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Abstract: This study is aimed at exploring the influence of narrow coal pillars in gob-side entry
driving (GSED) on the development height of the water-conducting fracture zone (WCFZ) in the fully
mechanized caving face. In reference to the geological mining conditions of working face 11915 of
Gequan (GQ) Coal Mine, the development law of the WCFZ in the GSED fully mechanized caving
face was studied by means of formula calculation, on-site measurement, theoretical analysis, and
simulation. The research results disclose that the development height of the WCFZ in the GSED fully
mechanized caving face is affected by narrow coal pillars of GSED. When the narrow coal pillars
lose stability, the overburden failure changes from insufficient mining to sufficient mining, and the
WCFZ in the overburden changes from an arch-shaped one to a saddle-shaped one. Additionally, the
development height of the WCFZ surges.

Keywords: gob-side entry driving; coal pillar instability; fully mechanized caving; water-conducting
fracture zone

1. Introduction

Gob-side entry driving (GSED), a non-pillar mining method, has been widely applied
to coal mines in China. Studies and experiments on the non-pillar mining technology in
China began in the 1950s [1,2]. Scholars have conducted studies on gob-side entry retaining
and yielded fruitful results [1,3–5]. In the beginning, the application of gob-side entry
retaining was basically limited to thin coal seams. In the 1960s, experiments for gob-side
entry retaining were performed in medium and thick coal seams [6]. Recent years have seen
the improvement of mechanization and coal mining efficiency; gob-side entry retaining
(narrow coal pillars) is gaining popularity in top coal caving in thick coal seams [7,8].

In engineering practice, it is found that disasters such as rib falling, coal pillar instabil-
ity and water-conducting fracture zone (WCFZ) development often occur in the recovery
roadway of GSED due to the breakage of large and small structures [9–11]. The devel-
opment height of the WCFZ, which is the most important parameter for the prevention
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and control of water disasters in coal mine roofs, serves as an important basis for eval-
uating the production safety of coal mines [12–14]. Moreover, the development height
of the WCFZ is of great research significance in coal mine water prevention and control,
water-preserved coal mining, gas control in the upper corner of gob and return airway,
simultaneous extraction of coal and gas, and coal mining under water [15–17].

At present, the determination of the height of water diversion fracture zone mainly
includes measurement, simulation and theoretical calculation [18–22]. In addition, relevant
studies also reveal the following [16,23,24]: the development height of the WCFZ in fully
mechanized caving differs from that in traditional mining in thin coal seams. Empirical
formulae of the development height of the WCFZ in fully mechanized caving were given for
the first time in the “Code for Coal Pillar Retention and Coal Pressure Mining of Buildings,
Water Bodies, Railways and Main Roadways” (Code No. 66 of the General Coal Loading of
Safety Supervision and Administration, hereinafter referred to as the “code”) promulgated
in 2017. However, the overburden of the working face sample in the empirical formulas
is sufficiently mined, and there is a lack of WCFZ sample in the fully mechanized caving
face in the case of insufficiently mined overburden. Obviously, the applicability of the
empirical formulae to the development height of the WCFZ in the case of insufficiently
mined overburden requires further discussion.

Hence, according to the widely adopted technology of the fully mechanized caving
of GSED and the specific mining geological conditions, the research on the development
law of the WCFZ in fully mechanized caving of GSED not only provide the engineering
experience of coal mining under buildings, water bodies, and railways, but also improves
the theory of overburden WCFZ. Furthermore, it can provide theoretical support and a
reference basis for similar conditions and guarantee the safety of coal mining under bodies
of water.

2. Case Analysis: Working Face Profile of Gequan (GQ) Coal Mine

GQ Coal Mine boasts an approved production capacity of 900,000 tons per year and
the main minable coal seams in the mine field are No. 2 and No. 9 coal seams. In the
mine field, the Shahe River, a seasonal river, after diverting four times, flows through the
north-central part of the east mining area. The river bed covers about 20% of the mine
field area.

