
Research on Application of the
Bolt-Truss Coupling Support
Technology in Roadway With
Water-Rich and Soft Rock
Jianguo Zhang1, Yingwei Wang1, Xiaohan Qi1,2* and Tongguang Zhu2

1State Key Laboratory of Coking Coal Exploitation and Comprehensive Utilization, Pingdingshan, China, 2College of Safety
Science and Engineering, Liaoning Technical University, Huludao, China

In the process of underground energy mining, the stability of roadway support is an
important guarantee. In order to study the application of the anchor cable-truss support
technology in water-rich soft rock roadways, the mechanical analysis of the anchor cable-
truss structure is carried out, and the surrounding rock deformation of different supporting
methods is numerically simulated under the consideration of the fluid–solid coupled
interaction. We observed that the anchor cable (rod)-double arch truss coupling
support can control the deformation of the surrounding rock and the expansion of the
plastic zone well. The maximum vault subsidence of the roadway is 0.017 m, the horizontal
convergence is 0.054 m, and the deformation of floor heave is 0.02 m, which are 3.8, 16.3,
and 4% of the deformation under unsupported conditions, respectively; the roadway
deformation is effectively controlled. The research results have certain guiding significance
for the support design of the water-rich broken soft rock roadway.

Keywords: fluid–structure coupling, anchor-truss support, numerical simulation, water-rich soft rock, surrounding
rock deformation

1 INTRODUCTION

With the development of underground mine engineering, water-rich and broken soft rock
formations are often encountered; the roadway in this kind of stratum will encounter problems
such as collapse or large deformation of the vault during construction and use, which will affect the
construction progress or normal use, and even cause equipment loss and casualties seriously.

In previous studies, the weakening effect of water on the mechanical parameters of the
surrounding rock mass was mainly considered, such as reducing the compressive strength and
elastic modulus of the rock mass and reducing the shear strength of the rockmass. Less consideration
is given to the effect of water seepage on the surrounding rock mechanics of the roadway (Miao et al.,
2004; Yang andWang, 2006; Ma et al., 2007; Guo et al., 2008; Jing, 2009; Li, 2010; Xie et al., 2010; Zuo
et al., 2011; Lu, 2012; Zhang et al., 2014). In this article, the supporting technology of water-rich
broken soft rock roadway under seepage action is studied from the perspective of fluid–structure
coupling. In the modern roadway support technology, anchor mesh and cable coupling support are
generally used to support the soft rock roadway, which can control deformation and restore stability
of the roadway. However, due to the poor supporting ability of the anchor mesh cable, the
surrounding rock cannot be stable with the passage of time, although the surrounding rock
displacement has been greatly controlled for the deep high-stress water-rich broken rock
roadway. The arch truss structure is a new mechanical structure; the structure of the truss itself

Edited by:
Junbao Wang,

Xi’an University of Architecture and
Technology, China

Reviewed by:
Huafu Qiu,

Xi’an University of Science and
Technology, China

Junping Zhou,
Chongqing University, China

*Correspondence:
Xiaohan Qi

qxh871225@126.com

Specialty section:
This article was submitted to
Geohazards and Georisks,

a section of the journal
Frontiers in Earth Science

Received: 24 December 2021
Accepted: 30 May 2022
Published: 14 July 2022

Citation:
Zhang J, Wang Y, Qi X and Zhu T

(2022) Research on Application of the
Bolt-Truss Coupling Support

Technology in Roadway With Water-
Rich and Soft Rock.

Front. Earth Sci. 10:842672.
doi: 10.3389/feart.2022.842672

Frontiers in Earth Science | www.frontiersin.org July 2022 | Volume 10 | Article 8426721

ORIGINAL RESEARCH
published: 14 July 2022

doi: 10.3389/feart.2022.842672

http://crossmark.crossref.org/dialog/?doi=10.3389/feart.2022.842672&domain=pdf&date_stamp=2022-07-14
https://www.frontiersin.org/articles/10.3389/feart.2022.842672/full
https://www.frontiersin.org/articles/10.3389/feart.2022.842672/full
https://www.frontiersin.org/articles/10.3389/feart.2022.842672/full
https://www.frontiersin.org/articles/10.3389/feart.2022.842672/full
http://creativecommons.org/licenses/by/4.0/
mailto:qxh871225@126.com
https://doi.org/10.3389/feart.2022.842672
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2022.842672


transforms the bending moment into the tension and
compression axial force of the rod, and the arc form of the
arch transforms the bending moment into the axial force, and the
truss arch perfectly combines the two structures organically to
achieve the best supporting effect (Yan et al., 2012; Ghabraie et al.,
2013; Suchowerska et al., 2014; Yang et al., 2014; Wang et al.,
2016; Yan et al., 2017;Wang et al., 2018a; Gao et al., 2018; Li et al.,
2019; Su et al., 2019; Yan et al., 2020; Qiu et al., 2022).

