
Research Article
2D Semimodel of Full-Section Anchorage in Thick Soft
Rock Roadway

Xianzhou Lyu ,1 Zenghui Zhao ,2,3 Qing Ma,2,3 Xiaojie Wang,1 and Xiaojie Gao2,3

1College of Architecture and Civil Engineering, Shandong University of Science and Technology, Qingdao 266590, China
2State Key Laboratory of Mining Disaster Prevention and Control Co-founded by Shandong Province and the Ministry of Science
and Technology, Qingdao 266590, China
3College of Mining and Safety Engineering, Shandong University of Science and Technology, Qingdao 266590, China

Correspondence should be addressed to Zenghui Zhao; tgzyzzh@163.com

Received 11 April 2018; Accepted 16 August 2018; Published 23 September 2018

Academic Editor: Hamid Toopchi-Nezhad

Copyright © 2018 Xianzhou Lyu et al.+is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

+is paper focuses on the reinforcement effect of full-face anchorage in thick soft rock roadway. A 2D semimodel of full-face
anchorage in roadway with thick surrounding soft rock was proposed firstly by transforming the confinement effect of the
excavation face in the longitudinal direction as the virtual internal support force at the circumferential surface.+en, based on the
theory of elasticity, the theoretical model of the coupling effect between surrounding rock and anchoring system was established,
and the analytical solutions of stress and displacement were obtained employing superposition principle. Finally, the theoretical
solution was verified by numerical simulation, and the distribution laws of stress release-anchor stock-surrounding rock coupling
were analyzed in detail considering stress release. Results demonstrated that the stress field of the surrounding rock diverse widely
with different stress release coefficients. With the increasing of stress release coefficient, the radial stress of the surrounding rock
decreases, while the tangential stress increases. +e supporting role of the bolt is mainly reflected in improving the radial stress of
the anchorage zone. However, it has little effect on the tangential stress. What is more, the anchoring effect is more significant to
soft rock stress than hard rock. In addition, the prestress of rock bolt has a certain matching relation with the bolt parameters, the
surrounding rock parameters, and the initial stress. +is study laid a theoretical foundation for further analysis of the interaction
between surrounding rock and bolt supporting in plastic zone.

1. Introduction

+e Jurassic and Cretaceous weakly cemented soft rocks
widely exist in western China. Due to the special diagenetic
environment and occurrence conditions, unique physical
and mechanical properties are formed, which are charac-
terized by low strength and poor cementation and easy to
mud and disintegrate. After excavation, the surrounding
rock only has a short period of self-stabilization, which can
easily lead to engineering accidents or disasters such as
surface subsidence, ground cracking, landslide, big fall roof,
serious floor heave. So, it brings great hidden trouble to the
energy development, geotechnical engineering construction,
and environmental management in Western China [1–3].
+us, the urgent problem is to put forward the effective
reinforcement measures for various weakly cemented soft

rock engineering constructions, especially to reveal the re-
inforcement mechanism, so as to ensure the safe operation
of projects in western China.

Mine roadways in western China is mostly located in
thick weakly cemented rock strata. Because the primary
fissure or joint of rock mass is not developed, the slurry is
difficult to inject and infiltrate into the rock mass, resulting
in poor reinforcement effect of grouting. +erefore, the full-
face anchorage support method is widely adopted in the
thick weakly cemented soft rock roadways [4, 5]. However,
along with the roadway working face moving forward, how
to make the initial state of rock mass without major dis-
turbance and to keep the surrounding rock in a relatively
stable state is still a very complicated issue. It involves the
selection of the way of roadway excavation, the use of the
space effect of the excavation surface, and the determination
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of the best support type, support parameters, and support
timing and many other aspects [6–10]. +erefore, it is
necessary to make full use of the space constraints effect of
roadway excavation face on the deformation of the roadway
wall, timely installing the anchoring structure.+e process of
the continual advancing of the roadway is also the process of
gradual unloading of surrounding rock in the subsequent
excavation, and the magnitude of unloading and the me-
chanical response resulting from the process is also ex-
tremely complicated. +e excavation of the underground
cavern is almost equivalent to the removal of internal
constraints, which will cause the stress change of the me-
dium around the excavation area, resulting in more complex
stress release [11–14]. At present, the theoretical analysis for
stress release rate of roadway excavation is not yet mature.
Some scholars have made some researches based on ex-
perimental methods and numerical simulation methods. In
the experimental aspect, such as large scale 3D geo-
mechanical model test, the load release process of sur-
rounding rock during excavation is studied, and the
characteristics and the differences of load release process of
surrounding rock under different construction methods are
revealed [15–17]. +rough the on-site monitoring data, the
variation regularity of surrounding rock-support contact
pressure during the stress release process and its spatial
distribution characteristics of the roadway are analyzed
[18, 19]. +e research results show that the release of ex-
cavation stress is related to the characteristics of rock
and soil layer, the construction method, the advancing of
excavation face, and the conditions of subsequent lining
construction. However, although the experimental study can
get the load-sharing ratio of the supporting structure, it is
difficult to monitor the stress release process in front of the
excavation face, so the stress release rate in the excavation
process cannot be determined. +e true three-dimensional
calculation model can be adopted in numerical simulation to
simulate complex surrounding rock characteristics and
construction conditions, so we can obtain good effect when
considering the space-time constraint effect of surrounding
rock. Among them, the numerical simulation of roadway
based on engineering experience and the research on the
deformation law of roadway surrounding rock and struc-
ture under different stress release rates are more common. In
the numerical simulation, the influence of different stress
release rates on the roadway excavation or the hypothesis
of the assumed stress release rate is mostly studied. At
present, most of the researches focus on the three-
dimensional simulation of the roadway construction pro-
cess, analyze the stress and deformation law of surrounding
rock and lining with construction, or through the numerical
model to analyze the change of the radial virtual support
force of the excavation surface based on the radial dis-
placement release coefficient of roadway wall [20–23]. Some
scholars also put forward some calculation methods of
stress release rate through numerical simulation, such as
solving the stress release rate through the volume loss
rate [24] and solving the stress release rate through the
displacement release rate [25]. However, the use of a true
three-dimensional computational model to simulate the

