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Abstract
Mechanical models were used to analyze the failure depth of faulted and faultless mine floors based on the limit equilibrium 
theory of rock mass. In addition, the failure characteristics and water-inrush pathways were numerically investigated. The 
results were then compared, along with in-situ observations to validate these models. The mining-induced failure zone (an 
asymmetric “inverted saddle” shape) near the mined-out area was larger in the floor strata beneath the area around the coalface 
than that near the open-off cut. The maximum fault-induced failure depth was approximately twice that of the intact floor, 
which was generally equivalent to the in-situ observations. Three characteristic zones in the floor strata were observed during 
the mining process in the numerical models: a mining-induced failure area, a water-impervious area, and a fault reactivation 
area. The formation of the failure zone can be roughly divided into an initial stage, a stable stage, and a mutation stage. This 
study provides an improved understanding for predicting fault-induced mine water-inrushes.
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Introduction

A serious threat associated with mining above aquifers 
involves uncontrolled groundwater penetrating into the 
workings through fractured zones in the floor strata, result-
ing in both economic losses and human casualties (Wang 
and Park 2003; Wu and Zhou 2008; Zhang 2005; Zhu and 
Wei 2011). Over 80% of mining incidents involving water-
inrush have been linked to geological structures such as 
faults and karst collapse pillars (KCPs) (Bai et al. 2013; 
Shao et al. 2019; Zhang et al. 2014), whereas the remainder 
may be related to intrinsic cracks and voids within the floor 
srata (Lu and Wang 2015; Wang et al. 2020). In general, as 
shown in Fig. 1, fault zones affect the likelihood of a water 
in-rush, mainly by: (1) enhancing the destruction of the 
protective layer; (2) reducing the effective distance between 
the correlative aquifer and the coal body; (3) controlling 

the migration of groundwater. In addition, fault zones sig-
nificantly increase the maximum failure depth of the floor 
strata compared to areas unaffected by faults, thus increasing 
the frequency of mining accidents (Li et al. 2011; Wu et al. 
2004). Therefore, accurately determining the fault-induced 
failure range of post-mining strata is of crucial importance 
for predicting and assessing the risk of groundwater outburst 
in underground coal mines.

Considerable attention has been given to groundwater 
inrush over the past few decades, and some studies have 
suggested a range of empirical criteria and analytical models 
(Du et al. 2017; Li et al. 2018; Li and Zhou 2006; Qian et al. 
2018; Zhu et al. 2014). The concept of a water-inrush coef-
ficient was proposed and defined in the related regulation, 
with suggested critical values of 0.1 and 0.06 MPa m−1 for 
complex and simple structural areas, respectively (Shi et al. 
2019; Sun et al. 2019a, b). Bu and Xu (2020) explained the 
mechanism of fault-induced groundwater inrush by adopt-
ing a simplified mechanical model to theoretically calculate 
the distribution of shear stress on the fault plane during coal 
exacavation and to systematically analyze the influence of 
geometrical configuration on fault reactivation. Hu et al. 
(2019) and Sun et al. (2019a, b) applied theoretical mod-
els associated with faults through the use of limit equilib-
rium theory, and successfully predicted the water-bearing 
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capacity of a post-mining floor. Moreover, some empirical 
formulas and analytical models for predicting the maximum 
failure zone depths were successively developed, based on 
hundreds of field observations (Zhai et al. 2019; Zhang 
and Shen 2004). Although these results have enhanced 
our understanding of the mechanisms and predictions of 
groundwater hazards, most of the approximate models or 
approaches reported have neglected the failure characteris-
tics of a mine floor with faults.

