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Abstract: In view of problems with roadways with a compound roof, such as the occurrence of
instability in the roof strata, ease of separation of the layer caving, difficulty of maintenance, and poor
safety, we established a mechanical calculation model of a roadway with compound roof using the
elastic mechanics theory, taking the stability control of a roadway with compound roof at a coal mine
in Guizhou Province, China as the research background, and based on the actual characteristics of the
coal seam and the roof and floor slate. Expressions of the separation layer and instability limit load of
compound roof were derived, and the calculation and verification were carried out in combination
with the actual conditions. By means of numerical simulation, the distribution and evolution laws
of stress, displacement and plastic zone of roadways with a compound roof were studied, and the
deformation characteristics and instability mechanism of roadways with a compound roof were
revealed: (1) in early stage deformation of roadway, the amount is large, the speed is fast, and the
scale is wide; (2) compound roofs are vulnerable to abscission and instability, the bearing capacity of
the two sides is low due to softness and cracking, the shear failure of side angles and vertex angles
weakens the strength of surrounding rock, and the self-bearing capacity of surrounding rock is low;
(3) the bolt and anchor bear relatively large tensile force, and the support structure is easy to be
broken up. On this basis, the stability control principle of a roadway with compound roof tunnel was
put forward: fast and timely support; high-strength bolt strong support; improving the stability of the
roof and the bearing capacity of the two sides; restraining the shear failure of the key bearing parts
such as the side angles and the bottom angles, and targeted stability control technology for roadways
with a compound roof was developed. The field industrial test showed that the deformation of this
roadway with a compound roof was effectively controlled and the overall stability of the roadway
was effectively improved. The results of this study could provide useful reference for a roadway with
a compound roof under similar conditions.

Keywords: compound roof; roadway; mechanical model; numerical simulation; instability
mechanism; stability control

1. Introduction

Among mine accidents in China, roadway roof accidents account for the majority, while among
roadway roof accidents, those involving a compound roof are the most severe. A compound roof, also
called an abscission roof, is a kind of immediate roof specially combined with special lithology and
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mechanical characteristics. Generally, it is a kind of rock of interval distribution with soft rock and
hard rock, coal leads, and weak intercalation. The thickness and cohesive force between its layers are
relatively small [1-6]. The roof of a compound roof roadway is prone to abscission and subsidence,
while both sides are loose coal, therefore, under the pressure of the overlying strata, the interaction
between the compound roof and the two sides makes the condition of the surrounding rock worsen,
which will lead to instability and even the collapse of the roadway. According to incomplete statistics,
over 30% of coal layer roadways in China have compound roofs and this percentage is increasing with
the increase of mining depth [7-10]. The maintenance of roadways with compound roofs has become a
choke point for mines in China to extend to deeper areas.

Based on this, many scholars have carried out fruitful research. Bai, et al. [11-13] proposed
the interaction mechanism between the compound roof and the two sides, revealed the influence
of increasing the support strength of the two sides on the compound roof, and pointed out that the
two sides and the compound roof should be considered as a whole for support. Wang, et al. [14-16]
used theoretical analysis methods to analyze the stress and deformation characteristics of the thick
layer compound roof from two aspects of vertical and horizontal stress, and revealed the influence of
high horizontal stress on the bending, deformation, and the interlayer delamination of a thick layer
compound roof. Li et al. [17-20] studied the compound roof of a roadway driving along the goaf of
a mine, and proposed the use of reinforced support methods, such as high pre-stress anchors, bolts,
and shotcrete to control the deformation of the compound roof, as well as verifying its effectiveness.
Zhang et al. [21-23] proposed the characteristics of the plastids that are unique to the compound roof,
and comprehensively judged whether the compound roof is separated, based on whether the layer on
the compound roof turned into a load being exerted on the lower layer load, the limit span, and the
flexural deformation of each layer of the compound roof. Wu et al. [24-27] put forward the criteria
and basis for judging separation stability, through five levels and six orthogonal factors including
original rock stress, roadway width, compound roof lithology, compound roof thickness, structural
cohesion, and structural internal friction angle that affect the separation of the compound roof. He
et al. [28-31] analyzed the characteristics of a jointed compound roof, pointed out its deformation
mechanics mechanism with dual attributes of expansion type and structural deformation type, studied
the transformation process from composite to a single mechanical mechanism, and put forward the
form and sequence of combined support with bolt, mesh, and cable. However, the various layers of the
compound roof were prone to plastic shear movement along the sliding surface, and then flexed and
deformed to leave the layer. The self-stability of the compound was poor and the support was difficult.
Scholars have studied the instability mechanism and pre-stress control of coal roofs in compound
roofs, focusing more on the mechanical properties and deformation mechanisms of the compound
roof, while research on the instability mechanisms of a compound roof under the influence of multiple
weak faces is rarely involved. In addition, further research on the response law of pre-stress diffusion
to multiple weak surfaces is very necessary.

