1160, 500, 380, and 770mm, respectively. +e
15202 tailgate began to slowly deform when the 15201
longwall face was 10 inby, and two large deformations then
occurred when the 15201 longwall face was 80m and 150m
outby, respectively. +e deformations of the pillar rib and
the floor heave were significantly greater than the defor-
mations of the solid coal rib and the roof sag, leading to the
failure of the supporting materials. A large area of the 15202
tailgate suffered from high side abutment pressure caused
during mining of the 15201 panel.

2.2.2. Pillar Stress. In order to obtain the progression of the
stresses within the pillar under the impact of mining the
15201 longwall panel, borehole stress meters were installed
in boreholes drilled horizontally into the pillar (Figure 2(e)).
+e boreholes were placed 30m ahead of the 15201 longwall
panel. +e borehole stress meters were YHY60 (II) meters,
with a measuring range of 0∼60MPa and a precision of 1.0%
full scale. +e stress data obtained from the strain gauge was
automatically recorded at 30-minute intervals, stored in the
recording and monitoring device, and then transmitted to
the infrared data transmission and acquisition device
(Figure 4). +e stress data was then transferred into software
using an adaptor, which further communicated and pro-
cessed the data for computer use.

It can be seen from Figure 5 that the stress distribution in
the coal pillar differs substantially across the three stages of
the 15202 tailgate’s deformation. When the 15201 longwall
face was 10m inby, the vertical stress in the coal pillar was
almost symmetrically distributed with a core at x� 3.5m,
and the vertical stress in the middle of the coal pillar reached
a peak value of 17.5MPa. When the 15201 longwall face was
80m outby the stress meters, the vertical stress in the middle
of the coal pillar was 21.5MPa, and the maximum vertical
stress reached 24.0MPa at x� 4.5m. When the 15201
longwall face was 150m outby the stress meters, the max-
imum vertical stress within the coal pillar reached 19.7MPa
at x� 4.5m, while the stress in the middle of the coal pillar
was 18.2MPa. As the 15201 longwall face approached and
passed by the stress meters, the maximum vertical stress
within the coal pillar initially increased and then decreased,
and the stress environment in the coal pillar gradually be-
came asymmetrical. +e location of the maximum vertical
stress within the coal pillar moved away from the center of
the pillar toward the 15201 goaf.

2.2.3. Cracking Characteristic of the Competent Roof Strata.
+e continuous, dynamic change of the overburden struc-
ture is the main source of side abutment pressure on the
tailgate along a goaf.+erefore, a better understanding of the
deformation and failure mechanism of a tailgate can come
from analyzing the breaking and instability process of the
competent roof strata. According to the proposed critical
layer theory [24], the movement of the overburden on the
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Figure 1: Sketch of typical longwall panel layout. (a) Single-lane layout. (b) Double-lane layout.
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longwall working surface is mainly controlled by several
strong and thick key layers. When these critical layers
rupture, all the weak layers above them will immediately fall
and sink, which will have a major impact on the working
space underneath. +e geological conditions of the 15# coal
seams in Jingfu mine (Figure 1(b)) suggest that the sandstone
mudstone layer with a thickness of 7m is the closest critical

layer affecting the 15201 longwall panel. +eoretically, as
shown in Figure 3, as the longwall face advances forward, the
area of suspended roof increases, and the direct bending
moment gradually increases. +e four-sided fixed top plate
above the goaf breaks along its long side I first, because the
bending moment here reaches its tensile strength limit first.
+is is followed by cracking along the short side II, leading to
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the formation of O-shaped cracks. +e roof can be described
as having simple support on all sides. Beyond this, the in-
termediate position III of the four side simple plates breaks,
and finally the inclined crack IV appears as the rock plate
recedes from two perpendicular directions toward the in-
termediate position. Finally, an X-shaped crack forms in the
previously formed O-shaped crack [25].

