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Abstract: Evaluations of the risk of fault-induced water inrush hazard is an important issue for
mining engineering applications. According to the characteristics of the seam floor during mining
advancing, a mechanical model of fault activation is built to obtain the equations of normal stress and
shear stress on the surface of fault, as well as the mechanics criterion of fault activation. Furthermore,
using FLAC3D numerical software, the stress variation on the surface of fault under two different
mining advancing directions are numerically simulated, and the distribution characteristics of the
plastic failure zone of the roof and floor near the fault are obtained. The results show that: (1) When
mining advances from the hanging wall, the normal stress increases more greatly than that from the
foot wall, the shear stress distribution changes drastically with a large peak, and it is more likely to
cause fault activation. (2) When mining advances from the hanging wall and approaches the fault,
the normal stress and shear stress within the fault first increases, and then decreases suddenly. When
mining advances from the foot wall, the normal stress and shear stress increases constantly, and the
fault zone stays in the compaction state where the hanging wall and foot wall are squeezed together,
which is unfavorable for water inrush hazard. (3) When mining advances from the hanging wall, the
deep-seated fault under the floor is damaged first, and the plastic failure zone of the floor increases
obviously. When mining advances from the foot wall, the shallow fault under the floor is damaged
first, and the plastic failure zone of roof increases obviously. (4) For a water-conducting fault, the
waterproof coal pillar size of the mining advancing from the hanging wall should be larger than that
from the foot wall. (5) The in-situ monitoring results are in agreement with the simulation results,
which proves the effectiveness of the simulation.

Keywords: fault; water inrush; mechanical behavior; mining advancing direction

MSC: 86A60

1. Introduction

Mining-induced water inrush is one of the main kinds of mine water hazards in
China, especially in northern China where water inrush hazards from the floor frequently
occur [1,2]. According to the statistics, more than 55% of the mine water hazards are caused
from the floor, of which about 80% of the water inrush is related with a fault [3–8].

It is of importance to know how water inrush could develop during mining ad-
vances [1,5,9–13]. As shown in Figure 1a, intact rock mass has good mechanical properties
with smaller permeability, but small fractures in the floor are caused by mining [14–17].
However, fault not only changes the mechanical properties of rock mass [18–21], but also
reduces the intensity and modulus of deformation and seriously affects the permeabil-
ity properties of rock mass, as shown in Figure 1b. The water in the fault produces the
physical, chemical reaction with the rock mass, and the change of hydraulic stress will
cause the change of stress distribution in rock mass [22]; meanwhile, the stress change
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causes a change in the rock pores [23–27], which in turn affects the groundwater flow and
water pressure. In this way, the water in the fault and rock mass are mutually influenced.
If there is a fault in the practical project, we need to consider the influence that mining
pressure brings to fault activation, especially the inrush problems of fault, or it will cause
property loss and casualties [21,28,29]. Fault is an important water inrush channel due
to the crushed rocks in it. At present, the study on water inrush mechanism is mainly
concentrated on either damage of floor strata or reactivation of fault [30–36]. They did not
consider the mining advance direction on failure analysis of the surrounding rocks near
faults. In particular, the stress variation and failure characteristics with the formation of
water inrush channel adjacent to faults in floor strata are not completely understood.
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Figure 1. Sketch of mining-induced crushed zone development. (a) Intact rock strata. (b) Floor 
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This paper aims to analyze the stress variation and failure characteristics of the rock 
surrounding the fault by advancing in different directions. It focuses on the variation of 
normal stress and shear stress on the fault plane, as well as failure characteristics of the 
roof and floor by mechanical model and numerical simulation in the process of mining 
advancing. The influence that mining advance direction brings to fault activation is ob-
tained, and a certain theoretical basis is provided to the design of a waterproof coal pillar. 
Finally, in-situ monitoring is conducted to verify the effectiveness of simulation results. 

2. Mechanical Behavior of Mining Advancing Direction on Fault Activation 
2.1. Mechanical Analysis of Fault Activation 

As shown in Figure 2, before coal mining, the stress of the rock mass stays in the 
original equilibrium, while the rock stress will redistribute after mining. According to the 
theory of mining pressure control [37,38], in the mining advancing direction, the peak 
abutment pressure of coal floor nγH appeared in the working face within a certain dis-
tance to the coal wall. Because the floor of the gob is compacted by roof caving rocks, the 
abutment pressure gradually recovers to the original stress γH, where γ is the bulk density 
of the rock, H is the depth of the buried coal seam, and n is the stress concentration factor. 

Figure 1. Sketch of mining-induced crushed zone development. (a) Intact rock strata. (b) Floor
within fault.