Therefore, in order to solve the universal problem of the control of a roadway with a compound
roof, taking a coal mine in Guizhou province in China as the background, the abscission instability of
the compound roof, the deformation mechanism of the roadway surrounding rock, and stability control
were researched, and ways to control the deformation and collapse of a roadway with a compound roof
was explored. This work is beneficial in furthering the excavation and support process for complex
and difficult roadways, which is of important theoretical value and practical significance.

2. Engineering Geological Condition

A mine in Guizhou province in China mines coal seam 6#, the structure of which is simple, with
2.41 m of thickness, a dip angle between 1°and 3°, and a platts hardness coefficient of approximately
0.8, and it is a soft coal seam. The positional relation of roadways is shown in Figure 1. Mining face 1603
is the first mining face in the west of mine field, with an average burial death of 260 m, strike length of
988 m, and inclined width of 150 m. The transportation roadway of mining face 1603 tunnels along the
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floor of coal seam 6#, with the section size: width X height = 4.3 m x 2.7 m. Coal seam 6# is the high
gas outburst seam, where the gas drainage roadway in the floor of the coal seam is laid in advance
to pre-pump gas into the front of the excavation face. By sampling the coal and rock layers near the
1603 mining face, and performing rock mechanics tests on the processed samples in the laboratory,
combined with the preliminary geological survey report of the coal mine, the lithology and mechanical
parameters of the roof and floor of coal seam 6# were determined, and can be found in Table 1. The
surrounding rock of the 1603 mining face has a wide range of loosening zone, large deformation of the
surrounding rocks, and different degrees of delamination in the compound roof from the information
obtained with early investigations and tests, including instruments such as seismographs, borescopes,
and infrared rangefinders. The preliminary survey results are shown in Figure 2.
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Figure 1. (a) Location of the mine; (b) the location of mining face.
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Table 1. The lithology and mechanical parameters of roof and floor of coal seam 6#.

40f19

. . Compr-
. . Thick- Elasticity- Poisson essive C?he- In?er.n al Density
Location Lithology ness (m) modulus Ratio Streneth sion Friction (kg-m-3)
(MPa) & (MPa)  Angle () *8™
(MPa)

limestone 13.27 7404 0.23 61.40 13.0 44 2730

Overlying argillaceous 330 4038 0.28 24.30 53 43 2650
trata siltstone

s pack sand 2.30 5857 0.25 36.20 7.7 44 2600

silty mudstone 6.21 3166 0.30 19.10 4.3 42 2630

limestone 1.38 7404 0.23 61.40 13.0 44 2730

Main roof argillaceous 2.09 4038 0.28 24.30 53 43 2650
siltstone

3# coal seam 0.22 445 0.33 6.25 2.0 25 1530

tonsteins 2 0.40 1938 0.32 10.80 2.5 40 2620

Compound 44 coal seam 0.20 445 0.33 6.25 2.0 25 1530

roof tonsteins 1 0.68 1635 0.32 10.80 2.5 40 2620

5# coal seam 0.26 445 0.33 6.25 2.0 25 1530

mudstone 0.60 926 0.32 10.80 2.5 40 2620

Coal seam 6# coal seam 241 4038 0.33 6.25 2.0 25 1530

‘m‘;l‘s(‘j;ate mudstone 1.42 926 0.32 10.80 25 40 2620

Main floor argillaceous 241 4038 0.28 24.30 53 43 2650
siltstone

7# coal seam 0.75 227 0.33 6.25 2.0 25 1530

siltstone 11.31 6598 0.26 30.60 6.7 42.5 2660

Under strata 8# coal seam 0.92 227 0.33 6.25 2.0 25 1530

siltstone 10.42 6598 0.26 30.60 6.7 425 2660

mudstone 8.35 926 0.32 10.80 25 40 2620

3. Mechanical Structure Model of Roadway Compound Roof

Under the load of the overlying strata, abscission of different degrees occurs in the compound
roof, and the bearing capacity of the compound roof decreases. Given that the length of the roadway is
far longer than its width, the compound roof is regarded as infinite plate. As shown in Figure 3, the
compound roof consists of m layers of soft rock, which are numbered from 71 to 1y, the thicknesses
of which are from hy to hp,, the width and height of the roadway are a and b respectively, and the
thickness of compound roof is h. The vertical distributed load borne by the upper part of the strata of
the compound roof is g, and horizontal force is P.
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Figure 3. Structural mechanics module.
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3.1. Deflection and Stress Distribution of Compound Roof

