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The mining activation of hidden faults under dynamic and static loads is an
important reason for the occurrence of floor water inrush disasters in deep
coal seam mining. The formation and evolution mechanism of water inrush
channel caused by mining on the floor of hidden faults were analyzed through
numerical simulation, from the perspective of fracture mechanics, a model was
constructed to explore the influence of combined dynamic and static loads on
the propagation of water with cracks. A conclusion was drawn that the effects
of mining stress and confined water have led to rapid expansion of hidden
fault cracks and significant improvement in permeability, at the same time, the
confined water in the hidden fault also has a scouring and expansion effect on
the cracks, accelerating their development speed. There are spatial and temporal
differences in the penetration patterns of hidden faults at different positions of
floor, and the closer it is to the goaf, the more likely it is to experience activation
of hidden faults and water inrush. When there are multiple hidden small faults
in the floor, there is an alternating change between the water inrush growth
area and the flow stable area with similar cyclic characteristics. The effect of
dynamic load will increase the pore pressure in cracks, and increase the stress
intensity factor at the crack tip, and more easily induce crack expansion and
penetration failure. The critical water pressure calculation equation for crack
propagation and failure under dynamic and static loads was derived, and the
calculation method for the minimum safe thickness of the floor was further
analyzed, the influence of water pressure, crack length, inclination angle, and
mining depth on it was discussed. The effect of dynamic load will increase the
pore pressure in cracks, and increase the stress intensity factor at the crack
tip, and more easily induce crack expansion and penetration failure. Finally,
the theoretical analysis results were verified by an engineering examples. The
research results can provide theoretical basis for predicting and preventing water
inrush from the mining floor, which is beneficial for the safe and sustainable
mining of coal mines.
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1 Introduction

Water inrush from foor is one of the main forms of mine water
disaster in China, with the continuous increase of mining depth,
the distance between the main mining coal seam and the lower
Ordovician limestone aquifer is continuously reduced, the impact
of mining stress on the stability of surrounding rock is more and
more signifcant, and the high confned water in the foor aquifer
has a prominent role in the progressive ascending and breaking of
the foor. Especially when there are hidden faults in the foor, the
location is more random, the range of distribution is larger, it is more
likely to cause water inrush accidents from the mine foor under
the combined action of strong mining and high water pressure (\Wu,
2014; Xie etal., 2015; Kang et al., 2019). T e water inrush raised by
activation of hidden faults in the foor has become an important
form of water inrush in deep mining.

Many scholars have already done much work on the mechanism
of water inrush through fault and made a lot of scientifc research
achievements. Academician Peng Suping etal. (Pengetal., 2001)
pointed out that the fault activation reduced the distance of periodic
roof weighting, and the abutment pressure was lower when it
passes the fault than when there was no fault; Gou etal. (Gou
and Hu, 2006) pointed out that the deformation and failure of
surrounding rocks of mining roadways was asymmetric in the
horizontal and vertical directions of the area afected by the fault,
and the damage was more serious when the foor was close to
the fault; Huang et al. (Huang et al., 2010) pointed out that when
the fault mining activation, the upper fracture opens frst and the
lower part closes, the footwall roof fully falls, and the “cantilever
beam” failure feature appears in the hanging wall; Li etal. (Lietal.,
2010) found that the fault was easier to be activated by mining
when the working face advances along the footwall; Wang et al.
(Wang et al., 2012) proposed three failure modes of the deep roof
beam: layered delamination from the bottom to the top, integral
fracture of normal fault or reverse fault, and integral fracture from
the upper lef corner; Academician Kang etal. (Jiang et al., 2013)
proposed to strengthen the research on the mechanism of overlying
rock fracture and the relationship between surrounding rock and
support in high-strength mining sites, and to deeply analyze the
precursor characteristic information of roof disasters; Jiang et al.
(Shi and Hou, 2011) pointed out that fault activation and sliding
caused dynamic loading on the roof, leading to large-scale instability
of coal and rock masses; Shi etal. (Zhang and Liu, 2016) found
that as the fracture angle of the fault increases, the failure modes
of the fault were sequentially manifested as failure together with the
overlying rock, shear failure, and tensile failure, and the larger the
dip angle, the easier it was to activate. Zhang etal. (Lv et al., 2014)
found that the magnitude of normal stress was positively correlated
with the acute angle of fault strike, and the relationship between
shear stress and acute angle of strike was determined by the ratio
of maximum and minimum horizontal stresses; Lv etal. (Lietal.,
2014) provided the reasons and mechanisms for the formation of
rockburst; Liet al. (Cui and Yao, 2011) pointed out that the infuence
of fault dip angle on footwall mining was greater than that of hanging
wall; Cui etal. (Xuetal., 2012) found that as the distance between
the working face and the fault plane decreases, the degree of damage
to the coal seam and roof rock mass increases; Xu et al. (Zhao, 2014)
pointed out that the mining action causes the loss of balance between
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groundwater and geostress, leading to the fault activation and water
inrush; Zhao et al. (Liu et al., 2017) found that the concealment and
difFculty in exploring hidden small structures were the reasons why
the water inrush accidents on the foor difcult to control. Liu et al.
(Zhang and Pang, 2010) established a three-level warning model for
mine water inrush. Zhang and Pang (Chen et al., 2011) established
a water inrush model for the foor from the perspective of damage
mechanics theory and derived the hazard coefcient of water inrush.
Maetal. (Ma et al., 2022a; Ma et al., 2022b) pointed out that with the
progress of the three-phase fow, rock particles near the fuid outlet
are frst fuidized and constantly migrate outward, resulting in an
increase of the porosity and permeability in fault rock.

