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To determine the impact of influencing factors on unsupported roof stability in coal mine roadway, a mechanical model of the
unsupported roof was built. FLAC 3D numerical simulation was utilized to study the stability of the unsupported roof under the
influence of the depth of the roadway, the thickness of the roof, and the unsupported-support distance. In view of the key
influencing factors, the geological conditions of the site, and the relationship between the tensile stress and tensile strength of the
unsupported roof, the maximum unsupported roof distance during roadway excavation was determined. Considering the surplus
safety factor of the unsupported roof, the reasonable unsupported roof distance during the excavation of roadway 150802 was
finally determined to be 2.08m. )e comprehensive roadway excavation speed increased by 62.7%, achieving a monthly progress
over 500m.

1. Introduction

)e speed of coal mine roadway excavation depends not
only on the excavation equipment but also on the excavation
process [1–4]. At present, most coal mine roadways are
excavated with the traditional fully mechanized excavation
equipment which repeatedly retreat 5m from the road-
waying face for manual support operations. )is back and
forth roadwaying process puts a major limit to the exca-
vation speed [5–7]. Increase in the coal mine roadway
roadwaying speed can be achieved through two approaches,
specifically: (1) increase the unsupported roof length and
improve the efficiency of each roadway excavation cycle and
(2) reduce the time consumption of roadway bolt support
operation and increase the operating rate of the roadheader.
A lot of research was carried out with both of the two
approaches. Research on roadway support technology
mainly focused on optimizing the roadway bolt (cable)
support parameters to reduce the time consumption or
increasing the frequency of single-shift cycle operations
[8–12]. As for the length of the unsupported roof, Fan [13]
analyzed the influence of roof area on the stability of the

roadway through numerical calculation and determined the
reasonable length of the unsupported roof. Ma [14] studied
the rock beam of the unsupported roof with theoretical
analysis, numerical simulation, field measurement, and
other methods and analyzed the maximum unsupported
roof length as well as the deformation and failure factors of
the unsupported roof.Wu [15] studied the maximum length,
deformation, and failure factors of the unsupported roof
based on the plate mechanics model.

Although precious research studies have increased the
speed of coal mine roadway excavation by a certain extent,
the considered factors affecting unsupported roof stability
were relatively limited. )erefore, a mechanical model was
built to analyze the relationship between the tensile stress of
the unsupported roof and the various influencing factors.
Considering the site geological conditions, FLAC 3D nu-
merical simulation software was used to simulate the in-
fluence of each factor on the stability of the unsupported
roof. According to the determining conditions of roof sta-
bility and considering the surplus safety factor of the un-
supported roof, a reasonable unsupported roof length
during roadway excavation was finalized. In order to
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maximize the coal mine roadway roadwaying speed, the
reasonable unsupported roof length was further optimized.
On site results showed that the theory and numerical
simulation analysis in this paper was safe and feasible for
calculating the unsupported roof length. )is paper also
provides an important theoretical basis for rapid excavation
of coal mine roadways.

2. Mechanical Modeling of the
Unsupported Roof

Along with the roadway excavation, the pressure on the rock
mass of the roadway surface goes from three-dimensional to
two-dimensional while the strength of the rock mass reduces
extensively.When the pressure exceeds the ultimate strength
of the rock mass, the surrounding rock collapses, starting
from the roadway surface which can be regarded as the
direct roof. )is collapse mainly occurs during the exca-
vation cycle [16–18]. )erefore, the direct roof of the
roadway is the key to the stability of the unsupported roof
during the tunneling process.

In most cases, the roof is much thinner compared with
the roadway width, and it can be regarded as a thin plate for
the mechanical analysis [19, 20]. )e unsupported roof is
supported by rock mass on the two sides, coal on the
driving face, and roof bolts and cables at the rear. )ere-
fore, some assumptions can be made for the unsupported
roof: (1) the two sides and the driving face provide sufficient
support for the unsupported roof while the roof bolts and
cables provide relatively smaller support; (2) at the end of
each cycle, the time span of the unsupported roof is short
and the roof stability is good and can be regarded as a
continuous and uniform medium; and (3) the unsupported
roof is thin enough compared with the smallest charac-
teristic dimension of the roof surface that it can be regarded
as a thin plate.

Based on the assumptions above, a thin plate model with
three fixed sides and one simply supported side is built, as
shown in Figures 1 and 2. In Figure 1, a is the width of the
roadway, b is the length of the unsupported roof, and h is the
thickness of the roof.