Under the stress of distributed load g, the elastic surface differential Equation (32) of layer n is
as follows:

Qi v wr = ¢,Q1 = Ealn®/(12(1 - %)), (1)

In the equation: w; is the deflection of layer n7; Q; is the flexural rigidity of layer n;; g is distributed
load; E; is the elastic modulus of layer #y; ki is the thickness of layer n1, m; uj is Poisson ration of
layer n;.

Generally, g is the function of x, and to facilitate analysis, make g a constant. Use the boundary
condition of two edges fixed to solve the deflection expression:

w, = qa4(1 —-8x2/a® + 16x4/a4)/ (384Q0), )
When x = 0, w; achieves a maximum of:
Wimax = qa*/ (384Q1), ®)
Stress caused by the horizontal force P is represented by the equation:
ox =P/hi,0y = wP/ M, 4)
Stress of the layer 17 can be found with:

oy = qza?(12x2 /a® = 1) /201> + P/, 0y = qza®(12x2 /a? = 1) /201> + 1y P/,

o, =2q(1/2 —z/h1)2(1 +z/M), Tox = 6qx(h12/4 —zz)/h13, ®)

Regard the infinite plate as a thin plate; 7xy and 7y, are both 0.

3.2. Abscission and Instability Conditions of Compound Roof

As for layer ny, if the deflection wy is less than wy, then the deflection expression is as follows:
wy = qa*(1-8x%/a® + 16x4/a*)/ (384Q0), (6)

As for layer n,, if the deflection w, is more than wy, then strata n, and layer n; form compound
slab without abscission between them. The elastic modulus and Poisson ration of the compound slab
is as follows:

Eip = (Eily + Exho)/ (h1 + h2), p12 = (pahy + p2ha) / (h + ha), 7)

The deflection expression of the compound slab is:
Wiz = 12qa*(1 - o) (1 - 82/ + 16x4/a*)/ (384E12h1°), ®)

The stress is the biggest at the fixed end of strata 111, and according to Tresca yield criterion, the
shearing strength of layer n; is as follows:

71 = loxl/2, 9
Make x = a/2z = h1/2, bring them into formula (5), then it draws the critical yield load of layer n;:

g0 = (4t1l” = 2phy ) /a?, (10)
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3.3. Testifying Example of Compound Roof Abscission

The compound roof of the transportation roadway of mining face 1603 consists of mudstone,
the 3#, 4#, and 5# coal seams, and their tonsteins. In order to figure out whether the compound roof
abscises, it can be decided successively from the bottom mud rock layer of 7 to the top. We made the

overlying strata load g = 260 x 25,000 Pa = 6.5 MPa and the roadway width a = 4.3 m, and for other
parameter details refer to Table 1.

3.3.1. Layer n; and Layer ny

The deflection curve of layer n; with mudstone and layer n, with the 5# coal seam are shown in

Figure 4. As is shown, the deflection of layer n; is far greater than that of layer ;. Both of them form a
compound board to bear together.

10
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g
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Figure 4. The deflection curve of n1 and n; layers.
3.3.2. Layers n; and ny Compound Board, and Layer n3

Layer n3 is relatively hard mud rock tonsteins. The deflection curves of layers n; and 1, compound
board and layer n3 are shown in Figure 5. The largest deflection of layer #3 is 142 mm, less than that
of the compound board of layer nl and rn,, which is 147 mm. Compound board of layer 77 and np

abscises from layer 13, and the largest abscission value is 5 mm. So the completeness of the compound
roof is damaged, and the bearing capacity is decreased.

0.20
—o—n; and n, layers
:é | —o— ny layer
B 0.15 ;
=
g
5010
3]
=
o3
Ro.0s5}
0 & .
30020 -] 0 1 2 3

Distance along the roadway width (m)

Figure 5. The deflection curve of layers 17 and n; compound board and 3 layer.

3.3.3. Layer n3 and Layer ny

Layer ny is 4# coal seam, as the thickness, elasticity modulus and Poisson's ratio of layer n4 are
less than that of layer n3. Therefore, there is no abscission between layer 113 and layers 4, and both of
them form the compound board.