With the advancement of the longwall face, the main
roof fails in an O-X pattern, and a curved triangular block
structure forms along the edge of the goaf, leading to side
abutment pressure applied on the pillar (Figure 6(a)). A
certain distance in front of the longwall face (Figure 6(b)),
the lateral competent roof, does not break, and limited
deformation and damage occur in the tailgate. After the
longwall face has passed by (Figures 6(c) and 6(d)), the roof
in the vicinity collapses; the coal pillar cannot bear the
weight of both the competent roof and the overburden, and
so the competent roof rotates at the fracture position and
sinks. Due to the large cantilever length of the competent
roof, the rotation angle θ gradually increases during the
sinking process, causing substantial deformation of the
tailgate.

In order to examine the horizontal stresses caused by the
rotation of the competent roof and the resulting severe floor
heave in the tailgate, a numerical study was performed based
on the geological and mining condition of the 15202 tailgate.

3. Numerical Modeling

3.1. Model Configuration. A 3D numerical model was built
using the finite difference software package FLAC3D [26]. +e
model size was 420m× 400m× 75m. 0.5m fine mesh was
used in the interest area containing the 15201 longwall pane,
the 15201 headgate, and the 15202 tailgate (Figure 7). Larger
meshes were used in other areas for computational efficiency.
All the lateral boundaries were fixed in the normal direction.
+e bottom boundary was fixed in the vertical direction. A
vertical stress of 13.58MPawas applied to the top boundary to
simulate the overburden stress. +e strain-softening model
was used to describe the behavior of the coal seam. All other
rock masses were represented using the Mohr-Coulomb
model. +e behavior of the goaf was simulated using the
double-yield model. In general, the numerical model was
solved in four steps (Figure 8) following the operations of
underground mining activities. +e global model was gen-
erated and the geostatic stress condition was applied in the
first step. In the second step, the 15201 headgate and 15202
tailgate were developed. +en the 15201 panel was excavated
by step in the third step. In the fourth step, the numerical
simulation data of three different distances between tailgate
and 15201 longwall face are collected, respectively.

3.2. Strain-SofteningModel and Parameters of the Coal Pillar.
A precise simulation of the mechanical behavior of rock mass
plays a key role in numerical modeling. A yielding coal pillar
is generally modeled as a nonlinear strain-softening material
using a function of plastic strain to soften the cohesion and
friction [27–31].+e parameters of the strain-softeningmodel
can be determined by trial and error until the simulated

behavior of the coal pillar is consistent with that calculated by
an empirical formula. +e calibrated parameters are listed in
Table 1. It is worth noting that the strain-softening model in
FLAC3D requires that the initial parameters and postpeak
parameters be predetermined (see in Table 1). +e initial
parameters are used to define the peak strength of the ma-
terial, and the postpeak parameters control the mechanical
properties of the material after yielding.

3.3. Double-Yield Model and Parameters of the Goaf

3.3.1. Simulating the Goaf Using the Double-Yield Model.
+e goaf can be represented as a strain hardening material.
After its initial height becomes compacted, the material will
become harder and the modulus will increase. +e double-
yield model can be used to simulate the behavior of a strain
hardening material in FLAC3D. +e purpose of this model is
to indicate that, in addition to shear yielding, there may be
significant irreversible compaction of the material. +ere-
fore, the double-yield model is widely used in many studies
to simulate goaf materials [32–36]. However, since relevant
goaf data is unavailable and difficult to obtain on site, it is
challenging to model the behavior of the goaf’s composite
[37].+e input data required to build the double-yieldmodel
of the goaf includes stress-strain data, shear modulus, bulk
modulus, and material friction angle. +e stress-strain re-
lationship is derived from the Salamon model as shown in
equation (1) [38]. Other parameters are obtained by an it-
erative technique using a uniaxial compression test model, as
described below.

σ �
E0ε

1 − ε/εm( 
, (1)

where σ is the axial stress applied on the material under
unconfined conditions, ε is the axial strain, E0 is the initial
shear modulus, and εm is the maximum strain; εm can be
calculated as

E0 �
10.39σ1.042

c
b7.7 ,

εm �
b − 1

b
,

(2)

where σc is the compressive strength of the crushed rock and
b is the coefficient of expansion of the crushed rock, which is
determined by [39]

b �
hc + hcr

hcr
, (3)

where hc is the mining height and hcr is the height of the
caved zone.

