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The study of mining-induced behaviors of faults and strata in underground coalmines is
significant to know the mechanism and prediction of some accidents (i.e., water inrush, gas
flowing and outburst). Equivalent materials are applied herein in an underground project to
simulate a progressive mining operation with a normal fault occurrence. The failure-movement
evolution of the overlying strata and the stress—displacement evolution of the fault are studied
through a physical simulation test. The formation of a mining-induced fracture and the
mechanism of accidents caused by the mining-induced fracture are analyzed. The results show
that the footwall strata underwent a more notable movement compared to the hanging wall strata.
Hence, the mining-induced fracture height of the footwall is higher than that of the hanging wall.
The effect of the fault can be observed on the mining-induced fracture evolution of the footwall,
hanging wall, and fault plane. The developed patterns of the fracture channel successively
present an evolution in the shape of a “saddle”, a “trapezium”, and an “M”. The causes of

accidents induced by the mining fracture are also discussed.

1. INTRODUCTION

The failure extent and intensity of mining-
induced overlying strata behaviors have dramatically
increased with the expansion of mining activities,
leading to some hazardous accidents, such as roof
water inrush, gas flowing and outburst. This effect
would even be more significant with the existence of
faults caused by the mining-induced fault activation
and mining-induced fracture development (Ding et al.,
2014; Wang et al., 2016). For instance, a roof water
inrush accident (2001) occurred in Dongtan coalmine
when the retreat-working face of panel 14301 passed
8 m from a normal fault (NF9) (Fig. 1a; (Hu, 2008)).
Two roof water inrush accidents (2000 and 2001) also
occurred in Xinji No. 1 coalmine when the coal of
panel 111311 was extracted in retreat within a region
of two normal faults (FO78 and F038) (Fig. 1b; (Wang
and Ding, 2002)).

In view of the formation mechanism of faults
(Blenkinsop, 2008), normal faults tend to failure in
tension and have a stronger permeability and water
inrush or gas outburst potential compared to reverse
faults. Hence, this study focuses on the fracture—
movement characteristics and the mining-induced
fracture evolution of the overlying strata with the
existence of a normal fault.

Considerable studies have been conducted using
different methods to estimate the mining-induced
strata behavior and hazard potential with the influence

of faults. Hu (2008), Yin et al. (2009) and Zhen et al.
(2013) employed the methods of physical and
numerical simulations and theoretical analysis to
study the breaking and movement characteristics of
the overlying strata influenced by faults.
Consequently, they obtained the evolutionary laws of
strata breaking and stress distribution. In terms of the
mining-induced fracture evolution, the evolution
process of structural fracture and the mining-induced
fractured zone induced by the fault activation were
investigated through physical and numerical
simulations. Previous studies concluded that the
extension and dip of faults have a significant effect on
the height of the mining-induced fractured zone
(Huang et al., 2009; Fan, 2014a, 2014b). Jiang et al.
(2017), Yin et al. (2017) and Lin (2009) studied the
evolution characteristics of the overlying mining-
induced fracture and its effect on gas migration
through similar material simulation tests and
numerical simulation.

Previous studies also involved considerable
research on fault activation or mining-induced fracture
evolution. However, the evolution characteristics of
a mining-induced fracture, the formation of a fracture
channel from the development and connection of the
mining-induced fracture, and their coupling effect
with overlying strata movement remain to be
investigated.
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Fig.1 Cases of roof water inrush: (a) panel 14301 in the Dongtan mine and (b) panel 111311 in No. 1 Xinji

mine.

In addition to the high cost and time
consumption of field measurements that make it
unsuitable for comprehensive investigation, stress
readjustment and fracture propagation are also
extremely difficult for on-site observation and
monitoring because of the inaccessibility of overlying
strata (Huang et al., 2011; Liu et al., 2011; Jiang et al.,
2016). Many researchers employed the research
methodology of the similar material simulation test
for the mining-induced strata movement (Huang et al.,
2011; Liu et al., 2011; Zhou et al., 2014; Wang et al.,
2015a). Thus, they overcame the aforementioned
limitations and contributed to the visualization of the
evolution procedure. Hence, the present study
investigates the mining-induced failure-movement
evolution of the overlying strata and the stress—
displacement evolution of the fault by employing
a physical simulation test. This study also analyzes the
formation of a fracture channel based on a physical
simulation of a progressive mining operation in
a fault-affected region.

