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Abstract

A mechanical model of water inrush through a mining fault in the workface above confined aquifers was developed according to
ground pressure and strata control theory. Based on limit equilibrium theory of rock mass, mechanical criteria of the water inrush
through the mining fault in the workface above confined aquifers were deduced by considering Mohr—Coulomb yield criterion. Five
influencing factors, namely fault dip, fault cohesion, fault internal friction angle, suspended goaf range behind the workface, and
thickness of floor strata protective zone, were selected from the mechanical criteria of an ultimate hydraulic pressure that the stope
floor strata with a fault can tolerate. An orthogonal test was performed to analyze the sensitivity of the ultimate hydraulic pressure
tolerated by the stope floor strata with fault. Results show that the fault dip and thickness of the floor strata protective zone
significantly influence the ultimate hydraulic pressure tolerated by the stope floor strata with fault and represent 32.8% and 32.5%
of the total effects, respectively. The fault cohesion, fault internal friction angle, and suspended goaf range behind the workface exert
similar effects on the ultimate hydraulic pressure that the floor strata with a fault can tolerate and comprise 10.5%, 13.5%, and 10.7%
of the total effects, respectively. The ultimate hydraulic pressure that the stope floor strata with a fault can tolerate decreases with the
increase in the fault dip, fault internal friction angle, and suspended goaf range behind the workface but increases with the fault
cohesion and thickness of the floor strata protective zone. This property decreases with the distance between the coal wall of the
workface and the fault. This study provides insights into the water inrush mechanism through the mining fault in the workface and its
corresponding sensitivity, thereby aiding in establishing the safe mining of coal seam with fault above confined aquifers.
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Introduction

The geological conditions in China are extremely complex that
geological disasters occasionally occur in coal mines despite
abundant coal reserves in this country (Gao et al. 2018; Guo
et al. 2017; Miao et al. 2004; Qian et al. 2003a). The mining
workface encounters increasing threats from Ordovician karst
water from coal seam floor with the increase in depth and
intensity of coal mines. The prediction and prevention of water
inrush in the mining workface with fault structure are novel
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research topics (Lu and Wang 2015; Sun et al. 2017; Sun and
Miao 2017; Wu and Zhou 2008; Yin et al. 2016; Zhang 2005;
Zhang et al. 2014, 2017; Zhou et al. 2017; Zhu and Wei 2011).
Water inrush in mines causes not only considerable economic
loss and casualties but also severe pollution and damage to local
water resources and the environment (Bai and Miao 2009; Du
etal. 2017; Miao 2011). Therefore, effective prevention of mine
water disasters and technological problems that numerous
mines face has become a research issue.

A fault-activated water inrush is a major form of mine
water inrush. This type of phenomenon exhibits a robust con-
cealment and indefinability and can easily cause severe disas-
ters, thereby significantly threatening the safety of coal min-
ing. Statistics reveal that 80% of mine water inrush accidents
in China are caused by fault activation. Most of these acci-
dents are caused by mining-induced activation of nonconduc-
tive fault under original geological conditions (Han et al.
2009; Hu et al. 2014; Liang et al. 2015; Li et al. 2011, 2017,
Liu et al. 2017; Shi and Singh 2001; Wu et al. 2004).
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Li et al. (1996) studied the water inrush mechanism theo-
retically through stope floor fault by using a structural key
strata model of water inrush from the seam floor and proposed
evaluation criteria to understand the mechanism of fault-
activated water inrush. On the basis of “practical ground pres-
sure control” theory, Song et al. (2013) theoretically examined
the causes of the rapid increase in floor karstic water and
problems in traditional mine water control by considering a
mining-induced strata movement and effects of ground pres-
sure on karst water pressure and fault pillar. These authors
developed a predictive control mechanical model and relevant
control criteria of cross-fault mining. Lu et al. (2014) deduced
the analytical expression of the hydraulic pressure of water
inrush from the seam floor under the influence of fault by
considering the combined effect of mining and hydraulic pres-
sures of a confined aquifer beneath the floor. In addition, these
authors identified the most risky shear failure plane and criti-
cal water inrush pressure on the floor through a trial method
and analyzed the effects of the distance between the open-off
cut of the workface and the fault zone, fault dip, advancing
direction of the workface, and lateral pressure coefficients on
the critical water inrush pressure on the floor.