It has been demonstrated that the height of the caved
zone is closely related to geological conditions and is about 2
to 8 times the mining height [40]. +e mining height of the
15201 longwall panel at Jingfu mine was 5m. According to
gas drilling measurements taken during the mining process,
the height of the caved zone was 19.2m above the coal seam.
According to the equation above, the coefficient of
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expansion, maximum strain, and initial shear modulus of the
material in the goaf were estimated to be 1.26, 0.21, and
21.42MPa, respectively. +e “cap pressures” distribution
parameters of the double-yield model are listed in Table 2.

+e material parameters for the double-yield model can
be determined using trial and error until the simulated
stress-strain curve is consistent with equation (1). For this
purpose, a FLAC3D model with a size of 1.0m×

1.0m× 1.0m was created. A constant velocity of 10−5m/s
was applied to the top boundary of the model, and the
displacement of the four lateral boundaries was fixed in their
normal directions. +e bottom boundary was fixed in the
vertical direction. +e input parameters were calibrated by
iterative changes in the bulk modulus, shear modulus, ex-
pansion angle, and friction angle of the goaf material. +e

stress-strain curve obtained from the numerical model is
shown in Figure 9, which is in good agreement with the
stress-strain curve obtained using Salamon’s model. Table 3
lists the parameters used for simulating the goaf.

3.3.2. Verifying the Parameters for Simulating the Goaf.
In order to verify the reliability of the selection of the double-
yield model and its parameters, the vertical stress of each
region in the caved zone during mining of the 15201 panel
was monitored and plotted in Figure 10. +e vertical stress
increased from 0.02MPa at the edge of the goaf to 13.7MPa
at about 105m into the goaf and then remains relatively
constant. In other words, 94% of the initial vertical stress
(13.7MPa/14.5MPa) can be recovered at a depth that is 18%
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of the 15201 longwall panel (105m/580m). Based on field
measurements, a reasonable estimate of the overburden
stress distance should be 0.12 times the depth of the over-
burden [41, 42]. +e investigation and analysis of a large
number of roadway stability cases show that the vertical
stress increases from zero to the initial stress at a distance of
0.2 to 0.3 times the depth of the overburden [43]. It can be
seen that the simulated stress distribution around the 15201
goaf is consistent with the conclusions of other researchers,
suggesting that the double-yield model and the parameters
(see in Table 3) used adequately capture the behavior of the
goaf during the caving and compaction process.

3.4. Verification of the Numerical Model. In order to verify
the reliability of the global model, the deformation

characteristics of the surrounding rock obtained by the
numerical model were compared with field data; see Fig-
ure 11. As the 15201 longwall face approached the moni-
toring point, the deformation of the 15202 tailgate gradually
increased. Both the numerical and field data show that when
the 15201 longwall face passed by the monitor, the defor-
mation speed of the tailgate increased significantly. +e
deformation curve obtained by the numerical simulation
aligned well with the measured data. +e corresponding
parameters of rock strata are listed in Table 4.

4. Study on the Mechanism of Floor Heave
Causedby theFracturingof aCompetentRoof

4.1. Horizontal Displacement of the Pillar. +e simulated
horizontal displacement of the 15202 tailgate is shown in
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Figure 12. Coal pillars of different height ranges display
varying displacement distribution characteristics.

When the 15201 longwall face was 10m inby, the
horizontal displacement of the coal pillars at different
heights was symmetrical across the width of the pillar. +e
horizontal displacement at different depths in the pillar
varied between −3.0, −2.8, −1.9, −1.0, and 0 cm on the goaf
side and between 2.7, 2.5, 2.3, 1.6, and 0.04 cm on the
tailgate side. +e zone of zero horizontal displacement was
located at the core of the coal pillar (x � 3.5m) at different
heights.

At 80m behind the working face of 15201, the hori-
zontal displacement at different heights of the coal pillar
was no longer symmetrical across the width of the pillar.
+e horizontal displacement at different depths in the pillar
was −42.4, −34.2, −26.0, −24.3, and 0 cm on the goaf side
and 55.0, 46.9, 41.4, 37.3, and 26.5 cm on the tailgate side.
+e horizontal displacement of the coal pillar on the
tailgate side was greater than that of the goaf side, and the
zero-displacement zone was offset toward the goaf
(x < 3.5m).