2. SCHEME AND DESIGN OF THE PHYSICAL

SIMULATION TEST

The physical simulation method developed based
on the similarity theory and dimensional analysis can
be easily practiced, has a short model-making cycle,
and has been widely used in mining research in the
related research of the mining industry in the US,
Australia, China, and Poland, among other countries
(Wang et al., 2015a).

2.1. PHYSICAL MODEL

The construction of the physical model needs to
follow the similarity criteria in geometry, mechanical
properties, and boundary conditions (Xie et al., 2016).
The model frame must be rigid to ensure the stability
of the model, whose geometric dimensions (length X
width X height) are 3 000 mm x 400 mm % 1 800 mm
(Fig. 2). The test system mainly includes three parts:
frame, loading, and monitoring systems. According to
the size of the frame system and the simulating target,
the whole strike length of the model is 2 250 mm.

Hence, the geometric similarity ratio is C; = 1/200,
which could simulate the actual size (length: 450 m).
According to previous studies, the density similarity
ratio C, describing the properties of the simulation
material and the rock mass similar ratio ranges from
0.64 to 1.67 (Dai et al., 2010; Wang et al., 2015a; Lai
et al., 2016; Xie et al., 2016). Thus, it is reasonably
determined as Cp= pn/pr=1/1.5, where p, is the

density of the physical model, and p, is the density of
the in-situ rock mass. The strength similarity ratio can
be obtained as C, = CC,= 1/300 (Dai et al., 2010;
Xie et al., 2016). The main characteristics of the in-
situ model are as follows: the coal seam thickness is
8 m; the dip angle of the normal fault is 50°; and the
fall of fault is 4 m. Table 1 presents the properties of
the in-situ and physical model.

A normal fault and a reverse fault are laid in the
test model. Only the normal fault is the research
object in this study. The depth of the excavation face
is approximately 270 m. The simulated mining depth
of the physical model is approximately 1100 mm;
hence, the other 50 m of the overlying strata of the in-
situ model is not simulated. Consequently, some iron
needs to be imposed on top of the model to
compensate. Therefore, the total iron quality can be
calculated as follows using Eq. (1):

pgh o, - Sn

, = , m=2n 2" 1
" CpC g M

where o, is the compensating load of the model, Pa;
p is the average density of the failed lay strata on the
in-situ model, 2500 kg/m’; g is the gravitational
acceleration, 9.8 m/s%; 4 is the thickness of the failed
lay strata on the in-situ model, 50 m; m is the
compensating quality of iron, kg; and S,, is the contact
area, S, = 3 000 x 400 mm? = 1.2 m> According to
Eq. (1), the iron quality imposed on top of the model
is 500 kg.

The selection of the equivalent materials needs
to follow the main feature similarity between the in-
situ model and the material. The physical and
mechanical properties noticeably changed with the
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Table 1 Lithology and physical mechanical parameters of the roof and the floor.
Lithology Density Compression strength Elastic modulus Material
In-situ model  Physical model  In-situ Physical In-situ Physical ratio
(kg'm™) (kg'm™) model model model model
(MPa) (kPa) (GPa) (MPa)
Siltstone 2400 1600 27.60 92.00 4.56 15.20 755
Packsand 2 400 1600 31.50 105.00 5.04 16.80 782
Gritstone 2 400 1600 36.00 120.00 4.86 16.20 773
Coal 2 400 1600 16.00 53.30 2.34 7.80 864
Mudstone 2250 1500 17.20 57.40 2.94 9.80 864
Sandy mudstone 2250 1500 21.10 70.30 2.94 9.80 864
Silty mudstone 2250 1500 17.20 57.40 2.94 9.80 864

different material dosages. They should also have the
advantages of stable performance, low cost, and easy
production. Therefore, river sand, calcium carbonate,
and gypsum were chosen as the physical model
materials to simulate the properties of different
lithologies with different proportions. Mica powder
with a certain thickness was evenly paved between the
strata to simulate the rock layer stratification. Material
ratio is defined as the different proportion
combinations of materials, which is an important
factor in the model test. The employed material ratios
are listed in Table 1 after Li (1988).