According to the thin plate theory [21, 22], the stress of a
thin plate under the action of uniform load q is as follows:
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In equation (1), A � (qa2/4π2D[3 + 3(a/b)4 + 2(a/b)2])

and D � (Eh3/12(1 − μ2)).

Suppose the thin plate deflects in the form of a triangle
series, namely:
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Substituting equation (2) into (3), the deflection of the
thin plate satisfies the boundary conditions. According to
the thin plate deflection series, the load q is expanded as
follows:
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Figure 1: Working status of the unsupported roof boundary.
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Figure 2: Mechanics model of the unsupported roof.
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According to the thin plate balance differential equation,
DΔ4ω � q, and the relationship between Amn and Cmn is as
follows:
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When q(x, y) � q, if m and n are odd numbers, then
Cmn � (16q/π2mn).

If m and n are even numbers, then Cmn � 0.
)erefore, the deflection of the thin plate is as follows:
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In the actual situation, the unsupported roof is a hinged
plate with the greatest force exerted on the two long
boundaries. Suppose the neutral plane of the roof is the zero-
coordinate plane, then the bottom surface is z � − (h/2).
According to equation (3), tensile stress of the roof is as
follows:
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)emaximum tensile stress of the unsupported roof is as
follows:
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)e deflection of the thin plate is the largest in the center,
namely, x � (a/2) and y � (b/2). According to equation (7),
the maximum deflection of the unsupported roof is as
follows:
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Since the trigonometric series converge quickly, only the
first three items are considered in the actual calculation.

Suppose the ultimate tensile strength of the unsupported
roof is [σt], the roof collapses when σxmax � [σt] [23–26].
)e above parameters are substituted into the above
equation to finally determine the maximum unsupported
roof length of the roadway.
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However, in practice, the roof stability of the roof area is
influenced by the factors such as the deformation of the coal
wall, the decline of the stability of the coal wall, and the
decline of the supporting force of the roof area [27, 28]. At

the same time, it will also be affected by the structural
characteristics of the roof itself, such as the lithology of the
roof and the degree of fragmentation. )erefore, in the
calculation of the maximum empty roof distance, a roof edge
factor of safety is introduced, which is defined as follows:
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. (12)

If λ< 0, the tensile stress exceeds the maximum tensile
strength and the unsupported roof collapses; if λ> 0, the
tensile stress is within the tensile strength limit and the
unsupported roof does not collapse. Here, the unsupported
roof length when λ � 0 is the critical unsupported roof
length when the roof starts to collapse. )e relationship
between the unsupported roof length and the surplus safety
factor during roadway excavation is as follows:
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3. Stress Evolution Characteristics and Stability
Factors of the Unsupported Roof

3.1. Modeling. Roadway 150802 with a rectangular cross
section of 5.8× 4.2m was taken as the research object. A
FLAC 3D numerical model was built according to the en-
gineering geological conditions of the roadway. )e di-
mension of model was 60m× 50m× 40m. With a fixed
bottom and displacement boundaries of four vertical sides,
overburden load of themodel was applied on the top surface.
Taking into account the speed and accuracy of the calcu-
lation, the roof and floor grids in the vicinity of the roadway
were densified into a total of 140,124 units. )e grids of the
rock strata near the coal seam were densified into cubes of
0.5× 0.5m, and the grid size of the rock strata in other roof
and floor areas remained larger as 1.0×1.0m cubes. Figure 3
shows the numerical calculation model.

In the calculation, mechanical parameters of coal and
rock mass were from related geological reports and labo-
ratory tests. Table 1 shows the specific mechanical param-
eters of the coal roof and floor.

During roadway excavation, collapse of the surrounding
rock mass is mainly due to tensile-shear force, so the
Mohr–Coulomb yield criterion is introduced to the calcu-
lation of the numerical model.

3.2. Simulation Design and Result Analysis. According to
equation (9), factors affecting the stability of the unsup-
ported roof are depth (500, 550, 600, and 650m), roof
thickness (1, 2, 3, and 4m), and unsupported roof length (1,
2, 3, and 4m). To determine the influence of each factor on
the stability of the unsupported roof, a scheme is designed as
shown in Table 2.