The 11915 working face is located in the east side of the transportation uphill in the
east No. 1 mining area, the west is the open-off cut of the 11915 working face, the south
is solid coal, and the north is the gob of the 11914 working face. The 11915 working face
has an average buried depth of 188 m, an average strike length of 950 m, and a dip length
in the range of 49–74 m (74 m in the vicinity of the stopping line). The No. 9 coal seam in
the working face has a thickness of 4.2–7.4 m (5.0 m on average) and a dip angle of 10–22◦

(16◦ on average). The coal is mined using the longwall inclined backward fully mechanized
top coal caving technology, and the roof controlled by the full caving method. The material
transportation roadway of the 11915 working face is excavated on the gob side along the
transportation roadway of the 11914 working face, and the coal pillar width is 3 m.

The specific layout of the working face is shown in Figure 1.
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Figure 1. Layout of the 11915 working face.

3. Analysis on the Development Height of WCFZ
3.1. Theoretical Formula Analysis

According to the “code”, the formula to calculate the height of the WCFZ in top coal
caving in thick coal seams depends on the comprehensive overburden evaluation coefficient
P. The value of P is determined by the lithology and thickness of the overburden, expressed
by the following formula [24]:

P =

n
∑
1

miQi

n
∑
1

mi

where mi is the normal thickness of the i-th stratum of overburden, m; and Qi is the lithology
evaluation coefficient of the i-th stratum.

According to the position of the 11915 working face, the rock strata nearest to the
working face were collected from the G37 borehole and the values of P corresponding to
the borehole were calculated (Table 1).

Table 1. Calculated values of the comprehensive evaluation coefficient P from the G37 borehole.

Lithology Thickness mi
(m)

Evaluation
Coefficient Qi

mi × Qi

Limestone 5.37 0.1 0.537
Mudstone 3.39 0.8 2.712
Limestone 0.4 0.1 0.04
Siltstone 10.15 0.5 5.075

Inter-bedded siltstone and fine sandstone 5.8 0.6 3.48
Medium fine sandstone 5.27 0.4 2.108
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Table 1. Cont.

Lithology Thickness mi
(m)

Evaluation
Coefficient Qi

mi × Qi

Coreless section 2.77 0.6 1.662
No. 7 Coal 1.4 1 1.4

Muddy siltstone 8.8 0.6 5.28
Medium sandstone 5.5 0.4 2.2

Limestone 2.5 0.1 0.25
Siltstone 7.8 0.5 3.9

Medium fine sandstone 10.32 0.4 4.128
Pebble 16.85 0.8 13.48

Clay sand 64.58 1 64.58
Pebble 18.98 0.8 15.184

Topsoil layer 0.6 1 0.6
Total 170.48 126.6

According to Table 1, the overburden evaluation coefficient P can be calculated by:

P =

n
∑
1

miQi

n
∑
1

mi

= 126.6/170.48 = 0.743

As can be determined from the table illustrating the relationship between the overbur-
den evaluation coefficient P and the influence coefficient of lithology D [24], the influence
coefficient D of the overburden lithology in GQ Coal Mine is 2.05.

Hence, it is comprehensively determined that the overburden of the 11915 working
face belongs to soft rock which, however, is a little hard (Table 2).

Table 2. Correspondence between P and D [24].

Lithology Index Correspondence

Hard
P 0.00 0.03 0.07 0.11 0.15 0.19 0.23 0.27 0.3
D 0.76 0.82 0.88 0.95 1.01 1.08 1.14 1.20 1.25

Moderate
Hard

P 0.3 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
D 1.26 1.35 1.45 1.54 1.64 1.73 1.82 1.91 2.00

Soft
P 0.7 0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10
D 2.00 2.10 2.20 2.30 2.40 2.50 2.60 2.70 2.80

The empirical formulae to calculate the height of the WCFZ in top coal caving in thick
coal seams under the soft condition are selected from the “code” [Safety Supervision and
Administration, 2017]:

Hli =
100M

0.31M + 8.81
± 8.21 (1)

Hli = 10M + 10 (2)

where M is the mining thickness. The calculated heights of the WCFZ in the 11915 working
face are 40.1–56.5 m and 60 m, respectively.

