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The expansion of the roadway surrounding rock failure zone may connect the floor aquifer and cause the roadway water inrush. In
order to reveal the mechanism of the roadway water inrush above confined water, we established the force model of the roadway
surrounding rock above confined water in nonuniform stress field and studied the shape characteristics and expansion law of the
roadway surrounding rock plastic zone. The results show that the roadway surrounding rock will form three kinds of plastic zone
under different lateral pressure coefficients: circular, elliptical, and butterfly; when the shape of plastic zone is circular or elliptic, the
maximum radius increases linearly with the increase of regional stress; when the shape is butterfly, the maximum radius increases
exponentially with the increase of stress. Under the condition of a larger bidirectional stress ratio, the surrounding rock of the
roadway will show butterfly-shaped failure, and small stress change will cause malignant expansion of the plastic zone; when the
plastic zone is connected with the underlying aquifer, confined water of floor will enter the rock mass from the water diversion
point and eventually flood into the roadway, causing floor water inrush.

1. Introduction

The rescue of coal mine water inrush accident is difficult, and
it takes a long time for the mine to resume normal produc-
tion, which often causes huge economic losses and casualties
[1–3]. With the increasing of mining depth and intensity, the
hydrogeological conditions of coalfield are becoming more
and more complex, and the threat of floor confined water
to mine safety production is increasingly serious [4–6].

At present, many researchers have made some innovative
explorations on the mechanism of floor water inrush. As the
working face of coal mining continues to advance, joints and
cracks in the floor will develop continuously until the under-
lying confined water and the upper part are connected
through cracks [7–10]. Liu et al. carried out numerical simu-
lation of water inrush caused by fault lag [11]. Cheng et al.

carried out numerical simulation of fault activation process
considering fluid solid coupling [12]. Wu et al. [13–15] found
that FLAC software is an effective tool for simulation and
evaluation of water inrush prevention capacity of coal seam
floor, and they discussed the law of delayed water inrush
when coal seam floor contains fracture structure. Some
scholars have gradually realized that the fracture propagation
and failure of floor rock mass under the influence of mining
are closely related to the macro and micro structural charac-
teristics [16–19]. Yin [20] supposed that water inrush chan-
nel played a key role in floor water inrush, so he puts
forward the concept of “strong seepage channel”. Zhao
et al. [21–23] studied the flow law of water in fractures and
further proved that fractures or damaged areas were the
channels of underground water inrush. It can be seen that
the surrounding rock failure area is an important water
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diversion channel during water inrush. However, the
process and mechanism of conducting confined water
due to the expansion of surrounding rock failure zone
are still insufficient. This study will focus on the develop-
ment process of the surrounding rock failure zone after
mining and then reveal the formation mechanism of the
water channel.

Since the floor roadway is dug under the coal seam, the
mining of the upper coal seam will form a nonuniform stress
field around the roadway [24–26]. Under the influence of
mining stress field, the surrounding rock of roadway will
form a certain range of failure zones, and the failure range
of surrounding rock of floor roadway directly determines
the size of water inrush risk of coal seam and floor roadway
[27–30]. In order to reveal the mechanism of water inrush
of roadway above confined water, the force model of the
roadway surrounding rock above confined water in nonuni-
form stress field was established, and the failure law of sur-
rounding rock in nonuniform stress field after roadway
excavation was studied, and the mechanism of water flowing
fracture zone formed by expansion of surrounding rock fail-
ure zone in nonuniform stress field was explained.