Many scholars have conducted in-depth research on hidden
faults. Chen etal. (Chenetal., 2007; Yang et al., 2015; Yang et al.,
2016a) pointed out that when the branching cracks extend to an
efective waterproof layer thickness that was insufcient to resist
the efects of mining stress and confned water pressure, water
inrush occurs in the foor. Li etal. (Lietal., 2009a) found that the
development degree of small faults in the rock mass of the coal
seam foor has an important impact on the lag time of water inrush.
Chen (Chen et al., 2015) pointed out that small angle hidden faults
were subjected to greater tensile and shear stresses, making them
prone to forming serious damage areas, the degree of water inrush
damage was also greater than that of large angle faults. Zhang et al.
(Zhang et al., 2016; Zhang et al., 2018) pointed out that the delayed
water inrush was not only related to the spatial relationship between
hidden faults and coal seams and the pressure of confned water,
but also to the degree of development of hidden faults and their
spatial distance from coal seams. Wang et al. (\Wang et al., 2018a;
Wang and Yao, 2022) divided the progressive uplif process of
hidden faults into four stages: natural uplif stage, progressive uplif
stage, enhanced uplif stage, and breakthrough stage. Yuan etal.
(Yuan et al., 2019) found that the water inrush channel generated
micro cracks in the surrounding rock of the fault from bottom to
top and micro cracks from top to bottom before and afer passing
through the fault in the working face. Wu etal. (Wu et al., 2004;
\Wu, 2014; Wu and Li, 2016) studied and analyzed the mechanism
of foor mining induced water inrush under the infuence of faults
through on-site testing and numerical simulation methods. Hu et al.
(Huetal., 2014) pointed out that the water inrush from hidden
faults was mainly related to the burial depth, friction angle, direction
of working face advancement, and the pore water pressure. Zhao
etal. (Zhaoetal., 2019a) found that the local stress disturbance
of hidden faults afected the extension direction of seepage paths.
Gao etal. (Gaoetal,, 2020; Gao et al., 2022) pointed out that Te
efective fow intensity was independent of the fracture density and
connection path length but had a negative correlation with the
correlation length. Huang Hao and Wang (Huang and \Wang, 2015)
pointed out that the main factor afecting the progressive uplif
failure of hidden faults was the initial height of fault development.
Liu (Liuetal., 2020) classifed the hidden fault in the coal seam
foor into three types: high level fault, medium level fault, and low
level fault; Sun etal. (Sunetal., 2017) analyzed and obtained the
variation law between the mining extension length of normal and
reverse hidden faults and the confned water pressure and lateral
pressure coefcient of the foor; Li etal. (Lietal, 2022) pointed
out that there was a signifcant change in the longitudinal stress
of tunnel structures under hidden fault displacement. Zhang et al.
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(Zhang et al., 2015; Zhang et al., 2017; Guo W. J. et al., 2018) found
that the spatial location and distribution pattern of hidden structures
were the key to the occurrence of water inrush.

Te above research results mainly focus on the analysis of
damage mechanisms under static loads, while there is relatively
little research on the problem of water inrush from hidden faults
induced by dynamic disturbances. T e dynamic loads such as roof
collapse, rockburst, and mine tremors act on the rock layers of
the foor, which on the one hand leads to the adjustment of the
stress state of the foor fault zone, and on the other hand, directly
afects the pore water pressure and friction strength of the rock
mass within the fault zone. T e increase of pore water pressure in
the rock mass within a fault not only reduces the shear strength
of the fault zone, but also reduces the efective normal stress.
Te decrease in friction strength on the fault surface will also
reduce the shear strength of the fault, which will be benefcial
for the occurrence of slip activation in the fault. T erefore, the
process of water inrush from the deep mining foor occurs when
the foor has already been subjected to high static load conditions
and is disturbed by dynamic loads, which includes both static and
dynamic problems.

Currently, fracture mechanics research methods are increasingly
being used in the study of coal mine disasters (Chen etal., 2007;
Lietal, 2009a; Lietal.,, 2009b; Lietal.,, 2011; Zhangetal., 2014;
Yang et al., 2015; Yangetal., 2016a; Yang et al., 2016b; Gao et al.,
2017; Wang et al., 2018b; Zhao et al., 2019b; Wang et al., 2020; Yang,
2021). In the process of deep coal seam mining, the foor
with hidden faults is damaged and water inrush occurs under
the action of mining induced stress. Te activation, expansion,
and connectivity of hidden faults within the foor promote the
process of foor failure. Considering the arbitrary dip angle of
hidden faults, it can be assumed that the foor rock layer is
a rock beam with a central oblique crack, and the process of
“crack activation extension penetration” under mining stress is
the process of water inrush from the foor rock layer. T erefore,
the method of analyzing the propagation of central crack damage
in fracture mechanics can be combined to analyze the failure
and water inrush formation process of the foor rock layer with
hidden faults.

Tis article described the dynamic development process of
hidden fault cracks under the coupling of mining induced stress
and confned water through a numerical simulation system.
Te mechanical model of hidden fault water inrush under
dynamic and static load disturbance was established based on
fracture mechanics. A fracture mechanics analysis method for
the mechanical mechanism of mining induced water inrush from
the foor of hidden faults was provided, the static and dynamic
stress triggering mechanisms of fault activation was explored,
and the critical water pressure calculation formula for the tensile
shear propagation mode of crack occurrence was obtained, and
a reasonable calculation method for the minimum safe thickness
of the bottom rock mass under excavation disturbance and water
pressure has been derived, in order to provide theoretical and
methodological basis for predicting, warning, and preventing
water inrush disasters in the foor with hidden faults. Te
research results of the paper can efectively promote the safety
production of mine.
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2 Simulation analysis process of water
inrush from floor with hidden faults

2.1 Model construction

Huipodi coal mine is located in the south of Fenxi County,
northwest of Linfen, Shanxi Province. Te average thickness of
No.11 coal seam is 2.96 m, with a distance of 15.14-35.89 m from the
Ordovician limestone, and an average of 25.4 m. T e main aquifers
afecting the mining of the No.11 coal seam in the research area are
the K2 limestone aquifer of the Taiyuan Formation at the top and
the Ordovician limestone aquifer group at the bottom. K2 limestone
has an average thickness of 8.9 m, with moderate to weak water
bearing capacity, mainly composed of static reserves, and is prone to
drainage; T e Ordovician limestone is a thick layer of limestone with
strong water bearing capacity, and is the main aquifer that afects
the safe mining of coal seams in this area. It is relatively close to the
No.11 coal seam and is the key aquifer of this study.

We took the mining process of the coal with the risk of water
inrush from foor in Huipodi Coal Mine, Xibeifen, Hongkong
County, Shanxi Province as an example, the RFPA?P-Flow (Li et al.,
2009a; Lietal., 2009b; Lietal., 2011) sofware was used to simulate
the damage evolution process and water inrush characteristics of
the foor rock mass with hidden faults during mining. T e model
consists of three irregular hidden small faults located at 100 m,
175 m, and 250 m on the lef boundary of the model, all of which
are water conducting faults. From the perspective of fuid-structure
interaction, the whole process of hidden fault activation, fracture
evolution and coalescence, and water inrush caused by the damage
of foor aquifuge in the coal mining process of the working face
were analyzed.

2.2 The basic equation of seepage

Te basic equations of seepage include the stress balance
equation, constitutive equation, and seepage continuity equation.
According to the static equilibrium condition of any rock element,
the efective stress equilibrium diferential equation of the research
object can be established in a three-dimensional Cartesian
coordinate system:

Gy

ij ..
—— +f= =
0Xij f=0(,j=1,2,3)

)

Where f is the volumetric force, m-s.

