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After excavation of the weakly cemented roadway adjacent to the chambers, deformation characteristics such as roof subsidence,
roadway extrusion, and floor heave appear, showing the characteristics of large deformation of surrounding rock, long de-
formation duration, and serious damage, which are not conducive to guaranteeing safety mining. Based on the technical means of
the rock mechanical property test, mineral composition analysis, in situ stress test, and surrounding rock deformation monitoring
of 2# coal roadway in Hongqingliang coal mine, a numerical simulation study on the influence of surrounding rock stress on
adjacent chamber groups was carried out. The physical and mechanical properties of the weakly cemented rock were obtained, the
stress distribution law of the 2# coal roadway was mastered, the deformation characteristics of the surrounding rock of the weakly
cemented roadway were obtained, and the deformation and failure mechanism of the weakly cemented roadway adjacent to the
chambers were revealed. The relationship between the regional stress increment of the chambers and the failure range of the
surrounding rock of the roadway is revealed, establishing a mechanical model of allowable deformation + stress relea-
se + controlled form with U-shaped steel as the main structure. The roadway support countermeasures were given and applied in

engineering practice.

1. Introduction

As the shallow coal resources in the central and eastern parts
of China tend to be exhausted, the mining of mines gradually
extends to the deep parts and develops into the western
mining areas with rich coal resources such as Inner Mon-
golia. Weakly cemented soft rocks are widely distributed in
the Jurassic and Cretaceous strata in the western mining
area. Weakly cemented soft rock has poor cementation, low
strength, easy weathering, and disintegration in case of
cementation and belongs to a special kind of soft rock [1-3].
After the weakly cemented roadway is excavated, the sur-
rounding rock is severely deformed and damaged, and it is
difficult to effectively maintain the stability and safety of the
surrounding rock of the roadway by the combined support
of conventional bolts and bolts and the method of bolt mesh
and shotcrete support [4]. The main performance is that the
anchorage of active supporting structures such as anchor
rods and anchor cables is poor, and the anchor rods and

anchor cables easily lose their anchoring force. The applied
preload is small, and the supporting effect is poor. Passive
support structures such as the concrete shotcrete layer bear
a large pressure on the surrounding rock, and the structures
are deformed and damaged due to local distortion [5].
The roof subsidence, floor heave, and two sides con-
traction of weakly cemented roadway are the results of large
deformation of surrounding rock. On the basis of analyzing
the large deformation mechanism of soft rock, He [6]
constructed a mechanical analysis and design system for
large deformation of soft rock engineering. Zhou et al. [7]
analyzed the compound faijlure mechanism of molecular
expansion + rock mass structural plane dis-
location + excavation disturbance of surrounding rock of the
soft rock roadway in accordance with the nonlinear large
deformation failure phenomenon of Mesozoic composite
soft rock in the Shajihai mining area, and Shang et al. [8]
analyzed the deformation and failure characteristics and
types of surrounding rock of soft rock roadway and
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discussed the deformation and failure mechanism of the soft
rock surrounding rock. Chen et al. [9] used the thickness of
the surrounding rock loose zone to quantitatively determine
the characteristics of surrounding rock in soft rock engi-
neering and analyzed its nonlinear deformation and failure
mechanism. Daniel et al. [10] considered the influence of
roadway section shape, surrounding rock strength charac-
teristics, and roadway group disturbance and revealed the
large deformation mechanism of a broken soft rock road-
way. On the basis of analyzing the deformation and failure
characteristics of soft rock roadway, Meng et al. [11] carried
out research on the evolution law, monitoring analysis, and
support optimization design of surrounding rock of roadway
in weak cementation stratum and revealed the deformation
and failure mechanism of surrounding rock of a deep soft
rock roadway. Zhang et al. [12] discussed the failure char-
acteristics and deformation failure mechanism of the Ju-
rassic Cretaceous argillaceous weakly cemented roadway
and proposed that the surrounding rock softening in water,
strong expansibility, and unreasonable support form are the
main factors causing its deformation and failure. Chen et al.
[13] analyzed the deformation and failure process of
argillized weak cemented soft rock rectangular roadway,
compared the simulation results with the field monitoring
results, and gave suggestions on the selection of roadway
section, shape, and support.