2 RESEARCH ON DEFORMATION
CHARACTERISTICS OF THE BROKEN
SOFT ROCK ROADWAY CONSIDERING
FLUID–SOLID COUPLING

Due to the diagenesis of the rock mass and various physical,
chemical, and biological destructive effects, the rock mass in
nature has defects such as joints, cracks, and weathering cracks.
Groundwater occurs in it, and the migration produces hydrostatic
pressing and seepage water pressure; these water pressures affect

the rock stress field. At the same time, the effective stress field of
the rock also affects the water permeability, which is called the
fluid–solid of the seepage field and the stress field. Whose picture
is shown in Figure 1 (Meguid et al., 2008; Sadaghiani and
Dadizadeh, 2010; Huang et al., 2013; Wang et al., 2018b).

2.1 Influence of Seepage on the Mechanical
Action of Rock Mass
In the stress-seepage coupling field, the change in seepage control
factors will lead to the change in the coupling field and then affect
the stress and displacement distribution of the surrounding rock
support. The controlling factors of the seepage field affect rock
mass and roadway through the fluid–structure coupling effect.
According to the effective stress point of view, σ =σ′+μ, for a
certain surface, the total stress perpendicular to the normal
direction of the surface is derived from the sum of the
effective stress and the pore water pressure. Therefore, when
the total stress is constant, the greater the pore water pressure, the
less the effective stress acting on the rock mass (Wijk, 1978; Cai
et al., 2015; Kai et al., 2015; Chen et al., 2016; Li, 2017; Frith et al.,
2018).

Compared with those without fluid–structure coupling, the
subsidence value and influence range of the vault and surface after
tunnel excavation considering fluid–structure coupling are much
larger, and seepage is easy to cause engineering accidents such as
large deformation of rock mass and mountain cracking.
Peripheral convergence is smaller than that in the case of
fluid–structure coupling. The curve of each survey line with
the excavation step is very different from that without
consideration of fluid–solid regulation.

FIGURE 1 | Diagram of the fluid–structure interaction.

FIGURE 2 | Boundary conditions.

FIGURE 3 | Numerical model.
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2.2 Effect of Seepage on Mechanical
Parameters of Surrounding Rock Mass
Groundwater seepage will have an impact on the physical,
chemical, and mechanical properties of the rock mass. The
physical effect is mainly the weakening of the rock mass by
water, which promotes the expansion of the original cracks,
reduces the strength of the rock mass, and reduces cohesion.
Chemical action refers to the dissolution, corrosion, and redox
destruction of rock mass by water, which greatly reduces its
compressive strength and elastic modulus. Some weak rocks may
even collapse and lose strength due to the action of water (Frith
and Thomas, 1998; Fuller, 1999; Mark et al., 2001). Formula (1) is
the relationship between the uniaxial compressive strength and
elastic modulus of the rock and the water content:

σc � σc0 −K(ϖ − ϖ0),
E � E0 − G(ϖ − ϖ0), (1)

where σco and σc are the uniaxial compressive strength before and
after the rock is immersed in water; Eo and E represent the elastic
modulus before and after the rock encounters water; K and G
represent the coefficient related to lithology; ϖ − ϖ0 is the change
in the moisture content. It can be seen from the formula that
within a certain range, the compressive strength and elastic
modulus of rock decrease linearly with the increase in the
moisture content.

At the same time, the physical and chemical effects of water
also lead to the reduction of cohesion and the internal friction
angle in the rock. They are expressed as follows:

c �
⎧⎪⎪⎨⎪⎪⎩

1.089 − sr
0.096sr + 0.0075

, (0≤ sr ≤ 0.9)
0, (0.9≤ sr ≤ 1.0)

, (2)

φ �
⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

33.9, (0≤ Sr ≤ 0.3)
1.03 − Sr
0.01744Sr

, (0.3≤ Sr ≤ 0.9)
0, (0.9≤ sr ≤ 1.0)

, (3)

where c represents cohesion; φ represents the internal friction
angle; sr represents saturation. It can be seen from the formula
that as saturation increases, cohesion and the internal friction
angle of the rock mass decrease significantly.

