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Controlling surrounding rock stability in deep soft rock tunnels solely by
increasing the support strength is challenging. The key areas where the
surrounding rock of a roadway is prone to “instability” should be treated
with comprehensive measures, such as drilling to relieve pressure, grouting of
the surrounding rock, floor trenching technology, and secondary support, to
achieve overall stability of the roadway surrounding rock. In this paper, based on
a typical straight wall semi-circular arch roadway project in the Huaibei mining
area of Anhui Province, mechanical parameters, such as cohesion, internal
friction angle, Poisson’s ratio, and elastic modulus of the surrounding rock, were
measured. Displacement stress distribution in surrounding roadway rock were
simulated and analyzed using FLAC 3D, and the key parts of the surrounding
rock prone to instability under the original roadway support conditions were
determined. A suitable arrangement and parameters of the borehole pressure
relief in the side roadway, floor grouting, floor trenching, and floor bolt
secondary support were selected. Engineering measurements indicated that the
engineering techniques were successful. It provided a significant reference for
the comprehensivemanagement and treatment of the surrounding rock stability
in deep soft rock roadway on a global scale.
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1 Introduction

Coal mining and other forms of mining have ventured the deep strata in many
countries around the world, such as China, the United States, Russia, Germany, Australia,
South Africa, etc. (Hu et al., 2011; Hebblewhite and Galvin, 2017). Due to the deep
buried depth of roadway, large stress in original rock and poor properties of surrounding
rock, it presents typical “soft rock” characteristics, and maintenance of the stability of
the rock surrounding the deep roadways is challenging (Zhang, 2022; Ma et al., 2022;
Wu et al., 2024; Wang et al., 2022). A large number of scholars and engineering technicians
globally have conducted extensive research (Alejano and Alonso, 2005; Salehnia et al.,
2017). Nevertheless, the stability of deep roadways is predominantly regulated by a
single support approach. For instance, enhancing the support strength or implementing
grouting to modify the characteristics of the surrounding rock mass. Meanwhile, the
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FIGURE 1
Tunnel section and support diagramQ17 .

non-uniform distribution of the stability of the surrounding rock
within the roadway has been overlooked.The entire cross-section of
the roadway adopts identical support forms and parameters, thereby
rendering it arduous to uphold the stability of the roadway. (Staniek,
2012; Prusek and Masny, 2015; Shreedharan and Kulatilake, 2016;
Arora and Gutierrez, 2021; Sakhno and Sakhno, 2023). Surrounding
rock stability in deep tunnels is determined primarily by the range
and degree of looseness and fragmentation and the stability of
typical parts; the key parts prone to instability in the surrounding
rock can be determined by analyzing the thickness of the loose
zone, surface displacement, and surface displacement gradient of the
surrounding rock (Kang et al., 2018; Wu et al., 2022; Li et al., 2022;
Shi et al., 2024), which could facilitate the proposal of appropriate
strategies (Liu, 2019; Zuo et al., 2021; Gao, 2021). The stressed
environment, rock mass properties, and support methods of the
roadway are the key factors affecting its stability. (Ortlepp and Stacey,
1994; Lou, 2017; Bai and Hou, 2006; Liu et al., 2007; Yang and
Zhang, 2021; Xiang et al., 2021; Wu et al., 2022; Xie J et al., 2023;
Wang P et al., 2023). In the case of deep high-stress tunnelswith poor
rock stability, selecting suitable drilling pressure relief arrangements
and parameters can reduce the rock maximum principal stress
within a certain range around the tunnel and transfer the maximum
principal stress to further areas, which reduces the looseness and
fragmentation of the surrounding rock, controls the stability of the
surrounding rock, and extends roadway service period (Shang et al.,
2022; Chen et al., 2022; Yue et al., 2022; Mogi, 1967; Xie S. R. et al.,
2023; Shi et al., 2023; Xie J. et al., 2023; Wang X. Q. et al., 2023).
There is a wide range of engineering applications that analyze the
looseness and fragmentation of the surrounding rock in different
parts of the roadway and can be used to select multiple schemes,
such as support, grouting, pressure relief, trenching, and secondary
support to control surrounding rock stability (Li et al., 2020;

FIGURE 2
Numerical calculation model.

