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Roof fracture is one of the main reasons for dynamic disaster in working face. During the process of long wall mining, due to the
continuous fracture and collapse of roof, a stress shell composed of high stress is formed around the surrounding rock of the stope.
The gravity of the overlying rock is transferred to the coal body around the stope through the stress shell. With the advancing of the
working face, the stress shell has undergone the dynamic evolution process of the initial shell, extension shell, and flat shell. Based
on the theory of shell and plate, the mechanical model of elliptical thin rock plate is constructed. The stress and bending moment
distribution expressions of elliptic structure are obtained under two boundary conditions: the surrounding fixed-supported edges
and simply supported edges. The results show that cracks begin to appear at the middle point of the semimajor axis and propagate
along both ends of the semimajor axis. Then the fracture begins at the end of the semiminor axis, and the crack extends along the
arc direction, forming an “X-O” type fracture. Finally, the mechanical nature of the stress shell instability is the result of the tensile

fracture of the bedrock at the top of the shell.

1. Introduction

The fracture of the roof in coal mining is the main source of
pressure in working face, and it is also one of the causes of
dynamic disaster. For a long time, the analysis of stope
pressure has been one of the hot issues of coal workers. The
movement of overlying strata is closely related to the mine
pressure. The movement form of overlying strata determines
the appearance degree of mine pressure, and the appearance
of mine pressure is also the concrete manifestation of the
surrounding rock activity [1, 2]. Scholars have done a lot of
research on the mechanical characteristics of surrounding
rock of coal seam mining and got a lot of meaningful
conclusions. [3-5]. Shi et al. [6] studied the evolution law of
overburden stress and fracture in horizontal coal seam
mining. Chen et al. [7] used numerical simulation to study
the three-dimensional distribution characteristics of

overlying rock fractures in longwall mining. Kumar et al. [8]
studied the mechanical characteristics of surrounding rock
in deep thick coal seam mining. Wang et al. [9] analyzed the
evolution characteristics of overburden composite pressure
arch in shallow coal mining. Zhu et al. [10] studied the
evolution characteristics of floor stress distribution in coal
seam mining. The theories explain some mine pressure
phenomena, but they do not consider the three-dimensional
spatial structure of stope, which has a certain deviation from
the reality. In view of the typical layered stratum structure,
the small deflection thin plate theory is applied to obtain the
stope roof breaking mode and evolution law [11-16].
However, the influence of the high stress concentration area
formed in the three-dimensional overburden space of the
stope on the failure of roof strata is not considered.
Moreover, with the gradual breaking of the overlying strata,
the arc structure is formed due to the breaking of the right
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angle of the roof strata, and the whole strata above the goaf
form an elliptical structure. Xie et al. [17-19] found that
there was a stress shell composed of high stress in the
surrounding rock of the stope by using the comprehensive
research methods of numerical simulation, similar sim-
ulation, and field measurement. The research shows that
the stress shell is the main bearing capacity system of the
overlying rock mass of the working face, which bears and
transmits the stope pressure. The formation mechanism
and evolution characteristics of the stress shell are related
to the working face length, mining height, lithology, and
other parameters, but the influence of the overlying rock
fracture on the stress shell is ignored in the analysis.
Therefore, based on previous studies, the authors analyze
the evolution process of the stress shell and establish the
fracture mechanical model of the top strata of the stress
shell. The mechanical criterion of rock fracture instability
is analyzed and deduced, and the fracture mode and
evolution law of rock at the top of shell are revealed.
Finally, the instability mechanism of stress shell is
obtained.

2. Mechanical Model of Stress Evolution of
Surrounding Rock in Stope

The comprehensive research shows that the stress shell has
the following characteristics [17, 18]. Due to the continuous
mining of the coal seam, the stress balance of the original
rock is destroyed under the mining disturbance, the stress of
the surrounding rock is redistributed, and the mining high
stress forms a stress shell in the surrounding rock space. The
stress shell moves and evolves with the advance of the
working face. The shell foundation of the stress shell acts on
the peak area of abutment pressure in the front, rear, and
flank of the working face. The stress of the shell foundation is
the abutment pressure around the stope. Moreover, the
stress shell exists in the overburden which has not been
fractured (i.e., in the bending subsidence zone), and its
height is greater than the maximum height of mining
fracture development. The stress shell starts to form the
initial stress shell (as shown in Figure 1, OA) from a certain
distance of mining. With the continuous advance of the
working face, the direct roof collapses successively, and the
basic roof is broken and sunk. The stress shell evolves and
develops above the rock layer and in front of the coal seam
wall, forming the expansion shell (as shown in Figure 1, OB).
The top of stress shell is located in the bending subsidence
zone and above the fracture zone. With the continuous
advance of working face, the expanded shell is easy to
evolve into flat shell (as shown in Figure 1, OD). With the
increase of the span of the flat shell, when the ultimate
span of the rock layer at the top of the shell is reached, the
roof breaks, which directly causes the stress shell to be
damaged at the top of the shell. Finally, the stress shell is
unstable. Because there is no stress shell to bear the
gravity of the overlying rock, the stress shell instability
and the whole overburden load directly will cause severe
mine pressure. During the whole mining process, the
stress shell experienced the dynamic evolution process of
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FiGURE 1: Stress shell evolution model.

