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With the continuous increase of the upper limit of coal mining, in mining areas near unconsolidated layers, water and sand inrush
disasters occur from time to time, seriously threatening the safety of mine production. In this paper, the process of water and sand
inrush accidents induced by mining near unconsolidated layers is analyzed using mechanical analysis and numerical simulation
methods, based on the principle of silo unloading and arching and combined with actual water and sand inrush characteristics;
the critical water and sand inrush arching mechanism is explained. The paper also proposed and established three critical
arching mechanics models (interlocking arch, bonded arch, and transition arch), deduced the mathematical expression of
interlocking arch and transition arch, and obtained the critical instability conditions of the arch and its influencing factors. The
research results have guiding significance for the occurrence of water and sand inrush disasters and the judgment of the degree

of damage in mining near unconsolidated layers.

1. Introduction

With the reduction of mine recoverable reserves, mining
shallow coal seams threatened by loose aquifers has become
the preferred target for mine to extend life and potential
tapping innovation. However, the overlying loose aquifers
are affected by mining and cause water with higher sand
content. The sand mixture collapses into the underground
working face, causing property losses and even death from
time to time, which poses a great threat to the safety of mine
production [1-4].

Since the 1990s, many Chinese scholars have conducted
researches on the prediction of water and sand inrush disas-
ters and its prevention in unconsolidated layers. Rich experi-
ence [5-9] has been obtained. Sui Wanghua et al. [10-12]
proposed to use the flow behavior of particulate matter to
understand the mechanism of sand break in depth and
believed that the head pressure of the overlying loose aquifer

and the width of the sand break channel are the key to estab-
lishing the mechanism of water and sand inrush; to increase
the mining upper limit of coal seams under thick loose seams,
Xu Yanchu [13, 14] studied water pressure as the key factor
leading to water inrush in loose seams taking Henan Zhaogu
No. 1 Coal Mine as an example and revised sand-proof coal
pillar formula accordingly. LiangYankun [15] studied the
propagation of chemical grout in the inclined fracture model
through physical experiments, discussed that grouting can
effectively reduce the critical inclination of the fracture of
the water and sand mixture seepage, and concluded that the
high viscosity of the cement slurry is beneficial to the sand
particles. Wang Hailong and Zhang Shichuan et al. [16, 17]
developed a water and sand inrush test system to study the
migration and inrush laws of water and sand in the mining
fractures and revealed the water and sand inrush with water
pressure as a variable flow rate changes and the characteris-
tics of water pressure changes at the bottom of the water-
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bearing sand layer; Liu Qi [18] designed a stress control
seepage experimental system based on particle loss and con-
cluded that the water and sand inrush process is divided into
three different stages to study the degree of consolidation of
the excavated soil, and water pressure plays an important role
in the seepage erosion process.

Meanwhile, some scholars have conducted comprehen-
sive evaluation and prediction on the risk of water and sand
inrush through mathematical methods [19-23]. Zhang
Wenquan [24] used factor analysis (FA) and Fisher’s
Discriminant Analysis to establish a water and sand inrush
evaluation model for aquifers under thick unconsolidated
layers, concluded that the water pressure and the thickness
of the bottom clay layer have a great impact on water and
sand inrush, and predicted the possibility of water and sand
inrush in each mine. Wang Xin [25] combined the analytic
hierarchy process and entropy method to study the impor-
tant effects of water inrush in the tunnel and proposed a tun-
nel water inrush multi-index evaluation model based on the
normal cloud model based on dynamic monitoring; Peng
Yaxiong [26] divided the tunnel water inrush risk into four
levels, established a cloud model-based water-rich fault zone
tunnel water inrush evaluation model, and verified the model
through the Longjingxi tunnel. Generally speaking, the afore-
mentioned scholars studied the key factors affecting the
water and sand inrush in unconsolidated layers, but there is
not much research on its internal mechanism [27, 28].

Some scholars have also conducted in-depth research on
similar simulated materials. Through different ratios of
similar materials, simulated materials with similar physical
properties of rock formations are obtained, and the internal
mechanism of thick loose seams in the process of coal mining
is analyzed through internal physical experiments, the law of
sinking [29-32].

