
Research Article
Roof Stability of Rectangle Coal Roadway: In Light of
Calculation of Compressive Bar Stability

Ma Shou-Long,1,2 Gao Linsheng ,3 Yang Yue ,3 Peng Rui,3 and Zhao Qifeng3

1School of Civil Engineering and Architecture, Anhui University of Science and Technology, Huainan, Anhui 232001, China
2China Coal Xinji Energy Co., Ltd, Huainan, Anhui 232001, China
3School of Safety Engineering, North China Institute of Science and Technology, Beijing 101601, China

Correspondence should be addressed to Gao Linsheng; gaolinsheng@ncist.edu.cn

Received 23 December 2020; Revised 20 February 2021; Accepted 11 March 2021; Published 7 April 2021

Academic Editor: Zhijie Wen

Copyright © 2021Ma Shou-Long et al.+is is an open access article distributed under the Creative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

+e roadway roof is a key factor to the roadway stability.+e analysis of roof stability is mainly based on numerical calculation and
on-site observation, while the basic theory of the bearing mechanism is relatively weak. We have founded a critical pressure
calculation model, on the theory of compressive bar, for the rectangle coal roadway stability. +e model has been tested and
verified on accuracy and feasibility while applied on a roadway case. +e critical pressure for roof stability and roof bending
moment and deflection under combined axial and lateral load was deduced using the theory of compressive bar stability. +e
numerical calculation verified the feasibility of numerical modeling of stability of compressive bar using FLAC3D, and the
influence of the background ambient horizontal stress and the parameters of the contact surface to the roof stability were further
studied. +e result turns out that some factors lead to a higher instability tendency, including higher horizontal stress, higher
cohesion force, and larger internal friction angle on the coal-rock interface and lower cohesion force and smaller friction angle on
the rock-rock interface.+e results contribute to bearingmechanisms of roadway roof stability, ground pressure and strata control
theory and application, and design of bolting support.

1. Introduction

In the classic study of surrounding rock stability, the self-
bearing capacity is usually neglected. +e anchor bolt is
found to hang rocks or provide support resistance to the
roadway surface rock. In line with the development of
bolting technology, the self-bearing capacity has been
attracting more and more attention. Researchers and en-
gineers realize that the surrounding rock is the main bearing
body, while the support system is the secondary bearing
body.

With the influence of rock lithology and mechanical
characteristics, ground pressure, and engineering condition,
most roadways are damaged to deform severely [1–3]. Some
roadways, which are affected by mining activity, have to face
more severe problems to maintain the surrounding rock’s
stability [4–6]. With the development of surrounding rock’s
stability, researchers and engineers have realized that the

surrounding rock plays an important role as a bearing body,
which is the key to maintain the roadway’s stability [7].
M. D. Salamon proposed an energy-based supporting the-
ory, which argued that the surrounding rock interacted and
deformed with the artificial support system in step. Man-chu
Ronald Yeung [8] found that the long-short mixing bolting
system was very important to maintain the stability of
supporting system, and a radial pattern bolting was better
than vertical-to-rock shape. Chen Shilin [9] argued that the
surrounding rock was strong in the bearing capability, while
the artificial support system was just a minor role. +e
ground pressure was found to relate to embedding depth,
shape, and size of the roadway, rock characteristics of the
surrounding rock, and the flexibility of the support system.
Zhao Xingguang et al. [10] analyzed the interaction between
the rock dilatation and bolting system and the constrain
effect of the bolting system to the rock’s swelling, finding that
the anchor bolting system can retard rock expanding and
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modify surrounding rock pressure effectively. Aiming at the
problem of uneven and severe subsidence of the roadway
roof, Chen et al. [11] analyzed the stress filed in the lateral
side of the mining gob, developing process in the plastic
region, and the control of the support resilience on the stress
field and the plastic region, combining the method of on-site
observation, theoretical analysis, and numerical analysis.
Based on the analysis of the surrounding rock stress field in
the high depth and mining influenced roadway, Ma Nianjie
et al. [12–15] discussed the mechanical and geometrical
characteristics of the formation of the surrounding plastic
region under both-way and nonasymmetric pressure and the
influence factors of roof stability. Furthermore, some re-
searchers applied numeric modeling to optimize the road-
way design, which promoted the quality of roadway
construction [16–18].