As is shown in Figure 6, the largest deflection of the compound board that consists of layer 73
and layer ny4 is only 79 mm, far less than that of the compound board of layer nl and 7, which is
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147 mm. There is abscission between the compound board of layers 77 and #n; and the compound
board of layers n3 and 1y, with the largest abscission of 68 mm. So the completeness of the compound
roof is further damaged, and the bearing capacity continues to decrease.

0.20
——o—n, and n, layers
£ —o— ny and n, layers
50157
=
8
‘8' 0.10+
=
©
20.05}
0

-3 -2 -1 0 1 2 3
Distance along the roadway width (m)

Figure 6. The deflection curve of layers n; and n, compound board and layers n3 and ny
compound board.

3.3.4. Compound Roof of the Compound Board of LAYERs n3 and n4, and Layer ns

Layer n5 is tonsteins. As is shown in Figure 7, the largest deflection of layer #5 is 589 mm, far
more than that of the compound board of layers n3 and 14, which is 79 mm. The compound board
of layers n3 and n4 combines again with layer 15 to form the compound board with larger thickness.
Layer ng is the 3# coal layer, and its thickness, elasticity modulus, and Poisson ration are all less than
that of the compound board of layer n3 and n4. What is more, the compound board of layer n3 and 14
is strengthened by combining with layer 5. Therefore, there is no abscission between layer 1 and the
compound board of layers 13, 14, and 15, and all of them form the new compound board.

0.8
—o— ny and n, layers

=) —Oo— n, layer
§ 0.6} ’
=
3
3 0.4}
=
©
o2t

0.0

3 -2 -1 0 1 2 3
Distance along the roadway width (m)

Figure 7. The deflection curve of n3 and ny compound board and 75 layer

As is shown in Figure 8, the compound roof of the transportation roadway of mining face 1603
consists of two parts, that is, the compound board of layers 1 and 75, and the compound board of
layers n3, 14, 15, and ng. The abscission occurs between these two compound boards. While regardless
of the bulking deformation and distortion of the compound roof, the largest abscission value of
the compound roof is 131 mm, which shows that the completeness of the compound roof is largely
destroyed, the effective bearing thickness decreases remarkably, and the stability also decreases.
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Figure 8. The deflection curve of n; and n, compound slab and 13, 14, 115, and ng compound board.

4. Numerical Simulation of Roadway Compound Roof
4.1. Model

In order to reveal the mechanism of deformation instability, the numerical evolution method was
used to study the distribution and evolution law of the surrounding rock stress field, displacement
field and plastic area during the excavation and mining of the roadway compound roof under the
condition of floor gas drainage roadway disturbance. According to the actual geological conditions,
we chose a 100 m section of the transportation roadway of mining face 1603 as the study object, and the
size of the model was length x width X height = 130 m x 100 m X 84 m, with 432800 of total cells and
450585 of total nodes. The sides of the model moved horizontally, and the bottom was not allowed to
move vertically. The upper surface of the model is the stress boundary. We exerted a load of 5.75 MPa
to simulate the dead weight stress of the overlying strata, and the side pressure coefficient was 1.0.
All the materials were consistent with Mohr-Coulomb criterion. The metal net was simulated with a
lining structure. The numerical simulation model is shown in Figure 9. The mechanical parameters
of relevant rocks refer to Table 1. The numerical simulation was divided into the following steps:
(1) excavation of floor gas drainage roadway and timely support, and the calculated value model
was balanced; (2) after the completion of step (1), the compound roof roadway was excavated and
supported in time, and the calculated value model was balanced.

. silty mudstone
fine sandstone
argillaceous siltstone
mudstone
siltstone

8 # coal seam

. 7 # coal seam

6 # coal seam
3/4/5 # coal seam
. tonsteins

. limestone

Figure 9. Numerical simulation model.
4.2. Deformation Instability Mechanism of Roadway

After the roadway is excavated, surrounding rock stress will reorient. Shallow surrounding rock
deforms lot due to crushing and expansion, and a certain scale of stress concentration area forms
in deep surrounding rocks. Through studying the features of stress, deformation, and damage of
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the roadway, the deformation mechanism of roadway surrounding rocks with a compound roof can
be revealed.

4.2.1. Stress Distribution

(1) The vertical stress of two sides. The vertical stress distribution of two sides is shown in
Figure 10. The shallow surrounding rock of two sides within 4 m form stress-decreasing areas due
to crushing and expansion deformation, the load of the overlying strata is mainly shouldered by the
vertical stress-increasing areas of two sides within the scope of 4 m to 7m, and the vertical stress
peak forms at the point 5 m from the two sides, which is about 8.5 MPa, with a stress concentration
coefficient of 1.3. The surrounding rock, within the scope of 1 m to 2 m from the front of excavation
face, forms a vertical stress-decreasing area, and that within the scope of 2 m to 4 m from the front of
the excavation face forms a vertical stress-increasing area.