the initial shell-expansion shell-flat shell along with the
advancing of the working face.

When the rock stratum where the stress shell is located
breaks, it will inevitably lead to the instability of the stress
shell. Therefore, it is of great significance to study the
fracture law of the strata at the top of the shell for mastering
the instability mode of the stress shell. The intersecting line
of stress shell and strata is ellipse, and the ellipse thin rock
plate structure is formed in the strike and dip direction of 3D
stope. The fracture mechanics model of shell roof strata is
constructed, as shown in Figure 2.

The instability of stress shell is mainly related to the
fracture of basic roof rock, so it is necessary to carry out
the mechanical analysis of elliptical thin plate of shell roof
rock. In the overlying strata of near horizontal coal seam
(the influence of coal seam dip angle on the model is
ignored in calculation), the calculation of elliptical thin
rock plate size is shown in Figure 3.

It can be seen from Figure 3 that the strike length of the
elliptical thin plate is as follows:

m =L - 2h,cot 0, (1)

where L is the advancing distance of working face; h is the
sum of the heights of the fault zone and the caving zone; 6, is
the fault angle along strike direction.

The dip length of the elliptical thin plate is as follows:

n =Ly — hy(cot 0, + cot 6;), (2)

where L, is the length of working face. 8, and 0 are the
fracture angles below and above the coal seam along the dip
direction.

3. Mechanical Analysis of Instability Criterion

3.1. Failure Analysis of Fixed Support of the Rock Stratum.
Because the ellipse structure formed by the roof rock is
fixed around before failure, it can be regarded as the
ellipse structure fixed. The rectangular coordinate system
is established. The origin is in the center of the elliptical
structure, the x-axis is the direction of coal seam di-
rection, and the y-axis is inclined direction. The elliptical
structure is subjected to the combined action of gravity
and stress of overlying rock. The mechanical model of
elliptical structure with four sides fixed is established, as
shown in Figure 4 The semimajor axis of the ellipse is
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F1GURE 2: Fracture mechanics model of shell roof strata.
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FIGURE 4: The mechanical model of the fixed-supported elliptical structure.

a: a=m/2; and the semiminor axis is b: b=n/2 (where
b<a).

The boundary condition of fixed support is that the
rotation angle is 0 and the displacement is 0. Therefore, the
boundary conditions of elliptic structure are as follows:

Wy | (xz/u2)+(y2/b2):l =0,

Jw,
o lraya(y2m2)=1 = 05 (3)

dw,
a—y |(x2/a2)+(y2/b2):1 = 0

Take the deflection equation satisfying all boundary
conditions as follows:

3
Yy
X2 42 2
wI:Al(;+%—l>, 4)
where A, is a constant.
The bending equation of thin plate is as follows:
V4w1 = i,
D
5
. Bl (5)
12(1- %)

where V is Laplacian, q is the gravity of overlying strata, D is
the bending stiffness, / is the thickness of rock stratum, y is
Poisson’s ratio, E is the elastic modulus, and w; is the de-
flection of the rock stratum.



The constant A; can be obtained from formula (5).