Based on water-resisting key strata, Li et al. (2009)
established an activated mechanical model of water-resisting
key strata with waterproof fault and analyzed the fault
activation slippage conditions of a waterproof fault under the
influence of the mining and hydraulic pressures. Huang et al.
(2010) discussed the effects of a fault on the stability of water-
resisting floor and deduced the formula of a critical hydraulic
pressure for waterproof failure. These authors also analyzed the
effects of the fault dip, fault cohesion, and width of fault coal
pillar on the failure of the water-resisting floor. These studies
play a critical role in understanding the fault-activated water
inrush mechanism and predicting fault water inrush.

In a coal mining design, protective coal pillars are generally
set in faults with large falls to avoid the influence of mining. The
faults in the fully mechanized coal mining workface generally
possess small falls. Water inrush, which is caused by activating
buried structures (e.g., small fault), has a robust concealment and
high control difficulties. Numerous researchers have investigat-
ed the setting of water-resisting coal pillars in faults with large
falls. However, systematic studies on water inrush mechanism
caused by small-fault mining in the workface, its influencing
factors, and evolution laws remain lacking. The literature also
lacks a quantitative sensitivity analysis of the influencing factors
of mining-induced fault water inrush.

Thus, the mechanical model of water inrush through the
mining fault in the workface above confined aquifers was de-
veloped on the basis of ground pressure and strata control the-
ory. The mechanical criteria of water inrush through the mining
fault in the workface above confined aquifers were deduced.
An orthogonal test was performed to analyze the effects and
sensitivity of the fault dip, fault cohesion, fault internal friction
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angle, suspended goaf range behind the workface, thickness of
floor strata protective zone, and distance from the coal wall of
the workface to the fault on the ultimate hydraulic pressure that
the stope floor strata with fault can tolerate. The present study
provides insights into the water inrush mechanism through the
mining fault in the workface and its corresponding sensitivity,
which can aid in establishing the safe mining of coal seam with
fault above confined aquifers.

Mechanical model of water inrush
through the mining fault in the workface

Engineering background

Water-conducting fractures have been developed upward at
different heights on the top interface of floor-confined aquifers
before mining coal seam with fault above confined aquifers.
This setup is known as the original confined water-
conducting zone, whose height is generally small. The floor
strata in front of the workface produce compressive deforma-
tion under the action of the advance abutment pressure of the
workface during mining of the workface. The compressed and
deformed floor strata produce expansion deformation given the
release of pressure when the workface pushes through this re-
gion. Numerous damage cracks can be generated in this region
after releasing pressure and expanding the floor strata, thereby
forming a water-conducting fractured zone with a certain depth
in the floor strata, which has water-conducting capacity, as
depicted in Fig. 1. Thus, the water-conducting fractured zone
is formed by the compressive deformation zone after releasing
pressure from the floor strata. Owing to the advancement of the
workface, the overlying strata of a goaf will fall behind the
workface, and the fallen gangue will re-compact the expanded
and deformed goaf floor strata. Moreover, the expansion and
deformation of the goaf floor strata will be recovered.
Therefore, the workface floor strata during mining of coal
seam with fault above confined aquifers undergo the follow-
ing three stages: pre-mining stress concentration, post-mining
pressure relief and expansion, and stress recovery. The three
stages correspond to pre-mining compressive deformation,
post-mining expansion deformation, and deformation recov-
ery of floor strata, as illustrated in Fig. 1. The fault in the
workface can easily be activated during mining, thereby lead-
ing to developing the fault fracture zone. The confined water
under the collaborative effect of mining and hydraulic pres-
sures of confined water may further rise along the original
confined water-conducting and fault fracture zones, thus
forming a confined water-conducting zone with different
heights. Therefore, a wavy interface was used to demonstrate
the height of the confined water-conducting zone in Fig. 1.
The overlying strata of the goaf behind the workface are in
a state of suspension, and the goaf floor strata are in a state of
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Fig. 1 Deformation failure of
floor strata and confined water-
conducting rise during mining of
coal seam with fault above
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pressure relief and expansion before the expanded and de-
formed goaf floor strata are re-compacted by the fallen
gangue. Fault water inrush may occur in the workface when
the confined water-conducting and fault fracture zones con-
nect with the water-conducting fractured zone. Therefore, the
goaf floor with fault beneath the suspended goaf behind the
workface is a dangerous region with easy water inrush before
the fault occurs on the mining workface.