In practical engineering, the seepage of fuid in rock mass
is non steady state seepage, and its continuous equation is
expressed as follows:

o(pn)
ot
Where f is the fuid density, kg/m?, n is the porosity, V is the
seepage velocity.
When the seepage satisfes Darcy’s law and the coordinate

axis direction is consistent with the main direction of the seepage
coefcient tensor, there are:
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Where k,, k, and k, are the permeability coeFcients in the x, y,
and z directions, g is the gravitational acceleration.

Assuming that the fuid is incompressible, the continuity
equation for seepage is:

1.0 a, 0p op a(n)
=[5 (= 13 =
pg —0x ay ~ 7oy 0z ot

Te solution to the coupled seepage stress equation can be
obtained by combining the equilibrium equation, constitutive
equation, and seepage continuity equation under the control of
seepage boundary conditions.

dp ad 0 _
(3 * >+ G314 2= 52 (@)

2.3 The meso-damage model of fractured
rock mass

Based on the constitutive relation of uniaxial tension and
compression, the meso-fracture damage constitutive coupling
equation of the element is introduced.

(1) unit damage constitutive relation under uniaxial tension

Te permeability damage relationship equation of rock micro
elements under uniaxial tension is basically the same as that under
compression. When the element reaches the damage threshold of
uniaxial tensile strength f;:

03 <- ft (5)

T e damage variable D is expressed as:

§O &g <€
D= 1—ietﬂ<ato (6)
Eee ©

{1 €< g

Where f;, is the residual uniaxial tensile strength. T e change of
permeability coefFcient of the unit is as follows:

}\Oe_ﬁ(cs_c‘p) EtO <g

A= E}\Oe_ﬁ(cs_up) & <g< €0 (7)
{ E'}\Oe_ﬁ(cs_ap) < &

Where & is the coefFcient of increase of permeability when the
element fails.

(2) Constitutive relationship of element damage during uniaxial
compression of rocks

When subjected to uniaxial compression, the Mohr-Coulomb
criterion is chosen as the failure criterion for the element, which is:

1+sin¢
F=0,-03———— <
0; =03 1-sin 4) c (8)
Where @ is the internal friction angle of the rock, f. is the uniaxial
compressive strength of rocks.
When the shear stress value reaches the Mohr-Coulomb damage
threshold, the damage variable D is given according to the

following equation:

{O g <t
0

D= 1-YLe>e¢ ©)
L Eeg @
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Where f,, is the residual compressive strength under uniaxial
compression, €y is the maximum compressive strain, € is
residual strain.

According to the experimental summary, damage will cause a
rapid increase in the permeability coefcient of the specimen, and
the change in the permeability coeFcient of the unit is determined
by the following equation:

L Ne PO D=0

EEAoe‘B(‘H‘“”) D>0 (10)
Te study shows that the permeability coefcient of the rock
specimen with a through crack afer reaching the peak is about 100
times higher than that of the specimen with a non-through shear
band. T erefore, when the tensile strain reaches the ultimate tensile
strain, the unit will completely lose its bearing capacity and stifness,
and can be set as an air unit (i.e., D=1).

Considering the heterogeneity of rock material, a numerical
calculation model for water inrush simulation was established based
on the two-dimensional plane strain model and the geological
conditions of Huipodi coal mine. T e model size was 480 m x 280 m,
divided into 480 x 280 A total of 134400 units. It was divided into 18
rock layers. T e mechanical parameters of each rock layer material
are shown in Table 1. Joints were set between the layers to represent
the weak layer between the rock layers.

T e calculation model is shown in Figure 1. T e rock mass bears
dead load and confned water pressure. T e boundary conditions of
the model were as follows: the lef and right boundaries of the model
were horizontally fxed and vertically free, the bottom boundary
was horizontally unconstrained and vertically fxed. T e 180 m high
Txed head boundary was set to simulate the confned water pressure
of Ordovician limestone. Te distributed excavation method was
used to simulate the mining of the working face. T e open-of cut
was located at 150 m to the right of the model. Te excavation
length of each step was 10 m, a total of 15 steps, and the cumulative
excavation was 150 m.

2.4 Simulation analysis of water inrush
process

Te formation process of water inrush channels activated by
hidden faults is shown in Figure 2 and Figure 3. According to the
simulation results, it can be found that the foor rock layer was
damaged below the working face due to the formation of a rapid
pressure change zone between the advanced support pressure on
one side of the coal pillar below the working face and the pressure
relief zone on the goaf side. Due to the presence of hidden faults,
the depth of damage to the foor near the fault was much greater
than on the other side. Under the action of mining induced stress
and confned water pressure, faults exhibit small-scale activation,
which was limited to the stress disturbance range in the mining
failure zone. Te emergence of mining damage areas and fault
activation areas has created favorable conditions for the formation
of the next step of water inrush channels. When the working face
advanced to a distance of 20-30 m from the open-of cut, regional
damage begins to occur on the foor (as shown in Figures 2A, B),
and cracks within the water conducting fault zone of the foor
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TABLE 1 Rock mechanical parameters of numerical model.

10.3389/feart.2024.1352992

Rock Rock Elastic | Compressive Tensile Friction Poisson'’s Unit Permeability| Pore water
character | thickness/| modulus/ | strength/  strength/ angle/ ratio weight/ coefficient/ | pressure
m MPa MPa MPa ©) = m-d? coefficient
Overburden 50 2200 32 0.4 30.0 0.25 11500 0.1 0.1
Siltstone 22 4570 35.4 2.08 385 021 2650 0.1 0.1
Medium- 15 6580 39.6 1.60 385 021 2630 0.1 01
grained
sandstone
Siltstone 14 4571 356 2.0 384 0.20 2630 0.1 0.1
Medium- 8 6500 303 152 382 021 2620 0.1 0.1
grained
sandstone
Fine- 18 4628 456 2.39 392 0.22 2630 0.1 0.01
sandstone
Medium- 24 6594 40.2 1.66 389 0.20 2650 0.1 01
grained
sandstone
K, limestone 10 8800 742 191 41.0 0.20 2780 100 1
Mudstone 2 6000 62.8 150 36.0 0.22 2730 0.1 0.01
Malmstone 3 6755 759 1.86 384 0.19 2700 0.1 0.01
Mudstone 5 6100 64.2 1.48 35.0 0.23 2710 0.1 0.01
11# coal 5 4000 27.0 132 28.0 0.24 1420 0.1 0.01
Mudstone 3 6200 65.3 1.50 36.0 021 2730 0.1 0.01
Malmstone 4 6755 759 1.86 384 0.19 2700 0.1 0.01
Mudstone 10 6500 68.1 1.50 36.0 0.20 2730 0.1 0.01
Malmstone 7 6700 723 150 382 0.20 2700 0.1 0.01
Mudstone 3 6600 64.5 1.50 36.0 021 2730 0.1 0.01
Ordovician 47 10000 99.0 2.1 42.0 0.19 2890 100 1
limestone

begin to develop. Te frst and second hidden faults exhibited a
certain range of activated areas (as shown in Figure 3A). Te second
hidden fault has a relatively larger activation range due to its closer
proximity to the goaf. Under the action of mining induced stress
and pressurized water pressure (including hydraulic scouring and
hydraulic wedging), cracks begin to develop in the water conducting
fault zone of the foor, forming a certain range of activation
zones within the fault zone, that was, hidden faults were in the
activation stage.