4.0 0
~~ = 8 7 E
e S 2
= <
£ 2l
] 17
555 E or
= =
T 8t ‘
g 6.0r Lo g 8 § roadway goal seam
65 . s . . _1o N .
30 35 40 45 50 55 60 AS -0 -5 0 5 10 15
Tunneling derection(m) Distance along from the roadway (m)
(a) (b)

Figure 10. The vertical stress distribution of two sides of the roadway: (a) contour; (b) curve.

(2) Horizontal stress of roof and floor. The distribution of horizontal stress of roof and floor is
show in Figure 11. The shallow surrounding rock within the areas of 4 m above the roof and 2 m below
the floor form horizontal stress-decreasing areas, due to crushing and expansion deformation. The
surrounding rocks within the scope of 4 m to 7 m above the roof and 2 m to 5 m below the floor form a
horizontal stress concentration area. Horizontal stress peaks appear at 6 m above the roof and 3 m below
the floor. The horizontal stress peak of the roof is 10.3 MPa and the stress concentration coefficient is
1.6. The horizontal stress peak of the floor is 9.6 MPa and the stress concentration coefficient is 1.5.
Further 1 m to 2 m from the front of excavation face, it forms horizontal stress-decreasing area, and 2 m
to 4 m from the front of excavation face, it forms horizontal stress-increasing area.

6.5 :
= €
509 B
%55 f
= =
g£50 .-
i i
- — |
:__% 4.5 B mo— 10+ coal se\am roadwiy i
40 N L, .
30 35 40 45 50 55 60 -10 -5 0 5 10
Tunneling derection(m) Distance along the roadway width (m)
(a) (b)

Figure 11. The horizontal stress distribution of the roof and floor of the roadway: (a) contour; (b) curve.
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4.2.2. Displacement Distribution

(1) Vertical displacement of roof and floor. Vertical displacement distribution of roof and floor is
shown in Figure 12. In front of the excavation face, the vertical displacement of surrounding rock is
relatively small. Within the scope of 4 m back from the excavation face, the vertical displacement of
roof and floor increase sharply, while beyond 4 m, the deformation basically stabilizes. The largest roof
convergence is 240 mm, and the largest floor heave amount is 100 mm. At 10 m deep in the roof, the

convergence is still more than 10 mm, and at 10 m deep in the floor, the floor heave amount is still
more than 6 mm.

40 0.2 :
€ |
< 450 = 0.1 |
a Q !
g = 5 |
5 s0f. g 0.0¢ |
g f—; :
7 s L 2 01k

Z 55 c:; 0.1

.§ 60t~ é -0.2+

b ()

> >

roadway  coal seam
/ /

o
(98]

—
o

65 : i : : :
30 35 40 45 50 55 60 ) -5 0 5 10
Tunneling derection(m) Distance along the roadway width (m)

(a) (b)

Figure 12. The vertical displacement distribution of the roof and floor of the roadway: (a) contour;
(b) curve.

(2) The horizontal displacement of two sides. The horizontal displacement distribution of two sides
is shown in Figure 13. In front of the excavation face, the horizontal displacement of surrounding rock
is relatively small. Within the scope of 4 m back from the excavation face, the horizontal displacement
increase sharply, while beyond 4 m, the deformation stabilizes. The largest deformation of the two
sides is 400 mm. At 8 m deep of the two sides, the deformation is still 6 mm.

= 40 5 ~ 0.3

é IR \ g

= 451 s ! = 02

5 17. 7 — ) 5

s":‘ +1004— * y—j—- :150%“ #1;0\\\!7\5 “A g 01
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Figure 13. The horizontal displacement distribution of two sides of the roadway: (a) contour; (b) curve.
4.2.3. Plastic Zone Distribution

In front of the excavation face, all of the surrounding rock is subject to shear failure. Within 2 m
back from the excavation face, the surrounding rock is mainly subject to combined shear and tensile
failure, and this area tends to get unstable. Within 4 m back from the excavation face, the plastic zone
extension of the surrounding rock is already stable, and a compound roof tends to abscission and
tensile failure. Beyond 4 m back from the excavation face, the compound roof shows the combined
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shear and tensile failure, and the deformation of some sections show tensile failure, and stability of
the compound roof is low. Side angles and the shallow surrounding rock of sides and floor show
the combined shear and tensile failure. The middle shallow surrounding rock of the compound roof
shows tensile failure, and the deep surrounding rock shows the combined shear and tensile failure.
The plastic zones are shown in Figure 14.