above-mentioned complex surrounding rock features and
construction conditions is needed, but difficult to achieve,
and its expensive calculation cost and limited computer
memory are very troublesome. +erefore, some researchers
established a two-dimensional model of roadway under
certain conditions and resimulation of excavation by stress
release rate control [26, 27]. However, this simplified
analysis methods must satisfy that the axial direction of the
roadway which is one of the main stress directions.
+erefore, it is generally accepted that the
three-dimensional problem of roadway excavation is as-
sumed to be a two-dimensional plane strain problem.
Especially when the problem of three-dimensional exca-
vation is equivalent to a plane problem, it is still a work of
practical value.

Stated thus, the common considerations of the above
works are to determine the impact of the excavation load
on the excavation domain and the contribution to the
pressure of the support structure. Most of the research re-
sults focus on the variation rule of the contact pressure in the
process of stress release in roadway engineering and the
contact pressure between surrounding rock and lining. Few
studies have been done on the full-face anchoring effect of
surrounding rock in weakly cemented soft rock roadway
with excavation disturbance. In particular, the research on
the mechanical response of surrounding rock-blot support
system with different stress release has rarely been reported.
For this reason, in view of the full-section anchoring support
problem in weakly cemented soft rock roadways, a 2D
semimodel of full-section anchorage in roadway with thick
surrounding soft rock was proposed firstly. +en, based on
the theory of elasticity, the theoretical model of the coupling
effect between surrounding rock and anchoring system was
established. Finally, the theoretical solution was verified by
numerical simulation, and the distribution laws of stress
release-anchor stock-surrounding rock coupling were ana-
lyzed in detail considering stress release. Our research results
will provide a theoretical basis for the stability control of
roadways in coal mines by the explanation of the interaction
mechanism of stress release-rock bolt-surrounding rock
system.

2. 2D Semimodel for Full-Face
Anchorage of Roadways

As is well known, the excavation of underground tunnels
and mine roadways is a gradual process, which is a typical
three-dimensional problem. If the time effect caused by the
different excavation and support time been factored in, it
will become a more complex four-dimensional problem.
Convergence-constraint method considered the gradual
and three-dimensional features of roadway tunneling.
Based on this, we can characterize the three-dimensional
effect by the investigation of the constraint release effect on
the certain roadway section in the process of continuous
propulsion.

As shown in Figure 1, the curve of the distance of the
radial deformation to the excavation face is in the shape of
a semicircular dome; that is, the spatial geometric effect of
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roadway excavation face shows as a semicircular dome
constraint along the longitudinal axis of the roadway, and
the one in the transverse direction of the roadway shows as
a ring constraint. 	e coupling e�ects of the above two
constraints make the surrounding rock near the excavation
face maintain relative stability in a certain time without
support. 	e rock constraint e�ect around the heading face
on the speci�c section is constantly changing with the
change of the distance between them. 	is constraint e�ect
can limit the convergence of surrounding rock deformation
and also control the stress release of surrounding rock, while
the stress release process will cause the mechanical prop-
erties deterioration of the surrounding rock. Panet and
Guenot [28] introduced the concept of stress release co-
e�cients to characterize the loss of this constraint e�ect. If
the supporting e�ect is not considered, the circular con-
straint e�ect of the excavation face can be described as the
virtual support force (pi) in the longitudinal section di-
rection, that is,

pi(x) �[1− α(x)]p0, (1)

where x is the axial direction of the roadway, α is stress
release coe�cient. Obviously, α is the function of x which
scale is 0≤ α≤ 1. 	e undisturbed location away from the
roadway face, α � 0, pi � p0. At the far right behind the
heading face, the constraint e�ect will disappear, α � 1,
pi � 0. For the sections x � x1 and x � x2, the virtual in-
ternal pressure will increase and decrease with the heading
face advancing.