This paper aims to analyze the stress variation and failure characteristics of the rock
surrounding the fault by advancing in different directions. It focuses on the variation
of normal stress and shear stress on the fault plane, as well as failure characteristics
of the roof and floor by mechanical model and numerical simulation in the process of
mining advancing. The influence that mining advance direction brings to fault activation is
obtained, and a certain theoretical basis is provided to the design of a waterproof coal pillar.
Finally, in-situ monitoring is conducted to verify the effectiveness of simulation results.

2. Mechanical Behavior of Mining Advancing Direction on Fault Activation
2.1. Mechanical Analysis of Fault Activation

As shown in Figure 2, before coal mining, the stress of the rock mass stays in the
original equilibrium, while the rock stress will redistribute after mining. According to
the theory of mining pressure control [37,38], in the mining advancing direction, the peak
abutment pressure of coal floor nγH appeared in the working face within a certain distance
to the coal wall. Because the floor of the gob is compacted by roof caving rocks, the
abutment pressure gradually recovers to the original stress γH, where γ is the bulk density
of the rock, H is the depth of the buried coal seam, and n is the stress concentration factor.

In order to study the influence that the mining advancing direction brings to fault
activation, according to the above-mentioned abutment pressure distribution law of mining
advance direction, we take the surrounding rock mass along the mining advancing direction
of the working face in the central field as the research object in longwall mining. Here it can
be treated as a plane strain problem. Assume that the floor rock mass is elastic; abutment
pressure applied on the floor is simplified as a linear distribution load; the original rock
stress as a uniform distribution load; the stress in stress-concentrated area as linear increase;
the stress in stress-relaxed area as linear decrease; and the stress concentration factor ahead
of the working face is n. Therefore, the mechanical model is established as Figure 3.
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According to stress analysis of the boundary half plane applied by normal stress in
elastic mechanics theory [33], the stress equations of σx, σz and τxz of any point on the fault
are obtained as Equation (1).

σx = 2γH
π

{∫ x1
−∞

z(x−ξ)2dξ

[z2+(x−ξ)2]
2 +

∫ x2
x1

[(n−1)(ξ−x1)+S2]z(x−ξ)2dξ

S2[z2+(x−ξ)2]
2 +

∫ x3
x2

n(x3−ξ)z(x−ξ)2dξ

S3[z2+(x−ξ)2]
2 +

∫ x5
x4

(ξ−x4)z(x−ξ)2dξ

S5[z2+(x−ξ)2]
2 +

∫ x+∞
x5

z(x−ξ)2dξ

[z2+(x−ξ)2]
2

}

σz =
2γH

π

{∫ x1
−∞

z3dξ

[z2+(x−ξ)2]
2 +

∫ x2
x1

[(n−1)(ξ−x1)+S2]z3dξ

S2[z2+(x−ξ)2]
2 +

∫ x3
x2

n(x3−ξ)z3dξ

S3[z2+(x−ξ)2]
2 +

∫ x5
x4

(ξ−x4)z3dξ

S5[z2+(x−ξ)2]
2 +

∫ x+∞
x5

z3dξ

[z2+(x−ξ)2]
2

}

τxz =
2γH

π

{∫ x1
−∞

z2(x−ξ)dξ

[z2+(x−ξ)2]
2 +

∫ x2
x1

[(n−1)(ξ−x1)+S2]z2(x−ξ)dξ

S2[z2+(x−ξ)2]
2 +

∫ x3
x2

n(x3−ξ)z2(x−ξ)dξ

S3[z2+(x−ξ)2]
2 +

∫ x5
x4

(ξ−x4)z2(x−ξ)dξ

S5[z2+(x−ξ)2]
2 +

∫ x+∞
x5

z2(x−ξ)dξ

[z2+(x−ξ)2]
2

}

(1)

According to the stress equation on the oblique section in elastic mechanics, the
normal stress and shear stress equations on the fault planes under the abutment pressure
are obtained as Equation (2).{

σN = σx sin2 θ + σz cos2 θ + 2τxz sin θ cos θ

τN = sin θ cos θ(σz − σx) +
(
sin2 θ − cos2 θ

)
τxz

(2)
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Considering the Mohr–Coulomb criterion, the shear strength of fault plane is available:

τf = c + σN tan ϕ (3)

and the condition of fault activation is:

τN ≥ τf (4)

Combined with Equation (3), the mechanics criterion of fault activation after mining is
obtained as:

τN ≥ c + σN tan ϕ (5)

where c is the cohesive force of the rock, and ϕ is the internal friction angle of the rock.