Studies have adopted various approaches to better under-
stand the hydromechanical behavior of rock mass above a 
confined aquifer during mining, including numerical mod-
eling (Li et al. 2011; Yang et al. 2007), physical analogs 
(Zhang et al. 2017; Zhao et al. 2020; Zhu et al. 2018), and 
in-situ measurement (Li and Zhou 2006; Qian et al. 2018; 
Yin et al. 2015). Tang et al. (2002) were the first to propose 
the rock failure process analysis (RFPA) code for heteroge-
neous rock, thereby providing direct insights into the initia-
tion, propagation and coalescence of fractures in the seam 
floors and the formation of inrush channels around the faults. 
Wu et al. (2004) proposed that groundwater bursting along 
the fault zone could either be instantaneous or delayed after 
the formation of a roadway or mined-out area. Zhang et al. 
(2017) used a laboratory experiment to observe the entire 
water inrush process, thereby identifying the hydrological 
connection between the failure zone and the underlying aqui-
fer, facilitated by the fault reactivation zone as the cause of 
the formation of an inrush pathway. Lu and Wang (2013) 
and Sun and Wang (2013) used micro-seismic monitoring 
to determine that the failure depths of faulted mine floors are 
about twice those of mine faultless floors, thereby dramati-
cally increasing the risk of water inrush. Although previous 

studies have contributed greatly to evaluating the risk of 
water inrush, there remains a lack of knowledge, particularly 
with regard to appropriate theoretical models.

To this end, the current study developed analytical mod-
els based on the limit equilibrium theory of rock mass to 
predict the maximum failure depth of faulted and faultless 
floors after mining. Also, the influence of mining on the 
fault-induced failure range and inrush pathway of the floor 
was numerically investigated using fast Lagrangian analysis 
of continua (FLAC3D).

Geology

The Huatai coal mine is located within Laiwu city, Shan-
dong Province, in northern China. This mine has a field area 
of ≈ 27.3 km2; the nos. 2, 4, 7, and 15 seams are minable. 
The geological data indicate that working face 7502, min-
ing the No. 7 seam, is roughly horizontal, with an average 
thickness of 4 m, a mining depth of 650 m, and a mining 
width of 150 m. The normal fault Fqin, which affects the 
excavation process of working face 7502, falls within the 
main structure in the middle of the coalfield. Moreover, as 
shown in Fig. 2, a limestone aquifer with a measured hydrau-
lic pressure exceeding 3.2 MPa lies 63 m directly beneath 
the coal seam. Past evidence has demonstrated the need to 
evaluate and predict the risk of a groundwater outburst near 
the faulted area, where the water in-rush coefficient is close 
to the critical value of 0.06 MP m−1.

Fault zoneMacro crackMinor cracks

Roof strata

Floor strataFloor strata

Underlying aquifers

Coal seam

Mining failure zone

Fig. 1   Types of water inrush controlled by geologic structures
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Theoretical Analysis

Model Construction

The excavation of mines above an underlying aquifer, and 
especially above the Ordovician limestone aquifer, will lead 
to a redistribution of geo-stress and strata failure around 
these excavations (Yin et al. 2015), with a possibility of the 
floor stratum being subjected to both excavation-induced 
and groundwater pressures. Li et al. (2011) found a correla-
tion between coal seam excavation and floor deformation, 
with three significant areas of deterioration: the “mining-
disturbed area”, the “water-impervious area” and the “aqui-
fer ascending area”. Figure 3 shows the mechanical models 
for faulted and fautless floors, where x indicates the mining 
direction along the working face with a length of L, and z 
denotes the downward direction perpendicular to the coal 
seam floor with a height of Hz. The model represents the 
load of rock mass induced by roof caving as an equivalent 
uniformly distributed load with a value of γHm. Groundwa-
ter pressure in the underlying confined aquifer increases the 
risk of the floor strata expanding into the exposed space of 
the excavated area during the mining process. Consequently, 
the risk of water inrush increases with increasing hydraulic 
pressure.

Model Derivation

This paper provides the detailed derivation of only the fault-
related model due to space limitations. A micro-element with 
a thickness of dz can be extracted from the water-impervious 
layer, with the associated element stress analysis shown in 
Fig. 3a. Based on the limit equilibrium theory of rock mass, 

Eq. (1) should be satisfied to maintain the mechanical equilib-
rium of the element body along the z direction.

According to the Mohr–Coulomb criterion (Shen and Chen 
2006), the friction resistances �1 and �2 on both sides of the unit 
body are given in Eq. (2).

where C and Cf denote the cohesion of the floor strata and 
the fault zone respectively, φ and φf refer to the correspond-
ing internal friction angle, and α indicates fault dip.