The surrounding rock reinforcement control technology
adjacent to the chamber is the key to ensure the safe uti-
lization of weak cementation roadway and has become
a research hotspot in the engineering field. Kang et al. [14]
obtained countermeasures to improve the stability of
surrounding rock of the cavern group according to the
stress distribution characteristics of surrounding rock of
cavern group under soft rock conditions. Wang et al. [15]
put forward a new concept of cracking inhibition for
stability optimization of large caverns under soft rock
conditions. Sun et al. [16] found the zonal fracture
phenomenon and fracture distribution characteristics of
weakly cemented surrounding rock through on-site
monitoring, providing a basis for its reinforcement
and support. Yang et al. [17] obtained the failure char-
acteristics and control measures of the surrounding rock
of the cavern group through the field test and numerical
simulation method. He et al. [18] put forward the
asymmetric control technology of “weak structure” to
solve the problem of asymmetric deformation of soft rock
caverns, laying a foundation for exploring the control
theory and technology of caverns.

Although some scholars have studied the deformation
and failure characteristics and mechanism of the soft rock
roadway, the deformation and failure characteristics of the
weak cemented soft rock roadway adjacent to the chamber
group are different from those of ordinary soft rock roadway,
which is still in the exploration stage. Based on the fracture
development characteristics obtained by means of borehole
televiwering, it was found that the sidewalls needed to be
reinforced, and a support scheme “bolt cable-
+ bolt + supporting plate + metal mesh” was proposed for
the roadway [19, 20]. A differentiated support scheme with
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the core of “upgrading the support level and optimizing the
support of large deformation area” was proposed to control
the large deformations in the roadway area by strengthening
the bearing capacity of the surrounding rock itself [21, 22].
In this study, the weak cemented soft rock in Hongqingliang
mine is taken as the research object. Based on the sur-
rounding rock deformation and support structure stress
monitoring analysis and numerical simulation technology
research, the deformation and failure characteristics of the
weak cemented soft rock roadway adjacent to the chambers
are analyzed, and its deformation and failure mechanism is
studied, which lays a foundation for the control theory and
technology research of an argillaceous weak cemented soft
rock roadway.

2. Ground Pressure Behavior Characteristics of
Weak Cemented Roadway

Honggingliang mine is located in Inner Mongolia, with
a design production capacity of 6 Mt/a and vertical shaft
development. Among them, the section shape of 2# coal
roadway is a straight wall semicircle arch, and the buried
depth of the roadway is about 420 m. The combined support
mode of “bolt mesh spraying+bolt+anchor cable” is
adopted. The surrounding rock of 2# coal roadway is mainly
a weak rock stratum such as weakly cemented mudstone and
sandy mudstone, with poor integrity and low bearing ca-
pacity. There are 8 roadways and 15 groups of chambers of 3-
coal within 30 m below 2# coal roadways. The above un-
favorable factors led to the bolt easy to break off, and the
surrounding rock and support structure had serious de-
formation and damage. It is shown that the roadway roof
subsidence is large, the two sides shrink seriously, the floor
bulges violently, the reinforcement mesh is exposed, and the
concrete cracks.

2.1. Ground Stress Test. In order to obtain the distribution
law of the ground stress in the roadway of weak cementation
stratum, YH3B-3 epoxy resin triaxial strain gauge was used
in the 2# coal roadway of Hongqingliang mine to conduct
the ground stress test according to the stress relief method,
and 2 measuring points were arranged in total. The test
results are listed in Table 1.

Table 1 shows that the 2# coal roadway in Honggqin-
gliang mine is a tectonic stress field dominated by hori-
zontal stress. The maximum horizontal principal stress is
1.45~1.56 times of the vertical stress. The ratio of the
maximum horizontal stress to the minimum horizontal
stress is 1.93~2.06. The two horizontal stresses differ
greatly and have obvious directivity. The high horizontal
stress is one of the main reasons for the deformation and
destruction of the surrounding rock of the roadway, es-
pecially the internal extrusion of the two sides and the
floor bulging.