When the working face advanced to 50 m, due to the intensifed
destructive efect of mining activities on the initial stress feld, the
mining damaged zone of the foor increases, and downward open
cracks appear on the foor. As well, the activated area of hidden
faults gradually extends towards the working face. Te cracks in
the foor damaged zone within the goaf gradually connected with
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hidden faults, and confned water begins to fow out, as shown
in Figure 2B and Figure 3B. Afer the working face advanced to
70 m, the third hidden fault also begins to locally activate. Te
fssures in the coal wall develop, and the confned water ascends,
interacting with the fracture feld of the second fault, further
expanding the damage area of the foor strata, corresponding to
Figure 2C and Figure 3C. During this process, the foor connected
with the water conducting fssure of the second hidden fault,
where the water inrush channel gradually formed and the seepage
discharge increased, corresponding to Figure 2D and Figure 3D.
Afer the working face advanced to 100 m (as shown in Figure 2E
and Figure 3E), the activated area of hidden fault further expands,
the aquifer rock mass between the mining damage area and the
fault activation area continued to be damaged and destroyed, and
the diversion fssure zone continued to expand and connect with
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FIGURE 1
Schematic diagram of RFPA numerical simulation.

FIGURE 2

Mining 120 m.

Dynamic distribution law of elastic modulus during mining. (A) Mining 20 m. (B) Mining 30 m. (C) Mining 50 m. (D) Mining 70 m. (E) Mining 100 m. (F)

each other. As the working face continued to advance, the fssure of
the third hidden fault gradually connectd with the mining damage
area of the foor. When the excavation reached to 110 m (as shown
in Figure 2F and Figure 3F), the seepage passage penetrated. It
can be found that the coalescence of water conducting fssures
in the middle fault accelerates the expansion speed of the right
fault Fssure.

Te variation character of seepage feld in the numerical
simulation of the water inrush process raised by activation of hidden
faults as shown in Figure 4. From the simulated result it can be
found that the mining activities have a signifcant impact on the
permeability of the foor with hidden faults. During the process

Frontiers in Earth Science

of advancing the working face, the action of mining stress and
confned water made fssures of hidden faults expand rapidly, and
the permeability has been greatly improved. At the same time, the
confned water within the fault also has a scouring and expansion
efect on the fault fssures, which accelerated the development speed
of the fssures. New cracks were generated and interconnected,
ultimately reduced the permeability and integrity of the aquifer rock
mass of the foor. When the working face advanced to 70 m, the
mining damage area connected with the conductive layer of the
hidden fault, formed the frst water inrush channel, and caused water
inrush (Figure 4D corresponds to Figure 2D and Figure 3D). As the
working face advanced to 110 m, the third water conducting zone

frontiersin.org


https://doi.org/10.3389/feart.2024.1352992
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zhao et al.

FIGURE 3

10.3389/feart.2024.1352992

Dynamic distribution of the damage zone (white-shear failure, red-tensile failure, black-cells with damage in all previous steps). (A) Mining 20 m. (B)
Mining 30 m. (C) Mining 50 m. (D) Mining 70 m. (E) Mining 100 m. (F) Mining 120 m.

of the fault was formed. During the entire advancing process of the
working face, the seepage feld (shown by the arrow in Figure 4)
remained consistent with the fracture propagation direction of the
hidden fault, and the seepage feld evolved synchronously with
the fracture feld of the hidden fault. Te variation range of the
seepage feld was the same as the propagation area of cracks
(Figures 4A—F; Figures 2A-F; Figures 3A—F). T ere were spatial and
temporal diferences in the fracture penetration rules of hidden
faults at diferent positions of the foor. Te closer the distance to
the goaf, the more likely it was to occur the water inrush raised
by activation of hidden faults. With the increased of pressure relief
efect in the goaf, the possibility of water inrush from hidden faults
gradually increased.

Te coal wall near the working face produced stress release
due to excavation unloading, and the value of bearing pressure was
small. Afer the excavation of the coal seam, the overall variation
trend of the value of bearing pressure in the direction away from
the mining area was: it frst increases, and then started to decrease
until the initial rock stress state. Afer the frst weighting, as the
working face advanced forward, due to the increase in excavation
space, the increased in the bearing pressure concentration value
caused by the advancing unit distance of the working face gradually
decreases, and the variation tends to be fat, as shown in Figure 5.
When the working face was advanced by about 95 m—100 m, the
support stress of the coal wall was about 4 times the original stress,
reached a maximum value of about 35 MPa, and then showed
a gradually decreasing trend. As can be seen from Figure 6, the
foor forms a stress concentration within a certain range near
the open-of cut. As the working face continued to advance, the
concentrated stress gradually increased, and the concentrated stress
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at the corresponding position of the foor below the open-of cut
extends to a certain extent to the corresponding position above the
goaf, that was, an elastic-plastic high stress zone was formed within
12 m around the open-of cut and the coal wall. T e main stress of
the protective layer in this range was the largest, and the coal rock
undergoes compression shear failure, which could easily connect
with the uplif fracture formed by the activation of hidden faults to
form a fracture channel. Compared to other areas, due to the largest
water head pressure diference between the coal seam and the goaf in
this area, it was extremely prone to water inrush, causing accidents.