2. Critical Pressure Calculation of the Rectangle
Coal Roadway in Light of Compressive
Bar Stability

2.1. 'eoretical Calculation Model. While the pressure
achieves or is beyond a critical value, the bar will transform
from a straight equivalent state to a bended equivalent state.
+e mechanical model is shown in Figure 1. +e deflection
on a cross section with a distance x from the origin point is
w, leading to a lateral pressure induced bending moment on
each cross section.

2.2. Calculation Process. +e bending moment of the roof is

M � − Fqw, (1)

where Fq is horizontal pressure,N and q are horizontal stress
in MPa, respectively, and h is roof depth in meter.

For a minor bending deflection, the approximately
differential equation of flexural curve is

d2w
dx

2 �
M

EI
. (2)

Substitute equation (1) into equation (2):

d2w
dx

2 �
− Fqw

EI
, (3)

while

k
2

�
Fq

EI
. (4)

Equation (3) is rewritten as

d2w
dx

2 + k
2
w � 0. (5)

+e solution of which is

w � R1 sin(kx) + R2 cos(kx), (6)

where R1 and R2 are integration constant.

With respect to the prehypothesis that the deflection is
zero at the coal rectangle roadway lateral rib where the stress
is at an original level, we obtain

R1 sin kxq  + R2 cos kxq  � 0,

− R1 sin kxq  + R2 cos kxq  � 0.
(7)

+e solution isR1 sin(kxq) � 0 orR2 cos(kxq) � 0, and it
is demanded that

kxq �
nπ
2

, (n � 0, 1, 2, . . . , ). (8)

+en, an equation is deduced:

k �
nπ
2xq

, (n � 0, 1, 2, . . . , ), (9)

and

Fq �
n
2π2EI
4x

2
q

. (10)

Because n is an integer number, the former equation
gives a minimum pressure level to keep the roof stable as the
following equation:

Fq �
π2EI
4x

2
q

. (11)

In this equation, R1 � 0; therefore, the critical stress is

q �
π2Eh

2

48x
2
q

. (12)

And, the critical stress under horizontal strain is

q �
Eπ2

h
2

48x
2
q 1 − μ2 

. (13)

2.3. Application of the Criterion. With respect to a roof
condition, where E� 1GPa, h� 2m, and μ� 0.3, the rela-
tionship between the critical horizontal stress and xq can
be obtained by using equation (13) and is shown in
Figure 2. As shown in Figure 2, the critical horizontal
stress will decline sharply with an increasing xq. +e
critical horizontal stress will achieve 36MPa while the xq
is equal to 5m. A classical roof tends to keep stable be-
cause the original rock stress is lower. However, if the
lateral rib of the roadway is broken, meaning xq is in-
creased, and the critical horizontal stress is declined, the
roof may be unstable.

3. The Bending Moment and Sinking of the
Rectangle Coal Roadway under the
Bending with Combined Axial and
Lateral Load

+e deflection of the roof is usually small, so the deflection
caused by horizontal stress is neglectable. However, if the
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roof deforms severely, the horizontal stress will cause a more
severe bending and deformation. With respect to this
condition, the horizontal and vertical stress needs to con-
sider together, which is called bending with combined axial
and lateral load in the mechanics of materials’ concept. +e
mechanics model is shown in Figure 3.

+e differential equation of the deformation curve is

EI
d2w
d2x

� M � z1 + z2x
2

+ z3x
4

− Fqw. (14)

In this equation, for the roof layer No. 1, z1 �

Kh4, z2 � − (c1/2), and z3 � − (a1/12), for the roof layer
No. 2 to n− 1, z1 � Kh7j, z2 � − (ci+1 − ci/2), and z3 �

− (ai+1 − ai/12), and, for the roof layer No. n, z1 �

Kh7n, z2 � − (cH − ci/2), and z3 � (an− 1/12), respectively.
Applying equation (4) to equation (14), we obtain

d2w
d2x

+ k
2
w �

z1 + z2x
2

+ z3x
4

EI
. (15)

+e solution of equation (14) is

w � R3 sin(kx) + R4 cos(kx) +
z3

Fq

x
4

+
z2k

2
− 12z3
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2
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+
z1

Fq

− 2
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2
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4
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(16)

where R3 and R4 are integral constants.
Apply the boundary condition that R3 � 0; then, the first

derivative of the deflection is

dw

dx
� − kR4 sin(kx) + 4

z3

Fq

x
3

+ 2
z2k

2
− 12z3

Fqk
2

⎛⎝ ⎞⎠x. (17)

At the same time, for the rotation angle at xq which is
zero, we obtain

R4 �
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4
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x
3
q + 2
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+e sinking of roof and its second derivative are
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Figure 1: Mechanical model of roof stability considering compressive bar stability.
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Figure 2: +e relationship between critical horizontal stress and xq.
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while Fq will be approaching the critical pressure (π2EI/x2
q),

the sin(kxc) will be reaching infinitely small, and the roof
sinking will be reaching infinitely large. +e results turn out
that while the horizontal approaches a critical stress, the roof
will be instable even under small load. Applying the result on
the combined axial and lateral stress, the modulus of elas-
ticity E was replaced with (E/(1 − μ2)); then, the roof
sinking and bending moment can be calculated.