2.2. Surrounding Rock Surface Displacement Monitoring.
In order to obtain the deformation characteristics of the
surrounding rock of the weakly cemented roadway and the
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TaBLE 1: The roadway stress test results.

Number Principal stress (MPa) Dip angle (%) Azimuth angle (°)

of measuring

points 01 02 03 01 02 03 01 02 03

1# 12.37 16.33 4.52 69.22 14.16 15.62 87.61 23.11 169.24

2% 11.29 17.79 3.87 71.25 12.83 16.17 85.34 25.74 159.33

Average 11.83 17.06 4.20 70.24 13.49 15.89 86.48 24.43 164.29

control effect of the existing support scheme on the sur-
rounding rock, the deformation of the surrounding rock was
monitored.

The displacement of roadway surface shows a failure trend
of larger failure rate in the early stage and smaller failure rate in
the later stage. Although the deformation rate decreases in the
later period, the deformation continues to increase (as shown
in Figure 1). Within 0~15 d, the deformation rate of roadway is
relatively high; the deformation rate slows down in 15~35 days.
The maximum roof subsidence of the roadway is 640 mm, the
floor heave is 400 mm, the left side deformation is 140 mm, and
the right side deformation is 200 mm. The above monitoring
data show that the roof is damaged to a large extent, followed
by floor heave, and there is a certain degree of asymmetric
deformation on both sides.

According to the data in Figure 1, it can be found that the
surrounding rock deformation of the roadway is large, the
deformation speed is fast, and the surrounding rock de-
formation and damage are serious. The above shows that the
support mode of “bolt+anchor cable combined sup-
port” + “bolt mesh shotcrete” cannot effectively control the
deformation of weak cementation roadway.

2.3. Stress Monitoring of Support Structure. In order to obtain
the stress characteristics of the support structure, the dy-
namometer is used to monitor the stress of the anchor bolt
and anchor cable. The relationship curve between the stress
of the support structure and time is shown in Figure 2.

The initial pretightening force of the anchor cable is
140 kN, the pretightening force of the anchor bolt installed
on the roof is 60kN, and the pretightening force of the
anchor bolt installed on the roadway side is 40 kN. The stress
value of bolt and anchor cable in roadway decreases grad-
ually with time. The rate of decline is large in the early stage
and small in the late stage, as shown in Figure 2. In 0~15d,
the rate of force reduction is large. The rate of force re-
duction slows down within 15~35 days. The stress value of
the anchor cable of the roadway is reduced to 75kN, the
stress value of the bolt installed on the roof is reduced to
21 kN, the stress value of the bolt installed on the left side is
reduced to 20 kN, and the stress value of the bolt installed on
the right side is reduced to 18 kN. After the excavation of the
roadway, the roof settlement, floor heave, and deformation
of both sides are large, resulting in an increase in the stress of
the anchor bolt and anchor cable. The stress value of the
anchor bolt and anchor cable increases continuously in the
early stage. When the ultimate bearing capacity is reached,
the support of the anchor bolt and anchor cable fails, and the
stress value continues to decrease.

2.4. Deformation and Failure Characteristics of Roadway.
The roof of the roadway sinks, the floor bulges, and the two
sides extrude violently, and the failure pattern has certain
asymmetry, and the failure of the side is mainly concentrated
in the lower part. Some of the roadways are closed due to
excessive deformation, and the surrounding rock de-
formation of the roadways does not stop after many times of
renovation, resulting in the roadways cannot be used nor-
mally as shown in Figure 3.

3. Analysis of Influence of Chamber
Group Project

After the stress of the surrounding rock is released after the
excavation of the 3# coal chamber group, the vertical stress
of the surrounding rock of 2# coal roadway is readjusted,
which is mainly affected by the chamber group model
composed of the auxiliary transport roadway, belt transport
roadway, ventilation roadway, emergency roadway, water
pump chamber, and power distribution chamber of 3# coal.
As shown in Figure 4, when analyzing the influence of stress
release after the excavation of the 3# coal chamber group on
the stress distribution of the 2# coal roadway, take the 2# coal
roadway opening as the origin, make the x-axis in the op-
posite direction of the excavation and the y-axis in the di-
rection of the intersection roadway excavation to establish
the coordinate system, and place the 3# coal chamber that
affects the stress distribution of the 2 # coal roadway in the
above coordinate system. In the model, the length of the
affected section of the auxiliary transportation roadway is
230 m, and the affected length of the water pump chamber
and the power distribution chamber is 55 m.