In summary, the research on water and sand inrush
disasters has achieved staged results. However, with the con-
tinuous lifting of the coal mining limit, the number and dis-
tribution of mining wells involved have gradually expanded,
and the hydrogeological and engineering geological condi-
tions of the mines have also become complex and change-
able. Therefore, to clarify the key factors that induce water
and sand inrush and the mechanism of each key factor on
water and sand inrush is an effective method to analyze its
mechanism. Based on the arching mechanism of silo dis-
charge, this paper puts forward the hypothesis of critical
water and sand inrush arching, classifies the critical arching
types of water and sand inrush, and analyzes the characteris-
tics and instability of critical arches of various water and sand
inrushes. The judgment criterion, combined with the mathe-
matical model to study the instability judgment law, has
guiding significance for the occurrence of water and sand
inrush disasters and the damage degree judgment in mining
of near unconsolidated layers.

2. Mechanical Model and Off-Stability
Conditions of Water and Sand Inrush

By comparing the arching mechanism of silo discharge with
unconsolidated layer’s characteristics of sand particle distri-
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bution and clay composition, the paper proposes a critical
water-sand inrush arching model and analyzed the structural
characteristics of the critical arch of water-sand and destruc-
tion instability mechanism.

Similar to the principle of silo unloading and arch forma-
tion, when mining near unconsolidated layers and the
overlying strata penetrate the aquifer, water inrush (gush)
or water and sand inrush will occur. The difference between
water inrush (gush) and water and sand inrush is whether
solid sand particles can migrate on a large scale under the
driving force. On the other hand, water inrush (gush)
without sand ingress means after the mining crack and
unconsolidated layer aquifer penetrate, the water and sand
will continue to converge towards the fracture of the crack
and gush out along the channel under the drive of the power
source. However, due to the limited space of the crack chan-
nel, the sand will squeeze with each other and form a stable
structure somewhere near the fracture channel, which pre-
vents the upper sand body from moving until it stops, and
water will gush out through the pores between the sand bod-
ies. Once the steady sand body structure being destroyed,
instability occurs, or the channel is wide enough that unable
to form such a stable structure; it will induce water and sand
inrush. The author believes that the steady-state structure of
sand is distributed in an “arch” shape and proposes the crit-
ical water and sand inrush arch theory, summarized as the
critical interlocking arch of water-sand inrush, the critical
bonding arch of water and sand inrush, and the critical
transitional arch of water-sand inrush. The specific features
of each arch are as follows:

(1) The critical interlocking arch of water and sand
inrush is due to the compression between sand parti-
cles and rock wall, and between particles near the
opening of the mining fracture channel, resulting in
the interlocking of the contact forces between the
contact points to form an “arch” force chain, when
it can bear the upper load and the force is balanced,
arch is therefore formed. This kind of arch is more
often seen in aquifer of unconsolidated layers with
sand, coarse sand, medium sand, silt fine sand, and
other sand with relatively large particle size and less
viscous components

(2) Critical bonding arches of water and sand inrush are
mostly formed in silty or clay soil layers (for example,
clay layers and silty clay layers) that contain a lot of
viscous components with relatively good bonding
properties and small and uniform particle size. The
arch is mainly stabilized by the adhesion between
particles and internal friction

(3) Due to the complex depositional environment of
loose strata, the grain size and viscous components
of sand are generally diverse. Therefore, the paper
proposed the critical transition arch for water and
sand inrush, which has the characteristics of inter-
locking arch and bonded arch, that is to say, arch’s
body structure is formed by the joint force of the
squeezing interlocking force chain and the cohesive
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force between clay particles. It occurs in sand layers
with various particle sizes with a certain clay compo-
sition, such as clayey gravel and coarse clay sand

2.1. Interlocking Arch Mechanics Model and Off-Stability
Conditions. According to the simplification of loose granular
materials in granular structural mechanics [33], the sand
quality of interlocking arch can be regarded as ideal granular;
since the formation of interlocking arch is mainly caused by
the interaction between particles and other factors, discrete
medium model (discrete discontinuous medium as a calcula-
tion model) should be selected to reveal the law of interaction
between particles, so as to analyze the formation of interlock-
ing arch and its instability mechanism reasonably.

The particle arches are divided into two types, consider-
ing the arching of sand particles: odd-numbered and even-
numbered arrangements. Respective mechanical models are
established as shown in Figures 1 and 2.

