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Abstract
Faults, especially fault bundles, elevate the difficulties of predicting, preventing and controlling water inrush during coal 
seam mining. This paper takes the no. 163 mining area at Jiangzhuang Coal Mine of Shandong Province, China, as a case 
study. A series of faults form structural patterns consisting of the graben-horst and fault terrace in the study area. The key 
technical challenge lies in fault activation, which affects sizing of economic and safe coal-pillar around the fault bundles. 
An innovative numerical simulation technique was applied to understand the movement law of coal seam roof and floor and 
fault activation among the fault bundles under different mining plans. The results show that reasonable arrangement of min-
ing sequence in the working faces is an effective method to reduce the influence from faults. In addition, coal seam roof and 
floor damage and faults activation are different during mining under the graben-horst and fault terrace settings. Moreover, 
the horizontal and vertical displacement values of each point on fault plane of hanging wall and footwall indicate that the 
maximum displacement is related to roof water-conducting fractured zone and floor damage zone, which increase the prob-
ability of fault activation. Based on the research results, a reasonable coal-pillar width was designed beside the fault bundle 
in the no. 16301 working face of the no. 163 mining area, and the mining was completed safely with significant economic 
benefits for Jiangzhuang Coal Mine.
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Introduction

With the coal mining depth increasing in China, more coal 
mines are threatened by the confined aquifer of the Ordovi-
cian limestone under the coal seams during mining for the 
North China coalfield (Zhang 2005; LaMoreaux et al. 2014; 
Sun et al. 2016; Yang et al. 2017; Liu et al. 2017), and mine 

water inrush accidents occur more frequently (Sun et al. 
2015; Xu et al. 2018). Mining in complex areas with faults 
requires extensive effort (Tan et al. 2012; Wang et al. 2017; 
Shi et al. 2019; Zhao et al. 2018) because of the increase in 
the water inrush risk. Approximately 80% water inrushes 
were related to the faults (Wu et al. 2016; Qiao et al. 2017). 
Faults complicate the movement and damage characteristics 
of coal seam roof and floor strata (Tan et al. 2010), mining 
space stress field characteristics (Sainoki and Mitri 2017), 
and water inrush pathway evolution and formation. These 
effects increase the groundwater storage and migration 
(Huang et al. 2017; Chen et al. 2018; Yin et al. 2018a) and 
elevate the difficulty of predicting, preventing and control-
ling water inrush accident. Therefore, fault exploration and 
identification, fault activation, and fault coal-pillar reten-
tion are some of the key issues challenging mine hydrogeo-
logical professionals (Guo et al. 2017; Zhang et al. 2017b). 
Numerical simulation (Cheng et al. 2013; Yin et al. 2016; 
Zhou et al. 2018), analog simulation (Zhang et al. 2017a), 
laboratory test (Tan et al. 2011; Zhang et al. 2018), field 
monitoring (Zhao et al. 2012; Liang et al. 2015; Yin et al. 
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2015) and theoretical research are commonly used to study 
fault activation (Qi et al. 2017; Yu et al. 2017). Many useful 
rules have been obtained and effectively guided safe mining 
operations (Yin et al. 2018b). However, the strata failure law, 
faults activation characteristics and pillar width of coal seam 
mining roof and floor are different in different mining areas 
where complicated geological and hydrogeological condi-
tions, especially, fault bundles or fault groups are present. 
Fault bundles may increase the probability of water inrush. 
Therefore, under the condition of fault bundles, the failure 
law and activation characteristics of coal seam mining roof 
and floor need to be further studied and re-evaluated.