Qiang et al., 2020; Cui et al., 2022; Yang et al., 2023; Wu et al., 2020;
Zhao, 2024; Kang et al., 2024).

In this study, considering a typical deep vertical wall semi-
circular arch roadway in the Huaibei mining area as the engineering
background, the key parts of the surrounding rock prone to
instability were determined using FLAC 3D software (ITASCA
International, Minneapolis, MN, United States) simulation. Based
on the original roadway, suitable arrangements and parameters were
selected for the drilling relief on roadway side, floor grouting, floor
trenching, and secondary support of the floor bolt to ensure roadway
floor stability.
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FIGURE 3
Roadway surrounding rock cohesion, displacement, and maximum principal stress distribution cloud diagram (A) Cohesion of surrounding rock (B)
Displacement of surrounding rock (C) Maximum principal stress distribution cloud diagram.

2 Engineering and rock mechanical
property parameters

2.1 Engineering

Zhu Xian zhuang Coal Mine is located 13 km east of Suzhou
City, Anhui Province. The mine area is 26.3 square kilometers,
and the surface is plain. The roadway is the three-level water
sump auxiliary roadway, surrounded by three-level uphill and
transportation uphill. The roadway design is located at a depth
of 20–53 m at the bottom of Coal Seam 10. The buried depth of
the roadway is about 700 m. The rock type of the surrounding
rock of the roadway side, the direct roof and the direct floor
is mainly mudstone, with a thickness of about 16 m. The mud
stone layer is expected to strike 127°–152°, dip 37°–62°, and
incline 10°–20°. The original roadway is supported by bolts
(cables), and the cross-section and support of the roadway are
illustrated in Figure 1.

2.2 Surrounding rock mechanical
properties

Core drilling was performed on representative parts of the rock
surrounding the roadway. The core sample was processed into a
standard specimen with a diameter of d = 50.0 mm and a height
of h = 100.0 mm. The TAW2000 rock triaxial shear composite
testing machine was used to carry out the compressive test on
the standard specimen. The longitudinal strain and transverse
strain of the standard specimen with different compressive stress
were measured, and the elastic modulus E and Poisson‘s ratio
λ of the rock were obtained. Shear test was carried out to
measure the shear strength of surrounding rock under different
axial pressures, and the cohesion c and internal friction angle φ
were obtained.

After roadway excavation, the cohesion c and internal friction
angle φ of the surrounding rock decrease with an increase
in plastic parameters εps. The relationship between the plastic
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FIGURE 4
Variation of cohesion, displacement, and displacement gradient of surrounding rock in typical parts with distance from roadway surface (A) Cohesive
distribution of surrounding rock (B) Displacement distribution of surrounding rock (C) Displacement gradient distribution of surrounding rock (D)
Measured displacement of measuring points in typical parts.

TABLE 1 Thickness, surface displacement, surface displacement gradient, and boundary displacement gradient of the loose circle in typical parts of a
loose circle.

Typical parts aA bB cC dD eE fF

k0 64.71 20.48 19.84 30.99 33.21 36.58

k1 81 191 202 512 437 342

k2 0.26 0.27 0.33 0.44 0.45 0.45

Thickness of loosen zone (mm) 470 5150 5620 4010 3,840 3,480

Surface displacement (mm) 145.71 211.48 221.84 542.99 470.21 378.58

Surface displacement gradient (mm/m) 21.21 52.36 67.13 226.17 198.55 153.20

Boundary displacement gradient of the loose circle (mm/m) 10.70 10.30 11.20 9.57 9.82 9.85

parameters εps and dilatancy angle ψ of the surrounding rock can
be expressed as Equation 1:

εps =
√3
3
√1+

1+ sinψ
1− sinψ

+(1+
1+ sinψ
1− sinψ

)
2
⋅
γp(1+ sinψ)

2
(1)

In the formula: εps is the plastic parameter of surrounding rock,
it is an index to reflect the attenuation speed of rock strength peak;
ψ is the dilatancy angle of the surrounding rock, °, it is an index to
reflect the degree of swelling of rock after shear failure. and γp is the
shear strain of surrounding rock.
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FIGURE 5
Thickness, surface displacement, and surface displacement gradient distribution of loose circle in typical parts of the roadway (A) Thickness of loosen
zone (B) Surface displacement (C) Surface displacement gradient.