At 150m behind the working face of 15201, the hori-
zontal displacement of the coal pillar at different heights was
no longer symmetrical across the width of the pillar. +e
horizontal displacement at different depths in the pillar was
−61.1, −49.3, −40.1, −30.8, and −20.3 cm on the goaf side and
79.8, 72.8, 64.8, 52.1, and 37.7 cm on the tailgate side. +e
horizontal displacement on the tailgate side of the coal pillar
was significantly greater than that on the goaf side, and the
zero-displacement zone shifted further toward the goaf
(x< 3.0m).

As the 15201 longwall face advanced, the competent roof
fractured and sank, following the zero-horizontal dis-
placement zone in the direction of the goaf and significantly
inducing floor heave in the tailgate.

4.2. Vertical Stress and Floor Heave Characteristics of the
Tailgate. Figure 13 shows the simulated vertical stress
distribution in the middle of the coal pillar in the three
stages. It can be seen that the vertical stress characteristics
within the coal pillar differed across the three stages. When
the 15201 longwall face was 10m inby the monitoring
station, the vertical stress on the coal pillar was symmetrical
across the width of the coal pillar, and a peak value of
18.1MPa occurred in the center of the pillar, leading to zero
offset between the peak zone and the center of the coal
pillar. When the 15201 longwall face was 80m outby the
monitoring station, the peak vertical stress was 23.6MPa
and was offset 1.0m from the center of the coal pillar. When
the 15201 longwall face was 150m outby the monitoring
station, the peak vertical stress was 20MPa and was offset
1.5m from the center of the coal pillar. As the 15201
longwall face advanced, the immediate competent roof
fractured and sank, leading the area of peak vertical stress
to be offset toward the tailgate. Although the peak vertical
stress in the coal pillar reduced to some extent, the offset
continued to increase, causing severe floor heave in the
tailgate.

Table 1: Strain-softening parameters for chain pillar material.

Initial parameters
Strain (mm/mm)

Postpeak parameters
Parameter Value Cohesion (MPa) Friction angle (°)
Density (kg/m3) 1400 0 1.3 25
Bulk modulus (GPa) 1.5 0.025 0.9 22
Shear modulus (GPa) 1.2 0.050 0.7 20
Cohesion (MPa) 1.3 0.075 0.5 18
Friction angle (°) 25 0.010 0.4 16
Tension strength (MPa) 0.43 1.0 0.4 16

Table 2: Cap pressures for the double-yield model.

Strain (m/m) Stress (MPa) Strain (m/m) Stress (MPa)
0.01 0.22 0.11 4.95
0.02 0.47 0.12 6.00
0.03 0.75 0.13 7.31
0.04 1.06 0.14 9.00
0.05 1.41 0.15 11.25
0.06 1.80 0.16 14.39
0.07 2.25 0.17 19.12
0.08 2.77 0.18 27.00
0.09 3.37 0.19 42.73
0.10 4.09 0.20 90.00
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Figure 9: Comparison of the stress-strain curve between the
numerical model and Salamon’s model.
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It can be seen from Figure 13 that the floor heave
characteristics differed across the three stages. When the
15201 longwall face was 10m inby the monitoring station,
the maximum floor heave was 5.0 cm and occurred at the
center of the roadway. When the 15201 longwall face was
80m outby the monitoring station, the maximum floor
heave rapidly increased to 57.6 cm; the position of the

maximum floor heave was at x� 2m and was offset 0.5m
from the coal pillar. When the 15201 longwall face was 150m
outby the monitoring station, the maximum floor heave
rapidly increased to 101 cm; the position of the maximum
floor heave was at x� 2m and was offset 0.5m from the coal
pillar. +e area of severe floor heave was biased toward the
coal pillar side.

Table 3: Material parameters for simulating goaf.

Parameter Density (kg/m3) Bulk modulus (GPa) Shear modulus (GPa) Dilation (°) Friction (°)
Value 1500 10.78 9.15 7 18

Not to scale
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SZZ (MPa)
–16.0
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–10.0
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–6.0
–4.0
–2.0

15201 goaf

Figure 10: Mining-induced vertical stress of the panel 15201 goaf.
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Figure 11: Comparison of 15202 tailgate convergence predicted by numerical simulation and field measurement.