The mechanical model of the particles arranged in odd
number on the arch is shown in Figure 1(a). The unit width
of the left half arch is selected as the calculation model. The
force of the left half arch at current situation: the force T
of the right half arch on the left half arch and the horizontal
angle is 0 while the friction between the two is the force F;.
The left half arch is subjected to the external pressure Fy in
the horizontal direction and is subjected to the vertical down-
ward compressive stress F of the overlying strata and the
seepage pressure F_ of water (it can be characterized by the
sum of the drag force Fj, and the viscous force F,). The float-
ing weight from the side half arch itself is W and the support-
ing force T, (the angle with the horizontal direction is &) and
the friction force Fy, of the rock wall to the left half arch.

When the model reaches critical equilibrium, the
mechanical equilibrium conditions of the left half arch in
the vertical and horizontal directions are as follows:

Mechanical equilibrium conditions of the left half arch in
the vertical direction:

Fp+F + W+ F=T;sin0+T,sin0+F;+F;,. (1)

Namely,

SRv)

(op+0,+0,+0)==T,sin0+ T, sin a+tan ¢, T, cos 0
!

+tan ¢,T, cos a = —

(2)

In the formula, ¢, is the internal friction angle between
sand particles, *; @, is the internal friction angle between
the rock wall and the sand, °; « is the angle between the rock
wall supporting force T, of the left half arch and the horizon-
tal direction, °; 0 is the pressure angle of the arch line at the
arch crown, *; ¢’ is the total vertical downward stress on
the left half arch, that is the sum of oy, 0, 0, and 0.

The horizontal mechanical equilibrium of the left half
arch:

Fy+ T, cosa=T, cos 0. (3)
Among them, the external lateral stress F = o' kh,
o'kh+ T, cos a =T, cos 0. (4)

In the formula, h is the height of the arch while k is the
pressure measurement coefficient, k = (1-sin ¢, )/(1 + sin ¢, ),
and ¢, is the internal friction angle of sand particles [33].

Take the moment O point of the left half arch, Y M, =0:
(F'D/4) + (Fyhi2) = T, cos Oh + T, sin §(D/2) + T, cos 6 -
tan ¢, - (D/2), namely, (0'D*/8)+ (ko'h*/2)="T, cos0-h
+T,sin0-(D/2) + T, cos 0-tan ¢, - (D/2), transferred to

- o' ((D*18) + (kh*/2))
' cosO-h+sin6- (D/2)+cos 0-tan ¢, - (D/2)’

(5)

In the formula, F' is the left half arch subjected to a
vertical downward force.

As shown in Figure 1(b), this is the force analysis of a sin-
gle particle in the dome, and the vertical force equilibrium
condition:

0'd=2T, sin0+2T, cos 0-tan ¢,. (6)
After transformation,

T,=0'~(sinf+cos6-tan ¢, ). (7)

ST W

Combining and simplifying formula (5) and formula (7),
we can get

d 4(tan 0 + tan ¢, )

(D*/8) + (kh’12) - D(tan 0 + tan ¢,) + 2" (8)

Brador Yakonov’s theory believes the relationship
between the dynamic falling arch height h and the critical
orifice outflow diameter D and the internal friction coeffi-
cient f of the material [34]:

D

h= o 9)

In the formula, f is the internal friction coefficient
between sand particles, namely f = tan ¢,.

From the combination and simplification of formula (8)
and formula (9), the formula for the maximum crack width
of the critical instability of the interlocking arch with odd-
numbered arrangement of sand particles can be expressed as:

2d 1
b= 1+ (kIf?) (1+tan9.f+f2)' (10)
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(b)

F1GURE 1: Mechanical model of odd number of sand particles.

(a)

(b)

FIGURE 2: Mechanical model of even number of sand particles.

In the formula, f is the internal friction coeflicient
between sand particles, namely, f = tan ¢,; k is the pressure
measurement coefficient, k = (1-sin ¢;)/(1 +sin ¢, ); @1 are
the internal friction angle of the sand particles; 0 is the pres-
sure angle of the arch line at the arch crown; d is the diameter
of the sand particles.

It can be seen from formula (10) that the larger the sand
body particle is, the larger the maximum crack width
required for the arch instability of the particle will be; it can
be seen from the transformation the critical ratio of crack
width to sand particle size (it is referred to as the ratio of
crack and sand), namely,

. D 2 1
o = 1+ (k/f?) <1+ tane-f+f2)' (an)

From the analysis of formula (11), it can be seen that
when the sand body is a nearly ideal granule with less viscos-
ity and relatively large particle size; when its ratio of crack
and sand i is less than or equal to i, an arch will be formed
at the crack opening that hinders the upper body movement,
resulting in no water and sand inrush. Otherwise, it will cause
water and sand inrush disaster.