After calculation according to the theoretical model in
Figure 5, the vertical stress distribution of 2# coal roadway is
shown in Figure 6. It can be found that the vertical stress
increment range of the roadway strata in 2# coal roadway is
2.1~4.0 MPa, which is 21%~40% higher than the initial stress
due to the excavation of the cavern group in 3# coal
chamber. When the rock stratum of 2# coal roadway is
located directly above 3# coal chamber, its vertical stress
appears a maximum, and there are five maximum points in
the 149 m long failure zone of 2# coal roadway, respectively,
corresponding to the auxiliary transportation roadway, belt
transportation roadway, ventilation roadway, power dis-
tribution chamber, and emergency roadway of 3# coal
chamber. Among them, the rock stratum of 2# coal roadway
corresponding to ventilation roadway and emergency
roadway is not completely at the maximum point of vertical
stress, which is due to the influence of vertical stress su-
perposition of 3# coal chamber.
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The vertical distance between the 3# coal chamber group
and the roadway rock stratum of 2# coal roadway is
27~45m, which is equivalent to 7~11 times the chamber
height. It shows that the vertical stress release after the
excavation of the 3# coal chamber group acts on the rock
stratum position of the 2# coal roadway, and the influence
range of the vertical stress release can reach 7~11 times of the
chamber height. In addition, the vertical stress increment of
the belt transport roadway of 3# coal with a vertical distance
of 27m from the roadway of 2# coal is 4.0 MPa, and the
vertical stress of the ventilation roadway with a vertical
distance of 37m from the roadway of 2# coal is 2.9 MPa,
which indicates that the vertical distance and the size of the
chamber are also the factors that affect the vertical stress
distribution of the roadway of 2# coal when the cavern group
of 3# coal is excavated.

4, Stability Control Technology of Surrounding
Rock of Roadway

4.1. Mechanical Model and Parameter Calculation of Support.
Combined with the stress condition of surrounding rock of
coal roadway 2, considering the support effect of anchor bolt
and anchor cable, the surrounding rock should be consid-
ered as the reinforcement arch structure when carrying out
stress analysis, and the mechanical model of surrounding
rock support structure is shown in Figure 7.

In the above mechanical model of surrounding
rock support structure, a is the row spacing between
bolts, m; b is the thickness of composite arch, m; g is the
average load on the strengthened arch, kN/m?; B is the
width of roadway, m; Q is the anchoring force of anchor
bolt, kN; 0,1 is the ultimate breaking force of a single
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FIGURE 6: Calculation results of vertical stress adjustment of 2# coal roadway. (a) Vertical stress nephogram of 2# coal roadway and (b)

vertical stress distribution curve of 2# coal roadway.

anchor cable, kN; L,, is the anchoring length of the
anchor cable, m; L, is the thickness of suspended un-
stable rock stratum, m.

According to the geological conditions of 2# coal roadway
in Honggqingliang mine, the average unit weight of overburden
y is 2650 kKN/m?; the thickness of unstable rock layer L, acting
on the roadway roof is 5 m; the surplus coefficient k; is 1.2; the
safety factor K is 1.8; the anchoring force Q of anchor bolt is
70kN; the tensile strength o, is 3.8 MPa; the diameter d is
20 mm; the ultimate breaking force o, of anchor cable is
355kN; the net width B of roadway is 5m.

4.1.1. Row Spacing between Bolts. The row spacing between
bolts is calculated by using the reinforcement arch theory.
The length of bolt L used in 2# coal roadway is 2.4 m. The
row spacing between bolts is calculated by formula (1) [23].
Compared to the single bolt support theory or U-shaped
steel shed support method, the study [23] combines the
advantages of the above two methods, which can fully exert
the bearing capacity of surrounding rock itself while im-
proving the passive support capacity as much as possible.