2. Surrounding Rock Failure Characteristics of
Roadway above Confined Water in
Nonuniform Stress Field

2.1. Force Model. When confined water exists in the floor
rock of roadway, the surrounding rock failure zone of road-
way may connect the aquifer, causing water inrush risk.
The aquiclude is located between the rock layer and the aqui-
fer. The aquifer under the aquiclude is composed of skeleton
and confined water filled with aquifer cracks. According to
hydrogeology, the weight of the overlying strata in an aquifer
is borne by both the skeleton in the aquifer and the confined
water in the aquifer. When the hydrostatic pressure of aquifer
remains constant, the change of overlying load will cause the
change of aquifer skeleton stress. The hydrostatic pressure of
confined water in aquifer provides support to the aquiclude
of roadway floor, forming an additional stress field in the
floor aquiclude [27]. According to hydrogeology, the vertical
stress PZ generated above the study area will make the skele-
ton of the aquifer below produce corresponding force PZ, and
the existence of water pressure PW below will also make the
upper boundary of the study area produce the same size
and opposite direction reaction force. Therefore, the plane
strain model of circular hole is established as follows: the
internal geometric boundary is a circular hole with radius
of r0; PX and PZ are the horizontal and vertical stresses of
regional stress field under the original rock stress state; λ is
the lateral pressure coefficient, and PX = λ × PZ; PW is the
hydrostatic pressure of water pressure on the upper aqui-
clude. Finally, the surrounding rock mechanical model of cir-
cular roadway above confined water in nonuniform stress
field is established, as shown in Figure 1.

Based on Mohr Coulomb strength criterion, Li et al. [29]
established the implicit plastic boundary equation of the sur-
rounding rock of circular roadway under the influence of

water pressure under two-way nonuniform pressure stress
field, as shown in the following:
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When the vertical load PZ, lateral pressure coefficient λ,
water pressure PW, roadway radius r0, surrounding rock
cohesion C, and surrounding rock internal friction angle φ
are determined, the boundary range of plastic zone of sur-
rounding rock of circular roadway can be calculated.

2.2. Shape Characteristics of the Roadway Plastic Zone in
Nonuniform Stress Field. The stress field in formula (1)
mainly includes vertical load PZ, lateral pressure coefficient
λ, and floor water pressure PW. Among them, the water pres-
sure PW of the aquifer is a relatively stable, which tends to
increase with the increase of buried depth, and is relatively
stable under certain geological conditions. In the deep under-
ground conditions, although the surrounding rock stress field
is complex, its vertical stress PZ is basically equal to the unit
weight of overlying strata γH, and the horizontal stress is
usually greater than the vertical stress under the influence
of geological structure in the original rock state. Under the
influence of different geological structures and mining stress,
the horizontal stress and vertical stress will also be different,
which will lead to the large variation of lateral pressure coef-
ficient. The coefficient of lateral pressure represents the ratio
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Figure 1: Surrounding rock force model of circular roadway in
nonuniform stress field under the influence of water pressure.
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of horizontal stress to vertical stress, reflects the difference
between horizontal stress and vertical stress, and repre-
sents the nonuniformity of stress field. According to the
geological conditions of floor roadway in Zhaogu No. 2
mine (H = 700m, r0 = 2:5m, C = 3MPa, φ = 25°), fixed
PZ = γH = 17:5MPa, this study calculates the plastic zone
when lateral pressure coefficient λ is 1, 2, 2.5, and 3
(PX = 21:5MPa, 35MPa, 43.75MPa, and 52.5MPa), as
shown in Figure 2.

When λ = 1, the boundary of plastic zone of surrounding
rock is circular, and the failure depth of plastic zone is 0.45m.
With the increase of lateral pressure coefficient, the boundary
shape of plastic zone of roadway surrounding rock changed
from circular to ellipse with a long axis on the y-axis and a
minor axis on the x-axis, and the maximum failure range
increased to 1.27m. When λ = 2:5, the boundary of plastic
zone of surrounding rock of roadway is sunken in the direc-
tion of principal stress and protrudes on the bisector of two
principal stresses. At this time, the plastic failure range of sur-
rounding rock is increased to 2.61m. Because the distribu-
tion of plastic zone is similar to a butterfly, the plastic zone
with nonuniform distribution is defined as a butterfly-
shaped plastic zone. At this time, there are four maximum
boundaries and four minimum boundaries in the plastic zone,
and the plastic zone in the direction of maximum boundary is
defined as “butterfly leaf.”When λ = 3, the boundary of plastic
zone presents obvious “butterfly” distribution characteristics,
and the maximum failure range increases obviously, reaching
5.63m. It can be seen that with the increase of the lateral pres-
sure coefficient, the shape of the plastic zone of the roadway
surrounding rock presents obvious change characteristics
from circular to elliptic to butterfly shaped.