Mechanical criteria

Water inrush from the coal seam floor is a common problem in
underground coal seam mining, and the mechanism of water
inrush is complex. Water inrush from the floor may be caused
by the expansion of cracks in the mining floor and the com-
munication of confined aquifers. Water inrush from the floor
may also be caused by activating geological structures, such
as faults and fall columns, and penetrating mining space. In
terms of the position of water inrush from the floor, water
inrush can occur from the floor in front of the workface, from
the floor in the workface, and from the goaf floor behind the
workface. Owing to the complexity of the mechanism of water
inrush from the floor, analyzing all of the problems of water
inrush from the floor with a single model is infeasible, but

examining only the mechanism of water inrush from the floor
for certain geological conditions and mining environments is
feasible.

Mining fault activation forms the fault fracture zone, de-
stroys the floor strata integrity, and reduces the waterproof
performance of the floor strata protective zone. The stability
and water-isolating capacity of the floor strata with a fault
under simultaneous effect of mining and hydraulic pressures
of confined water is assessed. According to ground pressure
and strata control theory (Qian et al. 2003b), a mechanical
model of water inrush through the mining fault in the
workface above confined aquifers was constructed, as
depicted in Fig. 2. The “inverted trapezoidal” differential units
with a thickness dy were selected in the protective zone of the
stope floor with a fault along the advancing direction of the
workface presented in Fig. 1. The mechanical model focuses
on investigating the ultimate hydraulic pressure that the stope
floor strata with fault can tolerate and its influencing factors
and sensitivity when a fault occurs in the mining workface. In
Fig. 2, L is the distance from the open-off cut in the workface
to the fault, / is the range of suspended goaf behind the
workface, /; is the range of re-compacted goaf by caved over-
burden behind the workface, and /, is the distance from the
coal wall of the workface to the fault.

Fig. 2 Mechanical model of

water inrush through the mining
fault in the workface above
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This study mainly investigates the problem of water inrush
prediction for the stope floor with fault during mining of the
workface. The goaf floor with fault beneath the suspended goaf
behind the workface is the dangerous region with easy water
inrush before the fault occurs on the mining workface.
Therefore, a rectangular coordinate system was established, as
displayed in Fig. 2. In this figure, a coordinate axis in the rectan-
gular coordinate system is set at the boundary position of the
suspended goaf behind the workface. Simultaneously, the x-axis
is set at the interface position between the water-conducting frac-
tured and protective zones of the floor strata and orients to the
same direction of the workface movement to analyze the influ-
ence of the thickness of the floor protective zone on the water
inrush through the mining fault in the workface. Otherwise, given
the shape of the “inverted trapezoidal” differential units, the y-
axis is set at the interface position between the suspended goaf
behind the workface and the re-compacted goaf by the caved
overburden and orients downward and perpendicular to the floor
strata. This process aims to analyze the influence of the
suspended goaf range behind the workface and the distance from
the coal wall of the workface to the fault on the water inrush
through the mining fault in the workface. The origin o is the
intersection of the x- and y-axes.

The water pressure in the confined water-conducting zone
beneath the suspended goaf floor is not much different before
water inrush from the mining floor with the fault, although the
height of the confined water-conducting zone of the stope floor
with fault is different. Therefore, in the force analysis of the
mechanical model of water inrush through the mining
fault in the workface above confined aquifers, the water
pressure in the confined water-conducting zone beneath
the suspended goaf floor is simplified to a uniform water pres-
sure. The floor strata with fault beneath the suspended goaf
possess balanced stresses before water inrush through the min-
ing fault in the workface. According to ultimate balance the-
ory of rock mass (Li et al. 1991), the force analysis of
“inverted trapezoidal” differential units with a thickness dy
is determined, as exhibited in Fig. 2.

In Fig. 2, the horizontal stress o, and shearing strength 7 of
the protective zone strata influence the left-end face of the
differential units. The vertical stress o, and increment o+
do,, affect the upper and lower surfaces. The shearing strength
7 and the normal stress o, of fault surface influence the right-

(1-sinp)(cotf—tany,)  (l-sinp)tanp 1

end bevel. The “inverted trapezoidal” differential units with a
thickness dy along the x and y directions satisfy

. od d
oxdy = arsmﬁﬁ + Trcosﬁﬁ
"y ¢ & )
oyl + dy + Trsmﬁﬁ = (O'} + day) (I*Tyﬁ> + rcosﬂﬁ

correspondingly, where 3 is the fault dip.