Thedilatancy angle ψ of the surrounding rock in a deep soft rock
roadway is generally 8°, from which Equation 2 can be obtained.

εps = 0.664γp (2)

The shear strain of the surrounding rock can be
expressed as follows:

γp = |ε1 − ε3| (3)

In the formula: ε1 is the maximum principal plastic strain; and ε3 is
the minimum principal plastic strain.

The maximum principal plastic strain and minimum principal
plastic strain at different unloading positions after the peak rock
strength were measured by MTS press loading. The relationships
among the post-peak strength cohesion c, internal friction angle
φ, and plastic parameters εps under different surrounding rock
lithologies are obtained by combining Equations 2, 3.The variations
in cohesion c and internal friction angle φwith the plastic parameter
εps can be expressed as Equations 4, 5.

c = c+ β1e
− ε

ps

β2 (4)

φ = φ+ β3e
− ε

ps

β4 (5)

In the formula, c is the residual cohesion, MPa; φ is the residual
internal friction angle, °; β1, β2, β3, and β4 are the correlation
coefficients.

3 Numerical simulation of
displacement stress distribution in
surrounding roadway rock

3.1 Numerical simulation model

FLAC 3D software was used to numerically simulate
the stress–displacement distribution of the surrounding rock.
According to the buried depth of the roadway, the roadway section
and support shown in Figure 1, the numerical calculation model
was established according to the general situation of Section 2.1.The
calculationmodel is shown in Figure 2, and the parts of the roadway
rock surrounding are shown in Figure 2 as aA, bB, cC, dD, eE, and
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FIGURE 6
Numerical calculation model of borehole pressure relief with different number and row spacing of sidewalls (A) Single row (B) a × b = 0.5 m × 0.5 m (C)
a × b = 1.0 m × 1.0 m (D) a × b = 2.0 m × 2.0 m.

fF. The measured results of mechanical parameters of surrounding
rock are cohesion c=1.0 MPa, the internal friction angle φ = 22°,
Poisson’s ratio λ=0.35, and elastic modulus E=1.3 GPa; Post-peak
strength (c, φ) varies with the plastic strain factor εps attenuating
Equations 6, 7 as follow:

c = 0.7+ 0.3e
−εps

0.0035 (6)

φ = 20.0+ 2.0e
−εps

0.006 (7)

The model measures 60.0 m in length, 60.0 m in width, and
0.70 m in thickness. The cross-section of the tunnel is a straight
wall semi-circular arch, and its dimensions are shown in Figure 1.
The surrounding rock of the tunnel is mudstone. The original rock
stress p = 14.0 MPa is applied to the upper part of the model, and
fixed constraints are used on both sides and the bottom. The layout
parameters of the bolts (cables) are shown in Figure 1, where cable
elements are used to simulate the action of the bolts (cables). The
elasticmodulus of the prestressed bolts (cables) are E = 100 GPa and E
= 200 GPa.The tensile strengths are δs = 0.49 GPa and δs = 1.86 GPa,
respectively, and the Poisson’s ratio λ = 0.3. The cross-sectional areas
were S = 3.8 × 10−4 m2 and S = 2.488 × 10−4 m2, and the preloads

were F = 70.00 kN, F = 100.00 kN. In order to improve the accuracy
of numerical simulation of borehole pressure relief, ABAQUS is used
to assist modeling for grid division. According to the geometric size
of pressure relief borehole, non-uniform grid is used to encrypt the
surrounding rock near the borehole, and the .inp file is output. Then
the model is imported through the import option in the FLAC3D
toolbar, and then the .f3grid file is output. Finally, the .f3grid model
file is called by the imp grid command in the command stream. Better
grid division is used to improve the calculation accuracy.