It can be found from Figures 5-7 that the presence of hidden
faults has accelerated the destruction process of the water-resisting
of Foor. As the working face continued to advance, the permeability
coefcient of the foor had undergone signifcant changes. Under the
combined action of mining stress and confned water pressure, the
confned water fows along the fracture channel from high pressure
areas to low pressure areas. Between the initial stage of mining and
the range of 50-60 m, the water head pressure gradient near the
coal wall at the open-of cut and working face was larger, the stress
on the coal wall was not released, its permeability was somewhat
reduced, and the corresponding fow rate was also smaller. However,
the foor stress in the goaf was released, and the elastic energy
was released, resulting in foor heave and tensile cracks. T e water
head pressure decreased rapidly, and the corresponding fow rate
also continuously increased. In particular, with the advancement
of the working face, three hidden faults become activated, cracks
expand and connect, and the formation of water inrush channels,
the water fow increases rapidly, especially afer the working face
advances to 80 m, the fow distribution characteristics become
more obvious.
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FIGURE 4
Distribution of flow field. (A) Mining 20 m. (B) Mining 30 m. (C) Mining 50 m. (D) Mining 70 m. (E) Mining 100 m. (F) Mining 120 m.

FIGURE 5

Dynamic distribution law of abutment pressure of middling coal wall during mining.

Comprehensively analyzed the stress change state, damage
zone characteristics, and fracture distribution of the foor with
concealed faults, taking into account the change characteristics
of mining stress, confned water pressure, seepage velocity, and
water inrush quantity, the characteristics of water inrush were
summarized as follows: When no faults were encountered in the
working face, the failure characteristics were similar to those of
the complete foor. When encountering hidden faults, the integrity
of the foor decreased, and the damage zone of the foor was
easily connected with the aquifer, and water inrush from the foor
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was easily induced. Due to the high abutment pressure near the
coal wall, the head pressure increased, made the risk of water
inrush greater. When there were faults behind the working face,
seepage mainly occurred in the water inrush channels connected
by the faults. T erefore, the existence of faults made the division
of water inrush characteristics signifcantly diferent from that of
the complete foor. Moreover, when there were multiple hidden
small faults in the foor, it showed alternating changes between the
water inrush growth area and the fow stable area with similar cycle
characteristics.
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FIGURE 6
Dynamic distribution of principal stress.

FIGURE 7
Flow distribution law in the vertical direction of the floor.

3 Fracture mechanics analysis on
water inrush from floor

Before dynamic loads such as roof caving, rock burst, and
mine earthquake act on the foor strata, the foor strata have
already been subjected to static loads such as initial rock stress
and stope abutment pressure. In this case, the dynamic response
and dynamic fracture of rock cracks were essentially the result of
the combined action of dynamic and static stress felds, so it was
closer to engineering practice to attribute them to the superposition
of dynamic and static stress felds. According to the theory of
fracture mechanics, in the linear elastic range, when cracks have the
same propagation mode under multiple loads, the stress intensity
factor at the crack tip can be calculated using the superposition
method (Gao, 1985). Terefore, in this section, the fault plane
was simplifed as an ideal crack interface. Using the theory of
dynamic fracture mechanics, by analyzing the equivalent stress
intensity factors at the crack tip, a criterion for the occurrence
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of tensile or compressive shear fracture of water-bearing hidden
fault cracks under the combined action of dynamic and static
loads and its theoretical calculation model were established, the
critical dynamic and static load strengths and conditions for
crack propagation were derived, and their infuencing factors were
analyzed. Te infuence of dynamic load participation on the
propagation law of hydrous cracks was discussed. Te dynamic
stress triggering mechanism of fault activation was analyzed.
Te water inrush model of the working face foor is shown
in Figure 8.

3.1 Stress intensity factors for crack
propagation

Te hidden faults in the coal seam foor are generally small

geological structures with small planar distribution and limited
vertical distance, which can be simplifed as central oblique cracks
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FIGURE 8

Progressive ascending principle and segregation diagram of coal layer seam (Wang et al., 2018a; Wang and Yao, 2022)

FIGURE 9
Calculation model for the crack growth under static-dynamic loading.

under complex stress and osmotic pressure. Combined with the
results of numerical simulation, the necessary condition of water
inrush from fault is the initiation and propagation of the crack under
the action of dynamic and static loads. Assuming that the length of
the crack is 2a and the pore water pressure within the crack is p,
and assuming that the pore water pressure exerts equal forces along
each direction of the crack, the angle between the incident direction
of the stress wave and the x-axis is o, the angle between the crack
and the vertical principal stress g, is B, and the angle at which the
polar coordinates are constructed with the crack tip as the origin is
T (As shown in Figure 9). When the infuence of dynamic load efect
was not considered, the static stress state on the crack surface can
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be expressed as (positive in tension and negative in compression in
fracture mechanics):
0,+0; 0303
——-—=—"cos20-P
2 2 )

01_03

0,=—

sin 2a (11)

From Eq. 11, it can be found that there are both normal and
shear stresses on the cracks, and the propagation and instability
mode of the cracks is the I-11 composite type. According to whether
the normal stress of the fracture surface is tensile or compressive,
the cracks can be divided into open cracks and closed cracks,
thereby determining whether the expansion mode of rock mass
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cracks is compression-shear composite fracture or tension-shear
composite fracture. In fracture mechanics, crack propagation and
failure are divided into I-11 type tension-shear propagation and |1
type compression-shear propagation based on whether the normal
stress of the crack is a tensile or a compressive stress. According to
the theory of fracture mechanics, in the linear elastic range, when
cracks have the same propagation mode under multiple loads, the
stress intensity factor at the crack tip can be calculated using the
superposition method (Fan, 2006). T erefore, the dynamic and static
stress intensity factors included can be used to obtain the equivalent
stress intensity factors for cracks under combined dynamic and static
loads using the linear elastic superposition principle, namely,:
Ke = Kg; + Kep (12)
where K¢ is the stress intensity factor for hydrous cracks, Kg;
is the static stress intensity factor under static loads, Kgp is the
dynamic stress intensity factor under dynamic loads, and the crack
propagation mode generated by static load and dynamic load
is the same.
T etype Il dynamic stress intensity factor generated by dynamic
load can be calculated by the following equation (Fan, 2006)

KO =1 VK exp [-in(t-5)]

1
{

where T, = poy, , a=w/c,, w is the circular frequency of the stress
wave, C, is the SV wave velocity, a is the wave number (1/length), g,
is a constant (1/length?), p is the Lame constant, 6(1) and 6(2) are the
phase angles, |K(2)| and |K(2) | are the dynamic stress intensity factors
divided by their w= Static value corresponding to 0.