3.3. Characteristics of Roof Stress Evolution. By simulating
the changes in each factor listed in Table 1, the resulted
vertical stress of the roadway roof is calculated and recorded
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in Figures 4 to 6. It can be seen from Figures 4 to 6 that the
order of the impact on the vertical stress of the coal roof is
load> roof thickness> empty roof distance. )e vertical
stress of the coal roof is directly proportional to the load of
the overburden. As the load of the overburden increases, the
vertical stress of the coal roof continues to increase; it is
different from the thickness of the roof in the range of the
roadway and solid coal. )at is to say, increasing the
thickness of the roof and the roadway, the vertical stress of
the roof increases, while the vertical stress of the roof in front
of the coal wall of the two sides and the tunneling face
decreases, and the decreasing trend gradually slows down;
increasing the empty roof distance has basically no effect on
the vertical stress of the coal roof.

3.4. Factors of Roof Stability. To determine the influence of
each factor on the stability of the unsupported roof during
roadway excavation, tensile stress of the unsupported roof

was measured as shown in Figures 7 to 9. According to
Figures 7 to 9,

(1) )e curve correlation coefficients of tensile stress in
the unsupported roof and the three factors from the
largest to the smallest are Rc >Rb >Ra; that is, the
largest influencing factor of unsupported roof stability
is the thickness of the soft rock, followed by the length
of the unsupported roof and the depth of the roadway.

(2) )e tensile stress in the unsupported roof increases
linearly with the increase in the roadway depth; the
tensile stress in the unsupported roof increases ex-
ponentially with the length of the unsupported roof ;
the tensile stress in the unsupported roof decreases
exponentially with the thickness of the soft rock.

Table 1: Mechanical parameters of the coal roof and floor.

No. Lithology )ickness (m) Density (kg/m3) Bulk modulus (GPa) Shear
modulus (GPa)

Internal friction
angle (°) Cohesion (MPa)

5 Fine sandstone 7.74 2700 8.35 7.1 35 3.75
4 Sandy mudstone 1.15 2500 5.2 3.4 30 2.05
3 8 coal 3.54 1400 1.5 0.63 23 0.72
2 Mudstone 3.01 2400 3.58 1.53 23 1.17
1 Siltstone 4.35 2500 6.5 6.74 32 3.15

Table 2: Simulation scheme.

Program Depth (m) Unsupported
roof length (m)

)ickness of soft
rock roof (m)

a-1 500 1.0 2.0
a-2 550 1.0 2.0
a-3 600 1.0 2.0
a-4 650 1.0 2.0
b-1 550 1.0 2.0
b-2 550 2.0 2.0
b-3 550 3.0 2.0
b-4 550 4.0 2.0
c-1 550 1.0 1.0
c-2 550 1.0 2.0
c-3 550 1.0 3.0
c-4 550 1.0 4.0

Figure 3: Numerical calculation model.
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In practice, changes in the depth of the roadway are often
negligible while the structure and thickness of the sur-
rounding rock strata change constantly. )erefore, two of
the key factors, the thickness of the soft rock and the
length of the unsupported roof, are selected for further
analysis. )e changes of tensile stress in the unsupported
roof with the increase in soft rock thickness and un-
supported roof length are shown in Figure 10. According
to Figure 10, the tensile stress in the unsupported roof is
relatively small as long as the thickness of the soft rock
exceeds 0.5 m or the length of the unsupported roof does
not exceed 3.0 m; otherwise, the tensile stress in the
unsupported roof increases rapidly, causing decrease in
the stability of the roof.

3.5. ExampleCalculation. In order to determine the physical
and mechanical parameters of coal seam roof rock mass, by
collecting the geological data of 150802 well, it is found that
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the direct roof of 150802 well is soft mudstone, and the roof
rock is drilled and cored. Uniaxial compression and uniaxial
tensile tests were carried out indoors using the test equip-
ment shown in Figure 11. Figure 12 shows the drilling and
coring work and laboratory test of 150802 machine roadway
on-site.

Depth of roadway 150802 is about 570m, thickness of
the direct roof mudstone is 1.15m, roadway width is
5.8m, tensile strength is 2.03MPa, elastic modulus E is
315MPa, Poisson’s ratio μ is 0.36, average volume force is
25 kN/m3, and q � 25 × 570 kPa � 14.25MPa. According
to equation (11), the maximum unsupported roof length
b � 2.72m. )e curve of tensile stress in the unsupported
roof, as shown in Figure 13, is drawn based on equation
(9). According to Figure 11, tensile stress in the unsup-
ported roof increases exponentially with the increase in
the unsupported roof length, while the surplus safety
factor decreases logarithmically. Tensile stress exceeds
maximum tensile strength of the unsupported roof when
the unsupported roof length reaches 2.72m, resulting in
collapse of the roof.