4. Calculation of the Roof Stability considering
Original Ambient Horizontal Stress and
Contact Surface Parameters Based on the
Compressive Bar Model

4.1.'e Stability of the Compressive Bar Verified by FLAC3D.
+e FLAC3D has been applied and verified in the geo-
technical engineering, while the application in the com-
pressive barmodel need to be further verified. In this section,
the results of the FLAC3D and theoretical calculation are
compared to find the feasibility of FLAC3D to calculate the
roof stability.

In the FLAC3D application, a long-thin bar model was
set up to simulate the roof beam structure. +e model size
was 100×1× 1m, in 1500 cell, under even load of 1 kPa, and
the bilateral constrain condition is shown in Figure 1. +e
model is an elastic structure unit, with the Young modulus
and Poisson’s ratio 10GPa and 0.2, respectively. +e roof
deflection of the roof is shown in Figure 4. Note that the
condition of convergence is the ratio of the maximum
unequal force and internal force being 1e− 6, rather than
1e− 5, and the large deformation pattern was applied. As
shown in Figure 4, from the bilateral stress being 0.8MPa,
deflection start to accelerate increasing. +is result is similar
with the theoretical calculation result, which is 0.82MPa.
+erefore, the compressive bar model using FLAC3D is
proved to feasible.

4.2. Roof Stability Influenced by Original Ambient Horizontal
Stress and Contact Surface Parameters Based on the
Compressive Bar Model

4.2.1. Numerical Calculation Model. +e calculation mode
was set up in the FLAC3D application, with the presetting
condition similar with the theoretical analysis. +e differ-
ences are as follows. +e roof load was evenly 20MPa, the
roadway width was 6m, the calculation was under a large
deformation patter, and the roof layer composition and
layer-layer contact condition were different, which is shown
in Table 1.

4.2.2. 'e Influence of Horizontal Stress on Roof Stability.
+e roof sinking under original ambient horizontal stress of
20, 30, and 40MPa is shown in Figure 5. Considering
Figure 5 results and theoretical numerical calculation, the
roof sinking was small (0.106m and 0.115m) with the
horizontal stress 20 and 30MPa, respectively. +e roof
sinking reached 0.960m, while the horizontal has reached
40MPa. +e critical stress obtained by the theoretical nu-
merical calculation was small, for the influence of neigh-
boring coal seam was neglected.

+e vertical stress, horizontal stress, shear stress, and
interface slip under different original ambient horizontal
stresses are shown in Figures 6–9. While the original am-
bient horizontal stress was 40MPa, the roof sank signifi-
cantly, and the horizontal and shear stress at the sinking area
were abnormal. In order to show the comparison of the roof
stress clearer under different original ambient horizontal
stresses and interface parameters, the abnormal part was
removed, and the surrounding stress of the left main part
was compared. +e shape of the roadway is rectangle, rather
than circle. As shown in Figures 6–9, the vertical stress and
shear stress shows similar pattern under different original
ambient horizontal stresses. With the increase of the original
ambient horizontal stress from 20MPa to 40MPa, the
horizontal stress increased by around 10MPa, and the in-
terface slip scale increased.

4.2.3. 'e Influence of Interface Parameters on Roof Stability.
As analyzed in the previous section, the roof stability is
related to the interface slip. +erefore, the influence of the
interface parameters on the roof stability is analyzed. +e
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w
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Figure 3: Mechanical model of the vertical and horizontal bending.
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Figure 4: Deflection of the compressive column in FLAC3D.
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immediate roof contacts with coal seam and upper layer
roof.+e roof-coal interface forced the roof toward roadway,
while the roof-upper layer interface forced the roof toward
opposite. In order to analyze the influence of the interface to
the roof stability, interface parameters were changed to test
the roof stability. While the system was loaded 40MPa of
horizontal stress, the roadway sinking under different co-
hesion force and internal friction angle are shown in Fig-
ures 10 and 11. As shown in the figures, the roof sinking
increased and the more instability was observed, while the
cohesion force increased from 0.1MPa to 2MPa. +e ex-
planation of which is that the force on the roof-coal interface
forces the roof toward the roadway, so a higher cohesion
force leads to a shear force. +e internal friction angle
showed similar influence with the cohesion force. As a
conclusion, a larger cohesion force and internal friction
angle lead to a less stable coal roadway roof.