Brady and Brown [29] assumed the formation as an
elastic medium and obtained the expressions of di�erent
stress release coe�cients by elastic stress analysis method.
	e results show that if the 3D problem described in the
process of excavation face advancing is transformed into
a 2D problem, it must satisfy that (1) the roadway axis is one
of the principal stress direction and (2) the geological
conditions remain unchanged along the axial direction of
the roadway.

In this paper, the initial ground stress �eld of the weakly
cemented soft rock roadway is mainly subject to the gravity
stress of rock mass, so the �rst condition is easy to meet.
Because the weakly cemented soft rock layer is thicker, the
latter condition can also bemet by setting the lithology of the
axial direction of the excavated roadway as piecewise ho-
mogenization. 	erefore, the constraint e�ect of the exca-
vation face in the longitudinal direction can be equivalent to

the virtual inner support force at the circumferential face, so
as to maintain the main characteristics of the original 3D
problem, namely, the spatial e�ect. So, we can discuss the
in�uence of the constraint e�ect on the supporting e�ect of
arbitrary section under 2D plane strain condition. 	e
equivalent model of one dimension reduction can be called
a 2D semianalysis model. It is well accepted that the results
obtained from the 2D model can be basically consistent with
the 3D calculation.

Figure 2 shows the 2D semianalysis model for the full-
face anchorage of the weakly cemented soft rock roadway. In
the physical sense, it is more reasonable to regard the
constraint e�ect of the heading face to be the virtual support
of the roadway.	e existence of the heading face only a�ects
the surrounding rock in a limited area. So, the constraints of
the end face can be equivalent to the support force attached
to the boundary according to the Saint Venant principle. In
order to get a closed solution for the full-face anchorage, we
let the surrounding rock be in hydrostatic state. In Figure 2,
p0 is the initial stress and can be calculated by p0 � ch where
c is bulk density of overlying strata, and h is the buried
depth. pi(x) is the virtual internal support force at X cross
section and α(x) is the stress release coe�cient, which
decreases as the distance from the excavation face increases.

3. Theoretical Analysis of Roadway with
Full-Face Anchorage

3.1. �eoretical Model. Let the row and line space of rock
bolts supporting to be nc and na, the length is L, the diameter
is a, and the radius of the roadway is R. 	e elastic modulus
of the rock mass is E, Poisson’s ratio is υ, and the elastic
modulus of the rock bolt is Eb. Choose a speci�c section,
when the stress release coe�cient α � α∗, this section begins
to install rock bolts, at this time, the virtual internal pressure
of the roadway wall is p∗. In order to deduce the analytical
solution of the problem, the following assumptions are
made:

(1) Assuming that the bolt is evenly installed around the
surface of the roadway

(2) 	e in�uence range of the reinforcement area of each
bolt is nc × na, without cross e�ect between adjacent
bolts

Based on the above hypothesis, the axial load of the
roadway will be symmetrical along the central axis, so the 3D

pi = 1

α = 0 α = 1α = α(x1) α = α(x2)

pi = 0pi(x1) = [1 – α(x1)]p0 pi(x2) = [1 – α(x2)]p0

Figure 1: Space constraint e�ects of working force on di�erent sections.
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problem can be converted to a plane axisymmetric problem.
In this case, the response of the surrounding rock and stress
is only related to the radial position. After installing the
bolt in roadway, the mechanical response and boundary
conditions of surrounding rock in the a�ected area of bolt
will be changed. 	erefore, we can divide the rock mass
into the anchorage zone Ω1 and the nonanchorage zone Ω2
according to the support distribution, as shown in Figure 3.
In the diagram, pα is the virtual internal support pressure of
the roadway, σrc is the radial stress on the interface between
the anchorage zone and nonanchorage zone, and σ0 is the
initial stress. 	e normalized dimensionless length κ�R/d is
used to describe the radial position, and κ should satisfy that
0≤ κ≤1, where, d is the distance from the center of the
roadway to any position in the radial direction. Obviously,
when κ� 1, it is the roadway inner wall. When κ� κc, it is the
anchorage end of the bolt; when κ⟶ 0, it is the initial
stress zone.

When α≤ α∗, which represents no rock bolts, the me-
chanical response of the surrounding rock has been given by
Lame, which is the solution of the axisymmetric problem of
thick wall cylinder. When α � α∗, the initial state of the
installed bolt is as follows: the support pressure of the inner
wall of the roadway is p∗, the radial stress of the contact
surface between the anchorage area and the nonanchorage
area is σc0r , and the initial stress is σ0. Due to the re-
inforcement of the bolt, the stress state of the surrounding
rock in the anchorage zone will be changed, and the
boundary stress of the anchorage zone is changed accord-
ingly. So, the boundary condition is changed as follows: the
support pressure variation of the roadway inner wall is
Δp � pα −p∗, and the variation of the radial stress of the
contact surface between the anchorage area and the non-
anchorage area is Δσcr � σcr − σc0r , and the variation of the
initial stress is 0. For this reason, the total response of the
analysis model in Figure 3 can be decomposed into the sum
of the initial state response and the incremental response by

the principle of superposition. 	e decomposition model is
shown in Figure 4.