Equation (3) can then be obtained by substituting Eq. (2) 
into Eq. (1):

(1)(�z + d�z − �z)L − (�1 + �2)dz = 0

(2)
�1 = C + �x tan�

�2 =
(

Cf + �x tan�f

)

sin �

}

(3)
d�z

dz
=

tan� + tan�f sin �

L
�x +

C + Cf sin �

L

Roof strata

63 m
Floor strata
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¦ Á
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Fig. 2   Engineering geological model of working face No. 7502 in the 
Huatai Coal Mine

Fig. 3   Mechanical models and element stress analysis based on the 
limit equilibrium theory of rock mass. a faulted floor; b faultless floor
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Given that Eq. (4) is satisfied, then the yielding failure of 
rock begins to occur under limit equilibrium conditions (Sun 
et al. 2019a, b).

Assuming that 1+sin�
1−sin�

= � , Eq. (5) can be obtained by 
solving Eq. (3) and Eq. (4):

In Eq. (5), A denotes the undetermined coefficient. Con-
sidering the effect of roof caving on the coal seam floor, the 
boundary conditions of the model derived in Fig. 3a are:

Accordingly, the maximum failure depth (ha) of a faulted 
floor after mining can be expressed implicitly, as shown in 
Eq. (7):

where ha and hc denote the mining-disturbed failure depth 
and the hydraulic ascending height, respectively, P is the 
hydraulic pressure in the underlying aquifer, γ represents 
the average bulk density of the rock stratum, L represents the 
mining distance of the coalface, Hz is the distance between 
the coal seam and the correlative aquifer, Hm indicates the 
caving height of roof strata induced by coal extraction, and 
the remaining parameters are the same as those defined pre-
viously. As shown in Eq. (8), Hm can be defined according 
to Liang et al. (2020) and Zhang and Shen (2004).

In Eq. (8), ΣM denotes the cumulative mining thickness of 
the coal seam. Similarly, the excavation-induced damage depth 
of a faultless floor, as evident in Fig. 3b, is derived as follows:

(4)
�z + C cot�

�x + C cot�
=

1 + sin�

1 − sin�

(5)
�z =Ae

(tan�+tan�f sin �)
�L

z

−
C + �Cf sin � + tan�f cot�(1 − �)C sin �

tan� + tan�f sin �

(6)
z = 0, �z = rha + rHm

z = Hz − ha − hc, �z = P − r
(

Hz − hc
)

− rHm

}

(7)ha =

P −

[

�Hm +
C+�Cf sin �+tan�f cot�(1−�)C sin �

tan�+tan�f sin �

]

e
(tan�+tan�f sin �)(Hz−ha−hc)

�L +
C+�Cf sin �+tan�f cot�(1−�)C sin �

tan�+tan�f sin �
−
[

�
(

Hz − ha − hc
)

+ �Hm

]

�

[

1 + e
(tan�+tan�f sin �)(Hz−ha−hc)

�L

]

(8)Hm =
100

∑

M

1.6
∑

M + 3.6
± 5.6

(9)ha =
P −

[

�Hm + C cot�
]

e
2 tan�(Hz−ha−hc)

�L + C cot� −
[

�
(

Hz − ha − hc
)

+ �Hm

]

�

[

1 + e
2 tan�(Hz−ha−hc)

�L

]

Therefore, Eq. (7) and Eq. (9) can be used to analyze and 
predict the range of the mining-disturbed area in faulted and 
faultless floors, respectively.

Failure Depth Calculation

During the mining process, the floor strata will inevitably 
be subjected to mechanical loads, which gradually cause the 
expansion of pre-existing cracks (or weakness), thus forming 
failure zones around the excavations. The mining-disturbed 
failure zone in the fault-free floor (Fig. 4), has conventionally 

been represented as having three different regions: (1) the 
active area; (2) the transition area; and (3) the passive area.

According to Zhang (2005), the maximum depth of the 
fracture in its most general form, which depends on the yield 
length of the coal pillar positioned around the coalface and 
the friction angle of the floor strata, is derived by:

where xa is the yield length of the coal pillar, with an 
empirical value of xa = 0.015H (H denotes the average min-
ing depth of the coal seam) and φ0 denotes the internal fric-
tion angle of the floor strata. The mining and geological 
records of the Huatai coal mine were used to suggest the 

(10)ha =
xa cos�0

2 cos

(

�

4
+

�0

2

)e

(

�

4
+

�0

2

)

tan�0

Fig. 4   Traditional slipping line mechanical model presented by Zhang
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configuration parameters of the models shown in Figs. 3 and 
4: H = 650 m,φ (φ0) = 33°, φf = 28°, γ = 25 kN m−3, M = 4 m, 
α = 30°, 45° and 60°, Hz = 63  m, hc = 8  m, L = 160  m, 
C = 5 MPa, Cf = 0.7 MPa, and P = 4 MPa. The failure depths 
in the faulted and faultless floors disturbed by mining can be 
obtained by substituting these parameters into Eq. 7, 9, and 
10, respectively (Table 1).