To ensure the stability of the unsupported roof during
roadway excavation, a reasonable surplus safety factor is
introduced. According to equation (13), the relationship
between the surplus safety factor and the maximum un-
supported roof length is plotted as shown in Figure 14.
According to Figure 14, maximum unsupported roof
length decreases with the increase in the surplus safety
factor. To ensure the stability of the unsupported roof, the
surplus safety factor should be above 0.6 [29]. )e un-
supported roof is stable with unsupported roof length
under 2.08m, moderately stabile with unsupported roof
length ranging from 2.08 to 2.72m, or unstable with un-
supported roof length over 2.72m. )erefore, the unsup-
ported roof length during roadway excavation should not
exceed 2.08m.

To analyze the change of maximum deflection with the
increase in unsupported roof length, the roof deflection
curve, as shown in Figure 15, is plotted based on equation
(10). According to Figure 15, deflection of the unsupported

roof increases exponentially with the increase in unsup-
ported roof length. Figure 16 shows the deflection of the
entire roof when the unsupported roof length is 2.08m with
the maximum subsidence of 43.17mm.

3.6. Field Testing. As shown in Figure 17, roadway 150802 is
adjacent to mining area 1508 on the east, connected to
working face 150802 in the west and north and working face
150804 in the south. Above roadway 150802 is the goaf area
of working face 151101 and 151102. )e distribution of coal
seams and roof and floor strata of 150802 roadway is shown
in Table 3.

As shown in Figure 18, the roadway roof is reinforced
with bolt-net-cable support. )e bolts are left-handed
threaded strong metal bolts with a diameter of 22mm and a
length of 2.5m. Each bolt is 800mm apart from the adjacent
bolt and solidified with one CK2340 and two K2340 resin
anchoring cartridges. For roll anchoring, the pretightening
force of the anchor rod is not less than 50 kN. )e anchor
cable is made of prestressed steel strand with a diameter of
21.8mm and a length of 7.2m. Each anchor cable is
1,200mm apart from the adjacent cable and solidified with
one roll of MSK2850 and two rolls of MSZ2850 resin an-
choring cartridges.

Roadway 150802 is excavated with a type EBZ220M
double anchor roadheader, a belt conveyer, and a
DWZY1000-1200 (A) step-type self-moving tail as shown in
Figure 19. Among them, the EBZ220M double-anchor
roadheader is responsible for roadway excavation, dis-
charging, installing anchor rod, and anchor cable support;
the belt conveyer transfers the discharge onto the step-type
self-moving machine; the DWZY1000/1200 (A) step-type
self-moving tail serves as the extension of the belt conveyer.
In the process of roadway excavation, it is excavated along
the 8# coal seam roof.

Although theoretical calculations placed the unsup-
ported roof length during roadway 150802 excavation under
2.08m, on-site construction conditions further limited it to
2.0m without significant influence on the field test results.
As shown in Figure 20, after excavating one unsupported
roof length, temporary roof support is deployed along with
hanging nets. If the temporary support is firm and reliable,
on-board hydraulics are deployed and roof bolters (cables)
are installed. )e equipment of the rapid tunneling system is
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Figure 11: RMT rock mechanics test system.
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compared with the traditional comprehensive tunneling
equipment, as shown in Table 4.

)e “cross point method” is used to analyze the de-
formation of 2.0m roadway without supporting roof. )e
measuring station is arranged at 500 away from the starting
point of the roadway, and it is monitored every 24 hours, and
the observation results are shown in Figure 21. According to
the deformation curve of roadway, the relative displacement

of roof and floor is 59mm and that of both sides is 84mm.
)erefore, the direct roof and both sides of the roadway are
relatively stable.

As shown in Figure 22, after setting the unsupported roof
length to 2.0m, tunneling speed increased 62.7%, of which
the extended unsupported roof length accounted for 30.8%
and the rapid tunneling system equipment accounted for
31.9%, achieving a monthly progress over 500m.

(a) (b) (c)

(d)

Figure 12: Field coring and laboratory test. (a) Coring bit. (b) Roof drilling. (c) Uniaxial compression. (d) Uniaxial tension.
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Figure 17: Layout of roadway 150802.

Table 3: Distribution of 8# coal and roof and floor strata.