3.2. Numerical Simulation Analysis
3.2.1. Model Establishment and Parameter Selection

According to previous studies [25,26], the 3DEC software based on the Lagrange
algorithm is suitable for the simulation calculation of multi-block system motion and
nonlinear large deformation. The software boasts advantages for simulating the overburden
structure and motion law, the stope stress distribution law, and the surrounding rock
deformation law under mining disturbance. Therefore, in this study the development of
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overburden WCFZ after coal mining was simulated and calculated using this software. The
constitutive model adopted the Mohr–Coulomb failure criterion, and the joint constitutive
model used the regional contact elastoplastic model under the coulomb slip failure. The
shear or tensile failure of the joint is determined by cohesion, tension, and the residual value
of frictional force [19]. In the process of modeling, different rock layers are represented by
different colors to show the differences (Table 3).

Table 3. Rock parameters and contact surface parameters of the 11915 working face.

No. Lithology Thickness/m Bulk
Density/kg•m−3

Bulk
Modulus/

GPa

Shear
Modulus/

GPa

Tensile
Strength/MPa

Cohesion/
MPa

Angle of
Internal

Friction/◦

Normal
Elasticity

Moduluss/
GPa

Tangential
Elasticity

Modu-
lus/GPa

1 Medium fine
sandstone 9 2390 28.45 18.82 8.5 8.8 32 0.5 0.5

2 Siltstone 15 2410 28.33 18.2 9.0 9.6 32 0.4 0.4
3 No. 9 coal seam 6.5 1300 3.71 1.91 1.8 1.0 24 0.1 0.1
4 Limestone 5 2800 2.45 1.31 2.7 1.1 29 0.03 0.03
5 Mudstone 3 2430 4.00 2.1 2.2 1.7 28 0.04 0.04
6 Siltstone 10 2410 9.33 5.2 3.8 2.6 31 0.09 0.09

7
Inter-bedded
siltstone and

fine sandstone
6 2500 7.33 3.3 1.3 1.0 32 0.03 0.03

8 Medium fine
sandstone 5 2410 12.45 7.11 4.2 2.5 36 0.09 0.09

9 Muddy
siltstone 3 2410 7.33 4.2 2.2 1.5 31 0.06 0.06

10 No. 7 coal seam 1 1300 3.71 1.91 1.1 1.0 24 0.01 0.01

11 Muddy
siltstone 13 2410 7.33 4.2 2.1 1.5 31 0.06 0.06

12 Medium
sandstone 6 2410 16.45 9.81 5.9 4.5 34 0.10 0.10

13 Limestone 3 2800 14.45 8.91 6.5 5.2 35 0.10 0.10
14 Siltstone 8 2410 6.33 4.2 3.0 2.6 32 0.04 0.04

15 Medium fine
sandstone 10 2410 15.45 8.81 6.2 4.5 36 0.10 0.10

16 Topsoil Layer 102 1600 3.71 1.51 1.2 0.92 18 0.01 0.01

3.2.2. Analysis on Numerical Simulation Results

To authentically simulate the overburden failure of the 11915 working face at different
advancing distances, the working face advances by 20 m for each simulated recovery
based on the actual mining site, and the working face is divided into eight units for
recovery. Figure 2 shows the overburden mining failure at different advancing distances
along the strike direction, which reflects both the caving failure characteristics and vertical
displacement law of the overburden at different advancing distances.

As the working face advances to 40 m (Figure 2a), the immediate roof continues to
collapse to the gob with the advancement of the working face. Meanwhile, the overburden
failure transfers upward, leading to the collapse and instability of the third stratum. At this
time, the overburden failure height develops to 14 m, and the overburden WCFZ presents
an arch-shaped distribution.

According to Figure 2b, when the working face advances to 60 m, the overburden
failure continues to transfer upward, causing the caving instability of the fourth stratum.
Meanwhile, the third stratum forms a masonry beam structure, which belongs to the
fracture zone. At this time, the overburden failure height is 24 m. When the 11915 working
face advances to 80 m (Figure 2c), the overburden failure remains at the height of 24 m
rather than further transfers upward, and the WCFZ displays an arch-shaped distribution.
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Figure 2. Caving characteristics. (a) The working face advances to 40 m. (b) The working face
advances to 60 m. (c) The working face advances to 80 m. (d) The working face advances to 100 m.
(e) The working face advances to 120 m. (f) The working face advances to 140 m.