The maximum damaged depth of a floor without faults 
can reach up to 15.63 m after mining, which is roughly 
consistent with the 17.14 m calculated using the slip-line 
mechanical theory. In contrast, the maximum excavation-
induced failure depth of the floor with varying fault dips 
ranges from 31.08 to 35.34 m. Thus, the damaged depth of 
a faulted floor exceeds that of a faultless floor by a factor of 
1.81–2.26.

Numerical Simulation

In general, many factors affect water-inrush from a faulted 
mine floor. While geological structures, such as faults, are 
the main factors controlling water inrush, mining pressure 
tends to induce water inrush by creating a hydraulic link 
between the floor strata and the underlying aquifer. In addi-
tion, the aquifer’s water abundance, manifested as hydraulic 
pressure, is the driving force determining the occurrence of 
a groundwater outburst. We used FLAC3D software (Itasca 
Consulting Group, Inc. 2005, version 3.0) to obtain more 
detailed observations of the failure characteristics and inrush 
pathway of a faulted floor during the mining process above 
a confined aquifer.

Model Settings and Scenarios

According to the primary geological and geometric condi-
tions of the Huafeng coal mine, Fig. 5 shows three case 
studies with fault dips of 30°, 45°, and 60°, which are 
mainly composed of five equivalent layers: roof strata, the 
coal seam, floor strata, the fault zone, and the confined 
aquifer. These models were discretized into a mesh of X, 

Y, and Z dimensions of 360 m × 230 m × 150 m, involving 
a total of 37,214 elements. A stepwise excavation method 
was adopted in the numerical calculation to clearly dem-
onstrate the mining process, with each step advancing 
10 m forward from X = 40 m until water inrush occurred. 
Simultaneously, all of the models were analyzed by hydro-
mechanical coupling to characterize the damage and flow 
in the seam floors during coal mining.

An equivalent load of σz = 14.67  MPa was applied 
uniformly on the upper boundary to simulate geo-stress 
caused by overburden layers, with a depth of about 600 m. 
The lower boundary of the model was fully constrained, 
and the hydraulic pressure in the aquifer was set at 4 MPa. 
The rest of the model’s boundaries were horizontally con-
strained. As shown in Table 2, the physico-mechanical 

Table 1   The theoretically 
obtained results of maximum 
failure depth of the No. 7502 
working face

*indicates that such case does not exist in the calculation scheme

Floor property Fault dip/(°) Mining-induced failure depth/(m) Ratio /(Faulted/Faultless)

Limit equilib-
rium theory

Slip-line theory

Faulted floor 30° 31.08 * 1.81–2.26
2.0445° 33.69 *

60° 35.34 *
Faultless floor * 15.63 17.14

Block Group
roofstrata
floorstrata
coalbody
fault
confinedaquifer XY

Z

(a) 30

Block Group
roofstrata
floorstrata
coalbody
fault
confinedaquifer XY

Z

(b) 45

Block Group
roofstrata
floorstrata
coalbody
fault
confinedaquifer XY

Z

(c) 60

Open-off cut Mining face

Mining direction

Open-off cut Mining face

Mining direction

Open-off cut Mining face

Mining direction

Fig. 5   Numerical models for coal seam mining with a faulted floor
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parameters of rocks and the coal seam in the simulations 
were empirically chosen and estimated according to the 
results of field testing.