3.2. Analytic Solution of 2D Semimodel of Full-Face
Anchorage. We have deducted the two decomposition
models in Figure 4 based on elastic theory and superpo-
sition principle in our former paper [30]. Further, we have
established an analytical model of full-face anchorage
roadway in hydrostatic pressure state. 	e obtained ana-
lytical solutions are as follows.

3.2.1. Solutions of Anchorage Zone. Radial stress in an-
chorage zone is

σΩ1r � 1− κ2( )p0 + κ2p∗ +
2Gξ
R

κΔuΩ1r −
2G(1 + ξ)

R
κ2Δ _uΩ1r .

(2)

p0

pi(x) = [1 – α(x)]p0

pi(x)

X-X section

p0 p0

p0

O
x

r
X

X

Figure 2: 2D semianalysis model for the full-face anchorage of the weakly cemented soft rock roadway.

Anchorage
zone

Ω2

pα

dc

Ω1

Nonanchorage
zone

σ0σr
c

Figure 3: Analysis model of anchorage roadway.
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Tangential stress in anchorage zone is

σΩ1θ � 1 + κ2( )p0 − κ
2p∗ +

2G(1 + ξ)
R

κΔuΩ1r −
2Gξ
R

κ2Δ _uΩ1r .

(3)

And the radial displacement in anchorage zone is

uΩ1r �
R p0 −p∗( )

2G
κ + ΔuΩ1r . (4)

3.2.2. Solutions of Nonanchorage Zone. Radial stress in the
nonanchorage zone is

σΩ2r �
K0κ2c −K0 +K1( )σ0 +K2p

∗ +K3σT +K4pα
K0κ2c

κ2.

(5)

Tangential stress in the nonanchorage zone is

σΩ2θ �
K0κ2c +K0 −K1( )σ0 −K2p

∗ −K3σT −K4pα
K0κ2c

κ2. (6)

And the radial displacement in the nonanchorage zone is

uΩ2r �
R

2G
K0 −K1( )σ0 −K2p

∗ −K3σT −K4pα
K0κ2c

. (7)

According to Equations (2) and (3), ΔuΩ1r andΔ _uΩ1r is the
radial displacement and its �rst derivative of the incremental
model. According to Equations (5)–(7), σT is the bolt
prestress. 	e speci�c expressions of ΔuΩ1r and Δ _uΩ1r in
Equation (3) and K0∼K6 in Equations (3) and (5)–(7) are
detailed in our former paper [31], where p∗ � (1− α∗)p0,
and α∗ is the stress release coe�cient of the roadway with
supporting, and pα ≤p∗. It can be seen that the rock bolt
support has an in�uence on the stress and displacement of
the anchorage zone and the nonanchorage zone. Di�erent
support time (di�erent stress release) will lead to di�erent
anchoring e�ect. To reveal their mutual in�uence, we will
discuss the results of the analytical solution in the �fth part
of this paper.

4. 2D Seminumerical Simulation of
Roadway with Full-Face Anchorage

	e calculation method for rock stress release simulation is
the reverse stress release method, which is �rstly proposed
by Duncan and Dunlop [32], which only limited to the
special case that the initial stress �eld is uniform. Later,
the above idea was applied in the nonuniform stress �eld by
the �nite element method. Mana et al. used the element
strain matrix to equalize the stress at the Gaussian point of
the excavation unit to the node, and extracted the equivalent
release load vector of the excavation unit, and then obtained
the equivalent nodal force. 	e above method provides
a good idea, but it is more complicated to realize. To tackle
this problem, we will simulate the surrounding rock stress
release by using virtual supporting force which is extracted
from the reaction forces of section nodes. 	e core idea is to
obtain the supporting force of the excavated body (before
excavation) to the surrounding rock (the supporting force
disappears with the removal of the excavation units), to
rebuilt the supporting force and to control the rule of the
stress release.

4.1. Numerical Model. A numerical analysis model is
established by the �nite element software ABAQUS. A
uniform stress �eld is applied to the boundary of the model.
	e unit of the formation and the roadway adopt a four-
node bilinear plane strain tetragonal unit CPE4R. 	e bolts
use the TRUSS unit, which simulates the reinforcement
e�ect by means of implanting into surrounding rock.
	is problem can simplify calculation by a 1/4 model, but
considering that the cost of computation is low, we use the
complete model for simulation in order to show the analysis
results more clearly. As shown in Figure 5, the rock for-
mation is divided into 5588 units with 5621 nodes in total.
	e bolt is divided into two units by two-dimensional truss
unit T2D2 with 400 units and 420 nodes in total. In order to
correspond with the theoretical calculation model, this
simulation model assumes rock and bolts as elastic bodies

•p

Anchorage
zone

Ω2

dc

Ω1

σ0σr
c0

Nonanchorage
zone

(a)

Anchorage
zone

Ω2

dc

Ω1

ΔσrcΔp

Nonanchorage
zone

(b)

Figure 4: Decomposition for analysis model of anchorage roadway. (a) Initial state model. (b) Incremental model.
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without plastic deformation. In the simulation, the reverse
stress method is used to simulate the hierarchical release of
the equivalent load, and the different construction process is
analyzed.