3.2 Numerical simulation results and
analysis

3.2.1 Numerical simulation results
The distributions of the cohesion and displacement of the

surrounding rock of the roadway are shown in Figures 3A, B. A
distribution cloud diagram of the maximum principal stress in
the surrounding rock is shown in Figure 3C. The distributions
of the cohesion and displacement of the corresponding typical
parts at different positions on the surface of the roadway
are shown in Figures 4A, B.
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FIGURE 7
Maximum principal stress cloud diagram of surrounding rock with different row spacing a × b between pressure relief boreholes (A) Single row, (B) a ×
b = 0.5 m × 0.5 m, (C) a × b = 1.0 m × 1.0 m, (D) a × b = 2.0 m × 2.0 m (E) No pressure relief drilling hole.

3.2.2 Distribution of looseness and
fragmentation in representative surrounding rock
3.2.2.1 Analysis of numerical simulation results

The change in the surrounding rock displacement with distance
from the surface of the roadway can be shown as follows
(Wu D. Y. et al., 2018):

u = k0 + k1e−k2r (8)

where r is the distance from the surface of the roadway (m), u is
the displacement of the surrounding rock at different distances from
the surface of the roadway (m), k0 is the coefficient (mm), k1 is the
coefficient (mm), and k2 is the coefficient (/m). The specific values
of k0, k1, and k2 are shown in Table 1.

The displacement gradient of surrounding rock is defined
as follows (Wu G. et al., 2018):

η = |du
dr
| (9)

η is the displacement gradient of roadway surrounding rock
(mm/m), which characterizes the degree of surrounding rock
fragmentation.

The displacement gradient at different distances from the
roadway surface can be expressed as follows (Wu D. Y. et al., 2018):

η = k1k2e−k2r (10)

According to Equation 10, the displacement gradient of the
surrounding rock in representative parts of the roadway changes
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FIGURE 8
Distribution of the maximum principal stress of pressure relief in
different numbers and spacing of boreholes in the side.

with change in distance from the surface of the roadway, as shown
in Figure 4C. Taking the distribution range of the residual cohesion
as the loose circle thickness of the surrounding rock (Wu G. et al.,
2018); according to Formula 8, when r = 0, the roadway surface
displacement u = k0 + k1; according to Equations 9, 10, when r
= 0, the roadway surface displacement gradient η = k1 × k2; the
residual strength range in Figure 4A is the thickness of the loose
circle; the loose circle thickness, surface displacement, and surface
displacement gradient of the surrounding rock in typical parts can
be obtained, as shown in Table 1. The corresponding displacement
gradient of the boundary of the loose circle thickness is shown in
Table 1, and the value is approximately η ≈ 10.0 mm/m.The residual
strength distribution range is used as the thickness of the loose
circle, and the distribution range of the displacement gradient η ≥
10.0 mm/m is used as the thickness of the loose circle. The two are
consistent, indicating that the thickness of the loose circle can be
determined by the critical value of the displacement gradient. The
thickness of the surrounding rock loose circle, surface displacement,
and surface displacement gradient distribution in the typical parts of
the roadway are shown in Figures 5A–C.

Characterization of rock fragmentation degree is represented
by displacement gradient of surrounding rock. The surface
displacement of aA part of the roadway roof is u = 145.7 mm,
the thickness of the loose circle is L = 470 mm, the fragmentation
degree is η = 21.2 mm/m, and the looseness and fragmentation of
the roadway roof is not significant. The surface displacement of the
arch baseline bB position and the cC part in the middle of the wall
are u = 211.4 mm and u = 221.8 mm, respectively; the thicknesses
of the loose circle are L = 5150 mm and L = 5620 mm, respectively;
the degrees of surface fragmentation are η = 52.3 mm/m and η
= 67.1 mm/m, respectively; and the looseness and fragmentation
of surrounding rock in the upper half of the roadway side are
significant. The surface displacements of dD, eE, and fF in the
middle of the roadway floor are u = 542.9 mm, u = 470.2 mm,
and u = 378.5 mm, respectively; the loose-circle thicknesses are

L = 4010 mm, L = 3,840 mm, and L = 3,480 mm, respectively;
the degrees of surface fragmentation are η = 226.1 mm/m, η =
198.5 mm/m, and η = 153.2 mm/m, respectively. Although the
loose circle thickness on the roadway floor was lower than that
on the roadway side, the surface displacement and degree of
surface fragmentation increased significantly, and the looseness
and fragmentation of the roadway floor, particularly the middle
part, were highly significant.