Numerical Results and Analysis

The current study numerically analyzed the influence of 
faults on the floor failure range after mining. As evident 
in Fig. 6, the configurations of the failure zones around 

the open-off cut and the mining face were asymmetric 
in the mined-out area, with the latter distributed over a 
larger range than the former. This was markedly different 
from the symmetrical “inverted saddle” failure pattern of 
a faultless floor (Li 1999; Song et al. 2019). Additionally, 
the simulated results showed that there is a possibility of 
the confined water (indicated in red in Fig. 6, showing 
the flow vectors rising along the fault) bursting into the 
mined-out area through the damaged zone below or in 

Table 2   Physico-mechanical parameters for rocks and the coal seam employed in the numerical simulation

Lithology Density/
(kN m−3)

Bulk modu-
lus/GPa

Shear modu-
lus/GPa

Cohesion/MPa Friction 
angle /(°)

Tensile 
strength/MPa

Permeability/
(m2·(Pa·sec)−1)

Porosity

Roof strata 25.0 5.0 3.2 4.0 32 3.0 6 × 10–15 0.3
Coal seam 13.9 2.3 2.0 2.1 20 1.1 3 × 10–13 0.4
Floor strata 25.0 6.0 4.1 5.0 33 2.8 7 × 10–15 0.2
Fault zone 21.0 1.0 1.25 0.7 28 0.2 5 × 10–12 0.5
Confined aquifer 24.0 4.0 2.3 2.0 31 2.1 4 × 10–10 0.7

Fig. 6   Profiles of failure state 
in the seam floors during the 
formation of a water-inrush 
pathway

Block State
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shear-n
shear-n shear-p
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Block State
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shear-p
shear-p tension-p
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(c) 60
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front of the working face. This may provide a theoretical 
basis for the previous study on fracture zones as the main 
pathway of water-inrush (Biswas and Sharma 2017).

Within the practice of coal mining above aquifers, 
the quantitative and comparative determination of the 
floor failure range is vitally important to further evaluate 

water-inrush risk in underground coal mines. Figure 7 
shows the relationships between the mining-induced fail-
ure depth, the fault-activated height, and the mining dis-
tance. It should be noted that all models presented a simi-
lar floor failure process trend with varying fault dips being 
roughly divided into three stages: (A) initial; (B) stable, 
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and (C) mutation. Moreover, the activation processes of 
faults with dip angles of 30°, 45°, and 60° mainly fell in 
the mutation stage.

As shown in Figs. 7a and 8, under an inclination angle 
α = 30°, the failure depth of the floor during the initial stage 
(0–60 m) gradually increased as the coal seam was exca-
vated. The failure depth remained basically unchanged dur-
ing the stable stage (60–130 m) (Fig. 8b), whereas the fail-
ure depth continually extended forward in the failure range 
(volume) as the mining face advanced. The failure bound-
ary approximates a straight line parallel to the coal seam 
floor. However, with further excavation (130–160 m, i.e., 
the mutation stage), the failure zone propagated downwards 
in an asymmetric manner, where the right part of the dam-
aged floor was clearly wider and deeper than that of the left 
side (Fig. 8c). Meanwhile, there was a potential for further 
activation of the fault, with the reactivated fault being more 
active, with newly damage continuously appearing around 
the fault. The damage developed gradually, with fractures 
connecting to form a highly permeable pathway between the 
damaged zone in the floor strata and the fault, as the advanc-
ing distance approached a critical value of 160 m (Fig. 8d).

In addition, three characteristic zones were routinely 
observed in the mining floor in the vertical direction: (1) a 
mining-induced failure zone; (2) an intact (or water-imper-
vious) zone; and (3) a fault reactivation zone. Once the scat-
tered fractures in the fault reactivation zone were hydrauli-
cally connected with the mining-induced failure zone, large 

volumes of groundwater could enter the workings in an 
uncontrollable manner, thereby resulting in water inrush.

This maximum failure depth appeared in the floor strata 
beneath the area around the coal wall, whereas that of the 
faultless floor could be roughly determined before the work-
ing face entered the horizontal projection of the fault onto 
the coal floor. Table 3 shows the results of the numerical 
analysis.