2.3. The Influence of Lateral Pressure Coefficient on the
Roadway Plastic Zone. According to the geological condi-
tions of floor roadway in Zhaogu No. 2 Coal Mine, the lateral
pressure coefficient (λ = 1, λ = 1:5, and λ = 3) is fixed to make
the plastic zone in different shape characteristics. The statis-
tical results of the maximum radius Rmax of the plastic zone
are obtained by changing the horizontal stress, as shown in
Figure 3. In Figure 3, the Rmax of the butterfly shape uses
the primary axis, while the Rmax of the circular or elliptic
shape uses the secondary axis. When the shape of plastic zone
is circular or ellipse, the maximum radius of plastic zone
increases linearly with the increase of regional stress; when
the shape of plastic zone is butterfly shaped, the maximum
radius of plastic zone increases exponentially with the
increase of regional stress, and when the principal stress
reaches a certain limit value (PX = 43:5MPa, λ = 3), the max-
imum radius of plastic zone tends to infinity. It shows that
the plastic zone will expand rapidly with the increase of the
principal stress when shape of plastic zone is butterfly but
that no matter how large the stress is, the plastic zone does
not expand rapidly in the circular and elliptical shapes. The
characteristics of rapid expansion show that the size of plastic
zone is very sensitive when it is butterfly shaped. Under high
lateral pressure coefficient, the slight change of regional prin-
cipal stress will cause the malignant expansion of butterfly
shaped plastic zone. After a butterfly-shaped plastic zone

appears in the surrounding rock, a small change of regional
stress will cause malignant expansion of the butterfly-
shaped plastic zone.

Based on the geological conditions of the floor roadway
in Zhaogu No. 2 Coal Mine, the vertical stress and water
pressure (PZ = 17:5MPa, PW = 4MPa) are fixed. By increas-
ing and decreasing the horizontal stress, the Rmax under dif-
ferent lateral pressure coefficients are obtained, as shown in
Figure 4.

It can be seen from Figure 4 that Rmax gradually increases
with the increase of λ when λ > 1. When λ = 2:306, the shape
of plastic zone is the critical point of elliptic transformation
into a butterfly shape. Therefore, when 1 < λ < 2:306, Rmax
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increases slowly with the increase of λ. When λ > 2:306, the
expansion size of plastic zone is still controllable in the early
stage of butterfly shape. When λ = 3, Rmax is twice the radius
of the roadway. When λ > 3, the slight change of stress will
lead to the exponential growth of Rmax.

When λ < 1, that is, the horizontal stress is less than the
vertical stress; with the decrease of λ, the increasing trend
of Rmax is similar to that of λ > 1. At this time, when
λ = 0:53, the shape of plastic zone is at the critical point
of transforming from ellipse to butterfly shape. When
λ < 0:53, Rmax increases slowly with the decrease of λ. When
λ < 0:53, the plastic zone becomes butterfly shape, and the
size of plastic zone increases exponentially with the decrease
of λ. When λ = 0:4, Rmax reaches 2 times of roadway radius.
When λ < 0:4, the ratio of Rmax growth to stress presents high
sensitivity, and the small change of λ will lead to rapid
growth of Rmax.

With the increase of the lateral pressure coefficient (λ > 1)
or decrease (λ < 1), the shape of the plastic zone changes from
circular to ellipse. When 1 < λ < 2:306 or 0:53 < λ < 1, Rmax in
the area shows a linear slow growth trend, which is called the
linear slow growth area, as shown in the area A of the figure.
When 2:306 < λ < 3 or 0:4 < λ < 0:53, the plastic zone
becomes butterfly shape, and the plastic zone expansion size
is less than 2 times of roadway radius; this area is defined as
a butterfly controllable area, as shown in area B in the figure.
When λ > 3 or λ < 0:4, the slight change of stress will lead to
the malignant rapid growth of Rmax. This region is defined as
a butterfly-shaped malignant growth area, as shown in area
C in the figure.