2.3 Numerical Simulation of the Roadway
Surrounding Rock Deformation
Considering the Fluid–Structure Interaction
After the excavation of a water-rich broken soft rock roadway, the
deformation and stress characteristics of rock mass and support
structure are very different due to the influence of the seepage
field. Through Flac3d numerical simulation, the construction
model of the ordinary roadway and the fluid-structure
coupling model were established, respectively, for comparative
study, and the influence law and the degree of seepage field on the
deformation of the surrounding rock support structure of the
water-rich broken soft rock roadway were obtained.

2.3.1 Basic Assumptions
1) It is assumed that the surrounding rock of the model is a

homogeneous and isotropic seepage media;
2) The pore water is still in the original rock state, and the

roadway becomes stable seepage after excavation, and it obeys
Darcy’s law of seepage;

3) The model adopts the Mohr–Coulomb constitutive model;
4) Supporting structures such as anchor cables (rods) and trusses

are calculated based on linear elastic materials.

2.3.2 Model Scope and Boundary Conditions
In order to ensure that the roadway is not affected by boundary
constraints and to make the calculation simple, we took 35m on the
left and right sides of the roadway axis, 6 m for the front and back; in
the vertical direction, we took 35m for the upper and lower sides. In
order to restore the deep in situ stress state, the model adopts
uniformly distributed loads on the front and back, with a pressure
measurement coefficient of 1.7; the bottom is a fixed boundary, and
the upper boundary is set as a uniform load stress boundary, which is
determined by the simulated depth and the average weight of the
upper overlying rock. The mechanical parameters and seepage
parameters of the model are obtained from experiments on
uniaxial compression strength and triaxial seepage. Whose picture
is shown in Figure 2 and Figure 3.

2.3.3 Test Results and Analysis
After the excavation of the roadway, the surrounding rock pore
water pressure distribution cloud map is shown in Figure 4; the
top and bottom of the roadway gather high pore water pressure,
and the hydraulic gradient is large, which has a large seepage
pressure on the surrounding rock of the roadway, and affects the
effective stress field distribution directly, leading to a greater
impact on the displacement field of the surrounding rock of the
roadway and the deformation of the supporting structure.

Numerical simulation experiments considered three working
conditions, namely, ordinary working conditions, considering
fluid–structure coupling conditions, and considering both
fluid–structure coupling and the weakening effect of water on
rock mechanical parameters. Judging from the results of

FIGURE 4 | Pore water pressure distribution.
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numerical simulations, in Figure 5A and Figure 5D, the
fluid–structure coupling interaction is not considered, the
maximum amount of roadway vault subsidence is 0.43 m, the
maximum bottom heave volume is 0.30 m, and the maximum
convergence amount of the side siding on both sides is 0.617 m,
and in Figure 5B and Figure 5E, the maximum subsidence of the
roadway under consideration of the fluid–structure coupling is
0.36 m, the floor heave is 0.20 m, the horizontal convergence is
0.45 m, and the deformation is less than the working condition
without considering the seepage effect. This is mainly because the
pore water pressure of the vault and floor reduces the effective
stress of the surrounding rock, resulting in a reduction in the
amount of deformation; Figure 5C and Figure 5F take into
account the influence of groundwater seepage on the stress field
and consider the weakening of the mechanical parameters of the
rock mass; the maximum amount of dome subsidence reaches
0.44 m, the maximum amount of floor heave is 0.33 m, and the
maximum convergence of the two sides is 0.50 m; the vertical
deformation exceeds the normal working condition, indicating
that considering the influence of fluid–structure coupling, the
weakening effect of water seepage on mechanical properties of
rock mass exceeds that of mechanics, and the deformation of the
surrounding rock is more serious, and the stability is worse.