, _ ) (13)
K;,(t) = 1, VtalK? exp [-io (t - 8]

(1) Typel-O tension-shear composite propagation

When the pore water pressure in the fracture is greater than
the normal stress generated by the remote stress on the fracture
surface, the normal stress on the fracture surface is tensile stress,
and the fracture is in an open state. Te propagation problem of
an open fracture belongs to the I-11 tension-shear composite type.
When the normal stress at the hydrous crack surface of the rock
mass is the tensile stress, the crack will expand under tensile stress.
T e approximate fracture criteria commonly used in engineering
(Huang et al., 2000; Wang et al., 2004) are used for analysis, and the
criterion for instability propagation can be expressed as

Kic = K+ Ky +Kig + Ky (14)
where K¢ is the stress intensity factor for I-1l type tension-shear
propagation; K, and K, are Type | and Type Il stress intensity factors
caused by static loads (crustal stress, pore water pressure, etc.), as
shown in Eq. 14; K4 and K 4 are Type | and Type |1 stress intensity
factors caused by dynamic loads

{K =oVma
Ly v (15)
£Kn= TVna

Taking Eq. 11 into Eq. 15, the static stress intensity factor at the
crack tip under the static load can be obtained
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01"'03 _ 01703
T2

% sin 20— f(——

o
2 cos 20— P)
Gl+03

£K =0Vra=-Vra(——

01— 0.
L 3(:0520(—P)]

(16)

{ KII =1Vna= —\/r[a[

According to Eq. 3, the maximum values of K4 and K ,4 can be
obtained afer ignoring time and phase, and they are substituted with
Eqg. 13and (16) into Eq. 14 to obtain the stress intensity factor K, for
crack failure of tension-shear propagation under the dynamic load

1"'03 _ 0~

o
Kic= \/T[a[ 3sin2a - f(=—— - 2 cos 2a-P)]

0 +0 0 _
—\/na(% - 917% o5 20— P) + rl\/nalK,(2)|

+1,VralK?) 17

At this time, the corresponding water pressure p is the critical
water pressure for the tension-shear propagation mode of the crack,
recorded as Py;

0, +03— (0, —03)cos2a (0, —03)sin 2a
= 20+ 1) )
f[o, + 03— (0; —03) cos 2a] Kic
2(1+f) (1+ f)yVma
RCUSHERAINED
a+f (18)

(2) Type Il compression-shear propagation

When the normal stress at the hydrous crack surface of the
rock mass is compressive stress, the crack will close under the
compressive stress, forming a pure type Il compression-shear
propagation mode (\Wang et al., 2010). According to the maximum
hoop stress theory (Li and Yang, 2006; Lietal., 2015), a polar
coordinate system is established with the crack tip as the polar
coordinate origin. T e hoop stress can be expressed as

0p = ——— cos 2[3(K,, + K/, )sin 8- (K, +K/)(L+ cos 8)] (19)
2Vomr 2

T e angle between the section where the maximum hoop stress
Ogmax IS located and the original crack line can be used to determine
the initial crack angle of crack propagation 6. At this time, the stress
intensity factor for crack initiation can be expressed as

K, = 0g(r,8,) V2rr (20)

When the infuence of crack thickness and tip curvature radius
is ignored, the initial crack angle of crack compression-shear
propagation is always arctan 2vV2 (Huang et al., 2000). Simultaneous
Eqgs 19, 20, when the normal stress at the hydrous crack surface of the
rock mass is compressive stress, a pure type Il compression-shear
propagation mode is formed, and the stress intensity factor for type
11 compression-shear propagation of the crack can be obtained

_2 .
Kiic = 7§(Kl|+K||) (21)

Combined with the results of numerical simulation, it can be

concluded that the water inrush from the foor of the hidden fault
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is caused by dual actions: [J the dynamic and static load actions
caused by the collapse of overlying strata lead to the activation of
the water-bearing hidden fault; CJ under the continuous action of
high pressure water pressure, the crack of rock mass weakens and
changes the efective stress between cracks of rock mass, which
causes the crack to expand and intersect, the permeability has been
greatly improved, and the confned water in the fault has the efect of
scouring and dilatancy on the cracks, which accelerates the growth
of cracks. T e closer to the goaf, the more likely it is for hidden fault
activation and water inrush to occur.

Te critical water pressure for the compression-shear failure
mode of cracks at diferent depths is much smaller than the critical
water pressure for the tension-shear failure mode of cracks, and
the critical water pressure for the compression-shear failure of
cracks is easier to meet than the critical water pressure required
for the tension-shear failure. Terefore, in natural construction
force environment such as in-situ stress and high water head
pressure, hydraulic fracturing of rock mass under the disturbance of
engineering measures such as excavation is the compression-shear
failure mode (Wang et al., 2004; Chen et al., 2007; Wang and Yao,
2022). When the normal stress at the hydrous crack surface of the
rock mass is compressive stress, the cracks undergo closure and
compaction, and the cracks appear to be uniformly relieved, while
transmitting corresponding shear stress and normal stress. T e shear
stress can cause crack surface growth. Due to the crack closure and
compaction, the frictional force will be generated along the crack
surface under the action of normal stress to resist the propagation
and sliding of the crack surface. According to this, the efective shear
stress on the crack of the foor rock mass causes the compressive-
shear failure and water inrush in the fractured rock mass, and the
efective shear stress can be expressed as

.o
_E Tl - (fo+0)] (1| > fo+c)

(It < fo+c)
T

(22)
where f is the coefcient of friction, ¢ is the cohesion of the
crack surface.

According to Eq. 22, adjust the K, in Eq. 15 to:

K, =T Via (23)

T e calculation method is the same as that for the stress intensity
factor for tension-shear propagation failure. According to Eq. 18,
the maximum value of K,'I afer ignoring the time and phase can be
obtained. By substituting it with Eqgs 22, 23 into Eq. 21, the stress
intensity factor K, for compression-shear propagation failure of
the crack under dynamic loads can be obtained

loy— 03]

- 2Vma sin 20— [f(

IIC_T3

2
+T1+T1|Kf|)|

0,+03 0,-0
%—%cosm—P)H]}

{
(24)

At this point, the corresponding water pressure p is the critical
water pressure for the compression-shear propagation mode of
the crack under the superimposed dynamic and static loads,
recorded as Py,

0,+0;3 0,-0g I (o \/gKnc
p,=——-—2—2¢os2a- - (—— —_— -
¢ 2 2Vma

i @) _
i > > : sin 20+ 1, |K)\”|

©
(25)
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3.2 Minimum safety thickness of floor

Te process of hydraulic fracturing of hydrous cracked rock
mass under dynamic loads requires three stages, namely, the splitting
potential period of cracked rock mass, the crack propagation period
of rock mass, and the crack coalescence and expansion period
of rock mass. During the splitting potential period of cracked
rock mass, the water pressure Py at the edge of the crack = the
water pressure P, at the tip of the crack, and the cracked rock
mass undergoes propagation and splitting. With the increase of
time, the water pressure P, at the crack tip gradually develops
into karst water pressure, and the dynamic load disturbance causes
damage to the rock mass, making the critical water pressure P
of the cracked rock mass continuously decrease. When P,.=P,>P,
the accumulation of fracture energy ends and enters the rock
mass crack propagation period (Guo and Qiao, 2012; GuoJ. Q.
etal., 2018).