According to ultimate balance theory of rock mass, the
“inverted trapezoidal” differential units will shear slide up-
ward along the fault surface in the process of fault activation
and water inrush. The left-end face of the differential units
during this process will be affected by the horizontal stress
o, and shearing strength 7 of the protective zone strata, and
the right-end bevel will be affected by the normal stress o,.and
shearing strength 7,. of the fault surface, as presented in Fig. 2.
According to Mohr—Coulomb yield criterion, the shearing
strength 7 of the protective zone strata and shearing strength
7; of the fault surface satisfy

j

where C and ¢ are the cohesion and internal friction angle of
the protective zone strata, respectively; C, and ¢, are the co-
hesion and internal friction angle of the fault surface,
correspondingly.

In Fig. 2, the horizontal stress o, and vertical stress o, on
the fault surrounding rock are assumed to be the minimum and
maximum principal stresses, respectively. Accordingly, the
normal stress o,. on the fault surface can be expressed as fol-
lows:

7= C + o,tanp
7, = C, + o,tany,

(2)

_O’x+0y

2

0,0y

+ TcosZﬁ (3)

o
According to the Mohr—Coulomb yield criterion, the ulti-
mate equilibrium conditions of rock mass failure are

g, + Ceotp 1+ singp
o, + Ccotp  1—sing

(4)

The following expression can be obtained by substituting
Egs. (2)-(4) into Eq. (1):

dy

Id dy———d
o+ (1 4 sing)(1 + cotftany,) 1 + sinp tan/3 o y_tanﬂ %
[2Ccosp + Cr(.l + sinp)cotfd](cot—tany,) 2Csif1<p verc Sap—o (5)
(1 + sinp)(1 + cotftany,) 1 + sinp
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The second-order differential component dydo,, is omitted,
and the two sides of Eq. (5) are divided by dy. Thus, Eq. (5)
can be further simplified to

doy
dy

(1-singp)(cotf—tany,)
(1 4 sing)(1 + cotftany,)

_ (I-sinp)tanp 1
1 + sing

[2Ccosp + C(1 + sinp)cotf](cotf—tany,)

%

tan3| [

2Csing

(1 + sinp)(1 + cotftany,)

1
+C+C 7:0

1 4 singp

The following expression can be obtained by integrating
Eq. (6):

n, B

oy =Ae 1V + 2 (7)
By
where A is the integration constant to be determined, and
B = (1-sinp)(cotf—tanp,)  (I-sinp)tanp 1
(1 + sing)(1 + cotStanep,) 1 +sinp  tanf
B — [2Ccosyp + Cr(.l + sing)cot 3] (cotB—tanyp, ) 2Csif1<p Lcic,
(1 4 sing)(1 + cotftany,) 1 + sing

In Eq. (7), oy =~1h; when y=0, where A, is the depth of
the water-conducting fractured zone, and ~; is its bulk density.
Thus, the integration constant A =y,h; —B,/By. oy=P;
= (771 + y2h,) when y = h,, where P, is the hydraulic pressure
of progressively confined water-conducting rise, /%, is the
thickness of the floor protective zone, and ~, is the bulk den-
sity. P, can be obtained as follows by substituting these values
into Eq. (7):

P, = (71%‘%) e 4 %"‘ (vih1 + 72h2) (8)
1 1

Certain hydraulic pressure loss occurs during the upward
progressive conducting rise of confined water. Such hy-
draulic pressure loss is closely related to the permeabil-
ity of floor strata. Poor permeability will cause consid-
erable hydraulic pressure losses. Hydraulic pressure loss
is negatively related to the permeability coefficient of
floor strata. Research has reported that #=0.0906exp(—
14.969 k), where 7 is the hydraulic pressure loss, and &
is the permeability of floor strata (Yin and Hu 2008).
P.=Py—h3n, where P, is the hydraulic pressure of
floor-confined aquifer, and /5 is the height of the confined
water-conducting zone of the floor. Therefore, the mechanical
criterion for water inrush through the mining fault in the
workface above confined aquifers is

POEPm

©)

where P,, is the ultimate hydraulic pressure that the stope floor
strata with a fault can tolerate, and

B B B
Py = (%hlB—2>e e +B—?+ (V1A + 72h2) + hsn (10)
1

Thus, the mining fault in the workface under the collabo-
rative effect of the mining and hydraulic pressures of the con-
fined water becomes unstable when P, > Py, thereby inducing
water inrush through the fault. The mining fault in the
workface reaches the critically unstable state when Py = Py,
and water inrush can be induced through the fault. The mining
fault in the workface is stable when Py < P,,,, and water inrush
cannot be induced through the fault.