It can be seen from the three graphs in Figure 6A that the
deformation curves at different positions under the three working
conditions have consistent characteristics relatively; taking the dome
sinking curve as an example, the curve that does not consider the
fluid–structure coupling effect is the steepest; it shows that the
deformation speed is fast under the action of higher effective
stress; under the action of seepage in Figure 6B, the pore water
pressure reduces the effective stress, the deformation speed slows
down, and the final deformation amount is small. Due to the
weakening effect of water on the mechanical properties of the
surrounding rock, the compressive strength, elastic modulus,
cohesion, and internal friction angle of the rock all have a
tendency to decrease, and the amount of deformation expands
and exceeds the final deformation amount under ordinary
working conditions. The fact that needs to be explained here is
that the final level of convergence and stability in Figure 6C is
smaller than the normal working condition, whichmay be caused by
the weakening effect being smaller than the mechanical influence of
the pore water pressure.

3 MECHANISM OF THE ANCHOR CABLE
(ROD)-TRUSS COUPLING SUPPORT

From the results of the numerical simulation test in the previous
section, it can be seen that the deformation of the roadway is
large, which will seriously affect the normal use of the roadway;
therefore, it is necessary to control the deformation of the
roadway through various supporting technologies. The

FIGURE 5 | Vertical and horizontal displacement nephogram of three
different situations. (A) Vertical displacement cloud diagram without
considering the seepage effect. (B) Vertical displacement cloud image
considering the seepage effect. (C) Vertical displacement cloud image
considering the seepage effect and weakening of rock parameters by water.
(D) Horizontal displacement cloud diagram without considering seepage. (E)

(Continued )

FIGURE 5 | Horizontal displacement cloud image considering seepage. (F).
Horizontal displacement cloud image considering seepage and weakening of
rock parameters by water.

Frontiers in Earth Science | www.frontiersin.org July 2022 | Volume 10 | Article 8426724

Zhang et al. Bolt-Truss Coupling Support Technology

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


anchor-cable-truss coupling support researched in this article is
a new technology to control the deformation of deep broken soft
rock roadways in recent years, which combines active support
and passive support well.

3.1Stress Analysis of the Anchor Cable
(Rod)-Single Arch Truss Support
In engineering applications, the truss structure is
symmetrical, but due to the anisotropy of the surrounding

rock and seepage effects, the load it receives is asymmetrical.
Here, for the convenience of analysis, it is simplified to the
symmetrical form in the Figure 7. The truss structure is a
one-time statically indeterminate structure; the redundant
constraint in the fixed hinge support on the bottom side is
released and replaced with an unknown force X, the fixed
support is converted to a single link support, and the whole
truss becomes a statically determinate structure; its
mechanical equilibrium equation is described as follows
(Kang et al., 2009):

FIGURE 6 | Displacement curve in a different position. (A) Vault sinking curve under three working conditions. (B) Drum curve of the roadway floor under three
working conditions. (C) Horizontal convergence curves of side edges in three working conditions.
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δiX + Δi � 0, (4)
where δi indicates the displacement of point N2 along the x
direction of the truss structure under the action of the
unknown force X=1; Δi means that the truss structure is
only subject to external loads and the displacement of point
N2 along the x direction. The influence of shear and axial force
is ignored.

δi � ∫M2
1

EI
ds,Δi � ∫ �M1

�Mp

EI
ds. (5)

In the formula, �M1 and �Mp, respectively, represent the bending
moment generated by each segment of the truss structure under
the action of X =1 and only external load; ds is the infinitesimal
element along the axial length of the support in the structure; E
and I are the truss, respectively, corresponding to the elastic
modulus and moment of inertia.

δi � ∫M2
1

EI
ds � 1

EI
(∫h

0
y2dy + ∫π

0
(h + r sin θ)2rdθ + ∫h

0
y2dy)

� 1
EI

(2
3
h3 + πrh2 + 4hr2 + 1

2
πr2),

(6)
Δi � ∫ �M1

�Mp

EI
ds � 1

EI
{q1( 5

24
h4 + 1

4
πh3r + 1

2
h2r2)

+q3(16 πhr3 +
�
3

√
12

πr4)
+q2( − 1

12
πhr3 +

�
3

√
6
h3r + �

3
√

hr3 +
�
3

√
4

πh2r2 +
�
3

√
12

πr4)
+q4( − 1

12
πhr3 −

�
3

√
6
h3r − �

3
√

hr3 −
�
3

√
4

πh2r2 −
�
3

√
12

πr4)
+q5( − 11

24
h4 − 9

12
πh3r − 7

2
h2r2 − 1

2
πhr3)}

.