T e excavation disturbance of the working face has changed the
efective stress between rock cracks, and seriously destroys the static
stability of the water-resisting layer of the foor. It not only increases
the depth of foor plate failure and the height of the pressurized
water bearing uplif zone, but also greatly promotes the expansion of
water bearing cracks and the activation of foor plate faults, leading
to the activation of hidden fault tip cracks and the occurrence of
propagation and penetration, resulting in a signifcant improvement
in permeability, until the formation of water-inrush channel induced
water-inrush disaster.

Te excavation disturbance of the working face changes the
efective stress between the cracks in the rock mass, leading to
the activation of the cracks at the tip of the hidden fault and the
occurrence of propagation and coalescence until the formation of
water inrush channels, inducing water inrush disasters. T erefore,
the rock mass between the foor with hidden faults and the
water-bearing hidden faults is divided into two parts, namely,
the mining damage and destruction zone L., and the distance
between the crack tip and the mining damage zone of the foor
is the complete rock layer zone Ly (Chenetal, 2007; Yang and
Zhang, 2016), as shown in Figure 8. Te mining of the working
face has formed a mining damage and destruction zone L.,
whose size can be determined through monitoring measurements
(zZhang etal., 2013; Zhangetal., 2022). Whether the hydraulic
fracturing zone can reach the thickness of the complete rock layer
zone during mining requires theoretical analysis to determine. It is
benefcial to take reinforcement measures in advance to ensure safe
mining of the working face.

(2) Complete rock layer zone L

Under the action of high water pressure, the compressive bearing
capacity of rock mass under certain geometric dimensions is limited.
When the ultimate compressive bearing capacity of rock mass is
exceeded, the rock mass will rupture and damage along its weakest
point. According to Eq. 25, the splitting failure of cracked rock
mass is afected by 0,04 and dynamic stress intensity factors |K|(|2)|,
while 0, and o5 are mainly afected by overburden pressure and
lateral pressure coefcient. Since the coal seam depth is basically
unchanged during the advancing process of the working face, the
overburden pressure is basically unchanged. T erefore, the change
of critical water pressure mainly depends on the change of lateral
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pressure coefcient and |Kf,2)|. Te decrease in the lateral pressure
coefcient will lead to the decrease in the critical water pressure
for hydraulic fracturing, while the excavation disturbance of the
working face will cause the unloading of the mining damage
zone rock mass of the foor. Te lateral pressure coefcient in the
disturbed area can be expressed as

(26)

where L, is the distance from the edge of the crack zone of the hidden
fault to the innermost edge of the excavation disturbance damage
zone of the working face (i.e., the thickness of the complete rock layer
zone), and R is the equivalent radius.

During the advancing process of the working face, the distance
from the edge of the initial crack zone of the hidden fault to the
innermost edge of the mining damage zone of the working face is L
(complete rock layer zone). If the critical water pressure for hydraulic
fracturing here is less than the pressurized water pressure, fracturing
failure occurs. At this point, L, is the thickness of the hydraulic
fracturing zone. According to the relationship between the lateral
pressure coeFcient and the critical water pressure, when the lateral
pressure coefcient is 1, L, can be expressed as

L= 2R A= in- 1) @7)
17

Take the value of A, as 1, and the critical water pressure for the
propagation failure of hydrous cracks in the rock mass within the
section obtained from Eq. 25 is:

3K||C

Pj=01- (T1|K |- -©) (28)

Take 0,= Ag;= AyH, vy is the weight of the overburden stratum.
Based on the analysis of P;>P}; and P;<Py;, the calculation equation
for the thickness L, of the complete rock layer zone under the
combined action of dynamic and static loads are derived, as shown

in Eq. 29 (P¢>Py;) and Eq. 30 (Ps<Py)

2P,V - V3K, - 2cVra + 21, [KP | Via

11R
Ly= In)\ InA- __
B ¢ E yHVTa(f - f cos 2a - sin 2a) i
€ f f 2 in2 1
+ f cos 200+ sin 2a
"~ = fcos2a-sin 2a (29)
ur £ 2P, Via - V3K),c - 2cVra + 21, [KP | Via
L= =1 In)\—InE)\— i
7 £ yHVTa(f - f cos 2a+ sin 2a)
{ L 1

f+ fcos2a - sin 2a

" f=fcos 2a + sin 2a (30)

Note: In the calculation process of L, in order to unify the
units, this item 2 fP,Va - V3K, - 2cvma + 21, |K'?|via needs to
be multiplied by 1000.

Based on the above analysis, when there is high pressure water
in the foor of water-bearing hidden faults, coal mining should be
carefully carried out, construction scheme should be adjusted, or
efective measures should be taken to ensure construction safety and
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prevent water inrush disasters. At this time, the minimum safety
thickness in the foor of the working face is

L=L,+L, (1)

Te equation for calculating the minimum safe thickness of
fractured rock mass was obtained by substituting the mining
damage zone of the foor L, (which can be obtained through actual
measurement) and the hydraulic fracturing zone L into Eq. 31. L is
calculated by choosing Eq. 29 when P>Pj; and Eg. 30 when P <Py;.

From the above analysis, it can be concluded that the efect
of dynamic loads has a great promoting efect on the pressure
reduction and propagation of hydrous cracks. Dynamic load afects
the fracture propagation mode by increasing pore water pressure,
and the efect of dynamic loads will lead to the increase in pore
pressure within the fracture, reducing the efective stress on the
fracture surface; In addition, within the certain range of fracture
dip angles, the efect of dynamic compressive stress will directly
change the stress intensity factor at the crack tip, making the stress
intensity factor at the crack tip increase. When the stress intensity
factor reaches a critical value, it will lead to fracture propagation and
coalescence failure of the rock mass.

Combined with theory and numerical simulation analysis, it can
be concluded that when there are hidden faults in the foor, not only
the failure depth of the foor and the height of the pressurized water
bearing uplif zone increase rapidly under the combined action
of dynamic and static loads, it also promotes the expansion of
water-bearing cracks and the activation of foor hidden faults, and
aggravates the formation of foor water-conducting channels, the
risk of failure and instability of water-bearing hidden faults is greater
than that of static loading, and it is easier to cause water inrush
from foor.