Sensitivity analysis of water inrush
through the mining fault in the workface

Multi-factor analysis

A fully mechanized workface for coal seam mining is gener-
ally 80-200 m long. The stope roof is managed by a full
caving method. The range of suspended goaf behind the fully
mechanized workface is 20-50 m. The depth of the floor
water-conducting fractured zone that was formed after
workface mining ranges from 5 to 25 m. Geological data from
floor drilling in coal seam revealed that the height of the floor-
confined water-conducting zone is 0—15 m.

The probability for the mining fault in the workface to
develop shear failure along the fault surface decreases with
the reduction in the fault dip because of the influence of the
structural surface dip on the rock mass strength. The fault
failure is mainly caused by transverse expansion of the fault
surface when the fault dip is large, especially approaching 90°
(Lietal. 1991). Therefore, the present study focused on fault-
activated water inrush when the fault dip and its influencing
factors range between 30 and 75°.

In addition, the internal friction angle of rock in coal mea-
sure stratum is mainly concentrated in the range of 20-50°
(Qian et al. 2003b). For complete sandstone, limestone, sandy
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shale, and other hard rock, the internal friction angle is mostly
in the range of 30-50°. Moreover, for certain broken soft
rocks, such as mudstone, shale, and sandy mudstone, the in-
ternal friction angle is mostly within the range of 20-35°. The
effect of the internal friction angle of the fault on the water
inrush from the activated fault is analyzed, and the fault zone
is relatively broken after activating the fault. At present, the
study range of the internal friction angle of the fault was ex-
tended from 10 to 40°. Simultaneously, the internal friction
angle of the floor protective zone was determined to range
from 20 to 50°. The detailed parameter ranges of a fully mech-
anized workface for coal seam mining with the fault above
confined aquifers are listed in Table 1.

Based on the formula of the ultimate hydraulic pressure P,
that the stope floor strata with fault can tolerate, five main
influencing factors, namely fault dip (3, fault cohesion C,, fault
internal friction angle ¢,, suspended goaf range behind the
workface /, and thickness of the floor protective zone /,, were
selected from Table 1. The parameter range of the five main
influencing factors (i.e., 8, C,, @, [, and /,) was equally divided
into four levels using the L;4(4%) orthogonal test program to
analyze the effects of these influencing factors on the ultimate
hydraulic pressure Py, that the stope floor strata with a fault can
tolerate. Tables 2 and 3 summarize the calculation results of the
ultimate hydraulic pressure P,,, with the orthogonal test program
and the other calculation parameters for P,,, correspondingly.

Table 2 demonstrates that only the ultimate hydraulic pres-
sure Py, in the orthogonal test Schemes 3, 4, 5, 11, and 12 are
higher than 3.5 MPa when the hydraulic pressure of the stope
floor-confined aquifer is 3.5 MPa, thereby indicating that
these design schemes are reliable and will not induce water
inrush through mining faults.

Table 1 Parameter ranges of mining workface with fault above
confined aquifers

Parameters Symbol General range
Dip angle of fault in workface I5] 30~75/°
Range of suspended goaf behind workface ~— / 20~50/m
Distance from coal wall of workface to fault /, 0~60/m
Depth of water-conducting fractured zone h 5~25/m
Thickness of floor protective zone hy 5~20/m
Height of confined water-conducting zone 53 0~15/m
Water pressure of floor-confined aquifer Py 0~5/MPa
Bulk density of water-conducting fractured 5~35/kN.m >
zone
Bulk density of floor protective zone Y2 5~35/kN.m >
Cohesive strength of floor protective zone C 1~5/MPa
Internal friction angle of floor protective zone ¢ 20~50/°
Cohesive strength of fault C, 0~0.4/MPa
Internal friction angle of fault ©Or 10~40/°
Hydraulic pressure loss n 0~0.1/MPa.m '

Table2  Ultimate hydraulic pressure P,, that the stope floor strata with a
fault can tolerate calculated by the L,4(4°) orthogonal test program