+e calculation parameters are listed in Table 1.

4.2. Calculation Results

4.2.1. Variation of the Virtual Internal Support Force with
Different Stress Release Coefficients. By applying the node
constraint, the node reaction force around the hole can be
extracted, and then the node reaction force acted as the
virtual internal support, which is applied to the excavation
boundary to simulate stress release. +en, the virtual
support force with different stress release coefficients can be
obtained by MATLAB programming. Figure 6 shows the
virtual internal support force in roadway excavation sec-
tion and the variation rule of the virtual internal support
force with different stress release coefficients, respectively.
With the increase of the stress release coefficients, the
virtual supporting force decreases continuously; thus, the
two are negatively related. In the undisturbed area in front
of the roadway face, the virtual internal support force is the
initial stress. In the far distance behind the roadway face,
the constraint disappears, so the virtual internal support
force is 0.

4.2.2. Stress Evolution of Surrounding Rock with Different
Stress Release Coefficients. +e stress release caused by ex-
cavation makes the stress of the rock mass within a certain
range around the cavern constantly adjust until it reaches the
new equilibrium state. Figures 7 and 8 show the stress
evolution and evolution law of nonsupported surrounding
rock with different stress release coefficients, respectively.
With the increase of stress release coefficient, the radial stress
of roadway inner wall decreases and the tangential stress
increases continuously. When α � 0, it represents that the
excavation section is not constrained by the roadway face
and the radial stress σθ � 2σr in roadway inner wall, which is

consistent with the result of Lamy’s solution.When 0< α< 1,
the above relation is not satisfied. However, regardless of the
value of the stress release coefficient, in the elastic range, it is
always satisfied that σθ + σr � 2p. +e stress disturbance
range of roadway excavation is about five times of the radius
(5R), and the difference of stress release coefficient leads to
obvious difference between radial stress and tangential stress
distribution in 5R range. +e tangential stress of sur-
rounding rock is closely related to the damage degree, while
the radial stress has the effect of confining pressure, which
can restrain the failure of surrounding rock [31, 33].
+erefore, it is of great significance for the stability control of
thick rock roadway to strengthen the surrounding rock and
to improve the stress state of the surrounding rock.

4.2.3. Surrounding Rock Stress Distribution of Roadway with
Full-Face Anchorage. In order to summarize the general
rule, we extracted the stress variation data of anchoring
surrounding rock with different stress release coefficients
and then plotted the comparison diagram of stress changes
before and after support. It can be found that the different
supporting time (different stress release coefficients) can lead
to different supporting effects. However, the overall trend is
the almost same; that is, the bolt in the anchorage zone can
effectively improve the radial stress of the surrounding rock,
which is equivalent to the confining pressure acting on the
surrounding rock, so as to improve the stability of the
surrounding rock. At the same time, the bolt almost has no
influence on the distribution of tangential stress with dif-
ferent stress release coefficients.

Figure 9 shows the stress variation of surrounding rock
before and after support when α � 0.6. It can be seen that the
radial stress of surrounding rock in anchorage zone has
changed obviously compared with nonsupporting, and the
shadow part shown in Figure 8 is the increment of the radial
stress of surrounding rock. +e radial stress of surrounding
rock after support is obviously larger than that before blot
support, and the most obvious change occurs in the range of
2.5R. +is indicates that the axial force of the bolt exerts an
extrusion effect on the surrounding rock, thus improving the
overall strength and self-bearing capacity of the surrounding
rock. However, from the later analysis, this support effect
cannot be evenly distributed along the length of the bolt, but
decreases as the distance from the boundary of the roadway
increases. +erefore, blindly increasing the anchorage length
cannot effectively improve the stability of roadways.

4.2.4. Evolution of Rock Bolt Axial Force with Different Stress
Release Coefficients. +e distribution of axial force and the

XZ

Y

Figure 5: Finite element model of surrounding rock in anchorage
roadway.

Table 1: Mechanical parameters of rock bolt and rock mass.

Bolt Rock
Elastic modulus Em � 200GPa Elastic modulus Er � 0.3GPa
Poisson’s ratio υm � 0.2 Poisson’s ratio υr � 0.25
Bolt length L� 3m Roadway radius R� 2m
Bolt spacing nb � 0.5m Initial stress σ0 � 1MPa
Bolt diameter d�25mm — —
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variation of bolt force with different stress release co-
efficients are shown in Figures 10 and 11. Limited to the
length of this paper, we only list the results of α� 0.2, 0.4, 0.6,
and 0.8, as shown in Figure 10. Hence, one can see that, the
axial force distribution along the anchoring section is not
uniform with different stress release coefficients. +e axial
force increases sharply with the increase of stress release
coefficient. When α� 0.8, the maximum bolt axial force is
nearly three times higher than that of α� 0.2. +e bolt is
mainly tensioned with larger force at the near-end. +e
maximum axial force does not appear at the end of the bolt,
mainly because the surrounding rock is closed after support,
and the rock deformation near the goaf face is restricted by
the support. However, the distal rock mass still has a large
deformation, and the farther the extension is, the greater the
range of control deformation is, so the maximum axial stress
of the bolt is gradually evolving into deep. +erefore, we
should determine the reasonable stress release rate, give full
play to the self-bearing capacity of surrounding rock, and
play the optimal effect of supporting structure.