In this paper, the no. 163 mining area of Jiangzhuang 
Coal Mine (CM) in Shandong Province is taken as a case 
study. Safe exploitation of the coal seam in this mining area 
requires installation of a coal-pillar at the fault. A numerical 
simulation technique is provided for investigating the faults 
activation characteristics, designing the economic and safe 
pillar width at faults, and guiding the prevention and control 
of water inrush through fault in the mining area. Numeri-
cal simulation technology is often used by engineers and 
scientists (Yin et al. 2016; Meng et al. 2018) to establish the 
structural conditions suitable for the fault bundles and simu-
late the failure of the roof and floor and the fault activation 
under the condition of coal seam mining. The simulation 
results provided recommendations on the reasonable width 
of the coal-pillar.

Study area

Jiangzhuang CM is located at Weishan County, Shandong 
Province, as shown in Fig. 1. The coalfield is approximately 
3.5-km wide from east to west, 10-km long from north to 
south, with an area of approximately 36 km2. Jiangzhuang 
CM lies between 34°53′24″N and 34°58′18″N latitude and 
117°01′12″E and 117°06′54″E longitude.

The lithology is typical of North China coalfield of 
Permo-Carboniferous coal-bearing age. The mined coal 
seams are in the Permian Shanxi and Taiyuan formations. 
The no. 163 mining area is in the central and western part 
of the coal mine. The mining area is 2700 by 2900 m. The 
floor elevation of Coal seam Bed no. 16 (CB16) ranges from 
− 400 to − 560 m below mean sea level. The buried depth 
increases gradually from west to east with an average coal 
seam thickness of 0.89 m. The coal reserves in the mining 
area are approximately 7.5 million tons. The main aquifers 
affecting the CB16 mining are no. 10 limestone directly 
overlying the CB16 and no. 14 limestone and Ordovician 
limestone underling the CB16. Since the no. 10 and no. 14 
limestone is characterized with low-specific water yields, 
they do not have obvious impacts on the CB16 mining. The 
Ordovician limestone aquifer is a regional aquifer with a 
thickness of over 600 m and threatens the CB16 mining. 
Therefore, this numerical simulation focused on the Ordovi-
cian limestone aquifer.

(A) (B)

Fig. 1  Location and faults distribution of study area
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Figure 1 shows the distribution of faults in the working 
area. All the faults were identified by three-dimensional seis-
mic exploration, geo-exploration, and roadway and workface 
extractions. Table 1 summarizes the characteristics of these 
faults. Obviously, more faults lie in southwest of the no. 163 
mining area. Configuration of these faults, also referred to as 
fault bundles in this paper, form structures of the graben-horst 
and fault terrace (Fig. 2). These unique structural styles not 
only increase the difficulty of tunneling but also raise the water 
inrush risk from the underlying Ordovician limestone aquifer. 
Furthermore, the water inrush coefficient of the Ordovician 
limestone aquifer is greater than 0.06 MPa/m in this area, 

whereas 0.06 MPa/m is the threshold water inrush coefficient 
according to the regulations of China State Administration of 
Coal Mine Safety (2009). In addition, the faults and associated 
secondary faults tend to turn into water inrush pathways in 
the graben-horst and fault terrace area. The activation char-
acteristics of the fault bundles have not been studied under 
mining conditions. The methods recommended in the regu-
lations (State Administration of Coal Mine Safety 2009) are 
not readily applicable to design of the safe pillar width at the 
presence of the fault bundles. A three-dimensional geological 
model is established using the FLAC3D numerical simulation 
software to study the activation processes of the fault bundles 

Table 1  Fault statistics list in study area

No. Fault name Type Occurrence Fall throw (m) Length in 
mining area 
(m)Strike Dip Dip angle (°)