When the working face continues to advance to 100 m (Figure 2d), obvious separation
fractures appear at the position with 46 m stratum height, indicating that the overburden
failure has arrived at this stratum, i.e., the height of the WCFZ is 46 m. When the working
face advances to 120 m and 140 m (Figure 2e,f), the separation fractures in the 46 m stratum
tend to close, and the overburden failure achieves sufficient mining. The overburden
failure height ceases developing upward, and the overburden WCFZ presents a saddle-
shaped distribution.

Therefore, the numerical simulation structure reveals that the maximum height of the
WCFZ in the 11915 working face is about 46 m.

3.3. On-Site Detection Analysis

To ensure a high accuracy of the height of the WCFZ measured on site, on-site detection
was conducted using two observation methods, namely borehole imager observation and
fluid leakage observation. The installation information and drilling results of the three
boreholes are shown in Figures 3 and 4, and Table 4.
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Figure 3. Borehole layout.

Figure 4. Field installation of monitoring equipment. (a) Hole position. (b) Worker’s operation.

Table 4. Borehole construction information.

Construction
Location Borehole No. Borehole

Size/mm
Elevation
Angle/◦

Azimuth
Angle/◦

Borehole
Length/m

Vertical
Depth/m

11915
Track roadway

1 (pre-mining) 89 45 N102 83 60

2 (post-mining) 89 39 N95 92 60

3 (post-mining) 89 34 N88 103 60
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3.3.1. Analysis on the Borehole Imager Observation Results

To better understand the roof lithology, stratification, and drilling effect, the No. 3 post-
mining borehole was observed by a borehole imager. Fractures were locally distributed
on the borehole wall. The horizontal fractures indicated that the roof has a tendency
of separation, while the vertical ones indicated that the borehole wall breaks under the
influence of front abutment pressure. The No. 3 post-mining borehole was observed with
a borehole imager. The borehole imager mainly includes an imager, a camera, a depth
detector, and an extension rod (signal line). During the detection, the camera was sent into
the borehole by the extension rod, and the fracture distribution of different strata in the
borehole was observed via the imager. Using this process, photos and videos were taken.
Figure 5 shows the observation system of the borehole imager.
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Figure 5a–c are the photos of overburden fractures within the vertical depth range 
8.43–25.33 m. Accordingly, obvious deformation and failure occur in the rock stratum, 
indicating that this range is exactly the overburden failure area and that the corresponding 
rate of borehole water injection leakage increases. 

Figure 5d–f are photos of overburden fractures within vertical depth range 29.20–
45.54 m. Accordingly, deformation and failure occur in the rock stratum, which is slighter 
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Figure 5. Photos of overburden fractures at different positions in the No. 3 post-mining borehole.
(a) Vertical depth 8.43 m. (b) Vertical depth 16.09 m. (c) Vertical depth 25.33 m. (d) Vertical depth
29.20 m. (e) Vertical depth 42.70 m. (f) Vertical depth 45.54 m. (g) Vertical depth 46.4 m. (h) Vertical
depth 52.99 m. Note: for the No. 3 post-mining borehole, the bottom right corner of the photo shows
the borehole depth.

For Figure 5, because there are objects such as liquid in the lower hole, obvious
reflection will occur when taking photos, and this part will be displayed as an obvious
bright area on the photo. Other areas outside the bright area are the hole wall imaging area.
Due to the imaging angle of the camera, the imaging of the left hole wall in the bright area
is not clear, but the imaging of the right hole wall in the bright area is clear. Therefore, the
imaging area of hole wall on the right of bright area is selected to study the damage degree
of the overburden.

Figure 5a–c are the photos of overburden fractures within the vertical depth range
8.43–25.33 m. Accordingly, obvious deformation and failure occur in the rock stratum,
indicating that this range is exactly the overburden failure area and that the corresponding
rate of borehole water injection leakage increases.

Figure 5d–f are photos of overburden fractures within vertical depth range 29.20–45.54 m.
Accordingly, deformation and failure occur in the rock stratum, which is slighter than
those in Figure 5a–c. This suggests that with an increase in the overburden stratum, the
overburden failure becomes milder and the overburden fractures become smaller. Poorly
developed horizontal fractures can be observed at the upper left part in Figure 5f.
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Figure 5g,h give photos of overburden fractures within the vertical depth range
46.40–52.99 m. Fractures of the rock stratum can hardly be found in these photos. When
the borehole depth continues to increase, all the strata are intact without fractures.