No. Parameter values of L;4(4%) orthogonal design Water pressure

P, /MPa
B° C/MPa  ¢/° Im  hym
1 30 0.1 10 20 5 2.898
2 30 0.2 20 30 10 3.378
3 30 0.3 30 40 15 3.586
4 30 04 40 50 20 3.672
5 45 0.1 20 40 20 3.503
6 45 0.2 10 50 15 2.907
7 45 0.3 40 20 10 2.836
8 45 04 30 30 5 1.993
9 60 0.1 30 50 10 1.958
10 60 0.2 40 40 5 1.689
11 60 0.3 10 30 20 3.773
12 60 0.4 20 20 15 3.635
13 75 0.1 40 30 15 1.816
14 75 0.2 30 20 20 2.596
15 75 0.3 20 50 5 1.686
16 75 04 10 40 10 2.110

The summed values Y P, (i=1, 2, 3, and 4) and their
corresponding average values Y Py (i=1, 2, 3, and 4) of P,,
under four levels of the five influencing factors (3, Cy, ¢, 1, h)
were calculated. The calculations were performed to analyze
the effects of five main influencing factors on the ultimate
hydraulic pressure Py, that the stope floor strata with a fault
can tolerate. The results are presented in Table 4, where R is
the range, and R = maxm—minm (i=1,2,3,and 4). R
represents the variation amplitude of the experimental results
when a factor changes. R in Table 4 indicates that 5 mostly
affects P,,, followed by 45, ¢y, /, and C; successively. Among
these factors, 3 and 4, represent 65.3% of the total impacts,
that is, 32.8% and 32.5%, respectively. ¢,, [, and C, exert
similar effects on P, thus comprising 13.5%, 10.7%, and
10.5% of the total effects, respectively.

Variations in the effects of the five influencing factors (03,
C,, ¢ I, and h,) with average values Y Py (i = 1, 2, 3, and 4)
are depicted in Fig. 3. Figure 3 intuitively reflects the change
law of the ultimate hydraulic pressure P, that the stope floor
strata with a fault can tolerate when the five main influencing
factors (i.e., 8, C,, ¢,, [, and h,) change. That is, the ultimate
hydraulic pressure P, and speed of the ultimate hydraulic
pressure Py, can be increased or decreased when the five main

Table 3 Other calculation parameters for Py,
hy/m  hy/m m/kN.mf3 'yz/kN.m73 C/MPa  ¢/f° ;7/1\/113a.m71
15 10 25 28 2 30 0.07
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Table 4  Analysis of results calculated by the L;(4’) orthogonal test program

Orthogonal parameters )3 SL, SLs Sy SLi SLy SLy SLy R Effect degree (%)
Ié; 13.534 11.239 11.055 8.208 3.384 2.810 2.764 2.052 1.332 32.8
C, 10.175 10.570 11.881 11.410 2.544 2.643 2.970 2.853 0.426 10.5
©r 11.688 12.202 10.133 10.013 2.922 3.050 2.533 2.503 0.547 13.5
/ 11.965 10.960 10.888 10.223 2.991 2.740 2.722 2.556 0.435 10.7
hy 8.266 10.282 11.944 13.544 2.067 2.571 2.986 3.386 1.319 325

influencing factors change. An increased or decreased speed
of ultimate hydraulic pressure P,,, indicates a significant effect
of the influencing factor.

Figure 3 illustrates that the average value Y Py, decreases
rapidly with the increase in the fault dip [, thereby indicating
that the ultimate hydraulic pressure Py, tolerated by the stope
floor strata with a fault is negatively related to the fault dip.
Average value Y P,; generally increases, except for a small re-
duction in the late period, when the fault cohesion C, increases.
This result is mainly caused by the small thickness of the floor
protective zone 4, in orthogonal test Scheme 8. Average value
Y Py; decreases slightly in the late period because /, significantly
influences the orthogonal test results. If /i, increases, then P,,, will
increase while C; increases. This result is analyzed in “Single-
factor analysis.” Average value Y Py,; generally declines with the
increase in the fault internal friction angle ,, thereby reflecting a
negative relationship between Py, and . However, the minimal
increase in Py, in the early stage is mainly attributed to the thick
floor protective zone 4, in the orthogonal test Scheme 5. If 4,
decreases, then P, will decrease while ¢, increases.