3.3 Analysis on factors affecting the
minimum safe thickness of the outburst
prevention layer

From Equations (29), (30), and (31), it can be found that the
minimum safe thickness of the outburst prevention layer of the foor
with hidden faults in the working face is related to physical quantities
such as the Ordovician limestone water pressure, the distribution
characteristic parameters of hidden faults, and the mechanical
parameters of the rock mass of the outburst prevention layer.
According to Equation (31), the variation trend of the minimum
safe thickness of the outburst prevention rock layer with various
infuencing factors can be analyzed, as shown in Figure 10. When
the infuence of a parameter was not discussed, the parameter was
taken as a fxed value in the calculation of the minimum safe
thickness, assuming that the pore water pressure P,=2 MPa, and
the dip angle of the hidden fault fssure =30°, measured lateral
pressure coeffcient n=0.6, y=26.50 kN/m®, type Il compression-
shear propagation stress intensity factor of the foor rock layer
K,,c=4.68 MN/m®2, H=45 m, the hydrous crack’s length 2a is equal
to the initial fracture zone thickness of 3.4m, the friction coe Fcient f
is0.92, the cohesion force of crack surface c=1.4 MPa, R=5.65 m, and
the mining damage zone thickness of the foor L.=4.5 m (Discuss
respectively that p, a, and H are the mining depth of the working
face and the crack inclination angle is a).
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FIGURE 10

length, and (D) mining depth of the working face.

Relationship between minimun safe thickess of seam floor strata and each influential factor. (A) the pore water pressure, (B) crack dip angle, (C) crack

By analyzing the variation trend of each curve in Figure 10, itcan
be found that with the increases of p,, the minimum safe thickness of
the outburst prevention layer approximately linearly increases, and
with the pressure of water increases, the stress acting on the crack
tip increases, making it easier for the crack to expand, resulting in an
increase in the thickness of the outburst prevention layer. With the
increases of the inclination angle of the crack, the thickness of the
outburst prevention layer frst increases and then decreases. When
the dip angle o varies in the interval of 10°-60°, L increases from
4.74m to 7.3 m and then decreases to 3.72 m. With the increases
of crack length a, L continues to increase at a certain rate, and L
continues to increase with the increase of crack length a. Te crack
length increases, so that the crack extension length was reduced,
making it easier to penetrate the foor and form the water inrush
channel. With the increases of mining depth H, the thickness of
the outburst prevention layer continues to increase, the geostress
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increases, and the abutment pressure increase during coal mining,
which makes the working face prone to water inrush disasters.
Terefore, a larger anti-collision layer was needed to ensure the
safety of the working face.

4 Engineering example

Combined with the theoretical analysis results, the water inrush
risk of coal mining face in the literature (Chenetal., 2007) was
judged, and the minimum thickness of the outburst prevention
layer of the foor was calculated to verify the rationality of the
theoretical analysis. Te following parameters were determined
based on the actual mining situation of the working face: the pore
water pressure is P;=1.5 MPa, and the dip angle of the buried fault
is a= 60°, the vertical stress is 0,=6 MPa, the horizontal stress is
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0,=3 MPa, the lateral pressure coefFcient is n=0.6, y=26.50 kN/m®,
the type Il compression-shear propagation stress intensity factor
K® =1.0 MN/M32, a=0.65 m,H=45 m, the fault length of 50m, the
friction coefcient is =0.92, the cohesive force of crack surface is
c=1.4 MPa, R=5.65 m.

According to Equation (28), it can be determined that the critical
water pressure for compression-shear propagation failure of cracks
under the dynamic load stress P,j:l.63 MPa, P,J->P$, that was, the
confned water pressure of the foor was greater than the critical
water pressure for compression-shear propagation failure of hidden
fault cracks. T erefore, it was necessary to calculate the thickness
L, of the complete rock zone by Equation (29). By substituting
the parameters of the working face in the example into Equation
(29), it was calculated that L;=30.4 m, which was very close to the
calculated result of 30 m in the example, verifed the correctness
of the theoretical analysis. According to the actual measurement,
the mining damage depth of the working face was L,=11.42 m.
According to the theoretical analysis results, the minimum safety
thickness of the foor to ensure that the working face does not
sufer from water inrush disasters can be calculated by substituting
Equation (31), L=41.82 m. T rough the actual measurement, it was
found that the distance from the foor of the working face to the
fault all exceeds 42 m, which can efectively ensure the stability of
the working face. T erefore, this method is relatively reasonable and
feasible, and can be used to guide coal mining in areas with high
confned water, providing a reference for preventing water inrush
disasters from occurring in the foor.

5 Conclusion

In this paper, the formation and evolution mechanism of water
inrush channels from the foor with hidden faults under dynamic
and static loads were comprehensively studied, systematically
described the entire process of activation, penetration, and
communication of hidden faults to form water inrush channels
through numerical simulation, explored the water inrush
mechanism of the foor with hidden faults through fracture
dynamics analysis, and analyzed the critical water pressure for
fracture failure and the minimum safe thickness of the foor. Te
main conclusions are as follows.

(1) Te existence of hidden faults makes the characteristics of
water inrush from the foor signifcantly diferent from those
of the complete foor. Te mining stress and confned water
action made the hidden fault cracks expand rapidly, and the
permeability has been greatly improved. At the same time,
the confned water within the fault also had a scouring and
expansion efect on the cracks, accelerated the development
speed of the cracks. T ere were spatial and temporal diferences
in the fracture penetration rules of hidden faults at diferent
positions of the foor. T e closer the distance to the goaf, the
more likely it was to occur the water inrush raised by activation
of hidden faults. When there were multiple hidden small faults
in the foor, there was an alternating change between the
sudden water increase zone and the stable fow rate zone, which
exhibited similar cyclic characteristics.

T eefect of dynamic load seriously damages the static stability
of the foor aquifer, which not only increased the depth of
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foor damage and the height of the pressurized aquifer uplif
zone, but also greatly promoted the expansion of water aquifer
cracks and the activation of the foor faults, exacerbated the
formation of water conducting channels and greatly increased
the possibility of water inrush from the foor.

Based on the theory of fracture dynamics, the strength
criteria for tension-shear and compression-shear fracture of
hydrous cracks under combined dynamic and static loads
were established, and the corresponding expressions of critical
dynamic load stresses were derived. T e calculation equation
for critical water pressure when cracks undergo compression-
shear propagation failure under dynamic and static loads
was further derived. T e calculating equation that reasonably
refects the minimum safe thickness of the complete rock layer
zone of the foor under the dynamic load stress, mining action,
and water pressure was obtained, and the efects of confned
water pressure, crack length, dip angle, and mining depth on
it were discussed. Finally, the theoretical results are verifed by
engineering examples.
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