~ q
8 D(3/a* + 2/a’b* +31b") (6)

A

The deflection equation of the elliptic thin plate is ob-
tained as follows:

q((leaz + yz/bz) - 1)2

- . (7)
8 D(3/a" +2/a’b" + 3/b")

W
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The maximum deflection occurs at the center of the
elliptical rock stratum and its value is as follows:
q
8 D(3/a" + 2/a’b” + 3/b*) (8)

wl'x:y:O =

Taking equation (7) into the expression of bending
moment of elliptical rock stratum, the bending moment of
each point of elliptical rock stratum is obtained as follows:

dw azw) [(4A1 4[1A1><x2 ¥ ) <8A x° 8uA y2>]
M, =-D|—+u— |=-D|| -+ Tl )4 s ),
x <8x2 oy 27 N\E P R
2 2 2 2 2 2 ®)
oOw Jw 4uA, 4A\[(x" y ) (SyAlx 8Ay
M, =-D| —+uy—|=-Dl| ——+— || 5+=5-1 )+ + .
y < ayz g 8x2> [( e PO a2 X
Then, the internal force of each point of elliptical rock
stratum is obtained.
Ez (& 0’ E 4A, AN\ (X ¥ 8A,x> 8uAy
O e S e e
1-y \ox dy 1—p a b a b a b
Ez (o 0’ E 4uA, 4A\ (x> ¥ 8uA,x’ 8AY
T R W)
1-u"\oy 0x 1—p a b a b a b
Lo Ez Jw _ Ez 8Axy
Y 1+uoxdy l+u @b
w | x2/a? 2752 )= =0,
Based on the bending moment expression (9) and stress 216 an (2 12)=1 (7> 0)
expression (10), the maximum moment and stress are ob- Wl =0
tained at the center of the elliptical rock stratum. According =0
to the strength characteristics of the rock, Oensite < po (11)
Oshear < Ocompressive» the elliptical rock stratum breaks, and _w21| =0,
cracks appear at the place where the tensile stress is the oy

largest, and the cracks trace extends along the x-axis.

3.2. Failure Analysis of Simple Support of the Rock Stratum.
According to the previous analysis, when the rock stratum is
broken along the x-axis direction, the simply supported edge
is formed along the x-axis direction, as shown in AB edge in
Figure 5. The new model is shown in Figure 5 (due to both
sides being symmetrical, one side is taken for analysis), in
which the arc ACB is the fixed-support side.

The boundary conditions of simple support of the rock
stratum are as follows:

ow,;
—-— =0.
ay (xz/az){yzlbz):l(y>0)

The deflection equation of a semielliptical rock stratum
satisfying all boundary conditions is as follows:

X2 y2 2
w, = A2y<(az+bz> - 1) >

where A, is a constant.
Based on the basic assumption of thin plate bending, the
total potential energy of rock stratum bending is obtained by

(12)
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Rayleigh-Ritz method without considering the strain com-
ponent [20].

D v dw 2
Ez”{(a*a) ‘2“‘”)‘[

Take the deflection in equation (13) into equation (12)
and get the following formula:

D ,32-(123a" + 122a°b" + 43b") ab?
Ep=—4A, . A
2 105a’b

The following formula is obtained according to the
principle of minimum potential energy:

5
X
Yy
v
FiGure 5: The mechanical model of simple support of the rock stratum.
0w o’w Pw \’

dode dxdy - ” dxdy. 13
ax’ oy’ (axax)]}xy e 1)
_ 21q a'v’ (16)

32D (123" + 122470 + 43b*)
So the deflection equation is as follows:
—Agq— (14 s 5
5 21q ab ( 2 . yz) 1)
w, = i I T
* 32D (123d" + 12240 + 43b4)y @ b

(17)

OFp _

E7H 0. (15)

The A, value is obtained from formulas (14) and (15) as
follows:

According to the internal force and bending moment
formula of elasticity, the bending moment formula of equal
thickness rock stratum is obtained as follows:

2 2 22 3 2
M, =-D a‘;)+‘uaa2)) =-D (12A§yy+4A2y><(x2+y2) - 1) +(8Az‘fy+8A2f 21,
Ox oy b a a b b a

2 2 2 2 3 2
M, = _D(a_‘gwa_g’) _ _D[(w+m)<(x_z+y_z) . 1) +(8A_zy+8f‘zﬂ)]
oy 0x b a b b a

According to the stress derivation formula of elasticity,
the expression of stress component of equal thickness rock
stratum is obtained as follows:

o - Ez <aza)+ 82w>
-4t \ox’ ”ayz

Ez 12A,uy 4A,y
= 2 >t
1-u b a

2 2
x .y

+ + +
2T 2 3 i |
a b ) b a

(18)

8A2‘uy3 8A2x2y
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2 2 3 2
_ Ez2[(12,22y+4A22yy><x_2+y_2_1>+8A_z4y+8“‘2#], (19)
1-u b a a” b b a
Ez oo Ez [4Ax (x* 8A,xy”
Ty = = _2+_2_1 + 212 ‘
y l+poxdy 1+u| @ \& b a'b

According to formulas (18) and (19), the internal stress
and bending moment of the elliptical rock stratum reach the
maximum at point C. Therefore, the crack appears first at
point C. Then the crack propagates along the periphery.