(7)

3.2 Stress Characteristics of the Anchor
Cable (Rod)-Double Arch Truss Support and
the Force Characteristics of the Anchor
Cable (Rod)-Double Arch Truss Support
In the deep water-rich broken soft rock roadway, the stress on the
surrounding rock of the roadway not only causes serious
deformation of the roof and two sides but also has a large

amount of bulging of the roadway floor heave, and the
instability of the floor, in turn, aggravates the two sides of the
arch foot and roof. Therefore, special reinforcement treatment
should be carried out on the floor heave of the roadway. For deep
mine roadways, the anchor cable (rod)-single arch truss support
technology cannot effectively control the floor heave of the
roadway; the truss on the floor is also designed as an arch to
form a double-arch truss support structure, whose picture is
shown in Figure 8.

δiG � ∫M2
1

EI
ds

� 1
EI

(∫h

0
y2dy + ∫π

0
(h + r sin θ)2rdθ + ∫h

0
y2dy

+ ∫2π−α0

π+α0
(h + R sin α)2Rdα), (8)

ΔiG � ∫ �M1
�Mp

EI
ds � 1

EI
{q1( 5

24
h4 + 1

4
πh3r + 1

2
h2r2)

+q3(16 πhr3 +
�
3

√
12

πr4)
+q2( − 1

12
πhr3 +

�
3

√
6
h3r + �

3
√

hr3 +
�
3

√
4

πh2r2 +
�
3

√
12

πr4)
+q4( − 1

12
πhr3 −

�
3

√
6
h3r − �

3
√

hr3 −
�
3

√
4

πh2r2 −
�
3

√
12

πr4)
+q5( − 11

24
h4 + 9

12
πh3r − 7

2
h2r2 − 1

2
πhr3)

+q6(16 πhR3 +
�
3

√
12

πR4)}

.

(9)

Substituting δiG and ΔiG into Equation 7, the excess restraint
force x, structural reaction force, and internal force can be
obtained according to the statically determinate structure
analysis method (Fahimifar and Ranjbarnia, 2009). Calculation
of the bendingmoment of each section of the bracket according to
the superposition principle is as follows:

M � �M1X +Mp. (10)

FIGURE 7 | Single arch truss analysis diagram by external forces.

FIGURE 8 | Double arch truss analysis diagram by external forces.
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The stress of the support structure should have a certain safety
reserve:

σmax � Mmax

Wz
≤ [σ], (11)

where Mmax represents the maximum bending moment
generated by the support structure under load, Wz is the axial
flexural modulus of the support structure, and [σ] is the
permissible stress of the support material, that is, the strength
of materials.

Similarly, the deformation analysis of the support structure
also takes the excess binding force and load as the external load
and calculates according to the statically determinate
structure:

Δ � ∑∫ �MkMp

EI
ds +∑ (± )∫ α �Mk

Δt
h0

ds −∑ �RkCa. (12)

In this equation, Mp is the bending moment of the
simplified truss structure under the combined action of the
external load and surplus unknown force X, �Mk and �Rk are the
structural bending moment and support reaction force caused
by the virtual unit force p=1 of the basic structure, Δt and Ca

are the temperature change and support movement borne by

the basic structure; the actual temperature variation and
canopy leg movement are borne by the support in roadway
operation.

3.3 Stress Analysis and the Coupling
Principle of the Anchor Cable (Rod)–Truss
Structure
The structural system of the bracket after the supplementary
implementation of the anchor cable support is statically
indeterminate, and the number of times of statically
indeterminate is n. Whose picture is shown in Figure 9 and
Figure 10. The force method is used to solve the problem; first,
the horizontal link constraint is released in the fixed hinge
support F and replaced with the unknown force X; then, the
anchor cables are released in the bracket in turn, and they are
replaced with unknown forces X2,..., Xn in turn, according to the
support. If the structural deformation and the restraint anchor
cable deformation are coordinated with each other, the force law
equation of the supporting structure can be written as follows
(Ranjbarnia et al., 2014):

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩

δ11X1 + δ12X2 + . . . + δ1nXn + Δ1p � 0,

δ21X1 + δ22X2 + . . . + δ2nXn + Δ2p � −X2

Kc
,

/////////

δn1X1 + δn2X2 + . . . + δnnXn + Δnp � −Xn

Kc
,

(13)

where δ11 is the structure acted by the unknown force Xj=1, the
displacement along the Xi direction produced at Xi (I, j = 1, 2,...n);
Δip is the displacement along the Xi direction generated at Xi
when only a certain external force is applied; Kc is the linear
stiffness coefficient of the anchor cable.