The mechanical model of the particles arranged in an
even number array of the arch, and force conditions are
shown in Figure 2(a). The unit width of the left half arch is

selected for analysis. When the model reaches critical equilib-
rium, the mechanical equilibrium conditions of the left half
arch in the vertical and horizontal directions are as follows:

Mechanical equilibrium equation of the left half arch in
the vertical direction:

Fp+Fy+W+F=T,sina+ F; + F,. (12)
Namely,
D .
(0D+Uu+al+0)'E:T2 sina+ T, tan ¢, + T, cos a - tan ¢,
_U'D
S 2

(13)

In the formula, ¢, is the internal friction angle between
sand particles, *; @, is the internal friction angle between
the rock wall and the sand, °; « is the angle between the rock
wall supporting force T, of the left half arch and the horizon-
tal direction, °; 0 is the pressure angle of the arch line at the
arch crown, % o' is the total vertical downward stress on
the left half arch, that is the sum of oy, 0, 0, and 0.
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The horizontal mechanical equilibrium of the left half
arch:

Fy+T,cosa=0'kh+T,cosa=T, cos6. (14)

In the formula, Fy is the external lateral stress Fy, = o kh,
F' is the resultant vertical downward force on the left half
arch; h is the arch height; k is the lateral pressure coefficient;
k= (1-sin ¢,)/(1 +sin ¢, ); ¢, is the internal friction angle of
sand particles.

Take the moment O point of the left half arch, ) M, =0:
(F'D/4) + (Fyh/2) = T)h + T, tan ¢, (D/2), namely, (o' D?/
8) + (ko'W*/2) = T,h + T, tan ¢, - (D/2), transformed into

o' ((D*8) + (kh’12)) .

'S hitang,  (D2) (15)

As shown in Figure 2(b), the force analysis of a single
particle in the arch:

Vertical force equilibrium condition : o'd
=T, tan ¢, + N cos 0 tan ¢, + N sin 0.

(16)

Horizontal force equilibrium condition : N cos 0 = T}.
(17)

In could be conducted from formula (16) and formula
(17) that

3 o'd
" 2tan¢, +tan 6’

(18)

1

Combining formula (15) and formula (18) with Brador
Yakonov’s theory, after simplification, we could get the for-
mula for the maximum crack width of the critical instability
of the even-numbered arrangement of sand particles:

Lo Ad(f+f) (19)

(2f +tan 0) (f* + k)

In the formula, f is the internal friction coeflicient
between sand particles, namely, f = tan ¢,; k is the pressure
measurement coefficient, k= (1-sin ¢,)/(1+sin ¢,); ¢, is
the internal friction angle of the sand particles; 0 is the char-
acterize the pressure angle of the arch line at the arch crown;
d is the diameter of the sand particles.

By transforming formula (19), the critical cracking parti-
cle ratio of the even-numbered arrangement of sand body
interlocking arch instability can be conducted:

. D_ a(f+ 1)
TG o rtan 0)(f k) (20

From the analysis of the above formulas (9), (10), (19),
and (20):

(1) Whether particles are arranged in odd or even num-
bers, its critical instability maximum crack width of
the interlocking arches formed goes up with the
increase of sand particles with proportional relation-
ship; it is also clear that the crack width is constant
under certain conditions, the larger the particle size
of the sand body, the easier the arch to form. On
the contrary, the arch instability will cause water
and sand inrush

(2) For nearly ideal granular particles, the critical crack-
ing ratio of the interlocking arch is mainly subject
to its own properties (internal friction angle). At the
same time, the pressure angle 6 at the arch crown also
has a certain influence on it. The mechanical envi-
ronment (such as vertical compressive stress, and
lateral stress) has little influence, that is to say, the
change of external force basically does not affect the
critical ratio of crack or instability conditions of the
nearly ideal granular interlocking arch

2.2. Transition Arch Mechanics Model and Off-Stability
Conditions. The water-sand inrush bonded arch is mainly
caused by cohesive force and internal friction between parti-
cles to maintain the stability of the arch structure. It is mostly
formed in the silty or clay soil layer with good cohesiveness.
The calculation model of viscous granular medium is often
used in granular structural mechanics, which is mainly
applied in overall research, such as overall flow and shear fail-
ure. However, in actual conditions, such conditions represent
the presence of a clay layer at the bottom of the unconsoli-
dated layers. Generally, it is difficult to induce water and sand
inrush when the overburden mining damage degree and the
crack width are small; therefore, no major research was
conducted in this regard.