+e bolt axial force evolves along the bolt length with
different stress release coefficients is shown in Figure 11.
With the increase of stress release coefficient, the de-
formation of surrounding rock increases correspondingly.
Along the bolt length, the bolt axial force shows the trend of
increasing first and then decreasing, and the bolt generates
large tensile stress in near-end to limit the excessive de-
formation of the surrounding rock.

5. Discussion on the Full-Face
Anchorage Results

5.1. Comparison between+eoretical Solution and Numerical
Solution. +e consistency of theoretical results with nu-
merical results can be compared by adopting the same
calculation parameters. In this paper, we randomly selected
some parameters to be compared. Like E in Table 1 is
changed to 0.9GPa and α� 0.4, the comparison of the
calculation results of surrounding rock stress and dis-
placement is shown in Figures 12 and 13. +e theoretical

stress solution is calculated by using Equations (2), (3), (5),
and (6), and the theoretical displacement solution is cal-
culated by using Equations (4) and (7).

From Figure 12, it can be seen that the analytical solution
of the surrounding rock stress in anchored roadway with
a certain stress release coefficient basically agrees with that
of the numerical solution. +e maximum radial stress error
is about 0.85%, and the tangential stress error is 0.7%. It
shows that the analytical calculation highly corresponds
to the results of numerical simulation. Due to the anchoring
effect, the value of surrounding rock radial stress αr in the
inner wall of the roadway is not equal to the virtual internal
supporting force. As far from the excavation face, the radial
stress αr gradually increases and the tangential stress σθ
gradually decreases. Finally, the stress will approach the
initial stress in the position about 5R away from the center of
the roadway, while the tangential stress in roadway inner
wall is higher than the initial stress.

Figure 13 is the theoretical solution and simulation
solution of the radial displacement of surrounding rock
when α� 0.4. Both the solutions consider the stress release,
so the radial displacement of the surrounding rock is
generated by the joint action of the initial stress and the
virtual support force. +e results show that the trend of the
radial displacement obtained by numerical simulation is
basically the same as that of the analytical value. However,
due to the accuracy of numerical calculation, such as mesh
partition and virtual support force extraction, there is some
error between the simulation result and the analytical result,
and the maximum error is about 1.82mm.

By comprehensive analysis and comparison, the sur-
rounding rock stress and the radial displacement obtained
from the theoretical analysis with specific stress release co-
efficient has good consistency with the numerical simulation
results, indicating the reliability of the analytical model.

5.2. Influence of Surrounding Rock Stiffness on Anchorage
Effect. To understand the influence of surrounding rock
stiffness on anchorage effect, we analyze the radial stress
distribution of surrounding rock under four kinds of stress

Virtual internal
support force 
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Figure 6: Virtual internal force diagram and different stress release values. (a) Virtual internal support force. (b) Virtual internal support
force corresponding to different stress release coefficients.
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release coe�cient (α� 0.2, 0.4, 0.6, and 0.8) and six kinds
of surrounding rock sti�ness (E� 0.1GPa, 0.5GPa, 0.7GPa,
0.9GPa, 1.5GPa, and 2.5GPa) with the numerical model
boundary conditions and supporting material parameters
unchanged, and the results are shown in Figure 14. In
anchorage zone, the stress distribution of surrounding rock
is greatly a�ected by the stress release coe�cient and sur-
rounding rock sti�ness. Under the same stress release co-
e�cient, the radial stress shows the same change rule when

the surrounding rock sti�ness is taken 0.5GPa, 0.7GPa,
0.9GPa, 1.5GPa, and 2.5Gpa, respectively. In the anchorage
zone, with the increase of surrounding rock sti�ness, the
radial stress decreases continuously. Under the same sur-
rounding rock sti�ness, the larger the stress release co-
e�cient, the smaller the radial stress in anchorage zone. It
indicates that the stress change of bolt support to the soft
rock is more signi�cant than that of hard rock. In addition,
with di�erent stress release coe�cients, the radial stress
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Figure 7: Contours of stress distribution of surrounding rock with di�erent stress release coe�cients.
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distribution shows quite different changes compared with
other stiffness when E� 0.1GPa. From the results of the four
conditions, the radial stress of the surrounding rock shows
the trend of increasing first and then decreasing. At the end
of the anchorage zone, the curve of the radial stress of
surrounding rock coincides with other stiffness curves. In

the nonanchorage zone, there is no difference between the
radial stress distributions of surrounding rock with different
stiffness with the same stress release coefficient, which is
completely consistent with the theoretical solution. When
E� 0.1GPa, the abnormal stress distribution is caused by the
excessive distortion of the grid deformation.
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In order to further explain the in�uence of surrounding
rock sti�ness on the stress distribution of the supporting
surrounding rock under certain degree of stress release,