1 88-1 F Normal Near SN-NE E-SE 70 16 378
2 Gaomiao branch F Normal NNE SEE 75 9–32 868
3 F2 F Normal NE- NNE SE- SEE 68–75 20–30 2056
4 F5 F Normal NE SE 75 32 678
5 Gaomiao F Normal Near SN Near EW 60–70 30–80 1740
6 14-7 F Normal NE SE 77 24 225
7 Wangzhuang F Normal Near SN Near EW 50–70 38–90 1225
8 Xiaosonglou F Normal SN EW 75 15–20 1136
9 Kongzhuang F Normal SSE SWW 65–75 10–20 524
10 Yuqiao F Normal SW NW 60 15 520
11 Chenlou F Normal NE SE 56–72 25–40 818
12 F1 F Normal NE SE 70 74 503
13 Dumiao F Normal NE NE 75 70–100 250
14 Xuzhuang F Normal NNE NWW 75 40–90
15 Xuzhuang branch F Normal NNE NWW 75 60–120
16 Yuantang F Normal EW S 65–75 45

Fig. 2  Fault bundle with graben-horst and fault terrace of A–A′ profile line
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under mining conditions. The displacement and block states 
of the upper and lower parts of the fault bundles and the stress 
state of the fault surface are simulated under various scenarios. 
The simulation results provide the technical basis for setting 
up the reasonable size of the coal-pillar so that a water inrush 
would not occur.

Numerical simulation technique

FLAC3D, a popular nonlinear three-dimensional numerical 
simulation software that has been used in many technical fields 
(Zhu et al. 2014; Yin et al. 2019; Liu et al. 2017), is applied 
to achieve the simulation objectives with integration of field 
geological conditions and production technology conditions, 
field measurements, results of rock physical mechanics test and 
similarity simulation tests. FLAC3D can simulate the three-
dimensional mechanical behavior of geotechnical and other 
materials. To simulate and observe the variation rules of rock 
stress in the floor, vertical displacement in the roof and floor, 
and failure range of roof and floor during the mining process, 
the local grid was refined where concentrated stress and defor-
mation and failure of roof and floor occur. The failure of rock 
mass conforms to the Mohr–Coulomb criterion (Yin 2011). 
The Mohr–Coulomb elastoplastic constitutive model and the 
Mohr–Coulomb yield criterion were used in this numerical 
simulation. The Mohr–Coulomb yield criterion is

where, σ1 is the maximum principal stress, Mpa; σ3 is the 
minimum principal stress, Mpa; c is the cohesive force, Mpa; 
φ is the internal friction angle, °; σt is the tensile strength, 
Mpa. When fc = 0, the rock mass will undergo shear failure, 
and when ft = 0, the rock mass will undergo tension failure 
(Yin 2011; Lv 2017).

According to Newton’s law of motion and Cauchy stress 
principle, the equation of motion equilibrium can be derived 
as follows:

where, σij is the stress;  Xj is the position vector component of 
a point; bi is the physical force; vi is the velocity; ρ is the par-
ticle density; and dt represents the infinitesimal time period.

When the acceleration of the particle is zero, Eq.  (3) 
becomes the static equilibrium equation:

(1)fc = �1 − �3
1 + sin�

1 − sin�
+ 2c

cos�

1 − sin�
,

(2)ft = �3 − �t,

(3)
��ij

�xj
+ �bi = �

dvi

dt
,

(4)
��ij

�xj
+ �bi = 0.

The constitutive equation is

where, [⌣𝜎] is the rate of stress change; H represents a specific 
functional relationship; σij is the stress; ξij is the strain rate 
component; and κ is the parameter related to the load history.

The stress of normal rock mass is in relative equilibrium 
state before the coal seam mining. The initial condition and 
boundary condition are set. The initial equilibrium is calcu-
lated, and the equilibrium is judged by the convergence state 
of the maximum unbalanced force approaching zero. In the 
initial equilibrium state, the vertical stress is generated by 
the gravity stress, and the load does not participate in the 
simulated rock formation transformation. With the increase 
of the burial depth of rock mass, the vertical stress increases 
linearly. In the absence of structure, the vertical initial stress 
is basically horizontal. However, in the fault area, the initial 
stress will be affected by the structure. The initial stress is 
not evenly distributed horizontally, but the vertical stress 
still increases with the burial depth. According to the strata 
conditions and coal seam mining conditions, a mechanical 
concept excavation model is established. The boundary con-
ditions of the model were set as follows: the four sides of 
the model limit the horizontal movement and no additional 
stress is applied; the top and bottom of the model limits the 
vertical movement; and the upper part of the model exerts 
vertical load instead of the weight of overlying strata.