As for the sandy aquifer at the bottom of the unconsoli-
dated layers with a certain amount of clay, its own sand qual-
ity is between the ideal granule and the cohesive granule.
Based on the foregoing analysis, critical water and sand
inrush transitioning arch is proposed for this type of sand.
From the analysis of the overall sand body characteristics, it
is similar with the cohesive granules since the clay sand pos-
sesses certain cohesive force: they are all granules with certain
tensile capacity, shear resistance, and internal friction but
with difference in mechanical parameters. Therefore, based
on the calculation model of the viscous granular medium,
this paper establishes a mechanical model of the critical tran-
sition arch for water and sand inrush and analyzes the judg-
ing conditions of off-stability model.

According to the characteristics of the transition arch
sand body and the arching mechanism analysis, it is believed
that when the overlying strata penetrates the sandy aquifer at
the bottom of the unconsolidated layers, water will flow into
the working face along the crack channel, and the water level
above the crack will begin to drop, ending up with a differ-
ence in water head between the initial water levels in distant
aquifer and caused hydrodynamic pressure. Therefore, the
sand body above the fracture is subject to hydrostatic pres-
sure (buoyancy), its own gravity W, the positive pressure F



of the upper formation, the lateral pressure Fy of the forma-
tion, frictional force F; between sand bodies, and the cohe-
sive force. In addition to aforementioned forces, it is also
subject to hydrodynamic pressure, namely, seepage pressure
F; when the vertical downward total stress o’ of the sand
body in the upper arch of the fracture opening exceeds the
ultimate shear strength 7, ., the sand body starts to migrate,
resulting in the instability of the arch and water and sand
inrush. This is the mechanical condition for the critical insta-
bility of the transitional arch, namely,

!

o 2 Tnax> (21)
where 7, =0 tan ¢ + ¢ [35], o is the lateral stress; ¢ is the
internal friction angle; c is the cohesion of sand.

On-site mining fracture channels are mainly fracture,
and the infinitely long fracture type water-sand inrush tran-
sitional arch critical instability mechanical model is estab-
lished, as shown in Figure 3. It can be regarded as a plane
strain issue, and the unit thickness in the vertical direction
is taken as the research object, and the critical instability con-
ditions of the water-sand inrush transition arch are analyzed
as follows.

Assuming that the thickness of the aquifer is M, the over-
lying is a stable aquifer (without vertical hydraulic recharge),
and the initial water head height of the aquifer at infinity is
h, and the permeability coefficient of the aquifer is K, with
porosity being n. When the overlying strata and the aquifer
are connected, the width of the crack is D, which just reaches
the critical instability mechanical equilibrium state of the tran-
sition arch. The aquifer at the upper part of the crack is divided
into several columns of unit width by the method of striping.
At this time, each sand column or sandy unit above the frac-
ture could be expressed in formula (21); considering that the
critical crack width is relatively small, after penetrating the
aquifer, a hydraulic gradient funnel with the fracture center-
line as the symmetry axis is formed, and the height of the
water head above the fracture is approximately equal to that
of the horizontal aquifer (the water head equipotential line is
approximately horizontal), so it can be approximated that
the sandy unit above the fracture is subjected to vertical down-
ward seepage pressure F, so the upper part of the fracture in
the sandy unit abcd at the bottom of the central unit width col-
umn is selected as the research object. As can be seen from
Figure 3, the water head height at this time is /1, and the top
and bottom interface water heads of the sandy unit abcd at
the bottom of the column are ha(b) and he(d), respectively,
with the height difference between the two is Ah.

After the force analysis of the sandy unit abed, mechani-
cal equilibrium conditions of critical instability could be
expressed as

F o+ W'=2F; + C;. (22)

In the formula, F is the seepage pressure of the sandy
unit; W' is the floating weight of the sandy unit; F; is the fric-
tional resistance of the sandy unit; Cy, is the cohesion of the
sandy unit.
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Floating weight of sandy unit in water : W' = (1 - n)(G,—1)y

w*

(23)

F, is the seepage pressure of the sandy unit : F =y J =y, Ah.