2.4. The Influence of Water Pressure on the Roadway Plastic
Zone. The water pressure in the aquifer can be seen as an
additional stress field acting on the aquiclude before water
in the aquifer flow into the extracted space. And the water
pressure in the aquifer is also different under different buried
depths. Taking Zhaogu No. 2 Coal Mine as an example, the
water pressure in the aquifer is 3.24~6.84MPa. According
to the geological conditions of floor roadway in Zhaogu No.
2 Coal Mine, the maximum radius Rmax of plastic zone of sur-
rounding rock under different water pressure conditions
(0MPa, 2MPa, 4MPa, and 6MPa) and different stress ratios
is calculated, as shown in Figure 5.

It can be seen that when λ > 1, that is, the horizontal
stress is greater than the vertical stress; the plastic zone
expansion characteristics of surrounding rock are the same
under different water pressure conditions. With the increase
of λ, the shape of plastic zone presents the characteristics of
circular⟶ elliptic⟶butterfly shaped, and the growth
trend of plastic zone size is linear growth⟶ controllable
growth⟶malignant growth. The limit stress ratio λmax of
surrounding rock is different under different water pressure.
When the water pressure is 0MPa, 2MPa, 4MPa, and 6MPa,
the corresponding limit stress ratio is 2.99, 3.2706, 3.551, and
3.782, respectively. When λ = 3, the Rmax values of 0MPa,
2MPa, 4MPa, and 6MPa are ∞, 9.39m, 5.63m, and
3.94m, respectively. It can be seen that when λ > 1, the limit
stress ratio λmax under different water pressure conditions
increases gradually with the increase of water pressure.
Under the same stress ratio condition, the greater the water
pressure, the smaller the maximum radius Rmax of plastic
zone. Therefore, when the horizontal stress is greater than
the vertical stress, the water pressure can restrain the expan-
sion of the plastic zone.

When λ < 1, that is, the horizontal stress is less than the
vertical stress, the expansion characteristics of plastic zone of
surrounding rock are the same, and the limit stress ratio
λmax of surrounding rock under different water pressure is also
different. When the water pressure is 0MPa, 2MPa, 4MPa,
and 6MPa, the corresponding limit stress ratios are 0.1895,
0.236, 0.2826, and 0.3292, respectively. When λ = 0:5, the
Rmax values of 0MPa, 2MPa, 4MPa, and 6MPa are 1.18m,
1.74m, 2.58m, and 3.74m, respectively. When λ < 1, the limit
stress ratio will increase with the increase of water pressure.
Under the same stress ratio condition, the greater the water
pressure, the greater the maximum radius Rmax of plastic zone
is. Therefore, when the horizontal stress is less than the vertical
stress, the water pressure promotes the expansion of the sur-
rounding rock plastic zone around the floor roadway.

3. Numerical Simulation Verification

The above research contents are all conclusions obtained under
homogeneous media conditions. In fact, the surrounding rock
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of roadway in an underground mine is often stratified, and the
properties of each rock strata are very different. The content of
this section is built on the actual engineering conditions of the
Zhaogu No. 2 Coal Mine, using FLAC3D numerical simulation
software to study the failure characteristics of the roadway sur-
rounding rock in the layeredmedium conditions. Furthermore,
the water inrush mechanism of the roadway surrounding rock
in the nonuniform stress field is revealed.

3.1. Case Engineering Background. Zhaogu No. 2 Coal Mine
is a newly built mine of Jiaozuo Coal Industry Group. The
main coal seam is 2-1 coal seam with a thickness of 6.0m
to 6.59m, which is a high gas mine. In order to effectively
eliminate the risk of gas outburst in the coal seam of the
working face, it is necessary to excavate the gas drainage
roadway under the 2-1 coal seam. Multilayer aquifers gener-
ally exist under coal seam 2-1, as shown in Figure 6. The floor
aquifer nearest of 2-1 coal seam is L9 limestone and L8 lime-
stone. The L9 limestone has a small water storage capacity
due to its thin rock strata, so the water inrush danger has
been relieved by means of draining. The L8 limestone rock
strata are thick and rich in water, with a water pressure of
3.24MPa to 6.84MPa, which is the principal water-filled
aquifer that seriously threatens the floor roadway. Once con-
fined water in the underlying confined aquifer breaks
through the barrier of the floor rock, it flows into the roadway
along the water-conducting fissure zone of the floor, which
will cause the occurrence of floor water inrush accidents.
Therefore, the floor roadway faces heavy water inrush haz-
ards during the excavation and the entire service cycle.