Average value Y P; declines gradually with the increase in
the suspended goaf range behind the workface /. The ultimate

hydraulic pressure P, that the stope floor strata with a fault
can tolerate is therefore negatively correlated with /. A large
suspended goaf range behind the workface causes high risks
of water inrush through mining fault. Average value Y Py,
increases linearly with the increase in the thickness of the floor
protective zone /,, thus indicating that P, is positively corre-
lated to 4,. A thick floor protective zone is conducive to
obstructing water inrush through mining fault.

Single-factor analysis
1. Fault dip

Owing to the parameter values in Table 5, the relationship
of the ultimate hydraulic pressure P, that the stope floor strata
with a fault can tolerate and the fault dip 3 is exhibited in
Fig. 4. The ultimate hydraulic pressure P,, nonlinearly de-
creases when the fault dip /3 increases, thereby indicating that
a large fault dip causes a low ultimate hydraulic pressure tol-
erated by the stope floor strata with fault. Thus, a large dip
fault can easily cause water inrush through mining fault
caused by fault activation.

Fig. 3 Variations of the effects of 4.0
the five influencing factors with |
the average value of each level
35F
Q
- R VAT \
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Table 5 Physical and mechanical

properties of the stope floor rock hy/ hof hs/ U i ! n a o G od B
strata with fault m m m m KN.m KN.m MPa.m™' MPa ° MPa ° °
15 20 10 40 25 28 0.07 2 30 03 20 45

2. Mechanical properties of fault

Figure 5 illustrates the variations in the effects of the ulti-
mate hydraulic pressure P, that the stope floor strata with a
fault can tolerate on the fault cohesion C, and fault internal
friction angle (o, when other parameter values presented in
Table 5 are considered. The ultimate hydraulic pressure P,
nearly increases linearly with the increase in fault cohesion C,,
as depicted in Fig. 5a. Based on Mohr—Coulomb yield crite-
rion, with the increase of fault cohesion C,, the strength of
fault would increase. And the stability of the floor strata with
fault improves with the increase in the fault cohesion, which
can aid in preventing the water inrush through the mining
fault.

By contrast, the ultimate hydraulic pressure P,, that the
stope floor strata with a fault can tolerate decreases with the
increase in fault internal friction angle ,, as displayed in Fig.
5b. Studies have shown that a large internal friction angle of
rock denotes a fragile rock, which is vulnerable to brittle dam-
age. On the one hand, the rock with small internal friction
angle is soft, and further plastic deformation occurs (Sun
et al. 2013). Thus, the hard rock layer can resist strong defor-
mation but easily form water-conducting fracture after break-
ing. On the other hand, the soft rock layer has a high defor-
mation tendency but is minimally susceptible to destruction
because the soft rock can seal the fractures generated in the

hard rock, thus increasing its capability to prevent water flow.
Therefore, the ultimate hydraulic pressure that the stope floor
strata with a fault can tolerate deteriorates when the internal
friction angle of fault increases, thereby simplifying the occur-
rence of water inrush through the mining fault.

3. Range of suspended goaf behind the workface

Figure 6 depicts the variations in the effects of the ultimate
hydraulic pressure Py, that the stope floor strata with a fault
can tolerate on the suspended goaf range / behind the
workface when the other parameter values displayed in
Table 5 are fixed. The ultimate hydraulic pressure P,, de-
creases nonlinearly with the increase in /. Therefore, a large
suspended goaf range will reduce the ultimate hydraulic pres-
sure tolerated by the floor rock strata with fault and is disad-
vantageous for the stability control of the floor strata with
fault. This condition can easily induce water inrush through
the mining fault in the stope.

4. Thickness of the floor protective zone

Figure 7 presents the variations in the effects of the ultimate
hydraulic pressure Py, that the stope floor strata with a fault
can tolerate on the thickness of the floor protective zone /4,
when the other parameter values displayed in Table 5 are

Fig. 4 Relationship of the 60ko
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Fig. 5 Variations in the effects of the ultimate hydraulic pressure Py, that the stope floor strata with a fault can tolerate on (a) fault cohesion C; and (b)

fault internal friction angle ¢,

fixed. The ultimate hydraulic pressure P,, nearly increases
linearly with the increase in /,. This result reveals that a thick
floor protective zone is accompanied by a high ultimate hy-
draulic pressure that the stope floor strata with a fault can
tolerate. This condition is conducive to obstructing water in-
rush through the mining fault.