3.2.2.2 Reliability verification of numerical simulation
results

In order to confirm the reliability of the numerical simulation
results, as shown in Figure 1, The cross-drawing method is used to
measure the distance between point a on the surface of the roadway
roof, point c on the surface of the middle part of the straight wall,
point d on the surface of the middle part of the floor and point O of
the cross intersection, and the surface displacement changes of point
a, point c and point d on the surface of the roadway are obtained
as shown in Figure 4D. The multi-point displacement meter is
arranged at point b on the surface of the tunnel arch baseline.
According to the measured results, the surface displacement of
point b changes with time as shown in Figure 4D. The surface
displacement of point a on the roof surface with u = 125.98 mm
showed a stable development trend, and the surface displacement of
point b on the arch baseline surface with u = 208.17 mm showed an
unstable development trend. the surface displacement of point d on
the roadway floor middle with u = 506.92 mm showed accelerated
instability, and the surface displacement of point c on the roadway
side middle with u = 179.33 mm showed an unstable development
trend. The measured results verified the reliability of the numerical
simulation.

3.2.3 Distribution of maximum principal stress of
surrounding rock on roadway side

The maximum principal stress of the roadway
side shown in Figure 3C increases from σ = −1.55 MPa to the
maximum peak σmax = −12.78 MPa in the r = 0–13.2 m range
from the surface of the straight wall of the roadway. An elliptical
stress concentration zone formed at a distance of r = 13.2 m from
the roadway surface. With an increase in distance, the maximum
principal stress of the surrounding rock of the roadway decreases
gradually, and the maximum principal stress is stable at σ =
−11.96 MPa.

4 Comprehensive treatment scheme
of surrounding rock stability

The surrounding rock in the upper half of the roadway side
was significantly loose and fragmented, and the maximum principal
stress peak concentration area with a large range of ellipses began
to appear at a certain distance from the roadway surface. It is
advisable to arrange pressure relief boreholes on the roadway side to
effectively move the maximum principal stress peak and effectively
reduce the maximum principal stress value. As a result, it reduces
the looseness and fragmentation and controls surrounding rock
stability in the roadway side. The looseness and fragmentation of
surrounding rock in the roadway floor middle part was highly
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FIGURE 9
Displacement cloud diagram of surrounding rock before and after grouting of roadway floor (A) Before anchor grouting (B) After anchor grouting.

FIGURE 10
Displacement cloud diagram of different excavation widths of roadway (A) w = 1.0 m, h = 0.4 m (B) w = 2.0 m, h = 0.4 m.

significant. Drilling, grouting, floor trenching, and supplementing
bolts could significantly reduce the looseness and fragmentation and
control the stability of the surrounding rock of the roadway floor.

4.1 Parameter selection for drilling
pressure relief in surrounding rock on
roadway side

As shown in Figures 6A–D, different numbers and row spacings
of pressure relief boreholes with length L = 15.0 m and diameter d
= 10.0 cm were arranged at the roadway side. The corresponding
distribution of the maximum principal stress of the surrounding
rock is shown in Figures 7A–E.The influence of maximum principal
stress size and distribution of the middle cC part of the surrounding
rock is shown in Figure 8.Themaximum principal stress peak value
of the undrilled pressure relief is in the r = 13.2 mposition. As shown
in Figures 6A–D, the maximum principal stress peaks are located at
the distances r = 15.8 m, r =16.2 m, r = 17.1 m, and r = 17.1 m from