The influence of the shear force and axial force in bearing
deformation of support is also ignored:

δij � ∑∫MiMj

EI
ds,Δip � ∑∫ �Mi

�Mp

EI
ds. (14)

where Mi, Mj, andMp are Xi and Xj, which are 1, respectively, and
the bending moment of each section of the truss structure is only
under the action of the external load, ds is the micro-element of
the structure along the axis of the stent, and E and I are the elastic
modulus and moment of inertia corresponding to the support
structure, respectively.

It is stipulated that the bending moment makes the inner fiber
of the arch to be positive; the relevant parameters in the force
method equation are calculated based on formula (10), and the
unknown force is solved by substituting them into the equation,
and then, the internal force, stress, and deformation of the basic
structure of the force method are analyzed.

After adopting the anchor cable support technology, the stress
concentration of the surrounding rock of roadway is improved to
some extent, but due to the characteristics of high expansion, high
joint, and high stress of deep broken soft rock, there will still be a
stress concentration phenomenon at key positions, resulting in

FIGURE 10 | Supporting structure mechanics model of the double arch.

FIGURE 9 | Supporting structure mechanics model of the single arch.
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local large deformation. The anchor cable-truss coupling support
technology adopts reserved deformation space coupling support,
which can release the expansion energy of the surrounding rock
effectively. Using double arch truss structure with strong surface
protection ability and anchor rope truss arch structure strength of
the surrounding deep rock to mobilize the complementary
advantages, we improved the integrity of the supporting
structure, and through the surrounding rock deformation and
reserved space transformation to prevent harmful deformation,
with high rigidity of truss with anchor rod support, we improved
the support strength and prevented the harmful distortion of joint
fissured surrounding rock (Li et al., 2016).

4 COMPARATIVE STUDY ON THE
NUMERICAL SIMULATION OF DIFFERENT
SUPPORTING EFFECTS CONSIDERING
THE FLUID–STRUCTURE INTERACTION

On the basis of the tunnel excavation model established in section
1.3, a comparative study on numerical simulation of different
support modes is carried out considering the fluid–structure
interaction. The numerical simulation calculation of the
anchor cable (rod) support, anchor cable (rod)-single arch
truss coupling support, and anchor cable (rod)-double arch
truss coupling support are carried out, respectively, and the
supporting effect is compared and analyzed (Ghadimi et al.,
2016).

Figure 11 shows the plastic zone of the surrounding rock of
the roadway under the three support methods. Under the
action of the anchor cable support, the plastic zone of the
roadway is elliptical because the tectonic stress is greater than
the gravity stress; the long axis of the ellipse is in the vertical
direction, and the plastic zone affects the range 2–3 times the
diameter of the roadway; however, the influence range of the
plastic zone at the bottom of tunnel 3 is relatively large, the
coupling support of the anchor cable (rod) and double arch
truss solves this problem well, and the range of the plastic zone
is only 1.3 times that of the tunnel, achieving a good supporting
effect.

Figures 12, 13 show the displacement cloud diagrams of the
anchor cable (rod) support and the anchor cable (rod)-single arch
truss support roadway; it can be seen from the figure that the arch
of the formerly supported roadway has the largest amount of
subsidence being 0.14 m, the bottom drum is 0.12 m, and the
horizontal convergence is 0.27 m. Compared with unsupported
roadway, the deformation is under certain control, but it cannot
meet the support requirements. The latter type of the support
reduces the settling of the vault to 0.036 m, which is 25.5% of the
former; the horizontal convergence is 0.20 m, which is 74% of the
former; the bottom heave volume is 0.10 m, which is 71.4% of the
anchor cable (rod) support. It can be seen that the anchor cable
(rod)-single arch truss support has played a significant role in

FIGURE 11 | Plastic zone by different ways of supporting.

FIGURE 12 | Displacement of the anchor rope (rod) support.

FIGURE 13 | Anchor rope (rod)–a single arch truss support
displacement.
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controlling the sinking of the vault, but because the bottom of the
truss is a straight structure, the bending resistance is poor, and the
bottom plate deformation cannot be effectively controlled.