Figure 14 gives the stress contour cloud map of supporting
surrounding rock with α� 0.4. It can be seen that the
peak value of the tangential stress of the surrounding
rock basically remains unchanged with the increase of the

S, S11
+1.379e + 07
+1.283e + 07
+1.187e + 07
+1.019e + 07
+9.951e + 06
+8.991e + 06
+8.030e + 06
+7.070e + 06
+6.110e + 06
+5.149e + 06
+4.189e + 06
+3.229e + 06
+2.268e + 06

(a)

S, S11
+2.752e + 07
+2.561e + 07
+2.369e + 07
+2.177e + 07
+1.986e + 07
+1.794e + 07
+1.603e + 07
+1.411e + 07
+1.219e + 07
+1.028e + 07
+8.359e + 06
+6.443e + 06
+4.527e + 06

(b)

S, S11
+4.123e + 07
+3.836e + 07
+3.549e + 07
+3.262e + 07
+2.975e + 07
+2.688e + 07
+2.401e + 07
+2.114e + 07
+1.828e + 07
+1.541e + 07
+1.254e + 07
+9.669e + 06
+6.800e + 06

(c)

S, S11
+5.496e + 07
+5.114e + 07
+4.732e + 07
+4.349e + 07
+3.967e + 07
+3.584e + 07
+3.202e + 07
+2.819e + 07
+2.437e + 07
+2.054e + 07
+1.672e + 07
+1.289e + 07
+9.067e + 06

(d)

Figure 10: Axial force distribution of bolt with di�erent stress release coe�cients. (a) α� 0.2, (b) α� 0.4, (c) α� 0.6, and (d) α� 0.8.

–0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

10

20

30

40

50

60

Bo
lt 

ax
ia

l f
or

ce
 (M

Pa
)

Bolt length (m)

a = 0
a = 0.2
a = 0.4

a = 0.6
a = 0.8
a = 1.0

Figure 11: Evolution of bolt axial force with di�erent stress release
coe�cients.

1 2 3 4 5

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

�eoretical solution
σr
σθ

Numerical solution
σr
σθ

Su
rr

ou
nd

in
g 

ro
ck

 st
re

ss
 (M

Pa
)

d/R

a = 0.4, E = 0.9GPa

Figure 12: Comparison of surrounding rock stress when α� 0.4.

10 Shock and Vibration



1 2 3 4 5
50

60

70

80

90

100

Numerical solution

d/R

a = 0.4, E = 0.9GPa

�eoretical solution

Ra
di

al
 d

isp
la

ce
m

en
t, 
u r

 (m
m

)

Figure 13: Radial displacement of surrounding rock when α� 0.4.

1 2 3 4

0.84

0.88

0.92

0.96

1.00

Ra
di

al
 st

re
ss

, σ
r (

M
Pa

)

d/R

E = 0.1GPa
E = 0.7GPa
E = 1.5GPa

E = 0.5GPa
E = 0.9GPa
E = 2.5GPa

a = 0.2

(a)

Ra
di

al
 st

re
ss

, σ
r (

M
Pa

)

E = 0.1GPa
E = 0.7GPa
E = 1.5GPa

E = 0.5GPa
E = 0.9GPa
E = 2.5GPa

1 2 3 4 5

0.7

0.8

0.9

1.0

d/R

a = 0.4GPa

(b)

Ra
di

al
 st

re
ss

, σ
r (

M
Pa

)

E = 0.1GPa
E = 0.7GPa
E = 1.5GPa

E = 0.5GPa
E = 0.9GPa
E = 2.5GPa

1 2 3 4 5
0.5

0.6

0.7

0.8

0.9

1.0

d/R

a = 0.6GPa

(c)

Ra
di

al
 st

re
ss

, σ
r (

M
Pa

)

E = 0.1GPa
E = 0.7GPa
E = 1.5GPa

E = 0.5GPa
E = 0.9GPa
E = 2.5GPa

1 2 3 4 5

0.4

0.5

0.6

0.7

0.8

0.9

1.0

d/R

a = 0.8GPa

(d)
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surrounding rock stiffness. It indicated that the surrounding
rock stiffness has no influence on the tangential stress
distribution. However, the stiffness has a great influence on
the radial stress distribution. When E� 0.1GPa, the radial
stress in anchorage zone boundary does not form a circular
contour line but shows a spot distribution. Moreover, the
concentric circles are less distributed in the anchorage zone.

When E� 0.5GPa, the discrete points are connected to be
a contour line with circular dentate distribution. With the
increase of the surrounding rock stiffness, the radial stress in
anchorage zone boundary gradually forms a contour circle.
+is distribution rule also illustrates the abnormality of the
radial stress distribution of the low-stiffness surrounding
rock, as shown in Figure 15.
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Figure 15: Distribution of stress with different surrounding rock stiffness (α� 0.4).
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Under the assumption that the surrounding rock is an
elastic medium, the in�uence of bolt length on stress dis-
tribution and displacement of surrounding rock will show
the same change rule under di�erent stress release co-
e�cients and surrounding rock sti�ness.