3.3. Analysis of Failure and Instability Criteria of Rock
Stratum. The failure of rock stratum is related to the value of
principal stress of any point, and the relationship between
the principal stress of any point and the stress component of
the point is as follows:

— 2
o, to0, 0,0, )
+ + T,
2 2 Y

(20)

013 =

2AEz 4 4 x° y2 8x” 8y2
- St )\ ztz) )+ |-
L+u [[\* a*/\\a’ b at b

Equation (22) is the failure criterion of the rock stratum.
According to equation (22), the fracture of the rock stratum
is related to the advancing distance of the working face, the
length of the working face, the fracture angle, the elastic
modulus, the thickness of the rock stratum, and the over-
lying load.

The upper surface of rock stratum is compressed and the
lower surface is tensioned. According to the characteristics
of rock bearing small tensile force, the failure occurs at the
lower surface of rock. Therefore, failure is most likely to
occur in the center of rock stratum. According to the cri-
terion formula (22), when the tensile stress of the rock just

3yHu

where 0, is the maximum principal stress and o3 is the
minimum principal stress.

According to the characteristics that the rock stratum
can bear the least tensile stress, the principal stress is
compared with the tensile strength of the roof rock mass. If
the tensile stress exceeds the tensile strength of the rock
mass, the roof will break. According to equation (20), the
criterion of rock fracture is as follows:

max{o,, 03} > o, (21)

where o7 is the ultimate tensile strength of rock mass.
Bringing equations (10) and (20) into equation (21), the
rock fajlure criteria can be obtained as follows:

(22)

exceeds the ultimate tensile strength of the rock, the ad-
vancing distance of the working face can be obtained when
the roof rock is damaged. Through derivation and calcu-
lation, the advancing distance L of the working face when the
stress shell just loses stability is obtained as follows:

2
Loy ¢, +\¢; + 12[or]c, (23)

+ h,cot6,,
2, 0 1

where ¢; and c, are constants, respectively. The expression is
as follows:

3[o7]

= - s
UR (L2 - hol2) (cot B, + cot 6,)° ((Lo/2 — hy/2)(cot 6, + cot 6;)*

_3yH 22[oy]

(24)

Cp=—5—

W Lo/2 — hy/2)(cot 0, + cot O a4
0 0 3
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FIGURE 6: The stress value of the lower surface of the fixed support. (a) Stereogram of stress distribution. (b) Stress contour.
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FIGURE 7: The stress value of the lower surface of the simply supported elliptic plate structure. (a) Stereogram of stress distribution. (b) Stress

contour.

4. Engineering Practice Analysis

According to 12328 working face of a coal mine, the buried
depth of coal seam is 650.4 m, and there is sandstone with
thickness of about 15.79 m at 67.13 m away from coal seam.
According to the actual rock mechanics parameters and roof
conditions, the following parameters can be obtained:
a=100m, b=60m, E=45x10"MPa, h=16m, u=0.3,
q=12.4MPa, 0, =60, and 6, = 65". Under the gravity action
of overlying rock mass, the upper surface of rock stratum is
compressed and the lower surface is tension. Substituting the
data of mechanical parameters into equation (20), the
contour of maximum principal stress on the lower surface of
rock stratum is drawn by using software, as shown in
Figures 6 and 7.

Figure 6 shows the maximum principal stress on the
lower surface of the thin rock plate with four edges fixed.
Under the action of overlying rock mass and gravity, the
lower surface of elliptical structure is mainly subjected to
tensile stress, and the upper surface is mainly subjected to
compressive stress. It can be seen from Figure 6 that the
tensile stress in the center of the thin plate is the largest, and
the tensile stress in the center is concentrated, so the rock
stratum first shows failure in the center of the lower surface.