1 Block State

Block State — None 1
None shear-n shear-p
shear-n shear-p shear-n shear-p tension-p

shear-n shear-p tension-p shear-p
shear-p shear-p tension-p

shear-pension-p
tension-n shear-p tension-p tension-n shear-p tension-p

(a) (b)
Figure 14. The plastic zone of the roadway. (a) Axial section; (b) Radial section.
4.2.4. Bolt Axial Force

After timely support of the compound roof roadway, the axial force of bolt and anchor is shown
in Figure 15. The axial force distribution of a single bolt: the middle part is the largest and both sides
are the smallest, and it only bears tensile stress. In the middle of the roof, the axial force of the bolt is
the largest, followed by that of the middle of the two sides, and the side angle is the smallest. The
largest load of the bolt is 101 kN, and largest load of the anchor is 250 kN. Due to the large abscission
and convergence of the compound roof, the bolt and anchor bear a relatively large load.

\ I/

(a) (b)
Figure 15. The axial force of the bolt and anchor: (a) bolt; (b) anchor.

5. Stability Control of Surrounding Rock of Compound Roof Roadway

5.1. Principle of Stability Control

The targeted stability control principle is presented with the basis of the deformation instability
mechanism of surrounding rock of a compound roof roadway: (1) fast and timely support—control
early abscission of compound roof and huge deformation of two sides; (2) strong support with
high-strength bolt—increase stability of roof and bearing capacity of the two sides, and control shear
failure of key bearing areas such as side angles and floor angles; (3) high pre-stress support—increase
support strength, improve the stress of surrounding rock, intensify the strength of surrounding rock,
and increase self-bearing capacity of surrounding rock. The principle of stability control is shown in
Figure 16.
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Figure 16. The Principle of stability control.

5.1.1. Fast and Timely Support

Viscoplastic model named power was employed to study the impact of retardation time of support
on the stability of the roadway. According to data collected in the field, the back analysis method was
used to define the main creep material parameter of the mode, and the parameters were: A = 3 x ¢%,
n=3. In the model, the roadway deformation condition is calculated successively when it is timely
support, 30 min later, and 60 min later.

As can be seen in Figure 17, when there is timely support, the deformation is best controlled. The
roof convergence is 220 mm and the deformation of two sides is 272 mm; 30 min later, the deformation
is the most dramatic, the displacement increasing sharply, the roof convergence is 252 mm, and the
deformation of two sides is 396 mm; when it is 60 min later, the roof convergence is 258 mm, and the
deformation of two sides reaches 402 mm. Therefore, fast and timely support may decrease remarkably
the deformation and speed of roadway, which is very effective to control roadway deformation.

300
—o—roof —o— floor

—— left side —— right side

[\®}
W
[}

Deformation (mm)
o
(=]
[«

100 L L L L
0 20 40 60 80 =

The retardation time of support (min)

Figure 17. The influence of retardation time to roadway deformation.
5.1.2. Strong Support with High-strength Bolt

All kinds of joints and cracks develop in the compound roof, and they have a large impact on the
overall strength of rock. Rock destruction starts from structural plane destruction. Structural plane is
the weak link of rock, the weakness of which is enlarged after the roadway is excavated, and rock is

vulnerable to shear failure. Bolts may effectively increase shear strength of the structural plane, the
function schematic diagram of which is shown in Figure 18.
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Figure 18. The bolt function schematic diagram.

The joint tangential resistance provided by a bolt is proportionate to the breaking load of the bolt.
In Section 3 we can see that the tensile force born by bolt of roadway with compound roof can be as
high as 101 kN. For the roadway affected by dynamic pressure, the stress of bolt will be even larger.
The diameter of bolt employed in a coal mine is generally between 18 mm and 22 mm. The bolt with
texture of BHRB335 and 20 mm of diameter and over 150 kN of breaking load could meet the support
requirements of a roadway with a compound roof.

5.1.3. High Pre-stress Support

Related studies show that the larger the confining pressure is, the higher the rock strength is.
Before the surrounding rock is damaged, the increase of rock strength exerted by confining pressure is
weak. However, after the surrounding rock is damaged, the residual strength of rock is sensitive to the
confining pressure. Even a small increase of confining pressure may remarkably increase the residual
strength of rock, thus improving the mechanical property of surrounding rock. Study of vertical stress
distribution law of surrounding rock under different pre-stress reveals the interaction mechanism
between a bolt with high pre-stress and the surrounding rock.