Therefore, the development height of the WCFZ determined through borehole imager
observation is about 81.45 × sin34◦ = 45.54 m.

3.3.2. Analysis on the Fluid Leakage Observation Results

The effective leakage rates of underground observation boreholes calculated according
to the above methods and underground observation data are listed in Table 5.

Table 5. Underground borehole observation data and effective leakage rates.

No. 1 Pre-Mining Borehole (45◦) No. 2 Post-Mining Borehole (39◦) No. 3 Post-Mining Borehole (34◦)

Borehole
depth
/m

Vertical
height

/m

Flow rate L/min Borehole
depth/m

Vertical
height/m

Flow rate L/min Borehole
depth
/m

Vertical
height

/m

Flow rate L/min
Measured

datum
Effective
datum

Measured
datum

Effective
datum

Measured
datum

Effective
datum

45 31.82 4.54 4.15 57 35.87 21.69 21.3 69 39.54 15.48 15.09

According to Table 5 and Figure 6, before the recovery of the working face, the fractures
were not developed since the overburden had not been affected by mining. The rate of
water injection leakage for the No. 1 pre-mining borehole varied insignificantly, but water
mainly flows into the primary fractures of the overburden. The water flow of the No. 1
pre-mining borehole varied in the range of 3.45–7.15 L/min, with an average of about
4.75 L/min.

Figure 6. Contrast of fluid leakage in pre−mining and post−mining boreholes.

After the mining of the working face, the overburden is affected by mining and
produces a large number of new fractures. For the No. 2 post-mining borehole (observation
date: October 2), when the borehole depth is in the rage of 75–87 m (vertical height
47.20–54.75 m), the rate of water injection leakage fluctuates in the range of 6.06–7.98 L/min.
When the borehole depth is 75 m (vertical height 47.20 m), the rate of water injection leakage
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surges, reaching 19.75–25.85 L/min, much larger than the previous section. For the No.
3 post-mining borehole (observation date: November 3), when the borehole depth is in
the range of 81–91.5 m (vertical height 46.40–52.41 m), it corresponds to a fluctuating rate
of water injection leakage in the range of 4.97–9.92 L/min. When the borehole depth
is 81 m (vertical height 46.40 m), the rate of water injection leakage jumps, reaching
19.75–25.85 L/min. This is because the primary fractures tend to close with the passage of
time. The rate of water injection leakage and WCFZ height of the later-observed No. 3
post-mining borehole are less than those of the No. 2 post-mining borehole. The maximum
heights of the WCFZ of the No. 2 and No. 3 post-mining boreholes are 47.20 m and
46.4 m, respectively.

According to the above analysis, the maximum development height of the WCFZ
measured on site in the 11915 working face is in the range of 46.4–47.2 m.

4. Theoretical Analysis on the Development Law of WCFZ in Fully Mechanized
Caving of GSED
4.1. Comprehensive Detection Results of WCFZ and Reliability Analysis

As mentioned above, maximum height and development position of the WCFZ in
top coal caving in the soft overburden thick coal seam of the 11915 working face were
comprehensively analyzed by means of theoretical calculation, numerical simulation, and
on-site detection (borehole imager observation and fluid leakage observation). The analysis
results are given in Table 6.

Table 6. Summary of analysis results of WCFZ.

No. Calculation Method Maximum Height of
WCFZ/m Analysis on the Occurrence Position

1
Theoretical

calcula-
tion

Equation (1) 40.1–56.5
The maximum heights of the WCFZ were calculated

by the empirical formulae under the mining
geological conditions; the values are merely for

reference because they vary in a large range.
Equation (2) 60

2 Numerical simulation 46

When the working face advanced to 80 m (74 m
inclined length of the GQ 11915 working face), the

height of the WCFZ remained 24 m. When the
working face advanced to 100 m, the height of the

WCFZ developed to a maximum of 46 m.