In the process of modeling, the strata with similar lithol-
ogy and mechanical parameters are combined. Based on the 
structural styles as shown in Fig. 2, a model is established 
and has dimensions of 2330 m long, 300 m wide, and 653 m 
high. Rock strata above the top of the model are replaced by 
loads. Figure 3 shows the three-dimensional model, which 
consists of 220,650 cells and 246,816 nodes.

According to the geological conditions, fault distribution 
and mining design scheme of the no. 163 mining area, five 
working faces were designed among the graben-horst and 
fault terrace (Fig. 2). Two working faces (nos. 1 and 2 work-
ing faces) are 150-m wide and between the no. 88-1 Fault (F) 
and Gaomiao branch F. The no. 3 working face was 200-m 
wide between the no. F2 F and the Gaomiao F. The no. 5 
working face is 100-m wide and located between Gaomiao F 
and Wangzhuang F. The no. 4 working face is 200 m in wide 
and located between Wangzhuang F and Xiaosongzhuang F. 
Excavation was carried out according to the design sequence 
of working faces. The mining length is 300 m for each work-
ing face. The three-dimension simulation model consisting 
of graben-horst and fault terrace analyzed and summarized 
the characteristics of roof and floor displacement, block 
states, and stress within the range of fault bundles, especially 
the block state to reveal the fault activation characteristics 
with different working face mining sequence relative to fault 
bundle, graben-horst and fault terrace.

(5)[
⌣

𝜎]ij = Hij(𝜎ij, 𝜉ij, 𝜅),



Environmental Earth Sciences (2019) 78:148 

1 3

Page 5 of 11 148

Results and analysis

Analysis of fault activation characteristics 
with working face advancement

The working face advancement direction is designed to be 
consistent with strike of the fault plane during the simula-
tions. The range of damage and fault activation on the fault 
plane continues to expand as the working face advances. 

At the same time, the stress state on the fault plane also 
changes. The vertical stress distribution and plastic zone of 
the no. 88-1 F planes during the no. 1 working face exca-
vation are shown in Figs. 4 and 5, respectively. The stress 
level increased in the area near the goaf on the fault plane 
when the working face was at 20 m. No plastic failure zone 
has developed on the fault plane at this time. The areas of 
stress increasing zone and the plastic failure zone extended 
throughout the entire excavation when the working face 

Fig. 3  3D frid model of A–A′ line
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Fig. 4  Vertical stress distribution and plastic zone diagram with mining 20 m at working face 1
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Fig. 5  Vertical stress distribution and plastic zone diagram with mining 300 m at working face 1
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advanced to the end at 300 m. The range of the plastic 
failure zone was on the fault plane. The floor also had the 
stress increasing zone farthest from the fractured water-flow-
ing zone. However, under the horst condition, the tensile 
strength produced by cohesive force of coal seam roof was 
small. The roof was more easily damaged than the coal seam 
floor and tended to develop a damage and activation zone.

Influence of different working face mining sequence 
on fault bundle activation

The mining sequence of these working faces affects the 
stress distribution and the fault status (Zhang et al. 2018). 
To obtain the influence of working face mining sequence 
on fault bundle activation, two working faces are designed 
between 88-1 F and Gaomiao branch F, and they are named 
as no. 1 working face and no. 2 working face, respectively 
(Fig. 2). The no. 1 and no. 2 working faces were simulated 
at first mining, and the results are shown in Figs. 6 and 7, 
respectively. When the mining started with no. 1 working 