Considering the fault as a weak plane (Huang et
al., 2009; Jiang et al., 2017), a plane of mica powder
with 10 mm thickness was built to simulate the fault.

2.2. SETUP PROCESS OF THE PHYSICAL MODEL

The following is the setup process for the
physical model:

Step I: A model frame system is built, and two
steel strips with 2 mm thickness, 50 mm width, and
1800 mm length are installed to assure the dip angle
of faults (Fig. 3).

Step II: First, the materials are blended and
mixed with caution after weighing, then the model is
set up by paving each layer from bottom to top to
make it solid. Redundant materials must be removed
to meet the model design. Figure 4 shows the model-
making process. The frames and the steel strips are
removed after 7 d of drying.

2.3. MONITORING ARRANGEMENT AND MODEL
EXCAVATION

As shown in Figure 2, a grid mesh with a size of
100 mm X 100 mm was setup for the entire model,
while the fault regions were highlighted with a dense
mesh of 50 mm x 50 mm. A total of 16 horizontal
monitoring lines were set and marked as D1-DI16.
Reflectors and the Nikno Nivo 2M Electronic Total
Station were utilized for displacement monitoring.
Table 2 gives the position information of the D7-D16
monitoring lines. Meanwhile, 35 stress sensors were
employed for stress monitoring, 19 of which (S1-S19)
were buried on the floor of the coal seam to monitor
the abutment stress. The other 16 (S20-S35) were



478 P. Wang et al.

Section A-A A _|
Wood ".i R fault Normal fault "’i
. /4 Reverse fau =
block Steel strip -4 &
g 2 250mp”
Coal i 950mm L 1 300mm
=

Steel strip object

Fig. 4 Physical model-making process: (a) material weighing, (b) material mixing, (c¢) even blending, (d) water
addition and even mixing, (¢) paving and ramming, and (f) redundant material removal.

buried along the normal fault in eight vertical layers
(L1-L8) (Fig. 5). All the stress sensors were
connected to the DH3815N Stress—Strain Testing
System with a 10 s data acquisition interval. Table 3
presents the advancing distance and the corresponding
time of mining.

Two straight steel rulers were wused to
synchronously excavate from the front and rear sides
of the model to ensure the model’s synchronous
movement. The excavation length of the model was
2 000 mm, simulating the in-situ excavation 400 m in
strike. Accordingly, 50 mm in the model strike was
excavated, and the interval time between the two
excavations was 2 h. The experiment results were
obtained from displacement and stress monitoring
and photo recording.

3.  FAILURE-MOVEMENT EVOLUTION LAWS OF

OVERLYING STRATA

The intensive mining operation of the longwall
mining method leads to massive failure and fracturing
of the overlying strata, thereby forming a fractured
zone, whose extent is a crucial parameter in evaluating
hazardous accidents, such as roof water inrush, gas
flow, and outburst (Zeng et al., 2006). Obtained from
the photo recording and the displacement monitoring,
Figure 6 shows the evolution of the overlying strata
with respect to the distance to the fault during the
mining operation simulation. Note that all the length
parameters were converted to in-situ scale.

3.1. FAILURE PROCESS OF THE OVERLYING
STRATA
The entire failure and movement process of the
overlying strata with the advancing excavation can be
divided into six stages as follows:
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Table 2 Position information of the D7-D16 monitoring lines of the overlying strata.

Line number

Distance from the footwall coal scam/m Line number

Distance from the footwall coal seam/m

D7 18 D12 68
D8 28 D13 78
D9 38 D14 88
D10 48 D15 108
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Fig.5 Arrangement of the stress sensors.

Table 3 Monitoring data of stress during model mining.