(24)
Fyis the lateral pressure : Fy, =&y H. (25)
F is the frictional resistance of the sandy unit : F; = Fy; tan ¢
=&y'H tan ¢.
(26)
Cgis the cohesion of the sandy unit : Cg = f(n, 4, C).
(27)

In the formula, G, is the relative density of sand particles; n
is the porosity of sand; r,, is the gravity of water; J is the
hydraulic gradient; Ah is the water head height difference
between top and bottom interface of sandy unit; { is the lateral
pressure coefficient; H is the depth of sandy unit; y' is the
average density of unconsolidated layers above sandy unit.

Based on the above analysis, the author introduced
confirmed various forces into formula (22) to obtain the
equilibrium conditions for the critical instability of the
transition arch:

(1-n)(G, - 1)y, +y,Ah=2E H tan ¢ + C. (28)

The critical hydraulic gradient J' of the sandy unit body
could be expressed after simplification:

<2£ylH tan ¢ + CE>
Yw

J' =Ah= -(1-n)(G,-1). (29)

According to Darcy’s law, the seepage velocity form is
v=K]. (30)

In the formula, v is water seepage velocity; J is hydraulic
slope; K is permeability coefficient.

Combining formulas (28) and (29), the critical water flow
velocity v, of the transition arch instability can be expressed
as

cr —
Yw

Vv >K<M—(I—n)(q—l)>. (31)

According to formula (31), it can be seen that when the
groundwater seepage velocity at the crack opening is greater
than v, water and sand inrush will occur, and with the
increase of internal friction angle, cohesive force, and aquifer
buried depth, the higher the critical water flow velocity is
required for off-stability of arch. It can also be explained that
the stability of the transition arch formed by the sand with a
certain cohesion is affected by the characteristics of the sand
and the external mechanical environment.
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FIGURE 3: Mechanical model of critical instability of water and sand inrush transition arch.

TaBLE 1: Main conditions and parameters of simulation.

Size of the Particle size Particle normal bond  Tangential bond Initial Particle normal Particle tangential
cabin (m) d (m) strength (N) strength (N) porosity rate stiffness (N-m™*) stiffness (N-m™)
0.6 x 0.4 0.01m 0 0 0.15 10° 10°

As for determining groundwater seepage velocity, the
formed fracture channel could be compared to a single-well
steady flow pumping of a complete well with an equivalent
radius [36], and different types of large wells water inflow
prediction formula could be selected according to the actual
aquifer characteristics and water level to estimate the amount
of inflow; then, the actual seepage velocity of the groundwa-
ter can be approximated according to the principle of
equivalent area of the fracture, and the critical seepage
velocity can be compared to determine whether water and
sand inrush will occur.

3. Numerical Simulation of Arching
Mechanism of Critical Water and
Sand Inrush

In this section, the discrete element numerical simulation
software PFC2D is used to establish a silo-type water and
sand inrush model. By changing the simulation factors (such
as crack width, water pressure, and cohesive force), the criti-
cal arch loss of different types of water and sand inrush and
characteristics of stability and its main influencing factors
are discussed to verify the correctness of the aforementioned
critical water-sand inrush arching mechanism.

3.1. Mesoanalysis of Interlocking Arches with Water and Sand
Inrush. In order to analyze the critical conditions for the
instability of the water and sand inrush interlocking arch
and its influencing factors, a cabin model with the size of
0.6 m x 0.4 m is established. The sand body is a noncohesive
uniform particle with a particle size d of 0.01 m. By changing
the single variable, the author studied the effects of cracked
particle ratio, water pressure, and internal friction coeffi-
cient’s influence on the critical conditions of interlocking
arch instability. The main conditions and parameters of the
specific simulation are shown in Table 1.

3.1.1. The Critical Ratio of Crack of Interlocking Arch
Instability. To obtain the critical ratio of crack of interlocking
arch instability under certain conditions, the author first sets
the water pressure and internal friction coefficient at 2 MPa
and 0.58 (i.e., 30° friction angle), then simulates one by one
by continuously adjusting the crack width, and finally,
obtains the critical ratio of crack of arch instability under
the condition. The specific simulation situation is shown in
Figure 4. In Figures 4(c), 5, 6, and 7, the black line represents
the force chain, and the blue line represents the velocity
vector of water seepage.