5. Distance from the coal wall of the workface to the fault

According to field monitoring, fault activation can be ob-
served when the coal wall of the workface is approximately
60 m away from the fault. The fault activation and failure
range increase accordingly with the continuous improvement
of the workface. The range of the suspended goaf behind the

workface is expressed as /= L — [} — I, as depicted in Fig. 2, to
determine the effects of the distance /, between the coal wall
of the workface and the fault on the ultimate hydraulic pres-
sure P, that the stope floor strata with a fault can tolerate.
Figure 8 demonstrates the variations in the effects of the
ultimate hydraulic pressure Py, that the stope floor strata with a
fault can tolerate on the distance /, from the coal wall of the
workface to the fault when the other parameter values listed in
Table 5, that is, L =150 m and /; = 50 m, are fixed. The ulti-
mate hydraulic pressure P, decreases nonlinearly with the
reduction in /,. Therefore, a short distance from the coal wall
of the workface to the fault can reduce the ultimate hydraulic
pressure that the stope floor strata with a fault can tolerate,
thus easily inducing water inrush through the mining fault.
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Therefore, most mines establish fault protective coal pillars
with a certain width to prevent the water inrush through faults.

6. Fault throw

Water inrush caused by fault activation in the coal measure
stratum demonstrates a robust concealment and uncertainty. In
particular, a small fault in the mining workface exhibits strong
invisibility and considerable difficulty in preventing and con-
trolling the activation of water inrush, thereby seriously threat-
ening the safety of the production of a coal mine. Water inrush
caused by fault activation in the mining workface is the result

10 15 20 25 30 35 40
h2/m

of simultaneous mining stress and water pressure in confined
aquifers. The influencing factors include mining stress, aqui-
fer water pressure, fault dip, fault cohesion, fault internal fric-
tion angle, suspended goaf range behind workface, and thick-
ness of floor strata protective zone; in addition, fault throw,
fault type, mining depth, advance direction of the workface,
and other factors influence the characteristic parameters of
fault surrounding rock and activation of water inrush in the
fault.

The mechanical model of water inrush through the mining
fault in the workface above confined aquifers (Fig. 2)
established in this study does not reflect the effect of fault
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throw on the activation of water inrush in the fault. However,
Fig. 2 demonstrates that fault throw can change the distance
between the mining coal seam workface and the opposite con-
fined aquifers. The increased fault throw shortens the distance
between the mining workface and the opposite confined aqui-
fers and reduces the thickness of the effective water-resisting
strata of the floor. The confined water in the opposite confined
aquifers may flow directly along the fault fractured zone into
the mining workface, thereby resulting in water inrush from
the stope floor with fault.

Conclusions

A mechanical model of water inrush through a mining fault in
the workface above confined aquifers was developed in ac-
cordance with ground pressure and strata control theory. On
the basis of limit equilibrium theory of rock mass, the mechan-
ical criteria of water inrush through the mining fault in the
workface above confined aquifers were deduced by consider-
ing the Mohr—Coulomb yield criterion.

Five influencing factors, namely fault dip, fault cohesion,
fault internal friction angle, suspended goaf range behind the
workface, and thickness of the floor strata protective zone,
were selected from the mechanical criteria of the ultimate
hydraulic pressure that the stope floor strata with a fault can
tolerate. An orthogonal test was conducted to analyze the sen-
sitivity of the ultimate hydraulic pressure tolerated by the
stope floor strata with fault. The results show that the fault
dip and thickness of the floor strata protective zone signifi-
cantly influence the ultimate hydraulic pressure tolerated by
the stope floor strata with fault and represent 32.8% and
32.5% of the total effects, respectively. The fault cohesion,
fault internal friction angle, and suspended goaf range behind
the workface exert similar effects on the ultimate hydraulic
pressure that the floor strata with a fault can tolerate and com-
prise 10.5%, 13.5%, and 10.7% of the total effects,
correspondingly.

The ultimate hydraulic pressure that the stope floor strata
with a fault can tolerate decreases nonlinearly with the in-
crease in the fault dip and range of suspended goaf behind
the workface but nearly increases linearly with the fault cohe-
sion and thickness of the floor protective zone. Then, the ul-
timate hydraulic pressure tolerated by the stope floor strata
with the fault nearly decreases linearly when the internal fric-
tion angle of the fault increases, and when the distance from
the coal wall of the workface to the fault decreases.
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