Distance between excavation Mining time/s

Distance between excavation and Mining time/s

and the fault/m the fault/m
40 87,206-109,616 0 135,002-144,414
30 109,626-116,983 =30 215,547-242,431
20 116,993-127,732 =70 248,400-251,278
10 127,742—-134,992 -110 284,887-292,734

Stage I: the distance between the excavation face
and the normal fault is over 40 m (i.e., L > 40 m). As
can be seen from Figures 6a and 6b, with the
advancing excavation, a typical three-zone structure
(i.e., caved zone, fractured zone, and continuous
deformation zone) is found over the extracted seam in
ascending order from the roofline (Peng and Chiang,
1984). The key stratum and its surrounding strata
move together with the periodic caving of the
immediate roof, and bed separation appears under the
key strata and continuously upward. The height of the
mining-induced fracture extends from 58 m to 84 m as
the distance between the face and the fault decreases
from 80 m to 40 m. A saddle-shaped fracture channel
is also observed in the overlying strata.

Stage II: 40 m > L > 0 m. The fractured zone
continues to develop, and the height of the mining-
induced fracture increases from 130 m to 174 m. The
strata near the fault rotate to the goaf because of the
effect of the fault and its dip angle. The fault then
gradually opens. After L is less than 20 m, the mining-
induced fractured zone connects with the fault, and the
movement of overlying strata is marked in Figure 6e.

Stage III: L = 0 m. The excavation face reaches
the fault plane; a sudden subsidence of the footwall

overlying strata is observed, and the fault fully opens
along its dip direction. A trapezium-shaped fracture
channel also occurs (Fig. 6f).

Stage IV: 0 m > L > -30 m. The negative value
indicates the distance between the excavation face and
the normal fault after the face has passed the fault.
With the caving of the hanging-wall immediate roof,
the suspended main roof rotates to the fault and
collapses, leading to the closure of the fault with the
low water permeability below the main roof, while the
higher part of the fault retains water permeability.
Consequently, an M-shaped fracture channel occurs
(Fig. 6g).

Stage V: =30 m > L > -70 m. As the excavation
face advances further ahead of the fault (Fig. 6h), the
overlying strata slip under the effect of fault and
overburden pressure, causing the fault closure, the
increase of the mining-induced fracture height of the
hanging wall to 72 m, and that of footwall rises to
178 m.

Stage VI: =70 m > L. The caved rock in the
hanging wall forms a support structure for the
overlying strata, which leads to the minor effect of
the fault on the strata movement. The height of the
fracture channel remains to be 72 m (Fig. 61).



480

P. Wang et al.

Trapezium-shaped
frachre chamnel

M-shaped
fracture charmel

Extrusion and slipping

Supporting structure

(2) (h)

@)
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3.2. MOVEMENT LAW OF THE OVERLYING STRATA

The subsidence curves of the overlying strata at
different layers based on the D7, D9, D14, and D16
monitoring data were obtained as shown in Figure 7.

Figure 7 shows that in stage I (L > 40 m), the
displacement of the footwall strata was in the typical
basin-type subsidence. The subsidence range and
values decreased from D7 to D16, and the maximum
values were 7, 5.7, 2.2, and 1.6 m, respectively, when
L=40m.

In stage I (40 m > L > 0 m), the subsidence
values of the D14 and D16 lines on the footwall
increased with the advancing excavation. Moreover,
the maximum values suddenly rose to 5.4 and 5 m
when L = 10 m. A small subsidence appeared on the
hanging wall strata with the same maximum values of
1.2 m because of the rotation of the cantilever strata.
The maximum values of the D7 and D9 lines on the
footwall slightly increased to 7.2 and 5.8 m,
respectively. The hanging wall strata still had no
subsidence.

In stage III (L = 0 m), the excavation face
reached the fault plane; the subsidence range of the
D7 and D9 lines on the footwall continued to expand,
and both lines on the hanging wall began to subside

with the same maximum values of 1.2 m because of
the rotation of the cantilever strata. However, the
subsidence of the D14 and D16 lines had no
remarkable changes because the high-located strata
completely moved.

In stage IV (0 m > L > =30 m), the subsidence of
all the lines on the footwall was stable because the
footwall strata had completely moved when L =
=30 m. However, the maximum values of the D7 and
DO lines on the hanging wall rapidly increased to 5.2
and 4.8 m, respectively, because the suspended main
roof rotated to the fault and collapsed, and those of the
D14 and D16 lines slightly increased.