3.2. Numerical Simulation Model. According to the geological
conditions of the floor roadway in Zhaogu No. 2 Coal Mine,
the expansion characteristics of the surrounding rock plastic
zone of the floor roadway under different stress environments
are analyzed through FLAC3D numerical simulation. A model
with length × width × height = 500m × 1m × 50m is estab-
lished, as shown in Figure 7. The floor roadway is located in
themiddle of themodel and is a straight wall semicircular arch
with width × height = 5:0m × 4:0m. The thickness of each
rock strata in the model adopts the actual geological thickness,
and the lithology of the coal seam adopts the same lithology as
the basic roof to avoid affecting the simulation effect. The stra-
tum layout and rock mechanics parameters used in the model
are shown in Table 1. The model adopts the Mohr-Coulomb
constitutive model, which fixes the horizontal displacement
of the x- and y-axis boundary and the vertical displacement
of the lower boundary of the z-axis. The pore water pressure
PW = 4MPa is applied in the range of L8 limestone to simulate
the water pressure of the aquifer, the compensation load
17.75MPa is applied to the upper boundary, and the fixed ini-
tial stress PZ = 17:75MPa. By changing the size of PX and PY
the failure zone of the floor roadway, surrounding rock under
different stress ratio is simulated.

3.3. Numerical Simulation Results. Figure 8 shows the distri-
bution results of the plastic zone in the surrounding rock of
floor roadway under different stress ratio conditions. It can
be observed that when λ = 1, the plastic zone of the roadway

surrounding rock is more evenly distributed among the roof
and two sides of the roadway. Because the lithology of the floor
is harder, the plastic failure range is smaller. When λ = 2, the
plastic zone of the surrounding rock of the roadway has a rel-
atively obvious expansion, and the contours of the plastic zone
in the roof and the two sides are approximately elliptical. The
range of the plastic zone in the floor has also increased signif-
icantly, but its distribution range is not as large as that of the
two sides and the roof. When λ = 2:5, the size of the plastic
zone of the surrounding rock continues to increase, and the
“butterfly” nonuniform expansion characteristics of the plastic
zone appear in the direction of the shoulder angle of the roof
and the bottom angle of the floor. However, because of the
strong lithology in the floor, the “butterfly” condition has
not been reached, so the plastic zone of the surrounding rock
in the floor does not show the characteristics of nonuniform
expansion.When λ = 3, it can be seen that the “butterfly” plas-
tic zone of the roof and the two sides has a relatively obvious
increase and it begins to expand in the direction of 45° on both
sides. The plastic zone in the bottom plate also began to show
the nonuniform distribution of “butterfly” in the mudstone
stratum in the basic bottom, and the direction of the butterfly
leaf was 45° obliquely downward. At this time, the stress con-
ditions began to be slightly changed. When λ increased to 3.1,
the plastic zone of the roof of the roadway increased signifi-
cantly, and the plastic zone of the floor also showed noticeable
“butterfly” distribution characteristics. When λ continues to
increase to 3.2, although the stress conditions are only mini-
mal changed, the range of its plastic zone has shown a very
obvious malignant expansion. At this time, the plastic zone
of the roof surrounding rock of the roadway is directly con-
nected to the roof coal seam, and the plastic zone of the sur-
rounding rock of the roadway floor is also connected with
the L8 limestone below. The plastic zone generated by the sur-
rounding rock of the floor roadway will form a water channel,
so that the L8 limestone can reach the floor roadway and the
coal seam floor through the plastic zone of the floor roadway
surrounding rock.

Numerical simulation analysis shows that the plastic failure
range of the floor roadway surrounding rock is relatively small
under the environment of small lateral pressure coefficient.
When the plastic zone begins to show a butterfly shape, with
the increase of the lateral pressure coefficient, the plastic failure
range begins to increase significantly. When the lateral pressure
coefficient is large, a minimal change in stress conditions will
cause the malignant expansion of the plastic zone of the road-
way surrounding rock. When the plastic damage range of the
surrounding rock is large enough to communicate with the floor
aquifer, the floorwater will flow into the floor roadway along the
channel created by the damaged rock mass. At this time, the
plastic fracture of the floor roadway will cause the cracks in
the rock mass to become water channels, providing necessary
conditions for water inrush from the coal floor and roadway.