No. Lithology )ickness
(m) Lithology description

5 Fine
sandstone 7.74 Gray, grayish white, mainly composed of quartz, containing dark minerals and muscovite fragments

and argillaceous siliceous cementation

4 Sandy
mudstone 1.15 Gray, dense, brittle, flat section, containing more phytochemical fragments

3 8 coal 3.54 It is mainly powdery, belonging to semidark and semibright briquette, and some contain coal gangue
and carbonaceous shale

2 Mudstone 3.01 Gray-dark gray, dense, brittle, rich in rooted fossils

1 Siltstone 4.35 Gray-light gray, dense, brittle, containing plant fossils and vein bedding, with siderite sandstone at the
bottom
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Type EBZ220M double anchor roadheader

DWZY1000/1200 step-type self-moving machine tail

35
00

m
m

EBZ220M Double anchor
boring machine

Belt transfer machine Stepping self-moving tail

Figure 19: Equipment for the rapid excavation system.

(a) (b)

Figure 20: On-site installation of bolt support. (a) Hydraulic bolting rig in action. (b) Hand-held pneumatic bolt drill in action.

Table 4: Comparison of equipment of rapid excavation system and traditional comprehensive excavation equipment.

Effect comparison Rapid tunneling system technology Traditional tunneling technology

Reduce the number of support
operations in the unsupported
roof area

① )e left and right drilling rigs need 1 person to
operate each and 1 person to assist (3 persons).

① )ere are two cable anchors head-on, each of
which requires two people to operate and one
person to assist (5 people).

② 2 typhoon coal drills make up the assistance,
each requires 2 persons (4 persons).

② 2 typhoon coal drills make up the assistance,
each requires 2 persons (4 persons).

③)e number of people supported by the airborne
bolter is 7 people. )e support staff is reduced by
20% per shift.

③ )e number of anchor anchors is 9 people.
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Table 4: Continued.

Effect comparison Rapid tunneling system technology Traditional tunneling technology

Improve work efficiency

① It takes 15–20 minutes for the 220M double-
anchor roadheader to complete the temporary
support operation, and the efficiency is increased by
35%.

① )e manual laying of anchor nets, steel belts,
and hydraulic point posts is labor-intensive,
requiring 25–30 minutes.

② Bolt support: it takes 6 to 8 minutes to complete
one bolt support, and the efficiency is increased by
20%.

② Bolt support: it takes 8 to 10 minutes to
complete one bolt support.

③ Anchor cable support: it takes about 8–10
minutes to complete one anchor cable support, and
the efficiency is increased by 38%.

③ Cable anchor support: it takes about 14–17
minutes to complete one anchor cable support.

④)e tail can move automatically at any time, and
it takes about 1min to move 1 row at a time;
according to the same footage, the self-moving time
only needs 8min.

④ Each time the belt conveyor tail (including the
anchor fixation of the construction site) is pulled
and moved 8 rows, it takes about 60 minutes.

Reduce labor intensity and
noise

)e mechanized operation of anchor rods and
anchor cables avoids water splashing during
drilling, which significantly reduces the labor
intensity of workers. )e hydraulic drilling rig has
low noise and high safety, which improves the
working environment of workers.

)e manual anchor cable machine has high labor
intensity, high noise, poor safety, large water spray,
and poor working environment.
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Figure 21: Roadway deformation.
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Figure 22: Comparison of application effects.
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4. Conclusion

(1) With the thin plate mechanical model of the un-
supported roof, the equation for the tensile stress and
deflection of the unsupported is deduced. According
to the relationship between the tensile stress and
tensile strength of the unsupported roof, a primary
unsupported roof length is set. Considering on-site
situation of roadway excavation, a surplus safety
factor is introduced.

(2) According to the equation for the tensile stress in the
unsupported roof, stability factors, namely, the
length of the unsupported roof, the thickness of the
roof, and the depth of the roadway, are determined.
Considering the geological conditions of roadway
150802, FLAC 3D numerical simulation software is
used to simulate the influence of each factor on the
stability of the unsupported roof. )e extent of in-
fluence each factor has on the tensile stress in the
unsupported roof was analyzed by regression anal-
ysis of the relationship between the factors and the
tensile stress. )e unsupported roof stability factors
ranking from largest to smallest are roof thickness,
unsupported roof length, and roadway depth.

(3) According to the theoretical and numerical simu-
lation and on-site construction conditions of road-
way 150802, the reasonable unsupported roof length
during excavation is set to 2.0m and tested with a
complete set of rapid excavation system equipment.
Compared with precious roadway, comprehensive
excavation speed increased 62.7% with the extended
unsupported roof length accounting for 30.8% and
the complete set of rapid excavation system equip-
ment accounting for 31.9%, achieving a monthly
progress over 500m.
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