In stage V (=30 m > L > =70 m), as the
excavation face advanced further, the footwall strata
movement was influenced by the rotation and
extrusion of the hanging wall strata. Both subsidence
values of the D14 and D16 lines increased to 5.4 m
when L = =70 m. The maximum values of the D14
and D16 lines on the hanging wall increased to the
same 3 m.

Hence, in conclusion, under this test condition,
the movement of the strata of the two fault walls had
a remarkable difference. The footwall strata fully
moved compared to the hanging wall. Thus, the
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Fig. 7 Subsidence curves of the overlying strata at different layers: (a) D7 monitoring line, (b) D9 monitoring
line, (c) D14 monitoring line, and (d) D16 monitoring line.

mining-induced fracture height was higher than that of
the hanging wall.

4. STRESS EVOLUTION AND SLIPPING LAWS
ON THE FAULT PLANE

4.1. NORMAL STRESS EVOLUTION OF THE FAULT
PLANE

The fault plane stress changes with the mining
activity. Hence, the normal stress of the fault plane
was analyzed based on the data of the S20-S35
sensors in the L1-L8 layers (Fig. 8).

When the mining time was 87,206 s—116,983 s,
which indicated 40 m > L > 30 m according to
Table 3, the average normal stress of S34 and S35 in
the L8 layer ranged from —0.01 to 0 MPa (Fig. 8). The
normal stress in the L4-L8 layers then decreased
because the fault opened when L = 30 m. When the
mining time was 116,983 s—144,414 s 30 m > L >
0 m), the normal stress of the L1-L3 layers increased,
and the peak stress values were 0.014 MPa,
0.010 MPa, and 0.010 MPa, respectively, because of
the compression of the rotating lower strata. The
stress then rapidly dropped because the fault fully
opened when L = 0 m. When the mining time
exceeded 144,414 s (0 m > L), the normal stress of all
the layers gradually rose and became moderate,
indicating that the fault gradually closed, and the
overlying strata tended to be stable.

4.2. RELATIVE SUBSIDENCE ANALYSIS OF BOTH

SIDES OF THE FAULT

Figure 9 presents the subsidence curves of the
two monitoring lines parallel to the fault plane.

Figures 9a and 9b depict that both the subsidence
in the footwall and the hanging wall generally
increased with the advancing excavation face.
However, the subsidence characteristics differed. As
can be seen in Figure 9a, when L > 10 m, the
subsidence gradually decreases as the monitoring
point moves from a higher to a lower location in the
strata. The monitoring points in the higher strata were
closer to the advancing face because of the dip of the
fault. When L = 0 m, a sudden drop of the subsidence
caused by the support loss of the coal seam can be
observed in the footwall, while the hanging wall was
not significantly affected. A notable subsidence
occurred to all the monitoring points of the footwall
measuring line after the face passed over 30 m from
the fault (=30 m > L). Meanwhile, a significant
difference was observed in the hanging wall between
the monitoring points lower and higher to 60 m from
the coal seam vertically. Agreeing with the failure and
movement laws in Section 3, the footwall strata
integrally sank, while bed separations occurred in the
hanging wall strata, causing a subsidence difference in
the low and high regions of the hanging wall strata.
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5. EVOLUTION LAWS OF THE OVERLYING
STRATA FRACTURE

5.1. EVOLUTION LAWS OF THE OVERLYING
STRATA FRACTURE

Figure 10 shows the relationship between the
mining-induced fracture heights and the advancing
process of the face considering the vertical distance
between the top of the fractured zone and the coal
seam as the mining-induced fracture height of the
footwall and the hanging wall (Hg, and Hy,,) and the
vertical distance between the top of the opening
fracture of the fault and the coal seam as the mining-
induced fracture height of the fault (Hy).

Note that Hp,, Hiy, and H; monotonically
increased with the advancing face. The effect of the
mining activities on the mining-induced fracture
height first occurred in the footwall. The height
increase then gradually accelerated with the advancing
face, and a sharp increase can be observed at L =
30 m, where Hjy, rises to 165 m, and H;rises to 174 m.
H,,, increased to 69 m when L = =30 m. Both Hy, and
H,, then remained constant afterwards. However,
when L < =30 m, the normal fault re-closed with the
subsidence of the hanging wall strata, and the fault
conductivity became very low according to the
monitoring data of the two fault walls from Sections 3
and 4.