As can be seen in Figure 19, the distribution law of pre-stress at the roof is: (1) stress concentration
appears clearly at the tail of the bolt, as it moves far away from the tail, compression stress gradually
decreases, and a small area of tensile force appears at the end of the bolt; (2) the effective compression
stress area between two bolts is relatively small, but they can form effective compression stress belt
when they are combined as a whole, compression pressure near bolt at the two vertex angles of the
roadway is the lowest, and compression pressure near the bolt at the middle part of the roof is the
highest; and (3) with the increase of pre-stress, the effective compression pressure of the roof extends
correspondingly. When the pressure reaches 40 kN, the effective compression pressure zone will
not expand, but the maximum pressure of the roof will still be increasing. Given the limitations of
construction equipment, the proper pressure of the bolt should be 40-50 kN.
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Figure 19. The influence of pre-stress on stress distribution of roof: (a) 20 kN; (b) 40 kN; (c) 60 kN; (d) 80 kIN.
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5.2. Stability Control Technology

Base on the construction geological conditions, several schemes with reasonable technologies were
preliminary selected, and the control effect of various schemes on the deformation of the roadway was
analyzed with nonlinear finite difference software FLAC3D. Guided by the principle of “effectiveness,
low cost, and fast construction”, the bolt support parameters of roadway at mining face 1603 were
defined. The parameters were as follows:

(1) Bolt. The roadway roof and the two sides both employ high-strength thread steel bolt of
BHRB335, L2400 mm, $20 mm, the inter-row space of anchor rods is 800 mm X 800 mm, and the
anchor agent employs a CK2340 and a Z2360.

(2) Anchor. The roof employs two anchors with seven steel strands with the type of L7300 mm,
@17.8 mm. The inter-row space of anchor is 1600 mm x 2400 mm, and the anchor agent employs a
CK2340 and a Z2360.

(3) Other accessories. The whole section of the roadway is laid with diamond metal net made of iron
wire 8#, and ©14 mm steel ladder beam is used to integrate bolt. Bolt and anchor both use manganese
steel pallet and the specifications are: length x width X thickness = 150 mm X 150 mm X 10 mm, and
length x width X thickness = 300 mm X 300 mm X 16 mm respectively.

(4) Synchronous and timely support of roof and the two sides is required on construction site; the
prestress of bolt and anchor are not less than 50 kN and 120 kN respectively, and the anchorage force of
bolt and anchor are not less than 100 kN and 200 kN. The roadway support section is shown in Figure 20.
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e
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Figure 20. The roadway support section.
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5.3. Control Effect of Roadway Surrounding Rock

(1) Roadway displacement monitoring. Fifteen days after the roadway was excavated, the
deformation gained speed, and the average deformation rate of the roof and floor rock and the two
sides were respectively 8.3 mm/d and 11.3 mm/d. Twenty four days later, deformation tended to
stabilize; afterwards, the deformation rate kept decreasing, and the accumulative deformation amount
of the roof and floor rock and the two sides were respectively 143 mm and 203 mm. The monitoring
curves are shown in Figure 21.
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Figure 21. The displacement monitoring curves of roadway surface.

(2) Monitoring of deep surrounding rock displacement. In the anchorage zone that is within 2 m
away from the roof, the largest abscission was 25 mm. The stress of the bolt was relatively large, but the
maximum abscission was far less than the ultimate strain of the bolt; within the area that is from 2 m to
3 m away from the roof, the surrounding rock activities were intense, and the maximum abscission
was 16 mm; within the area that is from 4 m to 5 m away from the roof, disparity of surrounding rock
activities was the largest. The maximum abscission was 24 mm, but far less than the reference value
of limit abscission of the roof, and the roof is relatively safe. The monitoring curves are shown in
Figure 22.
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Figure 22. The displacement monitoring curves of deep surrounding rock.