4. Butterfly Water Inrush
Mechanism in Roadway

4.1. Risk Analysis of Water Inrush in Roadway. Usually the
floor water inrush needs to meet the following conditions:
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first, there is an underlying confined aquifer; second, the
aquifer has strong water-rich; then, the confined aquifer has
sufficient head pressure; finally, there are water channels
between the aquifer and the production space. The first three
conditions exist objectively with the geological conditions of
the coal seam, and the water channel can be produced by nat-
ural existence and mining disturbance. Therefore, under cer-
tain geological conditions, the key to preventing water inrush
from the floor is to ensure the water resistance of the floor
rock to the greatest extent and to prevent the generation of
water channels.

The floor roadway of the 11060 working face of Zhaogu
No. 2 Coal Mine is arranged under the working face, as
shown in Figure 9. To minimize the risk of water inrush
between the working face and the floor roadway, it is neces-
sary to ensure that the floor has a thickness of the water bar-
rier sufficient to resist the head pressure of the bottom
aquifer. Under the influence of mining, the surrounding rock
of the floor roadway will inevitably produce a certain degree
of damage to reduce the thickness of the original floor water
barrier. The thickness of the floor safety water barrier can be
expressed as follows:

HS = h1‐h3ð Þ‐ h2‐h3ð Þ = h1‐h2, ð2Þ

where Hs is the safety water-proof thickness, h1 is the thick-
ness of undamaged rock stratum, h2 is the thickness of the
floor roadway surrounding rock failure zone, and h3 is the
thickness of permeable layer, h3 ⊆ h2.

Due to the small thickness of L9 limestone and poor
water-bearing, it has been drained to eliminate the danger
of water inrush, so it is only considered a permeable layer
here. And the thickness of the floor safety water-proof layer
is the difference between the total thickness of floor layer
and the failure thickness. The size of h1 and h2 are deter-
mined by the thickness of the floor aquiclude and the perme-
able layer, the height of the confined water uplift zone, the
floor failure depth of the goaf, and the failure thickness of
the floor roadway surrounding rock. Under the correspond-
ing geological conditions, the thickness of the floor water-
proof layer, the thickness of the permeable layer, and the
height of the confined water-conducting zone will be deter-
mined. The floor damage depth of the goaf is closely related
to the mining method of the working face. These factors have
a stable impact on the thickness of the floor safety water-
proof layer relatively. The damage range of the surrounding
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rock of the floor roadway is different under different stress
environments, which plays a key role in the thickness of the
floor safety water-proof layer; that is, the damage range of
the floor roadway surrounding rock directly affects the thick-
ness of the floor safety water-proof.

The main factor that affects the risk of water inrush from
the floor is the thickness of the safety water-proof layer. The
greater the thickness of the safety water-proof layer, the lower
the risk of water inrush. Under the influence of mining stress,
the surrounding rock of the roadway will produce a certain
range of damage zone, which will damage the water-resistant
rock layer near the floor roadway and affect its water resis-
tance. The greater the damage range of the roadway surround-
ing rock, the greater the impact on the water-resistant layer of

the coal floor. For floor roadways, a certain thickness of safety
water-proof layer under the floor roadway is required to resist
water pressure, so the floor damage range caused by the sur-
rounding rock of the floor roadway will directly affect the
thickness of the floor safety water-proof layer.

4.2. Butterfly Water Inrush Mechanism in Roadway. In floor
roadway engineering, the surrounding rock of the roadway
will produce a certain degree of damage zone under the
action of stress. When the damage zone is in the aquiclude,
it will affect the thickness of the safe water-proof. In nonuni-
form stress field, the roadway surrounding rock will appear
butterfly plastic zone, which is highly sensitive to stress.
Small changes in stress will lead to severe expansion of

Table 1: Model layout and rock mechanics parameters.