These results demonstrate significant differences in the 
failure depth and morphology of the post-mining floor due 
to the influence of faults. The maximum damage depth of the 
mine floor related to faults was about twice that of the intact 
floor. This result is consistent with micro-seismic monitoring 
reported by Lu and Wang (2013) and Sun and Wang (2013). 
Table 4 lists the typical results of floor failure depth meas-
ured in different coal mines. Qualitatively, the phenomena 
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formation

(B)

Fig. 8   Profiles of the change in damage in the seam floor with varying mined distances. (a case with inclination angle α = 30°)

Table 3   The numerically simulated results of floor failure depth of 
the No. 7502 working face

Fault dip/(°) Mining-induced failure 
depth/(m)

Ratio/
(Faulted/
Faultless)

Average 
ratio/
(Faulted/
Faultless)Faulted floor Faultless 

floor (before 
entering the 
fault)

30° 33 12 2.75 2.08
45° 18 12 1.50
60° 18 9 2.00
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encountered follow this trend, which is also generally con-
sistent with theoretical and numerical observations. Results 
from such analyses could provide a theoretical explanation 
for the frequent occurrence of groundwater inrush accidents 
in some coal mines when the working face is adjacent to 
the fault during the mining process (Wu et al. 2004; Zhang 
et al. 1997).

Conclusions and Discussion

The current study employed both theoretical and numeri-
cal models along with in-situ observations to comparatively 
investigate the failure characteristics of faulted and faultless 
floors after mining. The main results can be summarized as 
follows:

(1)	 The current study derived mechanical models consider-
ing the roof caving load and the hydraulic pressure in 
the aquifer, which were used to calculate the theoreti-
cal failure depths of faulted and faultless floors. The 
theoretically and numerically obtained results showed 
that the maximum damaged depth of a faulted mine 
floor was about twice that of the intact floor, simi-
lar to in-situ observations. After the formation of an 
inrush pathway, the failure zone around presented an 
asymmetric “inverted saddle” shape near the mined-
out area, which was obviously wider and deeper near 
the coalface than near the open-off cut. In other words, 
the maximum failure depth appeared in the floor strata 
beneath the area around the coal wall of the working 
face.

(2)	 The failure process of floors with fault dips of 30°, 45°, 
and 60° could be roughly divided into three stages dur-
ing the mining processes: (1) initial; (2) stable, and (3) 
mutation. In addition, the activation processes of faults 
with varying dips mainly fell in the mutation stage. 
This indicates that measures such as goaf filling or floor 
grouting should be used to improve the mining safety 
of underground coal mines.

(3)	 The numerical observations showed that the floor strata 
in the vertical direction could be classified into three 
distinct damaged zones: (1) a mining-induced failure 
zone; (2) an intact zone, and (3) a fault reactivation 
zone. The confined water was prone to rise along the 
fault reactivation zone and penetrate into the mined-
out area through the fracture zone below or in front of 
the working face. Therefore, a water-impervious pillar 
with a critical length of 30 m should be preserved to 
effectively prevent inrush hazards.

(4)	 The analytical models developed in the present study 
are beneficial to a comparative analysis between the 
failure depths of faulted and faultless floors. Although 
the current study shows limitations in representing the 
fracturing process of floor rock mass in underground 
geo-engineering, the presented models do reveal the 
underlying theoretical mechanism resulting in the fre-
quent occurrence of inrush disasters in some coal mines 
when the working face is adjacent to the fault, thus 
providing a basis for the assessment and treatment of 
water inrushes from underlying aquifers.
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Table 4   Typical results of floor failure depth measured in different coal mines

No Working face and its location Mining geological conditions Measured failure depth/(m) Ratio/(h1/h0)

Mining 
depth/
(m)

Mining 
thickness/
(m)

Face width/(m) Fault 
prop-
erty

1 No. 2701-1 working face (Fengfeng No.2 Coal 
Mine)

145 1.5 120 0 14.0 1.29

No. 2701-2 working face (Fengfeng No.2 Coal 
Mine)

145 1.5 120 1 18.0

2 No. 5701-1 working face (Jingjing No.3 Coal 
Mine)

227 3.5 30 0 3.5 2.00

No. 5701-2 working face (Jingjing No.3 Coal 
Mine)

227 3.5 30 1 7.0

3 No. 4303-1 working face (Xinzhuangzi Coal 
Mine)

310 1.8 128 0 16.8 1.76

No. 4303-2 working face (Xinzhuangzi Coal 
Mine)

310 1.8 128 1 29.6

4 No. 1066 working face (Taoyuan Coal Mine) 490 3.4 112 1 16.2 (0), 30.4 (1) 1.87
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