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ABSTRACT 
 

This paper is focus on the reinforcement effect of full-face anchorage in thick soft 
rock roadway. A 2D semi model 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. Then, 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. The 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 pre-stress of rock bolt 
has a certain matching relation with the bolt parameters, the surrounding rock 
parameters and the initial stress. This study laid a theoretical foundation for further 
analysis of the interaction between surrounding rock and bolt supporting in plastic zone. 

 
KEYWORDS: weakly cemented soft rock; full-face anchorage; stress release; 2D semi 
model 
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1. Introduction  
 
The Jurassic and Cretaceous weakly cemented soft rocks are widely existed in western 
China. Due to the special diagenetic environment and occurrence conditions, the unique 
physical and mechanical properties are formed, which are characterized by low strength, 
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 (Zhao et al., 2014; Zhao et al., 2015; Zhao et al., 2014). Thus, 
urgent problem is to put forward the effective reinforcement measures for various 
weakly cemented soft rock engineering, especially to reveal the reinforcement 
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. Therefore, the full-face anchorage support method is widely adopted in the 
thick weakly cemented soft rock roadways (Kang et al., 2010; Zhao et al., 2016). 
However, along with the roadway working face moving forward, how to make the initial 
state of rock mass without major disturbance 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, the 
determination of the best support type, support parameters and support timing and 
many other aspects (Aksoy and Onargan,2010; Bobet and Einstein, 2010; Fahimifar 
and Ranjbarnia,2009; Goel et al.,2007; Oreste, 2008). Therefore, 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. The 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 
mechanical response resulting from the process is also extremely complicated. The 
excavation of the underground cavern is almost equivalent to the removal of internal 
constraints, which will cause the stress change of the medium around the excavation 
area, resulting in more complex stress release (Alejano et al., 2012; Basarir et al., 2010; 
Karakus, 2007; Lee and Rowe, 1991). At present, the theoretical analysis for stress 
release rate of roadway excavation is not yet mature. Some scholars have made some 
researches based on experimental methods and numerical simulation methods. In the 
experimental aspect, such as large scale 3D geo-mechanical model test, the load 
release process of surrounding rock during excavation is studied, and the 
characteristics and the differences of load release process of surrounding rock under 
different construction methods is revealed(Yang et al.,2010; Zhu et al.,2010; Lei et al., 
2015). Through 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 (Liu et al., 2015; Mollon et al., 
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2013). The research results show that the release of excavation 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. 
Because the true three-dimensional calculation model can be adopt in numerical 
simulation to simulate complex surrounding rock characteristics and construction 
conditions, so we can obtain good effect when consider 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 structure under different stress release rates is 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 process, 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 
displacement release coefficient of roadway wall (Funatsu et al., 2008; Kielbassa and 
Duddeck, 1991; Li et al., 2015; Maghous et al., 2012). 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 (Yang et al.,2015), and 
solving the stress release rate through the displacement release rate(Zhang and 
Zeng,2015). 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. Therefore, some researchers 
established a two-dimensional model of roadway under certain conditions and 
re-simulation of excavation by stress release rate control (Do et al., 2013, 2014; 
Svoboda and Masin, 2009). However, this simplified analysis methods must satisfy that 
the axial direction of the roadway which is one of the main stress directions. Therefore, it 
is generally accepted that the three-dimensional problem of roadway excavation is 
assumed to be a two-dimensional plane strain problem. Especially when the problem of 
three-dimensional excavation 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 results 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 semi model of full-section anchorage in roadway 
with thick surrounding soft rock was proposed firstly. Then, based on the theory of 
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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 analyzed 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 semi model 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 Fig.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 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. The coupling effects of the above two constraints make the 
surrounding rock near the excavation face maintain relative stability in a certain time 
without support. The rock constraint effect around the heading face on the specific 
section is constantly changing with the change of the distance between them. This 
constraint effect 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 properties deterioration of the surrounding rock. Panet et al. 
(1983) introduce the concept of stress release coefficients to characterize the loss of 
this constraint effect. If the supporting effect is not considered, the circular constraint 
effect of the excavation face can be described as the virtual support force ( ip ) in the 

longitudinal section direction, that is 

     01ip px x      (1) 

Where x is the axial direction of the roadway,  is stress release coefficient. 
Obviously,  is the function of x which scale is 0≤α≤1. The undisturbed location away 
from the roadway face, α=0, pi=p0. At the far right behind the heading face, the 
constraint effect will disappear, α=1, pi=0. For the section x=x1and x=x2, the virtual 
internal pressure will increase and decrease with the heading face advancing. 
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3.2 Analytic solution of 2d semi model of full-face anchorage 
We have deducted the two decomposition models in Fig.4 based on elastic theory 

and superposition principle in our former paper (Zhao et al., 2016). Further, we have 
established an analytical model of full-face anchorage roadway in hydrostatic pressure 
state. The obtained analytical solutions are as follows. 
3.2.1 Solutions of anchorage zone 