Thus, in conclusion, the fault had a notable effect
on the mining-induced fracture evolution, which had
the most significant effect within 30 m > L > -70 m.

5.2. DEVELOP PATTERNS OF THE FRACTURE

CHANNEL

The mining-induced fracture distribution and the
fracture channel patterns of the overlying strata
presented particularity under the effect of the fault and
the fracture channel morphological evolution of the
overlying strata (Fig. 11; (Zeng et al., 2000)).

Figure 11 presents sketches of the mining-
induced fracture evolution based on the results
presented in Sections 3 and 4. As can be seen from
Figure 11a, the fault was not affected by mining, and

the large bed separation appeared under the key strata
when L > 40 m. A typical “saddle-shaped” fracture
channel also occurred on the footwall enveloped by
the overlying breaking lines and bed separation.

Figure 11b illustrates that when L = 30 m, the
fault began to be affected by mining, and the fault
plane opened at 83—-130 m in the vertical direction.
The bed separation still had not interconnected with
the fault zone.

Figure 11c shows that the fault plane fully opens
(marked with a red dotted line) with the sudden
subsidence of the footwall low-located strata. The bed
separation also developed upwards when L = 0 m, and
a “trapezium-shaped” fracture channel occurred.

As shown in Figure 11d, the lower part of the
fault re-closed, while the higher part remained open
when L = — 30 m because of the movement of the
hanging wall strata, which led to an “M-shaped”
fracture channel (marked with a blue line). The re-
closed fault could sometimes actually allow the
ingress of water or gas caused by the interlocking
imperfect asperities. However, the subsidence of the
hanging wall strata will significantly decrease the
fault’s conductivity. Hence, the conductivity of the
fault may become very low according to observation
and data.

6. DISCUSSION OF THE ACCIDENTS CAUSED BY

THE MINING-INDUCED FRACTURE

Coal extraction induces stress readjustment
surrounding the strata failure and movement under
which circumstance, the mining-induced fractured
zone occurs. The strata movement loses consistency
under the effect of faults. Meanwhile, faults are
activated because of the strata movement, leading to
the extension of the mining-induced fracture and
hazardous potential, such as roof water inrush, gas
flowing and outburst and so on (Wang et al., 2015b;
Lietal, 2016).

Figure 12 shows the discussion of the
aforementioned accidents caused by the mining-
induced fracture based on the presented research
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results. The direct reason for the fault-affected
underground coalmine is the extension of the mining-
induced fracture caused by the fault activation, which
might provide reference for studies on the prevention
of water inrush or gas outburst under similar ground
conditions.

7. CONCLUSIONS

A physical simulation test of a progressive
mining operation with the occurrence of a normal
fault was performed in this study. The failure-
movement evolution of the overlying strata and the
stress—displacement evolution of the fault were
studied. Moreover, the formation of the mining-
induced fracture and the mechanism of accidents (e.g.,
water inrush, gas flowing and outburst) caused by the
mining-induced fracture were analyzed accordingly.

Under the effect of the normal fault, it can be
concluded that the footwall strata undergo a more
notable movement compared to the hanging wall

strata; hence, the mining-induced fracture height of
the footwall is higher than that of the hanging wall.
The effect of the fault can be observed on the mining-
induced fracture evolution of the footwall, hanging
wall, and fault plane. The effect is most significant
within 30 m > L > —70 m, where L is the distance
between the excavation face and the fault, and the
negative value indicates that the excavation face has
passed the fault. The developed patterns of the
fracture channel successively present an evolution in
the shape of a “saddle” (L > 30 m), a “trapezium”
(L =0 m), and an “M” (L = —30 m). Finally, the
causes of hazardous accidents induced by the mining
fracture are analyzed and discussed.

The results can be utilized for studying the
mining-induced behaviors of faults and strata in
underground coalmines and are highly significant for
understanding the mechanism and prediction of
accidents caused by a mining-induced fracture.
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