Figure 7 shows the contour of the maximum principal
stress on the lower surface of the simply supported elliptic

plate structure. Under this condition, the upper surface of
the rock is subjected to compressive stress and the lower
surface is subjected to tensile stress. It can be seen from
Figure 7 that the maximum tensile stress occurs at the end
point of the semiminor axis, and it is prone to failure when
the tensile stress exceeds the tensile strength of rock mass.
By analyzing the stress distribution of the lower surface
of the elliptical plate under the two mechanical models, it is
found that the failure is in the center of the thin rock plate
with the largest tensile stress and then at both ends of the
semiminor axis. Therefore, the mechanical mechanism and
fracture morphology of roof fracture can be found out. The
evolution process of roof fracture is shown in Figure 8.
The process of the fracture of the elliptical roof has
experienced the following stages: with the advance of the
working face, under the action of rock stratum gravity, the
elliptical thin plate structure with fixed support around the
stope is formed. The roof of the stope starts to break at the
middle of the semimajor axis, and the crack extends along
the x-axis direction to the two ends until it extends to the
edge, and finally the bifurcation occurs near the edge. The
similar “X” type failure is formed. After the middle position
failure, one side simple support and arc length fixed support
were formed in the elliptical roof. Under the gravity of the
overlying rock mass, the elliptic plate began to break at the
end of the semiminor axis, and the crack expanded along the
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FiGure 8: Elliptical structure “X-O” type destroys.
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FIGURE 9: Failure location of stress shell.

arc to both ends, forming two “C” type failures. The “C”
cracks on both sides were intersected and connected to form
“O” type failure, and finally “X-O” failure was formed.

5. Analysis of the Instability Mode of Stress Shell

The instability of stress shell is due to the fact that the stress
of a part of the stress shell exceeds the ultimate bearing
capacity of surrounding rock, which leads to the instability
of the whole stress shell of surrounding rock. The mechanical
structure characteristics and dynamic evolution process of
the stress shell reflect that the top and foundation of the shell
are the key positions of the dynamic instability of the stress
shell. Therefore, it is easy for the stress shell to lose its
stability at these key positions in the evolution process.
When the stress at the key position of the stress shell is less
than the ultimate strength of the surrounding rock, the stress
shell is in a relatively stable state. When the stress of sur-
rounding rock is greater than the ultimate strength of
surrounding rock, the surrounding rock at the key position
of stress shell will be destroyed, mainly including com-
pression failure, tensile failure, shear failure, and composite
failure. As shown in Figure 9, compression failure and
composite failure are easy to occur in the shell foundation,
shear failure is easy to occur in the shell shoulder, and tensile
failure is easy to occur in the shell top. Usually, the tensile
strength of rock is less than the shear strength, and the shear
strength is less than the compressive strength, so it can be
seen that the tensile part of the surrounding rock is most
prone to failure. The mechanical analysis of the stress shell in
this paper shows that the stress shell is most likely to be
tensile failure at the top of the shell. After the failure of the
roof rock, the stress shell is unstable, which leads to the
redistribution of the surrounding rock stress and the stress
transfer to the deep part of the coal and rock mass. When the

stress shell is unstable at the top of the shell, it will cause a
large area of roof pressure, rock burst, and other severe mine
pressure behaviors; at the same time, coal and rock dynamic
disasters may occur. The peak value of abutment pressure
and the width of shell foundation will reach the maximum
value, which will easily lead to further failure of shell
foundation. Comprehensive analysis shows that the main
instability mode of stress shell is “tensile failure at the top of
shell.”

6. Conclusion

Based on the thin plate theory, the mechanical model of the
elliptical structure of the basic roof is constructed. Under the
action of the stress shell, the elliptical rock structure is first a
fixed-supported boundary, and then a simply supported
boundary appears with the fracture of the rock. Through
theoretical analysis, the failure criterion of stress shell is
obtained. The fracture of the rock stratum is related to the
advancing distance of the working face, the length of the
working face, the fracture angle, the elastic modulus, the
thickness of the rock stratum, and the overlying load.

The “X-O” failure mode is obtained. First, cracks begin to
appear at the middle point of the semimajor axis of the
elliptical rock stratum, and the cracks propagate along the
two ends of the semimajor axis and bifurcate to form “X”
type fracture near the boundary. Then the fracture begins at
the end of the semiminor axis, and the crack extends along
the arc direction, forming two symmetrical “C” fracture
modes. The cracks on both sides connect to form “O”
fracture mode and finally form “X-O” fracture mode.

Compression failure and composite failure are easy to
occur in the shell foundation, shear failure is easy to occur in
the shell shoulder, and tensile failure is easy to occur in the
shell top. The mechanical analysis of the stress shell shows
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that the stress shell is most likely to be tensile failure at the
top of the shell. After the failure of the roof rock, the stress
shell is unstable, which leads to the redistribution of the
surrounding rock stress and the stress transfer to the deep of
the coal and rock mass. It is revealed that the main instability
form of the stress shell is the tensile failure of the bedrock at
the top of the shell, which finally leads to the instability of the
whole stress shell.
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