2.2. Effect of Mining Advancing Direction to Fault Activation

Due to the difficult simplification of Equation (1) substituted into Equation (2), nu-
merical analysis therefore is adopted to these equations. Considering the actual situation,
S1 = 20 m, S2 = 25 m, S3 = 5 m, S4 = 10 m, S5 = 100 m, n = 2.5, H = 400 m, γ = 2.5 × 104 N/m3,
the distance between the working face to the fault is 50 m. When the mining advances from
the hanging wall, then θ = 60◦; when the working face advances from the foot wall, then
θ = 120◦. The normal stress and shear stress distribution can be obtained by Equation (2)
when the distance between the working face to the fault is 50 m, as seen in Figures 4 and 5.
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It can be seen from Figures 4 and 5 that when the working face is 50 m apart from the
fault, the normal stress on a fault below the floor range of 0~40 m has the largest change,
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which brings the largest disturbance to fault; when the depth is more than 40 m, the normal
stress on a fault keeps a certain value, the hanging wall advance stays around 6.5 MPa, and
the foot wall advance stays around 2.0 MPa. The normal stress on the fault advancing from
the hanging wall, which causes larger disturbance, is always greater than that from the foot
wall. The variation range of shear stress distribution on a fault advancing from the hanging
wall is larger than that from the foot wall, i.e., −0.35~0.36 MPa from the hanging wall, and
−0.17~0.09 MPa from the foot wall, respectively. With the increase of depth, the shear stress
appears to be stable from foot wall advance. Before the mining advances to a fault, hanging
wall advance is easier to cause the fault activation, because there are dramatic changes of
the shear stress distribution, large peak values, and wide ranges of influence on the fault.

3. Numerical Simulations

To understand the stress variation on faults and the distribution characteristics of floor
and roof plastic failure near the fault, the simulation software of FLAC3D is applied in
this study for further numerical work. FLAC3D is a finite difference numerical simulation
software. There are twelve elastic and plastic constitutive models and five calculation
modes built in the software, which can realize the coupling between different modes. In
addition, the built-in FISH program language can obtain the coordinates, displacement,
stress, strain and other parameters of nodes and units in the calculation process. It can well
simulate geological materials’ mechanical behaviors, such as plastic flow or damage, when
they reach the yield limit or strength limit. Besides, it can also analyze the gradual damage
and instability, and track the gradual failure of materials. Therefore, this software has been
widely used in the field of geotechnical engineering.

3.1. Engineering Background

Buliangou coal mine is located in the northeast of Zhungeer coalfield in Inner Mongo-
lia, China. The development of a fault in the minefield brings a great challenge to mining
safety. According to the preliminary exploration, a normal fault goes through the middle of
the F6210 working face. The F6210 is buried at a depth of 398–405 m, and the thickness of
the coal seam is about 4 m. The fault has a strike of N46◦E, a dip of N51◦W, a dip angle
of 55–65◦, a zone width of 2.2–3.5 m, and an average drop of 4.0 m. To reduce the risk of
water inrush hazard, as well as improve the mining efficiency, the mining advanced from
the hanging wall and foot wall of the fault, respectively, and advanced from far and near to
the fault fracture zone.

3.2. Numerical Calculation Model

Through the proper and effective simplification, the geometric model is built with
the size of 300 m × 200 m × 200 m (length × width × height), with 98,400 divided units
and 105,493 nodes. The coal seam is buried at a depth of 400 m and with a thickness of
4 m. A fault with a drop of 4 m, an inclination angle of 60◦, and a fault zone width of 3 m
is selected in this study. There is horizontal displacement constraint on the sides of the
model, vertical displacement constraints on the bottom, and the upper surface is treated
as free surface. Overlying rock applies about 10 MPa of uniform loading on the upper
surface. Mining advances from far and near, and gradually advances to the fault with an
advancing step of 10 m. At the advancing interval, artificial filling is made to simulate the
mining caving for the last advancing step. A numerical calculation model is established as
Figure 6, the meshing model as Figure 7, and the rock physical and mechanical parameters
are shown in Table 1.
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Figure 7. Sketch of the FLAC3D mesh of the fault.

Table 1. Physical and mechanical parameters of rock strata.