face, the stress value in the same area on the no. 88-1 fault 
and the stress concentration value at both ends of the no. 
1 working face were bigger than the stress value at the 
same position when the mining started with no. 2 working 
face. The range of the plastic failure zone was relatively 
large in the top and bottom of 88-1 F as well as the highest 
site away from the fractured water-flowing zone of no. 1 
working face. On the other hand, when the mining started 
with no. 2 working face, the stress value in the same area 
on the Gaomiao branch F and the stress concentration 
value at both ends of the no. 2 working face were bigger 
than the stress value at the same position when the mining 
started with no. 1 working face. The range of the plastic 
failure zone was relatively large in the top and bottom of 
Gaomiao branch F as well as the highest site away from 
roof water-conducting fracture zone of the no. 2 working 
face. The fault near the first mining face was damaged 
severely during continuous mining in multiple working 
faces. The simulation results suggest that the influence on 
faults can be reduced by rationally arranging the working 
face sequence, thereby reducing the threat from faults.
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Fig. 6  Vertical stress distribution and plastic zone diagram of working face 1 mined before working face 2
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Fig. 7  Vertical stress distribution and plastic zone diagram of working face 1 mined behind working face 2
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Fault activation characteristics of fault bundle 
with graben‑horst and fault terrace

A series of fault bundle form several structural styles of 
graben-horst and fault terrace in the no. 163 mining area, as 
shown in Fig. 2. The various structural styles influence coal 
seam mining to different degrees, depending on excavation 
location relevant to the structures. Coal seam excavation can 
be on footwall of both faults in graben structure, on hanging 
wall of both faults in horst structure, or on the fault hanging 
wall and footwall at each side in the fault terrace. Different 
location of coal seams mining causes different stress effect 
and damage law and fault activation characteristics.

The different fault activation characteristics during CB16 
mining were studied by simulating mining process for a 
working face at each location of graben, horst and fault ter-
race structure. Figures 8, 9 and 10 show the vertical stress 
distribution and plastic zone during coal seam excavation 
at the graben, horst and fault terrace structure, respectively. 
When the coal seam excavation was at the graben structure, 
the plastic zone of the fault near the floor at both ends of the 
working face goaf was larger, the damage was severe, and 

the activation failure degree of the roof fault was relatively 
low (Fig. 8). When CB16 excavation was in the horst struc-
ture area, the plastic zone of the fault located near the floor at 
both ends of the goaf was smaller, and the failure and activa-
tion were less severe. The fault activation and failure degree 
at the largest distance position to the roof mining-induced 
fractured zone was relatively large (Fig. 9). These observa-
tions are consistent with findings from Wang et al. (2017). 
Figure 10 shows that the coal seam mining at the fault ter-
race structure. When the working face was on the hanging 
wall of the fault, the fault activation degree of the working 
face roof was small at the largest distance position to the 
roof water-conducting fracture zone, whereas the degree of 
activation and destruction of the floor fault was large. When 
the working face was on the footwall of the fault, the fault 
activation degree of the working face roof was large at the 
largest distance position to the water-flowing fractured zone. 
The degree of activation and destruction of the floor fault 
was relatively small.

Different degrees of failure activation under the three sce-
narios indicate that when the mining is on the fault hanging 
wall, the fault activation and failure degree are relatively low 
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Fig. 8  Vertical stress distribution and plastic zone diagram in graben area
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Fig. 9  Vertical stress distribution and plastic zone diagram in horst area
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at the largest position to the roof water-conducting fracture 
zone, and the activation and failure of the fault location are 
serious near the floor at both ends of the goaf. When the 
working face excavation is on the fault footwall, the fault 
activation and failure degree are serious at the largest posi-
tion to the roof water-conducting fracture zone and the acti-
vation and failure of the fault location are relatively low near 
the floor at both ends of the goaf.