(3) Axial force of bolt and anchor. Bolt stress of the middle part of the roof was the highest,
followed by that of the side angles, and that of the vertex angles was the lowest. Twenty four days
after the roadway was excavated, the axial force of the bolt tended to stabilize, and the maximum
stress of bolt is 127 kN, less than the breaking stress of 150 kN; twenty two days after the roadway was
excavated, the axial force of anchor was basically stable. The maximum axial force of the anchor was
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185 kN, less than the breaking stress of 300 kIN. There is still a large carrier space for bolt and anchor,
and the safety factor of the roadway is high. The monitoring cures are shown in Figure 23.
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Figure 23. The resistance monitoring curves of bolt and anchor.
6. Discussion

Aiming to help solve the actual tunneling and support problems in a certain coal mine, based on
the data and experience obtained from field surveys in underground mines, an elastic mechanics theory
was used to establish a compound roof mechanical structure model, and the theoretical calculation
results were used to determine the compound roof separation layer. The conclusions are basically
consistent with the imaging results of drilling peep, which indicates that the theoretical model can
explain the phenomenon of roadway instability under specific conditions, but the universal applicability
of the theoretical calculation model needs to be tested. The actual conditions of an underground coal
seam are complex, and there are a large number of joints and fissure structures in the interior. The
stability of the composite roof is seriously affected by these structures. This is a problem ignored by
the calculation model. In follow-up studies the relevant theories of fracture mechanics and damage
mechanics should be further considered, and the influence of joint crack structure on the deformation
and failure of compound roofs should be researched in depth.

In addition, combining the rock mechanics test of coal and rock sample and the data of
mine geological exploration report, the rock mechanics parameters for numerical calculation were
preliminarily determined, a numerical simulation model was established that met the actual conditions
as much as possible, and the comparison with the actual deformation data of the roadway was repeated,
adjust the original rock mechanical parameters to ensure the accuracy of rock mechanical parameters.
On this basis, the mechanism of deformation and instability of surrounding rock in compound roof
roadway was revealed. The conclusions obtained from the numerical simulation have a certain degree
of agreement with the test range of the loose zone and the deformation of the surrounding rock of the
roadway in the previous investigation, which meet the characteristics of deformation and failure of the
compound roof roadway under this condition, and have successfully guided the engineering practice
to a certain extent. The lack of mutual verification of laboratory tests and numerical simulation results
also limits the scope of application of numerical simulation conclusions, which is also the focus of the
authors' future research.

This study is aimed at the theoretical and application research of a compound roof roadway
engineering under specific conditions. It is impossible to solve the problem of deformation and
instability of compound roof roadway under other general conditions. Therefore, the subsequent
research should combine a large number of engineering cases, summarize the general rules of
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deformation and failure of the compound roof roadway, refine and improve the theoretical calculation
model and numerical simulation, which can make the research conclusions more universal. Finally, a
unified understanding of the deformation and instability characteristics and stability control of the
compound roof roadway was formed.

7. Conclusions

Based on the research background of surrounding rock control of a compound roof roadway in a
coal mine in Guizhou Province, China, field investigation, theoretical calculations, numerical simulation,
field measurement, and industrial tests were comprehensively used to study the delamination and
instability conditions, deformation instability mechanism of compound roof roadway. The control
principle and technology of the roadway stability were proposed, and the industrial tests are carried
out. The main conclusions are as follows:

(1) The theoretical analysis method was employed to construct the mechanical structure model of
the compound roof. Based on the mechanical derivation of the infinite plate, the expressions of the
critical load for the separation and instability of the compound roof are obtained. Compound roof
abscission testifying was made by including concrete construction geological condition. The result
shows that the compound roof of the transportation roadway at the mining face 1603 consisted of
two parts, that is, the stratified compound board of mudstone and 5# coal layer, and the stratified
compound board made of tonsteins 1 and coal layer 4#, and tonsteins 2 and coal layer 3#. Abscission
occurs between these two compound boards.

(2) The numerical simulation method was employed to study the distribution evolution laws of
stress, displacement and plastic zone of surrounding rock after the roadway with compound roof is
excavated, and to analyze the operating condition of bolt and anchor, which reveals the deformation
instability mechanism of roadway with compound roof, that is, as for early stage deformation of
roadway, the amount is large, the speed is fast, and the scale is wide; compound roof is vulnerable to
abscission and instability, the bearing capacity of the two sides is low due to softness and cracking,
the shear failure of side angles and vertex angles weakens the strength of surrounding rock, and the
self-bearing capacity of surrounding rock is low; Bolt and anchor bear relatively large tensile force, and
the support structure is easy to be broken up.

(3) In the groundwork of the early stage study, stability control principle of the roadway with
compound roof was presented, that is, “fast and timely support, strong support of high-strength bolt,
and high pre-stress support”. Theoretical analysis has also been made. Industrial tests show that
the developed stability control technology effectively controls the deformation of a roadway with a
compound roof, which ensures the overall stability of the roadway.
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