Rock Property Thickness
h (m)

Bulk
Modulus K

(GPa)

Shear
Modulus G

(GPa)

Internal
Friction

Angle ϕ (◦)

Cohesion
c (MPa)

Tensile
Strength σc

(MPa)

Density
ρ (kg·m−3)

Sandstone 20 15.3 9.2 36 3.5 3.5 2550
Main roof 22 16.7 10.0 35 3.6 2.0 2500

Immediate roof 15 15.9 8.2 29 2.5 2.5 2450
Coal seam 3 9.2 3.7 25 1.5 1.1 1500

Immediate floor 14 17.4 9.0 32 2.9 2.4 2500
Main floor 16 12.3 8.1 35 3.3 2.3 2580
Mudstone 12 12.6 9.1 33 2.6 1.8 2500
Limestone 18 19.0 9.8 38 3.9 3.5 2550

Fault ~ 8.3 3.0 18 0.5 0.5 1900

3.3. Results and Analysis of Numerical Simulation
3.3.1. Stress Distribution Characteristics on the Fault

The monitoring points are put in the fault zone that lies about 5 m below the coal
seam, 10 m, 15 m, 20 m and 25 m, respectively, in this simulation displayed as the white
dots in Figure 7, which are listed as A, B, C, D and E, respectively. As the mining working
face approaches to the fault, the normal stress and shear stress change curves of monitoring
points are shown as Figures 8 and 9, respectively.
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Figure 8. Stress change curves of the fault when mining advances along the hanging wall: (a) normal
stress; (b) shear stress.
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Figure 9. Stress change curves of the fault when mining advances along the foot wall: (a) normal
stress; (b) shear stress.

As is shown in Figures 8 and 9:
When mining advances from the hanging wall, the normal stress and shear stress

within the fault zone under the floor first increases and then decreases. When the working
face is more than 10 m apart to fault, the normal stress within the fault zone that is 5 m
under the floor always increases, from 5.2 MPa to 10.7 MPa, an increase of 5.5 MPa; as the
working face advances to the fault continuously, the normal stress starts to decrease, and
eventually reduces to 3.7 MPa. The change law of shear stress in the fault zone is similar to
that of normal stress. The shear stress in the fault zone that is 5 m below the floor increases
from 3.4 MPa to 5.4 MPa, an increase of 2.0 MPa, after which the shear stress decreases. The
increased range of the shear stress is less than that of normal stress, so the working face
advance brings a larger disturbance to normal stress in the fault zone. The normal stress
and shear stress on the fault that is 25 m below the floor starts to decrease when it is 50 m
away from the working face, which indicates that the fault under the floor and far away
from the mining layer is disturbed first.

When mining advances from the foot wall, the normal stress and shear stress within
the fault zone under the floor increases gradually. The normal stress within the fault zone
that is 5 m under the floor increases from 5.2 MPa to 11.3 MPa, while the shear stress
increases from 3.4 MPa to 5.6 MPa. When the mining working face is 0~20 m apart from
the fault, there is the largest increase and the largest disturbance to the fault. Comparing
the stress change of 5 m and 25 m below the floor within the fault zone, it can be seen that
the fault under the floor and closest to the mining layer is disturbed first when the working
face advances. Similarly, with the mining advance from the hanging wall, the change range
of shear stress is less than that of normal stress within the fault zone.
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Comparing the working face advance from the hanging wall and the foot wall, we
can find that there is an obvious difference in stress change within the fault zone. When
mining advances from the hanging wall, the stress first increases, after which it decreases;
the instantaneous release of stress tends to cause the fault activation. When the working
face advances from the foot wall, the fault zone stays in the compaction state where the
hanging wall and foot wall are squeezed together, which is unfavorable for water inrush.

3.3.2. Plastic Failure Characteristics of Roof and Floor

Affected by mining, plastic failure can occur in the surrounding rock of the working
face. When the plastic failure zone is linked with the plastic zone near the fault, there is a
hidden water inrush in the water-conductive fault. Figures 10 and 11, respectively, show
the plastic failure distribution zone that occurs when the working face advances from the
hanging wall and the foot wall.
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As is shown in Figures 10 and 11:
When mining advances in the initial stage, the plastic zone that is caused by mining is

relatively small and far from the fault; with the advance of the working face, the distance
between the plastic failure zone and the fault becomes small. As for the hanging wall, when
the working face is 60 m apart from the fault, the plastic failure zone caused by mining will
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be linked with the plastic zone near the fault; as for the foot wall, when the working face is
40 m away from the fault, the plastic failure zone caused by mining will be linked to the
plastic zone near the fault. If the fault is conducted with an aquifer, a water-conductive
canal is easily formed, which will lead to water inrush. Therefore, a waterproof coal pillar
should be reserved. In this simulation study, the size of the waterproof coal pillar for the
hanging wall is no less than 40 m, and for the foot wall it is no less than 20 m.

When mining advances from the hanging wall, the plastic failure zone caused by the
floor is linked with the plastic zone near the fault first; on the other hand, when mining
advances from the foot wall, the plastic failure zone caused by the roof is linked first.
Therefore, when the working face approaches to the fault, plastic failure in the floor is
largely affected by the hanging wall advance, and plastic failure in the roof is largely
affected by the foot wall advance.