Radial stress in anchorage zone is 

 
 1 1 12 2 * 2

0

2 2 (1 )
1r r r
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p p u u

R R
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(4)

            
Tangential stress in anchorage zone is 
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(5) 

And the radial displacement in anchorage zone, 
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3.2.2 Solutions of non-anchorage zone 

Radial stress in non-anchorage zone is 
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Tangential stress in non-anchorage zone is 
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And the radial displacement in non-anchorage zone is 
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 (9) 

According to equations (4) and (5), 1
ru and 1

ru&  is the radial displacement and 

its first derivative of the incremental model. According to equations (7), (8) and (9), Ts is 

the bolt pre-stress. The specific expressions of 1
ru and 1

ru&  in Eq. (5) and K0~K6 in 

equations (5) (7), (8) and (9) are detailed in our former paper (Zhao et al., 2016).Where,

 * *
01p p  , and α* is the stress release coefficient of the roadway with supporting, 

and *p p  . It can be seen that the rock bolt support has an influence on the stress and 

displacement of the anchorage zone and the non -anchorage zone. Different support 
time (different stress release) will led to different anchoring effect. To reveal their mutual 
influence, we will discuss the results of the analytical solution in the fifth part of this 
paper. 
 
 
4. 2D semi numerical simulation of roadway with full-face anchorage 
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 The calculation parameters were listed in table.1. 

 
 

Table 1 Mechanical parameters of rock bolt and rock mass 
Bolt Rock  

Elastic 
modulus 

GPa200m E  Elastic 
modulus 

GPa3.0r E  

Poisson's 
ratio 

2.0m   Poisson's 
ratio 

25.0r   

Bolt length L=3m 
Roadway 

radius 
R=2m 

Bolt 
spacing 

m5.0b n  
Stress 
release 

coefficient 
MPa10   

Bolt 
diameter 

d=25mm   

 
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. Then the virtual 
support force with different stress release coefficients can be obtained by MATLAB 
programming. Fig.6 shows the virtual internal support force in roadway excavation 
section 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. 
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Fig.9 show 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 non-supporting, and the shadow part shown in Fig.9 
is the increment of the radial stress of surrounding rock. The 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. This 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. Therefore, blindly increase 
the anchorage length cannot effectively improve the stability of roadways. 
4.2.4 Evolution of rock bolt axial force with different stress release coefficients 

The distribution of axial force and the variation of bolt force with different stress 
release coefficients are shown in Figs.10 and 11. Limited to the length of this paper, we 
only list the results of α=0.2, 0.4, 0.6, 0.8, as shown in Fig.10. Hence one can see that, 
the axial force distribution along the anchoring section is not uniform with different stress 
release coefficients. The 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. The bolt is mainly tensioned with larger force at the near-end. 
The maximum axial force does not appear at the end of the bolt, mainly due to 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. Therefore, 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. 
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5. Discussion on the full-face anchorage results  
 
5.1 Comparison between theoretical solution and numerical solution  
 

The consistency of theoretical results with numerical results can be compared by 
adopting the same calculation parameters. In this paper, we randomly selected some 
parameters to be compared. Such as E in Table1 is changed to 0.9GPa and α= 0.4, the 
comparison of the calculation results of surrounding rock stress and displacement is 
shown in Figs.12 and 13. The theoretical stress solution is calculated by using equations 
(4), (5), (7) and (8), and the theoretical displacement solution is calculated by using 
equations (6) and (9). 

From Fig.11, 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. The 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 σr 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 σr 
gradually increases and the tangential stress σθ gradually decrease. 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. 
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Fig.12 Comparison of surrounding rock stress when α=0.4 
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Fig.13 Radial displacement of surrounding rock when α=0.4 

 
 