3 On-site
detection

Borehole
imager observation 45.54

The 11915 working face with the width of 74 m
Fluid leakage
observation 46.4–47.2

According to Table 6, the heights of the WCFZ of the 11915 working face calculated
by the above three methods are 48.3–60 m, 46 m, 45.54 m and 46.4–47.2 m, respectively.
The maximum height of WCFZ of on-site detection and numerical simulation is within the
value range of theoretical calculation.

Studies [27–29] also show that the actual maximum height of the WCFZ in the working
face can be accurately detected and reflected by means of on-site detection (i.e., borehole
imager observation and fluid leakage observation) and numerical simulation. The maxi-
mum heights of the WCFZ by on-site observation and numerical simulation differ slightly,
which verifies the accuracy and applicability of the methods.

With reference to the data in Table 6, the maximum length of the 11915 working face
was 74 m. In the numerical simulation, when the working face width is 80 m (larger than
74 m), the development height of the WCFZ is just 24 m, which differs greatly from the
maximum height of the WCFZ (45.54 m and 46.4–47.2 m) obtained by on-site observation
(i.e., borehole imager observation and fluid leakage observation).

Studies [30,31] have demonstrated that when the adjacent coal pillars of the working
face lose stability, increasing the size of the working face can change the mining degree of
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the overburden, thereby changing the structural characteristics of the overburden and pro-
moting the development height of the WCFZ. Thus, it is necessary to analyze the insufficient
mining instability of the narrow coal pillars and the movement law of overburden.

4.2. Theoretical Analysis on the Instability of Narrow Coal Pillars and the Overburden Height in
Fully Mechanized Caving of GSED

When the height of the WCFZ reaches the maximum under the geological mining
conditions and the height no longer rises with the increase in the working face size, it
is defined as the sufficient mining of overburden failure [31]. It is found that the shape
of the WCFZ is an arch rather than a saddle under the sufficient mining state (Figure 7).
A sufficiently mined face corresponds to a larger WCFZ height than an insufficiently
mined face [32]. Whether the overburden reaches sufficient mining can be determined
with reference to sample data [31,33]. The recommended value of the critical size for the
working face is (0.5–0.9) H, i.e., when the length of the working face reaches (0.5–0.9) H,
the overburden failure reaches sufficient mining.

Figure 7. Distribution of WCFZ during overburden mining degree transformation. (a) Arch-shaped
distribution. (b) Saddle-shaped distribution.
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As illustrated in Figure 1, the dip length of the 11915 working face L is 74 m, and the
north is the 11914 gob. GSED narrow coal pillars of about 3 m are reserved between the
11914 gob and the 11915 working face. Apparently, the 11915 working face is insufficiently
mined in the dip direction (L < (0.5–0.9) H). Studies [10,11,33,34] also show that narrow
coal pillars in GSED experience instability and failure after the recovery of the adjacent
working face. Due to the instability of narrow coal pillars in GSED, the mining size of the
working face increases, which changes the mining degree, thus changing the structural
characteristics of overburden and raising the development height of the WCFZ. The height
of the WCFZ in the overburden rises from 24 m to 46 m and the overburden failure
transforms from insufficient mining to sufficient mining. The height of the WCFZ under
insufficient mining is 52.17% that under sufficient mining.

5. Conclusions

(1) This study takes the working face 11915 in Coal Mine GQ as the research object. The
development height of the WCFZ in fully mechanized caving of GSED was studied
by means of theoretical calculation, numerical simulation, and on-site detection (i.e.,
borehole imager observation and fluid leakage observation). The obtained values are
48.3–60 m, 46 m, 45.54 m, and 46.4–47.2 m, respectively.

(2) A structural model of WCFZ development caused by the instability of narrow coal
pillars in fully mechanized caving of GSED was established. The difference between
WCFZ heights in the working face 11915 by numerical simulation and on-site detection
was analyzed, and the accuracy of on-site detection and numerical simulation data
was verified.

(3) The overburden failure degree in fully mechanized caving of GSED transforms from
insufficient mining to sufficient mining. The shape of the WCFZ in the overburden
changes from an arch to a saddle, and the development height of WCFZ jumps. It is
found that the height (24 m) of overburden WCFZ in the working face 11915 under
insufficient mining is 52.17% of that (46 m) under sufficient mining.
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