3.4. Verification by In-Situ Monitoring

To verify the validity of simulation results, the water injection leak detection method [39]
is designed to observe the development of the plastic zone during the mining advancement.
In this method, a higher flow rate of leakage means more severe plastic damage to the
borehole, and the rapid increase in flow rate represents the connection of fractures near
the borehole. As shown in Figure 12, Points A, B, C and D are set to monitor the plastic
zone development in both roof and floor of the hanging wall and foot wall 60 m apart
from the fault. In each monitoring point, four boreholes for different minoring depths were
arranged, numbered 1#, 2#, 3# and 4#, respectively. The horizontal distance between the
boreholes was 2 m, and the vertical distance was 5 m.
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As is shown in Figure 13, with the advancement of the working face in the hanging
wall, the size of the plastic zone increases gradually. As shown in Figure 13a, when the
working face is 120 m apart from the fault, the flow rate of the A-1# borehole increases
to 2.38 m3/h, while the data in A-2# stays at a low value, which means the height of the
plastic zone is 10–15 m. When the working face is 70 m apart from the fault, the height
of the plastic zone is more than 25 m. Similarly, as shown in Figure 13b, the flow rate of
the B-1# borehole increases to 2.49 m3/h when the working face is 130 m apart from the
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fault, which proves that the plastic zone depth is 10–15 m. When the working face is 100 m
apart from the fault, the plastic zone depth is more than 25 m. By comparing Figure 13a,b,
the plasticas zone height in the floor is larger than the plastic zone depth in the roof at the
same advancing distance; that is, the advance in the hanging wall has a more significant
influence on the floor. This monitoring result is consistent with that of simulation.
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Figure 13. In-situ monitoring results of mining-induced plastic zone in different monitoring points:
(a) Point A; (b) Point B; (c) Point C; (d) Point D.

As the working face advances in the foot wall, the size of the plastic zone in the roof
and floor also increases. As shown in Figure 13c, when the working face is 110 m apart
from the fault, the flow rate of the C-1# borehole increases to 1.18 m3/h, which indicates
that the height of the plastic zone in the roof is 10–15 m. When the working face is 80 m
apart from the fault, the height of the plastic zone is more than 25 m. Similarly, as shown in
Figure 13d, the plastic zone depth is 10–15 m when the working face advances 100 m apart
from the fault. When the working face is 70 m apart from the fault, the depth of the plastic
zone in the roof reaches 25 m. In the comparison of Figure 13c,d, the advance from the foot
wall had a greater impact on the roof, which corresponds with the simulation results.

Comparing Figure 13a,c, when the distance between the working face and fault is
−100 m, the height of the plastic zone in the hanging wall is 20–25 m, while that in the foot
wall is 15–20 m. In the comparison of Figure 13b,d, when the working face advances to
100 m away from the fault, the depth of the plastic zone in the hanging wall (more than
25 m) is much larger than that in the foot wall (5–10 m). It is concluded that, at the same
advancing distance, the height and depth of the plastic zone in the hanging wall is larger
than that in the foot wall, which is also in line with the simulation results.

To sum up, the in-situ monitoring results are in good agreement with the simulation
results, which verifies the validity of the numerical simulation.
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4. Conclusions

To analyze the effect of mining advancing direction of the working face on fault
activation, a mechanical model of fault activation is built, and FLAC3D numerical software
is used to simulate the stress variation on the surface of fault under two different mining
advancing directions, and the distribution characteristics of a plastic failure zone of the
roof and floor near the fault are obtained. According to the mechanical behavior analysis,
when the working face advances from the hanging wall, the normal stress has a large
increase in the fault zone, and the shear stress distribution changes drastically with a large
peak. Advancing from the foot wall more easily causes fault activation. Based on the
numerical results, as the working face gets close to the fault from the hanging wall, the
normal stress and shear stress increase first and then decrease, the instantaneous release of
stress easily increases the risk of fault activation; from the foot wall, the normal stress and
shear stress always increase, then the hanging wall and foot wall are squeezed together,
which is unfavorable for water inrush in the fault zone. When the working face advances
from the hanging wall, the floor is largely affected, while the roof is largely affected by
the foot wall advance. In this simulation study, the size of the waterproof coal pillar for
the hanging wall is no less than 40 m, and for the foot wall no less than 20 m. The size
of the waterproof coal pillar for the hanging wall should be larger than that of the foot
wall. The in-situ monitoring results in Buliangou coal mine show good consistency with
the simulation results.
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