L=Ll+btanoc+a 1)

tana
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Siltstone

FIGURE 7: Mechanical model of surrounding rock support structure.

In formula (1), L is the anchor bolt length, m; L, is the
exposed length of anchor bolt, m; b is the thickness of
composite arch, m; « is the control angle in the rock mass
where the bolt breaks, °; a is the row spacing between anchor
bolts, m. According to the field measured data, L is 2.4 m, L,
is 0.1 m, bis 1.5m, and « is 45", and the row spacing between
bolts a <0.8 m.

4.1.2. Anchor Rod Diameter. According to the strength
principle of anchor bearing capacity and anchoring force,
the anchor diameter can be determined by formula (2) [23].

d>k, \/%‘ (2)
t

In formula (2), d is the anchor rod diameter, mm; k; is
the surplus coefficient; Q is the anchoring force of anchor
rod, kN; o, is the tensile strength of anchor bolt, MPa.
According to the field measured data, k; is 1.2, Q is 70kN,
and o, is 3.8 MPa. Substitute the above parameters into
formula (2) to calculate d>18.4mm and determine the
anchor rod diameter as 20 mm.

4.1.3. Length of Anchor Cable. The anchor cable has the
function of suspending rock stratum, and the length of the
anchor cable is calculated by formula (3) [23].

L,>L,; +Ly+ L+ L, (3)

In formula (3), L, is the length of anchor cable, m; L, is
the anchoring length of the anchor cable, m; L,, is the
thickness of suspended unstable rock stratum, m; L,; is the
thickness of supporting plate and anchorage, m; L, is the
exposed length of anchor cable, m.

Xc
L =3y, @
P27 95

In formula (4) [23], ¢; is the diameter of anchoring
agent, mm; ¢, is the drilling diameter, mm; ¢; is the di-
ameter of anchor cable, mm; c is the length of anchoring
agent, m. According to the field measured data, L,; is 1.6 m,
L is 5m, L,z is 0.15m, and L,4 is 0.25 m. Considering the
nonuniformity of the roof thickness, the safety factor is 1.4,
and L, > 6.8 m is calculated by formula (3), so the length of
the anchor cable is 7300 mm.

4.1.4. Row Spacing between Anchor Cables. The anchor cable
spacing is determined according to the rock weight borne by
the anchor cable in case of anchor bolt failure and is de-
termined by formula (5) [23].

30
§=-S1. 5
PR (5)
In formula (5), S is the row spacing between anchor
cables, m; B is the roadway width, m; y is the average unit
weight of overlying strata, KN/m’; K is the safety factor; o, is
the ultimate breaking force of a single anchor cable, kN.
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According to the field measured data, Bis 5m, y is 2650 kN/m’,
K is 1.8, and o0y is 355kN. S is 2.2m is calculated by
formula (5).

4.2. Support Simulation Research. In order to fully compare
the influence of support parameters on the surrounding rock
control effect, the relationship between different support
parameters and roadway displacement field, stress field is
studied through numerical simulation to determine the
reasonable support parameters of the roadway. The nu-
merical calculation model is established by using FIAC3D,
and the model size is xxXyxz=80mx50mx53.5m. In
order to ensure the accuracy and efficiency of the calculation,
the grids near the roadway are densified, the
Mohr-Coulomb model is selected as the constitutive re-
lationship of the model, and the surface contact Coulomb
slip model is selected as the joint constitutive model. The top
boundary of the model is a free boundary. The left and right
and bottom boundaries of the model are displacement
boundary conditions. The numerical calculation model and
grid division are shown in Figure 8, and the physical and
mechanical parameters of rock stratum are listed in Table 2.

Set U-shaped steel shed with spacing of 0.5m (Scheme
1), I m (Scheme 2), and 1.5m (Scheme 3), respectively, for
simulation. The pretightening force of anchor bolt is 60 kN,
and the pretightening force of anchor cable is 140 kN. The
three simulation schemes study the repair and support effect
of roadway surrounding rock from two aspects, including
displacement field and stress field.