Fig.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 generated by the joint action of the initial 
stress and the virtual support force. The 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 surrounding rock stress and the 
radial displacement obtained from the theoretical analysis with specific stress release 
coefficient 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 
release coefficient (α=0.2, 0.4, 0.6, 0.8) and nine kinds of surrounding rock stiffness 
(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 
shown in Fig.14. In anchorage zone, the stress distribution of surrounding rock is greatly 
affected by the stress release coefficient and surrounding rock stiffness. Under the 
same stress release coefficient, the radial stress shows the same change rule when the 
surrounding rock stiffness is taken 0.5GPa, 0.7GPa, 0.9GPa, 1.5GPa and 2.5Gpa, 
respectively. In the anchorage zone, with the increase of surrounding rock stiffness, the 
radial stress decreases continuously. Under the same surrounding rock stiffness, the 
larger the stress release coefficient, the smaller the radial stress in anchorage zone. It 
indicates that the stress change of bolt support to the soft rock is more significant than 
that of hard rock. In addition, with different stress release coefficients, the radial stress 
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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 non-anchorage 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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Fig.14 Stress distribution with different surrounding rock stiffness 
 

 
In order to further explain the influence of surrounding rock stiffness on the stress 

distribution of the supporting surrounding rock under certain degree of stress release, 
Fig.15 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 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 show 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 
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That is, the maximum stress of the bolt is 467MPa with certain pre-stress and 
material parameter. In the theoretical model, the established calculation equation of the 
bolt axial force is 

 
1

2

N m r TE u
R

k
s sW=- D +&   (11) 

Where, Em is elastic modulus of the bolt, the value shown in Table 1. σT is the 
anchor pre-stress. 

According to Eq. (11), we plot the matching relationship between the bolt pre-stress, 
the stress levels and the surrounding rock stiffness considering the bearing capacity of 
the bolt, as shown in Fig.16. The abscissa in the figure represents the elastic modulus of 
the surrounding rock and the ordinate represents the bolt pre-stress. In a certain degree 
of surrounding rock stiffness, let 467MPan  , κ=1 in Eq. (11), we can obtain the 

maximum bolt pre-stress. So we can also obtain a data point, further, by changing the 
surrounding rock stiffness, we can obtain other data points by analogy. Therefore, each 
data point in the figure represents the maximum pre-stress of bolt that can be applied to 
the surrounding rock under certain stiffness, which can ensure the safety of the bolt. 
Using the same method, the matching relationships of other parameters can also be 
obtained. 
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Fig.16 Matching relation between rock stiffness and bolt pre-stress considering 

the bearing capacity of rock bolt 
 

 
When 0.5GParE  , the limit value of pre-stress maxT  is more sensitive to the 

variation of rE and the initial stress 0 . When 0 0.9MPa  , maxT decrease with the 

increase of the elastic modulus of surrounding rock. On the contrary, when

0 0.9MPa  , the pre-stress limit maxT  increases with rE increase. When

0.5GParE  , maxT basically remained unchanged, which 

is not sensitive to the change of rE & 0 . In addition, when 0 1.2MPa  , maxT
appeared positive value, indicating the pre-stressing is compressive stress. 
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It is suggested that the bolt can also reach the yield limit without applying pre-stress. 
Generally speaking, maxT is more sensitive to the stiffness 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. The pre-stress loss of bolts in soft rock is more obvious than that in hard 
rock. 

 
 
6. Conclusions 
 

This 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. The influence of stress release, rock properties and rock bolt 
pre-stress on the supporting effect is analyzed in detail based on theoretical analysis 
and numerical simulation. The main conclusions are as follows: 
 The stress release of the surrounding rock can be effectively equivalent to the 
virtual internal support force of the excavation face in the longitudinal direction, which 
can effectively characterize the degree of stress release of the surrounding rock. The 
theoretical 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 
effectively reveal the mechanical response of the surrounding rock and the rock blot 
support system with different stress release coefficient. 
 On one hand, with the increase of the stress release degree, the radial stress of 
surrounding rock decreases obviously, while the tangential stress increases gradually. 
The anchoring effect of the bolt is manifested in the improvement of the radial stress in 
the anchorage zone, which has little effect on the tangential stress. It indicates that the 
axial force of the bolt exerts an extrusion effect on the surrounding rock, thus changing 
the bearing structure. On the other hand, with the increase of the stress release 
coefficient, the axial force of bolt increases accordingly, the bolt axial force increases 
first 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 pre-stress, the initial stress and the parameters of the surrounding rock 
show some typical matching relations. While the limit value of the bolt pre-stress is more 
sensitive to the stiffness of soft rock, so the pre-stress loss of the bolt in soft rock is more 
obvious than that in hard rock. 
 Under the same stress release coefficient, the radial stress in the anchorage area 
decreases with the increase 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. 
 In order to obtain the closed solution of the anchorage model, in this paper we 
assume that the rock mass is elastic medium without considering the plastic damage of 
the surrounding rock, which is different from the actual situation. Even so, with the aid of 
this model, the interaction mechanism 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 
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will become a study emphasis in our further research. 
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