It can be clearly seen from Figures 4 and 5 that under the
ratio of crack and sand of 4.7 and 4.8, particles squeeze and
arch at the crack openings, and a stable arch force chain is
formed, which leads to the termination of sand collapse; when
the ratio is 4.9, there is no arching. Therefore, we could reach
the conclusion that under current situation, the critical crack
ratio of interlocking arch is 4.9, and with the increase of crack
ratio, the slope angle of the sand body gradually decreases.

3.1.2. The Influence of Hydraulic Pressure on the Critical
Ratio of Crack and Sand of Interlocking Arch Instability. In
order to further analyze the influence of hydraulic pressure
on the critical ratio of crack and sand of interlocking arch
instability, the water pressure was changed to 0.001 MPa
and 1MPa, respectively, based on the above simulation
results. After the comparison on the criticality of interlocking
arch instability under various water pressure conditions, the
specific simulation results of the variation of the ratio of
crack and sand are shown in Figure 6.

It can be seen from Figure 6 that when the ratio of crack
and sand is 4.9, the cracks are arched where the hydraulic
pressure is 0.001 MPa and 1 MPa with obvious accumulation
of sand bodies when the water pressure is low, but the
amount of sand inflow between the two is almost the same;
when the ratio of crack and sand is 5.0, the arch instability
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FIGURE 6: Simulation results of critical instability of interlocking arch under different hydraulic pressure.

occurs; it can be concluded that the critical ratio of crack and
sand of the arch instability is 5.0 when the hydraulic pressure
is 0.001 MPa and 1 MPa, which only increases by 0.1 com-
pared with that when hydraulic pressure of 2 MPa. It is safe
to say that hydraulic pressure basically brings no effect to
the critical ratio of crack and sand of the ideal unconsolidated
layers interlocking arch instability. This conclusion is consis-
tent with the aforementioned conclusion of the critical insta-
bility criterion of the arch.

3.1.3. The Effect of Internal Friction Coefficient on the Critical
Crack Ratio of Interlocking Arch Instability. In order to fur-
ther analyze the influence of the internal friction coefficient
of the particles on the critical fracture ratio of the interlock-

ing arch instability, the author divided the internal friction
coefficient into four levels: 0.1, 0.3, 0.58, and 1, with hydraulic
pressure being 2 MPa. By stimulating critical cracking ratio of
interlocking arch instability under the condition of internal
friction coeflicient, the followed specific simulation results
are reached and shown in Table 2.

It can be seen from Figure 8 that with the increase of the
friction coefficient within the particles, the critical ratio of
crack and sand of the arch instability increases significantly.
The functional relationship between the two is obtained by
fitting regression:

fmax = —1.59083¢("U102246) 1 50912 (degree of fitting R2 = 0.9999).
(32)
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TABLE 2: Simulation results of ratio of crack width to particle
diameter when the interlocking arch of different internal friction
coefficient of granular buckling.

Internal friction coefficient f 0.1 0.3 0.58 1
Internal friction angle ¢ 5.7° 16.7° 30° 45°
Ratio of crack and sand i, 4.0 4.6 4.9 5.0

5.0

4.8 4

4.6 4

4.4 4

Ratio of crack & sand

4.2 4

4.0 4

T T
0.0 0.2 0.4 0.6 0.8 1.0

Internal friction coefficient

B Ratio of crack & sand
—— Fitting curve

FIGURE 8: Relationship between the internal friction coefhicient and
the ratio of crack width to particle (crack and sand) diameter when
interlocking arch buckling.

In the formula, f is the internal friction coefficient of the
sand body; i, is the critical crack and sand ratio of the
interlocking arch instability.

It can be seen that for noncohesive sand bodies, the
internal friction angle or the internal friction coefficient
plays a decisive role in the critical fracture ratio of
interlocking arches, and the critical fracture ratio gradually
goes up with the increase of the internal friction coeffi-
cient. This conclusion is consistent with the aforemen-
tioned conclusion of the critical instability criterion of
the arch.

At the same time, according to the analysis, the internal
friction angle of the sand body goes up with the increase of
the buried depth and is generally less than 30°, and when
the buried depth is less than 300 m, the internal friction angle
increases significantly. It can be concluded that the ratio of
crack and sand for water and sand increases when the buried
depth of sand bodies with same properties increases, that is,
shallow-buried sand bodies are more prone to water-sand
inrushes than deeper-buried sand bodies.