Table 4: Rock/coal strata parameters used in the numerical model.

Rock strata Density
(kg/m3)

Bulk
modulus (GPa)

Shear
modulus (GPa) Cohesion (MPa) Friction angle (°) Tension strength (MPa)

Mudstone 2150 3.3 0.9 5.4 25 0.32
Fine sandstone 2510 5.0 3.0 2.0 32 1.35
Sandy mudstone 2400 4.0 2.2 2.6 30 1.12
Limestone 2700 10 6.6 5.5 35 1.50
Coal seam 1400 1.5 1.2 1.3 25 0.43
Medium sandstone 2500 3.2 2.6 2.0 30 1.23
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4.3. Orientation of Principal Stress within the Coal Pillar.
Figure 14 shows the distribution of the orientation of
maximum principal stress within the coal pillar between the
15202 tailgate and the 15201 headgate. Dramatic changes in
the orientation of the maximum principal stress were ob-
served in the three stages.

When the 15201 longwall face was 10m inby the
monitoring station, the angle between the orientation of
the maximum principal stress and the vertical direction of
the coal pillar was 0°. When the 15201 longwall face was
80m outby the monitoring station, the same angle in-
creased to 20°. When the 15201 longwall face was 150m

outby the monitoring station, the angle increased to 45°. As
the 15201 longwall face advanced, the key block B (in
Figure 6) above the coal pillar in the adjacent tailgate
resulted in rotation, and the maximum principal stress
gradually rotated from a vertical orientation to a horizontal
orientation until the main roof reached a steady state
beyond which the maximum principal stress orientation
angle no longer changed. In this process, the vertical
subsidence of the roof gradually formed a lateral horizontal
pressure which was applied to the surrounding rock of the
coal pillar and the tailgate, thereby contributing signifi-
cantly to floor heave in the tailgate.
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Figure 12: Simulated distributions of horizontal displacement within the pillar in the three stages. (a) Stage A. (b) Stage B. (c) Stage C.
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4.4. Mechanism of Floor Heave in the Tailgate. From the
above research, we obtained two primary causal factors for
the floor heave which followed the breaking of the com-
petent roof.

First, the horizontal displacement and variation in the
maximum principal stress orientation within the coal pillar
demonstrate that, in the process of fracturing in the

competent roof, the orientation of the maximum principal
stress within the 7m wide coal pillar gradually inclined from
the vertical direction to the horizontal direction until it had
rotated 45°. +e horizontal stress generated in the 7m wide
coal pillar also gradually increased, causing severe floor
heave in the tailgate. In addition, as the competent roof
began to fracture, the horizontal displacement across the
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width of the coal pillar became asymmetrically distributed.
+e zero-horizontal-displacement zone moved from the
center of the coal pillar toward the goaf. Although the stress
environment in the 7mwide coal pillar did not increase with
the support pattern that was in place, the zone of peak
vertical stress gradually moved from the center of the pillar
to the tailgate side. +e offset of the zero-horizontal-dis-
placement zone and the peak-vertical-stress zone caused
instability in the coal pillar and subsequent floor heave in the
tailgate.

5. Technology for Controlling Floor Heave of
the Tailgate

5.1. Support Principles. Based on the two causal factors of
floor heave discussed above, the following technologies are
proposed for controlling the floor heave in the tailgate
(Figure 15).

5.1.1. Directional Energy Presplitting Blasting Technology.
As the competent roof above the coal pillar fracturing (see in
Figures 6(b) and 6(d)), the key block B gradually rotated,
thereby also rotating the orientation of the maximum
principal stress from a vertical direction to a horizontal
direction. +e rotation increased the horizontal stress ap-
plied to the pillar. +is is the primary reason for severe floor
heave in the tailgate. +erefore, we propose treating the
competent roof before the formation of the roof structure to
reduce the roof’s lateral fracture length and cut off the roof
above the pillar. +is could be done by controlling the

position of the fracture using directional energy presplitting
blasting technology, for example, and would result in re-
ducing the impact of the horizontal stress on the coal pillar,
as shown in Figure 16.