Note that the previous analysis is based on the compressive
bar stability theory. While the roof is deforming significantly,
the horizontal force causes further roof sinking. However, the
sinking of roadway roof is quite small because of the high
cohesion force and internal friction angle, and large defor-
mation and instability of roof may not happen. With a pre-
setting condition of 40MPa, the roof sinking under different
cohesion forces and internal friction angles are shown in
Figures 12 and 13. As shown in figures, as the cohesion force at
the rock-rock interface increased from 0.1MPa to 2MPa, roof
sinking reduced significantly. +e explanation is that the co-
hesion force pushes the roof opposite to the roadway, so a
higher cohesion force leads to a higher shear force, and a higher
horizontal force is opposite to the roadway.+e internal friction
angle at the rock-rock interface showed a similar pattern. As a
conclusion, a higher cohesion force and larger internal friction
angel at the rock-rock interface lead to a more stable.

Table 1: Properties of surrounding rock and interface considering compressive bar stability.

Name +ickness
(m)

Density
(kg/m3)

Cohesion
(MPa)

Angle of
internal friction

(°)

Modulus of
elasticity (GPa)

Poisson’s
ratio

Normal
stiffness
(GPa)

Tangential
stiffness (GPa)

+e roof
layer no. 3 22 2500 — — 10 0.2 — —

+e roof
layer no. 2 0.5 2500 — — 1 0.3 — —

+e roof
layer no. 1 0.5 2500 — — 1 0.3 — —

Floor 23 2500 — — 10 0.2 — —
Coal seam 4 1300 1 25 4 0.3 — —
Interface — — 0.1 10 — — 556 556
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Figure 5: Roof sag of different horizontal stresses: (a) 20MPa, (b) 30MPa, and (c) 40MPa.
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Figure 8: Shear stress of roof of different horizontal stresses: (a) 20MPa, (b) 30MPa, and (c) 40MPa.
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Figure 6: Vertical stress of roof of different horizontal stresses: (a) 20MPa, (b) 30MPa, and (c) 40MPa.
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Figure 7: Horizontal stress of roof of different horizontal stresses: (a) 20MPa, (b) 30MPa, and (c) 40MPa.
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Figure 12: Roof sag of different rock-rock interfacial cohesion: (a) 0.1MPa and (b) 2MPa.
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Figure 9: Interface slip of different horizontal stresses: (a) 20MPa, (b) 30MPa, and (c) 40MPa.
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Figure 10: Roof sag of different rock-coal interfacial cohesion: (a) 0.1MPa and (b) 2MPa.
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Figure 11: Roof sag of different rock-coal interfacial friction angles: (a) 10° and (b) 20°.
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Combining the Figures 12 and 13, it is concluded that the
roof stability is related not only to the original ambient
horizontal stress but also to the shear load from the
neighboring layers. Less area of the coal-rock interface and
larger area of rock-rock interface are beneficial to the roof
stability. +e critical pressure calculated using previous
theoretical model did not take the shear stress into con-
sideration of the roof stability. +erefore, the theoretical
model is applicable while the influence of the contacting
parameters is small. In the previous model, the roadway is
not supported artificially, which is similar to the stained
condition of floor. While the floor large deformation floor
heave usually happens, and this research reveals the
mechanism of floor heave, which is useful in the floor heave
control.

5. Conclusions

(1) A calculation model of critical pressure for the
roadway roof stability was deduced based on the
compressive bar theory; then, the solution accuracy
and feasibility were verified using living examples.

(2) +e roof bending moment and deflection under the
combined axial and lateral load was calculated.

(3) +e calculation result verified the feasibility on the
using of FLAC3D on the compressive bar instability.
+en, the influence of original ambient horizontal
stress and interface parameters on the roof stability
were analyzed. +e results turn out that the roof
instability may be caused by higher horizontal stress,
higher cohesion force, and larger internal friction
angel at the coal-rock interface and lower cohesion
force and smaller internal friction angle at the rock-
rock interface.
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