3.2. Mesoanalysis of Transition Arch for Water and Sand
Burst. The main difference between transitional arch and
interlocking arch is the cohesive force between sand particles.
In this section, the simulation studies the effects of cracked
particle ratio, hydraulic pressure, and particle bond strength
on the critical conditions of transition arch instability. The
main conditions and parameters of the specific simulation
are shown in Table 3.
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TaBLE 3: Main conditions and parameters of simulation.

Coefficient of internal
friction f

Size of the cabin  Particle size d

(m) (m)

Initial porosity
rate

Particle normal stiffness
(N-m™)

Particle tangential stiffness
(N-m™)

0.6x0.4 0.01m 0.58

0.15 10° 10°

TaBLE 4: Simulation results of ratio of crack width to particle diameter when the transition archs buckling under different conditions.

Hydraulic pressure (MPa) 2.0 2.0
Particle’s bonding strength (N) 1.5¢° 1¢°
Critical ration of crack and sand 7, 15.0 8.6

2.0 2.0 2.0 0.001 0.001 0.001
5¢° 1€ 1é° 1 1é® le*
59 5.0 4.9 4.9 5.2 54

3.2.1. The Arch Form and Failure Instable Characteristics of
Grain Transition Arch. Taking the situation where hydraulic
pressure of 2 MPa and the particle bond strength of 1.0 x
10° N as an example, the critical fracture ratio of arch insta-
bility under this condition is 8.6 through multiple simula-
tions. The specific simulation results are shown in Figure 7.
It can be seen from Figure 7 that compared with interlock-
ing arches, the arch space formed by transition arches is
relatively large, and the stability of the arch structure is main-
tained by the squeezing interlocking force chain and the
cohesive force chain between the particles. When the external
force exceeds the ultimate strength of the arch, the force chain
between the particles breaks, resulting in instability and failure
of the arch (Figure 7(b)); it can be seen from the figure that
when the arch is destructed, the stable structure of itself and
the upper sand body is broken and begins to migrate to the
entrance of the channel. Since the adhesive property between
particles has been destroyed, the probability of reforming an
arch is extremely low. Therefore, once the transition arch
becomes unstable, water and sand inrush will happen.

3.2.2. Influencing Factors of Critical Instability Failure of
Transition Arch. The hydraulic pressure and particle’s bond-
ing strength were changed to obtain the critical cracking ratio
of arch instability under different conditions. The specific
results are shown in Table 4.

From the results in Table 4, it can be seen that the critical
ratio of crack and sand of transition arch instability is
affected by both the hydraulic pressure and the particle bond
strength; in general, the critical ratio of crack and sand
decreases with the increase of hydraulic pressure and
increases with the bond strength’s rising.

4. Conclusion

(1) Combining the principle of silo discharge arching,
the paper proposed mechanism of critical water-
sand inrush arching is proposed and determined
three critical water and sand inrush arching types:
interlocking arches, bonded arches, and transition
arches with characteristics and applicable conditions,
respectively

(2) The discrete medium mechanics model was selected
for noncohesive sand bodies. The mechanics models

of interlocking arches with odd and even arrange-
ments of sand particles were established, respectively,
and the ratio of critical crack width to particle size
imax fOr arch instability was obtained. In general, the
critical ratio is related to the internal friction angle
of the sand body itself and is slightly affected by the
mechanical environment

(3) The calculation model of the viscous granular
medium is selected for the viscous sand body. The
mechanical model of the sand body transition arch
is established, and the critical water flow velocity v,
of the transition arch instability is obtained. The sta-
bility of the transition arch is related to the sand body
itself. The characteristics are related to the external
mechanical environment

(4) The critical crack ratio of interlocking arch instability
is mainly affected by the internal friction angle
between particles or the internal friction coefficient.
The inner friction coefficient of shallow buried sand
is smaller than the deeper ones’, and the required
critical crack ratio is small; therefore, water and sand
inrush are more likely to occur. The critical instability
of the transition arch is affected by the bond strength
of the sand body and the external mechanical envi-
ronment of the arch at the same time, which is
consistent with the analysis conclusion of the
instability condition of the arch mechanical model
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