The anchor cable (rod)-single arch truss is designed as a closed
overall structure; through the optimized design of the structure,
the need for bending and torsion resistance of the truss structure
is effectively transformed into tensile, shear, and compression
resistance, and the disadvantages of the truss structure turn into
an advantage. It can be seen from Figure 14 that with the anchor
cable (rod)-double arch truss support, the maximum vault
subsidence of the roadway is 0.017 m, the horizontal
convergence is 0.054 m, and the bottom heave volume is
0.02 m, which are deformations under the condition of no
support 3.8, 16.3, and 4% of the amount; the roadway
deformation is obviously controlled.

Figures 15A,C, respectively, show the distribution of the
bending moment of the single arch truss and double arch
truss before the anchor cable (bar) support is applied, while
Figures 15B,D, respectively, show the distribution of the bending
moment of the single arch truss and double arch truss after the
anchor cable (bar) support is applied. As can be seen from the
figure, the potential dangerous surface of the truss, namely, the
key parts are located at the bottom angle and side of the truss,
especially the bending moment at the bottom angle increases
significantly, so the cold pressing one-time molding should be
adopted during construction, and the connection must strictly

FIGURE 14 | Anchor rope (rod)–a double arch truss support
displacement.

FIGURE 15 | Bending moment distribution of the structure. (A) Bending
moment distribution of single arch truss in front of the anchor cable (rod)
support. (B) Bending moment distribution of the single arch truss after
support. (C) Bending moment distribution of the single arch truss in front
of the anchor cable (rod) support. (C) Bending moment distribution of the
single arch truss after support.

FIGURE 16 | Axial force on the front and rear anchor cables supported
by truss. (A) Axial force on the anchor cable (rod) without the truss support. (B)
Axial force of the anchor cable (rod) after truss support.
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meet the requirements. After the anchor cable (rod) is applied, the
bending moment of the truss decreases. The anti-arch structure at
the bottom of the roadway not only controls the bottom plate but
also reduces the bending moment of the truss; because the anti-
arch structure at the bottom of the roadway improves the overall
stability of the truss, the bending moment of the haunch, two
sides, and basic angle decrease obviously.

Truss support also has an impact on the anchor cable (bar).
Figures 16A,B, respectively, show the axial force of the anchor
cable (bar) under the two working conditions of the former
without the truss support and the latter with the truss support
under the same other conditions. The width of the black line
represents the magnitude of the axial force. It can be seen from
the figure that after the truss is applied, the axial tension of the
anchor cable (rod) is greatly reduced, and the cost of anchor cable
rod support can be greatly reduced in engineering practice. At the
same time, it can be known that the two support modes interact
with each other so that the self-bearing capacity of the roadway
surrounding rock can be maximized, and the truss–shallow
surrounding rock–anchor cable (rod)–deep surrounding rock
are fully coupled to achieve the best support effect.

5 CONCLUSION

In this article, the effect of fluid–structure coupling on
deformation characteristics of the surrounding rock is
studied from the mechanical effect of groundwater seepage
on the surrounding rock mass and the weakening effect on
physical and mechanical parameters of the rock mass. It is
concluded that the pore water pressure reduces effective stress
under seepage action, which slows down the deformation speed
of the surrounding rock and finally reduces the deformation
amount. Due to the weakening effect of water on the mechanical
properties of the surrounding rock, the compressive strength,
elastic modulus, cohesion, and internal friction angle of the rock
all have a decreasing trend, and the amount of deformation
expands and exceeds the final deformation under ordinary
conditions.

Numerical simulation analysis of the supporting effects of
different supporting methods is carried out under the
consideration of the fluid–structure coupling effect, and it is
observed that the anchor cable (rod)-double-arch truss
coupling support can control the surrounding rock
deformation and the expansion of the plastic zone well; the
maximum vault subsidence of the roadway is 0.017 m, the
horizontal convergence is 0.054 m, and the floor heave volume
is 0.02 m, which are 3.8, 16.3 and 4% of the deformation under
unsupported conditions, respectively. Roadway deformation is
obviously controlled. Tomaximize the self-supporting capacity of
the surrounding rock of the roadway, the truss–the shallow
surrounding rock–the anchor cable (rod)–the deep
surrounding rock are fully coupled to achieve the best support
effect.
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