Displacement judgment of fault bundle activation

One monitoring line (Fig. 11) is set on the hanging wall and 
footwall of each fault plane to extract the horizontal and 
vertical displacement values at discrete points in response 
to CB16 mining and to plot the horizontal and vertical dis-
placement curves of the hanging wall and footwall in each 
fault. Figure 12 shows the displacement changes after tak-
ing the horizontal and vertical displacement contrast curves 
on no. 88-1 F. The horizontal and vertical displacements 
of the fault planes on the hanging wall and footwall of the 
fault demonstrate unsynchronized changes in local posi-
tions, making the local relative displacement values exist. 
In areas where the curves do not coincide, i.e., the relative 

displacement exists, the fault is considered to be activated. 
It can be seen that all the fault activations occur near the 
largest water-flowing fractured zone of the goaf roof and the 
failure zone of the floor where the vertical displacement is 
relatively large. Fault activation occurs in the fault location 
where the separation occurs from the bending zone of the 
roof, and the relative horizontal displacement value of these 
locations is relatively large.

Based on the above analysis, the following observations 
are made:

• for the step fault, the fault plane of the floor in the fault 
hanging wall is easier to be damaged and activated than 
that of the roof, whereas the fault plane of the roof in the 
fault footwall is easier to be damaged and activated than 
that of the floor;

• the fault plane of the floor in the graben structure is easier 
to be damaged and activated than that of the roof; and

• the fault plane of the roof in the horst structure is easier 
to be damaged and activated than that of the floor.

At the presence of the fault bundle, the degree of influ-
ence of each fault on coal seam mining is related to the size 
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Fig. 10  Vertical stress distribution and plastic zone diagram in fault terrace area
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of the faults. Larger fault throw and strike cause greater 
scope of the fault influence and more serious harm to the 
mine safety. Therefore, it is essential to choose the appropri-
ate mining method to reduce the disturbance and influence of 
the mining to the faults, and design a reasonable coal-pillar 
width at the fault bundle.

Application

Setting of fault coal-pillars in China’s coal mines generally 
follows the method recommended in the “Regulations of pre-
venting water hazards for coalmines” (State Administration 
of Coal Mine Safety 2009). Based on the state-recommended 
method, the calculated widths range from 38 to 61 m at the 
Xuzhuang branch F. However, the numerical simulation 
results suggest a coal-pillar width of 30 m at the same fault. 
The fault coal-pillar width was set at 30 m in actual min-
ing, and the coal seam was mined safely. Reduction in the 
coal-pillar width has liberated approximately 250,000 tons 
of coal, equivalent to 170 million Chinese Yuan.

Conclusion

A series of faults or fault bundles form unique structural 
styles of graben-horst and fault terrace in the no. 163 min-
ing area of Jiangzhuang CM. Their presence impacts the 
design in fault coal-pillars, the arrangement of working faces 
and mining sequence as well as the failure height of coal 
seam roof and floor during mining. Ultimately, they affect 
the water inrush risk of the Ordovician limestone aquifer 
under coal seam floor. A numerical simulation technology 
is applied to understand the movement law of coal seam roof 
and floor between the fault bundles under different mining 
plans.

Under the condition of continuous mining in several 
working faces, the simulations suggest that the faults near 
the first mining face are damaged the most. To reduce the 
threat of fault to safety mining, the influence of faults can be 
reduced by arranging the working sequence.

The position of the fault plane of the floor in the hanging 
wall of fault terrace is easier to be damaged and activated 
than coal seam roof. The position of the fault plane of the 
roof in the footwall is easier to be damaged and activated 
than coal seam floor. The position of the fault plane of the 
floor in the graben structure is easier to be damaged and 
activated than coal seam roof. The position of the fault plane 
of the roof in the horst structure is easier to be damaged and 
activated than coal seam floor.

The horizontal and vertical displacements of each point 
on the mining monitoring line of the fault plane of hanging 
wall and footwall indicate that the relatively large vertical 
displacements are closer to the maximum water-flowing 
fractured zone of the goaf roof and closer to the floor dam-
age zone. These two locations have increased probability of 
fault activation.
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