5.1.2. Technique for Limiting the Horizontal Displacement of
Coal Pillars by Pulling Anchor Cables. +e mechanical
properties of coal pillars, such as the elastic modulus and
compressive strength, can be improved by installing cable
bolts across the entire width of the coal pillar. +e cable
bolts would increase a pillar’s interlayer pressure by
holding the rock layers together and thus increasing their
ability to resist deformation and damage from horizontal
stress.

5.2. Field Practice. Directional energy presplitting blasting
was performed in the main roof of the coal pillar 100m
ahead of the 15201 longwall face. As shown in Figure 17,
10m long boreholes were drilled into the tailgate roof at an
incline of 40° from the roof line. +e collar of the boreholes
was 100mm away from the pillar.+e boreholes were spaced
at 400mm increments along the direction of the tailgate.
Presplitting blasting was not performed in all the boreholes
but rather in a “blasting-guiding-blasting” pattern; see
Figure 18. Cable bolts were installed across the entire width
of the pillar with a spacing pattern of 1.6m by 1.6m. +e
cable bolts were 7.3m long and 21.8mm in diameter and
were anchored at both ends using steel ladder beam and nuts
(see Figure 17).

Methodologies

Mechanisms

�e asymmetry of coal pillar loading

Horizontal stress in coal pillar

�e control technology of cable bolts

Precracking control technology

Cutting off horizontal stress

�e ability of coal pillar to resisit horizontal stress

Figure 15: Proposed methods for controlling floor heave in the RAG.

Main roof

Immediate roof

Goaf

Presplit

Pillar Coal seamRAG

Figure 16: Roof structures over the RAG after presplitting blasting in roof.
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5.3. FieldMonitoring. Figure 19 shows the deformation of
the 15202 tailgate after directional energy presplitting
blasting was conducted and cable bolts were installed.
+e 15202 tailgate stabilized when the 15201 longwall
face was 120m outby. +e inward deformation of the coal
pillar rib and the deformations of the solid coal rib, the
floor heave, and the roof sag were 210 mm, 160 mm,

230 mm, and 180mm, respectively. In contrast to the
section of the 15202 tailgate that received no preblasting
and cable bolting, the deformation of the coal pillar rib
and the floor was reduced by 72.7% and 80.2%, re-
spectively, suggesting that the proposed technologies
successfully controlled the floor heave caused by high
horizontal stress.

Prestressed anchorage, 7300mm in length, 21.8mm in diameter
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Figure 17: Controlling pattern of the 15202 tailgate.
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Figure 18: Sketch of the “blasting-guiding-blasting” pattern.
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Figure 20 shows the stress distribution in the coal pillar
after directional energy presplitting blasting was conducted
and cable bolts were installed. In contrast to the section of
the coal pillar that received no preblasting and cable bolting,
the maximum vertical stress within the coal pillar and the
offsets of the position of the maximum vertical stress reduces
obviously, which verifies the rationality of the choice of the
proposed control technologies.

6. Conclusions

In this paper, a field study and numerical modeling were
carried out to examine the influence of pillar deformation,
pillar stress, and maximum principal stress orientation on
the floor heave of a tailgate driven along a goaf. +e fol-
lowing conclusions can be drawn.

+emechanisms of severe floor heave in a tailgate driven
along a goaf can be described as follows: the key block B
gradually spins down from the cantilever state, causing a
gradual increase in the horizontal stress applied to the pillar.
Further, the zero-horizontal-displacement zone and the
peak-vertical-stress zone are offset from the center of the
coal pillar, resulting in the overall instability of the coal
pillar.

Two control technologies are proposed: First, the lateral
competent roof is manually cut using directional energy
presplitting blasting cuts to eliminate the influence of
horizontal stress on the coal pillar. Second, cable bolts are
installed across the width of the pillar to constrain horizontal
displacement and increase the pillar’s ability to sustain
horizontal stress.

When using the proposed control strategies, the maxi-
mum floor heave was only 230mm when the longwall face
was 120m outby. +is proposed technology could help
control floor heave in tailgates within two-entry longwall
systems with narrow coal pillars.
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