4.2.1. Analysis of Displacement Field. According to
Figures 9-11, in Scheme 1, the maximum roof subsidence of
the roadway is 110 mm, the floor heave is 56 mm, the left side
displacement is 82mm, the right side displacement is

81 mm, and the distribution length of U-shaped steel shed
axial force >170kN is 2.03m. In Scheme 2, the maximum
roof subsidence of the roadway is 123 mm, the floor heave is
66 mm, the left side displacement is 85 mm, the right side
displacement is 86 mm, and the distribution length of U-
shaped steel shed axial force >170 kN is 2.74 m. In Scheme 3,
the maximum roof subsidence of the roadway is 158 mm, the
floor heave is 120 mm, the left side displacement is 98 mm,
the right side displacement is 101 mm, and the distribution
length of U-shaped steel shed axial force >170kN is 4.19 m.

4.2.2. Analysis of Stress Field. The vertical stress distribution
of surrounding rock is basically consistent within the range
of 0~4 m of the roadway, and the vertical stress of Scheme 1
is slightly less than that of Scheme 2. With the increase of the
distance from the surrounding rock surface, Scheme 1 and
Scheme 2 are more able to mobilize the bearing capacity of
the deep stable rock mass than Scheme 3, and the vertical
stress of the deep surrounding rock is correspondingly
improved. Within the range of 0~1m from the roadway
surface, the vertical stress of roof surrounding rock in
Scheme 1 is about 0.3 MPa and 2 MPa higher than that in
Scheme 2 and Scheme 3, respectively, and the difference
between the vertical stress of surrounding rock in Scheme 1
and Scheme 2 is very small (Figures 11-13).

From the surrounding rock deformation and stress
distribution of the roadway, it is found that Scheme 1 and
Scheme 2 can control the surrounding rock deformation
more effectively than Scheme 3 after the comprehensive
analysis. The difference between the repair and support
effects of Scheme 1 and Scheme 2 is very small, but Scheme 2
can save a large economic cost compared with Scheme 1.
Therefore, under the condition of ensuring the reliability of
roadway repair and support, considering the economic cost
factors, Scheme 2 is adopted for roadway repair and support.
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TaBLE 2: Rock layer physical and mechanical parameters table.

Name of . 3 Bulk modulus ~ Shear modulus ~ Tensile strength . Internal friction
rock stratum Density (kg/m") (GPa) (GPa) (MPa) Cohesion (MPa) angle (°)
Siltstone 1#

Siltstone 2# 2450 0.70 0.49 0.96 4.84 40
Siltstone 3#

Coal 1#

Coal 2# 1300 0.41 0.23 0.20 0.34 29

Coal 3#

Mudstone 1#

Mudstone 2# 2620 0.39 0.24 0.25 242 40

Mudstone 3#

FIGURE 9:
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Figure 10: Horizontal displacement. (a) Scheme 1. (b) Scheme 2. (c) Scheme 3.
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5. Conclusion

(1) After the excavation of the chamber group, the
surrounding rock stress of the adjacent weakly
cemented roadway would be adjusted. The vertical
stress mainly expands in the vertical direction and
the extension distance increases with the increase of
the number of tunnels, which can affect the rock
stratum position of 7-12 times the chamber’s height.
The horizontal stress mainly expands to the hori-
zontal direction, and the extension distance increases
with the increase of the number of tunnels, which
can affect the rock stratum position of 3-6 times the
chamber’s width. The stress concentration of weakly
cemented rock stratum is mainly affected by the
vertical stress released by the chamber group.

(2) According to the support concept of “allowable
deformation + stress release + controlled form,” the
roadway support technology of U-shaped

steel + shed leg bolt+steel mesh floor “control
form,” flexible material wall filling with “allowable
deformation + stress release” is established. After the
U-shaped steel support is filled behind the wall and
strengthened at key parts, the support strength
surrounding rock deformation curve shows a change
law of slow increase in the initial stage, approximate
linear increase in the middle stage, and slow decrease
in the later stage.

(3) The surface displacement of the cemented soft rock

roadway has not changed, which ensures that the
deformation and failure of the surrounding rock of
the roadway are within a reasonable range, and
realizes the safety and normal use of the roadway.
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