Number Stratum name Thickness (m) ρ (kg·m-3) K (GPa) G (GPa) φ (°) c (MPa) Rm (MPa)

⑨ Roadway — 2500 10.44 4.54 28 3.36 2.60

⑧ Main roof 6.3 2200 8.82 5.04 33 5.56 1.48

⑦ 2-1 coal seam 6.2 2200 8.82 5.04 33 5.56 1.48

⑥ Mudstone 7.5 2200 8.82 5.04 30 3.24 1.48

⑤ Sandy mudstone 7.5 2500 10.44 4.54 28 3.36 2.60

④ L9 limestone 2 2700 12.6 8.3 40 10 8.71

③ Mudstone 5.2 2200 8.82 5.04 30 3.24 1.48

② Sandy mudstone 5.3 2500 10.44 4.54 28 3.36 2.60

① L8 limestone 10 2700 12.6 8.3 40 10 8.71

𝜆 = 1 𝜆 = 2 𝜆 = 2.5

𝜆 = 3 𝜆 = 3.1 𝜆 = 3.2
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Figure 8: The numerical simulation result of butterfly-shaped plastic zone.
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butterfly-shaped plastic zone. When large butterfly damage
zone occurs to the surrounding rock of the floor roadway, it
is very easy to communicate with the L8 aquifer below, form-
ing a confined water flowing into the floor roadway and coal
seam floor, leading to water inrush accidents.

Under the environment of a large biaxial stress ratio,
when the failure characteristics of the surrounding rock of
the floor roadway show a “butterfly” shape, a small stress
change will cause the plastic zone to expand malignantly.
When the failure zone and the water transferring point are
connected, the floor water will enter the damaged rock body

through the water transferring point, and eventually flow
into the roadway space, causing a water inrush accident.
Therefore, the uneven and malignant expansion of the plastic
zone only occurs when the plastic zone presents a “butterfly”
feature, and the necessary water channel for water inrush can
be formed. Therefore, this kind of water inrush caused by
butterfly expansion of surrounding rock failure in floor road-
way is called butterfly water inrush, as shown in Figure 10.
The necessary condition for “butterfly water inrush” is the
existence of a large biaxial stress ratio environment in the
surrounding rock.

h
2h1

h
3

Aquiclude

Aquiclude

Aquiclude

Aquiclude

Permeable

Aquifer

Failure zone outline

2-1 Coal seam
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Sandy mudstone
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Mudstone

Sandy mudstone

L8 Limestone

Goaf Coal pillarGoaf

Figure 9: The influence of surrounding rock disturbance on the thickness of aquifers.

P
w

Failure zone

Water-transferring
point 

Floor aquifer 

ΔP

PZ+PW

PZ+PW

PXPX

Figure 10: The schematic of “butterfly-shaped water inrush” of the floor roadway.
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5. Conclusions

In order to reveal the mechanism of the roadway water
inrush above confined water, we established the force model
of the roadway surrounding rock above confined water in
nonuniform stress field and studied the shape characteristics
and expansion law of the roadway surrounding rock plastic
zone. Based on the work presented in this paper, the follow-
ing conclusions are made:

(1) Under different lateral pressure coefficient, the road-
way surrounding rock will form different shapes of
plastic zone. When λ = 1, the roadway surrounding
rock plastic zone is circular; with the increase of
lateral pressure coefficient, the shape of plastic zone
changes from circular to elliptical; when λ > 2 or
λ < 0:5, the shape of plastic zone becomes butterfly

(2) When the shape of the roadway plastic zone is circu-
lar or elliptic, the maximum radius increases linearly
with the increase of regional stress. When the shape is
butterfly, the maximum radius increases exponen-
tially with the increase of stress, and the maximum
radius of plastic zone tends to infinity when the stress
level reaches a certain limit value

(3) The water inrush mechanism of roadway above the
aquifer in nonuniform stress field is revealed. Under
the condition of larger bidirectional stress ratio, the
roadway surrounding rock will show butterfly-
shaped failure, and small stress change will cause
malignant expansion of the plastic zone; when the
plastic failure zone is connected with the underlying
aquifer, confined water of floor will enter the rock
mass from the water diversion point and eventually
flood into the roadway, causing floor water inrush
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