5.3. VariationLawand In�uencing Factors of Bolt Axial Force.
Assuming the yield limit of the bolt is σs � 700MPa, taking
the safety coe�cient as n� 1.5, so the maximum axial force
can be described as

σnmax[ ] �
σs
n
� 467MPa. (8)

	at is, the maximum stress of the bolt is 467MPa with
certain prestress and material parameter. In the theoretical
model, the established calculation equation of the bolt axial
force is

σN � −Em
κ2

R
Δ _uΩ1r + σT, (9)

where Em is elastic modulus of the bolt, the value shown in
Table 1, and σT is the anchor prestress.

According to Equation (9), we plot the matching re-
lationship between the bolt prestress, the stress levels,
and the surrounding rock sti�ness considering the bearing
capacity of the bolt, as shown in Figure 16. 	e abscissa
in the �gure represents the elastic modulus of the sur-
rounding rock and the ordinate represents the bolt prestress.
In a certain degree of surrounding rock sti�ness, let σn �
467MPa, κ� 1 in Equation (9), we can obtain the maximum
bolt prestress. So, we can also obtain a data point, further, by
changing the surrounding rock sti�ness and obtain other
data points by analogy. 	erefore, each data point in the
�gure represents the maximum prestress of bolt that can be
applied to the surrounding rock under certain sti�ness,
which can ensure the safety of the bolt. Using the same
method, the matching relationships of other parameters can
also be obtained.

When Er ≤ 0.5GPa, the limit value of prestress σTmax is
more sensitive to the variation of Er and the initial stress σ0.
When σ0 ≤ 0.9MPa, σTmax decreases with the increase of the
elastic modulus of surrounding rock. On the contrary, when
σ0 > 0.9MPa, the prestress limit σTmax increases with Er
increase. When Er > 0.5GPa, σTmax basically remained
unchanged, which is not sensitive to the change of Er & σ0.
In addition, when σ0 > 1.2MPa, σTmax appeared positive
value, indicating the prestressing is compressive stress. It is
suggested that the bolt can also reach the yield limit without
applying prestress. Generally speaking, σTmax is more sen-
sitive to the sti�ness of soft rock. On the other hand, it also
shows that the variation of the rock bolt axial force in soft
rock is more obvious. 	e prestress loss of bolts in soft rock
is more obvious than that in hard rock.

6. Conclusions

	is paper conducts a systematic analysis on the interplay
between stress release, rock bolt supporting and surrounding
rock system of weakly cemented soft rock roadway with

full-face anchorage. 	e in�uence of stress release, rock
properties, and rock bolt prestress on the supporting e�ect is
analyzed in detail based on theoretical analysis and nu-
merical simulation. 	e main conclusions are as follows:

(1) 	e stress release of the surrounding rock can be
e�ectively equivalent to the virtual internal support
force of the excavation face in the longitudinal di-
rection, which can e�ectively characterize the degree
of stress release of the surrounding rock. 	e theo-
retical solution obtained by this method is consistent
with the numerical simulation results, indicating that
the model is reliable. In this sense, the proposed
model can e�ectively reveal the mechanical response
of the surrounding rock and the rock blot support
system with di�erent stress release coe�cients.

(2) On one hand, with the increase of the stress release
degree, the radial stress of surrounding rock de-
creases obviously, while the tangential stress in-
creases gradually. 	e anchoring e�ect of the bolt is
manifested in the improvement of the radial stress in
the anchorage zone, which has little e�ect on the
tangential stress. It indicates that the axial force of
the bolt exerts an extrusion e�ect on the surrounding
rock, thus changing the bearing structure. On the
other hand, with the increase of the stress release
coe�cient, the axial force of bolt increases accord-
ingly, the bolt axial force increases �rst and then
decreases along the bolt length, resulting in a large
tensile stress at the near-end of the bolt, which is not
in the inner wall of the roadway. In addition, the
maximum bolt prestress, the initial stress, and the
parameters of the surrounding rock show some
typical matching relations. While the limit value of
the bolt prestress is more sensitive to the sti�ness of
soft rock, the prestress loss of the bolt in soft rock is
more obvious than that in hard rock.
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Figure 16: Matching relation between rock sti�ness and bolt
prestress considering the bearing capacity of rock bolt.
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(3) Under the same stress release coefficient, the radial
stress in the anchorage area decreases with the in-
crease of the stiffness of the surrounding rock. Under
the same surrounding rock stiffness, the larger the
stress release coefficient, the smaller the radial stress
in the anchorage zone. It indicates that the stress
change of bolt support to soft rock is more significant
than that of hard rock.

(4) In order to obtain the closed solution of the an-
chorage model, in this paper, we assume that the
rock mass is in the elastic medium without con-
sidering the plastic damage of the surrounding rock,
which is different from the actual situation. Even so,
with the aid of this model, the interaction mecha-
nism of full-face anchorage, stress release, and the
bolt surrounding rock system can be illustrated,
which is beneficial for further consideration of the
strain softening behavior in soft surrounding rocks.
Furthermore, the interaction mechanism between
the bolt and the surrounding rock in the plastic zone
will become a study emphasis in our further research.
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