the surface of the roadway, respectively; compared with the pressure
relief without drilling, the maximum principal stress peak shifts are
Δr = 2.6 m, Δr = 3.0 m, Δr = 3.94 m, andΔr = 3.94 m, respectively. As
shown in Figure 6A, themaximum principal stress can be effectively
moved by arranging three pressure relief boreholes with a row
spacing of a × b = 1.0 m × 1.0 m on the roadway side.Themaximum
principal stress peak was r = 13.2 m without drilling pressure
relief, and the maximum principal stresses were σ = −12.24 MPa,
σ = −12.15 MPa, σ = −11.32 MPa, and σ = −7.99 MPa, when
compared with that in the undrilled pressure relief; the maximum
principal stresses were reduced by 0.54, 0.63, 1.46, and 4.79 MPa,
respectively. As shown in Figure 6D, themaximumprincipal stresses
of the four pressure relief boreholes with spacing a × b = 0.5 m
× 0.5 m were reduced excessively. The bearing capacity of the
surrounding rock was weakened greatly, and it was in a state of
excessive pressure relief, as shown in Figure 6C. The maximum
principal stress can be reduced by arranging three-row spacing a
× b = 1.0 m × 1.0 m pressure relief boreholes on the roadway side.
As shown in Figure 6B, with other conditions remained unchanged,
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FIGURE 11
Displacement comparision of surrounding rock with different floor bolt distribution (A) Roadway floor fully arranged with bolts (B) Arrangement of
bolts in the middle of the roadway floor (C) Displacement of the dD part with different bolt distribution.

the surrounding rock maximum principal stress distributions of
different pressure relief borehole diameters with d = 50.0 mm, d
= 80.0 mm, d = 100.0 mm, d = 150.0 mm, and d = 200.0 mm
were analyzed. The pressure relief borehole diameter was d =
100.0 mm, which can effectively reduce and move the surrounding
rock maximum principal stress. When other conditions remained
unchanged, the maximum principal stress distributions of the rock
surrounding the roadway with different pressure relief borehole
lengths of L= 8.0 m, L = 12.0 m, L = 15.0 m, L = 18.0 m, and
L = 20.0 m were analyzed. The length of the pressure relief
borehole was L = 15.0 m, which effectively reduced and moved the
maximumprincipal stress of the surrounding rock.The arrangement
parameters of the pressure relief boreholeswere as follows: lengthL=
15.0 m, diameter d = 10.0 cm, and row spacing a × b = 1.0 m× 1.0 m.

4.2 Arrangement of roadway floor grouting
and pressure relief trenching

4.2.1 Roadway floor grouting
When the roadway floor was arranged with a grouting bolt with

L = 3.0 m, the rock cohesion of the surrounding rock floor increased

from c = 1.0 MPa to c = 1.5 MPa. The internal friction angle
increased from φ = 22° to φ = 28°. The elastic modulus increased
from E = 1.3 GPa to E = 1.5 GPa. The Poisson’s ratio decreased
from λ = 0.35 to λ = 0.33. The displacement cloud diagrams of
the surrounding rock before and after floor grouting obtained by
the numerical simulation are illustrated in Figures 9A, B. After
grouting, the surface displacement of the surrounding rock at the
dD part of the middle floor of the roadway was reduced from u =
523.0 mm to u = 285.0 mm, which effectively reduces the looseness
and fragmentation of the surrounding rock of the floor.

4.2.2 Layout of roadway floor trenching
The trenching was arranged in the middle of the floor. The

displacement cloud diagrams of the roadway surrounding rock with
a width of w = 1.0 m and a height of h = 0.4 m, and with a width of w
= 2.0 m and a height of h = 0.4 m are shown in Figures 10A, B. The
numerical simulation results showed that the width of the trenching
increased from w = 1.0 m to w = 2.0 m.The surface displacement of
the roadway floor decreased from u = 268.0 mm to u = 239.0 mm,
and the width of the trenching continued to increase. The reduction
of the surface displacement of the floor was less prominent, and the
trenching width was w = 2.0 m.
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FIGURE 12
Displacement comparision of surrounding rock of roadway with different floor bolt length (A) L = 0.5 m (B) L = 1.0 m (C) L = 2.0 m (D) L = 3.0 m (E)
Displacement of the dD part with different bolt length.

The influence of trenching depth was analyzed further. When
the width of the trenching was w = 2.0 m, the trenching depth
increased from h = 0.4 m to h = 0.75 m and 1.0 m. The surface
displacement of themiddle part of the roadway floor decreased from
u = 239.0 mm to u = 171.0 mm and u = 179.7 mm. The trenching
depth increased from h = 0.4 m to h = 0.75 m, and the surface
displacement of the roadway floor decreased by 28.41%. Conversely,
when the trenching depth increased from h = 0.75 m to h = 1.0 m,
the surface displacement of the roadway floor increased.The suitable
trenching width was w = 2.0 m and the depth was h = 0.75 m.

4.3 Parameters for secondary floor bolt
support

As shown in Figures 3, 4 and Table 1, the middle part of the
roadway floor was looser and more fragmented than the two ends.
The floor was arranged with bolt secondary supports to control
floor stability further. The layout is seven bolts with a length of
L = 3.0 m and a spacing of a × b = 0.7 × 0.7 m are arranged
in the full length of the roadway floor, and five bolts with a
length of L = 3.0 m and a spacing of a × b = 0.7 × 0.7 m are

Frontiers in Earth Science 11 frontiersin.org

https://doi.org/10.3389/feart.2024.1501420
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Ling and Ying 10.3389/feart.2024.1501420

FIGURE 13
Displacement comparision of different bolt length arrangement in the middle of roadway floor (A) Bolt length L = 2.2 m, 3.0 m, 2.2 m Surrounding rock
displacement cloud chart (B) Displacement comparison of surrounding rock with different bolt length arrangement.

arranged in the middle of the roadway floor. The displacement
cloud diagrams of the surrounding rock with different floor bolt
distributions are shown in Figures 11A, B, and the displacement of
the surrounding rock of part dD in the middle of the roadway floor
varies with variation the distance from the surface of the roadway.
As shown in Figure 11C, the surface displacements of the dD part
in the middle of the roadway floor were u = 116.0 mm and u =
108.0 mm, with a difference of 8.0 mm. In the two layout forms of
dD, eE, and fF, the distance from the surface of the roadway was r
> 1.5 m, the displacement of the surrounding rock was the same,
and the arrangement of bolt in the middle of the roadway floor was
more suitable.

Five bolts were arranged in the middle of the roadway
floor to determine the bolt length with L = 0.5, L = 1.0,
L = 2.0, and L = 3.0 m. The displacement cloud diagram of the
surrounding rock with different floor bolt lengths are shown in
Figures 12A–D. A comparison of surrounding rock displacement
with distance in the middle dD part of the roadway floor
with different bolt lengths is shown in Figure 12E. The surface
displacement of the dD part in the middle of the roadway floor with
different bolt lengths is u = 165.0 mm, u = 158.0 mm, 130.0 mm, and
116.0 mm, and the length of the bolt should be L = 2.0–3.0 m.

As shown in Figures 3, 4 and Table 1, the looseness and
fragmentation of the surrounding rock in parts eE and fF of the
roadway floor are weaker than those in part dD of the roadway
floor. Considering the drilling efficiency of the floor decreases with
an increase in the drilling depth, the length of the bolt in this part
can be reduced appropriately. The lengths of the bolt in the dD, eE,
and fF parts of the roadway floor are L = 3.0 m, L = 2.2 m, and L
= 2.2 m. The displacement cloud diagram of the rock surrounding
the roadway is shown in Figure 13A. Compared with the lengths
of the bolt, L = 3.00 m, L = 3.0 m, and L = 3.0 m, respectively. The
displacement of the surrounding rock in the dD part of the roadway

floor changed with a change in the distance from the roadway
surface, as shown in Figure 13B. The surface displacements of the
dD part in the middle of the roadway floor were u = 116.0 mm
and u = 121.0 mm, with a difference of only 5.0 mm. The length
of the bolt in the dD part of the roadway floor was L = 3.0 m,
and two bolts with L = 2.2 m and L = 2.2 m were arranged on
each side. The a × b = 0.7 × 0.7 m bolt can effectively control floor
displacement.

5 Engineering application and
verification

Based on the above analysis, a suitable treatment scheme for
the stability and suitability of the rock surrounding the roadway
is shown in Figure 14. Based on the original support scheme, three
pressure relief boreholes with a diameter of d = 10.0 cm, a length of
L = 15.0 m, and a row spacing of a × b = 1.0 × 1.0 m are added at the
upper half of the roadway side.The roadway floor was arranged with
a grouting bolt with length of L = 3.0 m,widthw= 2.0 m, and a depth
of h = 0.75 m, with trenching in the center of the floor. In addition,
a bolt with length of L = 3.0 m was arranged at the dD position, and
bolts with lengths of L = 2.2 m and L = 2.2 m were arranged on both
sides. The row spacing was a × b = 0.7 × 0.7 m.

To verify the application effect of the treatment scheme,
as shown in Figure 14, cross drawing method is adopted to
measure the surface displacement of typical parts of roadway
surrounding rock by engineering, and the results are the surface
displacement of the roadway floor of the point d with u = 112.7 mm
tended to be stable, and the surface displacement of the point
c on the surface of the middle part of the straight wall side
with u = 132.4 mm tended to be stable. It has been applied in
engineering practice with positive results.
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FIGURE 14
Layout diagram of comprehensive control of the surrounding rock stability of the roadway.

6 Discussion

(1) This research focuses on the deep soft rock roadway of the
third-level water sump in Zhu Xianzhuang Mine in China.
Despite the specific roadway feature (including a burial depth
of 700 m, mudstone lithology, a straight wall semi-circular
arch cross-section, and an approximate cross-sectional area
of 15 square meters etc.), the research methods in this paper
have extensive applicability in analyzing the stability of diverse
tunnels.The key measures such as drilling pressure relief, floor
grouting, floor trenching, and secondary bolt support can be
extended to deep tunnels globally, especially those in soft rock
under high stress.

(2) A FLAC 3D model tailored to specific engineering conditions
is developed to analyze the loosening and fracturing of
surrounding rock under diverse scenarios. Parameters for
drilling pressure relief, floor grouting, floor trenching,
and secondary bolt support are adjusted to accommodate
varying geological conditions and engineering requirements.
The application in this study can be further expanded,
combined with existing research results (Alejano and
Alonso, 2005; Salehnia et al., 2017), these findings can
be applied to analyze the loosening and fracturing of
surrounding rock in complex tunnel environments, such
as cross tunnels and regions impacted by mining activities
and to guide the selection of comprehensive treatment
plans that effectively enhance rock stability in challenging
environments.

(3) This study adopts a multi-faceted approach to stabilize the
surrounding rock, integrating FLAC 3D simulation with
techniques such as drilling pressure relief, floor grouting, floor
trenching, and secondary bolt support. This comprehensive,
multi-method approach stands in contrast to traditional
support strategies that typically rely on a single technology.
While the findings show promising applicability, variations

in geological conditions in real-world projects may influence
their effectiveness, necessitating field validation to ensure the
global applicability of these methods.

7 Conclusion

(1) The surface displacement is 211.48–221.84 mm, the thickness
of the loose circle is 5.15–5.62 m, and the surface expansion
degree is 52.36–67.13 mm/m; the surrounding rock in
the upper half of typical roadway side shows a large
range of loosening and fragmentation, and relatively
high fragmentation degree. The surface displacement is
378.58–542.99 mm, the thickness of the loose circle is
3.48–4.01 m, and the degree of surface expansion degree is
153.20–226.17 mm/m; the surrounding rock in the middle
part of the tunnel floor exhibits a relatively large range of
loosening and fragmentation, and significant fragmentation
degree. Effective measures for controlling the stability of the
surrounding rock in these locations should be selected.

(2) Drilling pressure relief can effectively maintain the stability
of the surrounding rock on the roadway side. The borehole
pressure relief layout and parameter selection are as follows:
a pressure relief borehole length of L = 15.0 m, a pressure relief
borehole spacing of a × b = 1.0 m × 1.0 m, and a pressure relief
borehole diameter of d = 10.0 cm.

(3) The roadway floor grouting, floor trenching, and bolt
secondary support can effectively maintain the stability of the
surrounding rock on the roadway floor. Layout and parameter
selection are as follows: grouting bolt L = 3.0 m, width w =
2.0 m, and height h = 0.75 m, and trenching is arranged in
center of roadway floor. In addition, a bolt with L = 3.0 m is
arranged at the dD position, and bolts with L = 2.2 m and
L = 2.2 m are arranged on both sides, with a row spacing
of a × b = 0.7 × 0.7 m.
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