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Abstract: Bolt anchoring force is closely related to the shear properties of the anchor interface. Considering the shear properties of 
anchoring agent and contact interface bonding behavior, the shear stress distribution of full-length bond bolt is analyzed based on the 
stress-strain relationship among bolt, anchoring agent, surrounding rock and bond interface. In this case, both the interface shear stress 
of the anchoring agent, surrounding rock and the bolt axial force is obtained respectively under drawing and actual working conditions. 
The results show that the peak shear stress of the interface, including the shear deformation of the contact interface, is significantly 
lower than that without it when the drawing force is applied. When designing the bolt parameters under the actual working conditions 
of grade IV and V surrounding rock, the relative deformation between surrounding rock and anchor should be considered, and the 
distribution of shear stress changes from “unimodal” to “bimodal ”. In the case of a lower elastic modulus of surrounding rock, both 
the shear stress concentration and distribution range are obvious, and the position of the neutral point is near the orifice. With the 
increase of elastic modulus, both the shear stress concentration and distribution range are reduced, and the position of the neutral point 
moves towards the depth of bolt. As a result, the optimum bolt length of full-length bond bolt can be determined by field test and 
decreases with the increase of elastic modulus of surrounding rock. 

Keywords: Full-length bond bolt; contact interface; surrounding rock deformation; the distribution of interface shear stress 

1 Introduction 

Bolt support technology has achieved remarkable 
progress in the safety control of underground 
engineering, slope engineering in mining, water 
conservancy and transportation industries. Bolt support 
is achieved by combining the surrounding rock, 
anchoring agent and bolt, and the contact interface 
between bolt and anchoring agent -- the first interface 
and the contact interface between anchoring agent and 
surrounding rock -- the second interface. The stress 
transfer behavior between the two interfaces of these 
three materials is the key to studying the stress 
characteristics of the bolt. The mechanical 
characteristics of a full-length bond bolt are summarized 
below. 

You [1-2] obtained the distribution of interface 
shear stress and axial force of bolt according to the 
Kelvin displacement method, and analyzed the 
application conditions of dispersed tension bolt. Based 
on that, Cao et al. [3] discussed the influence of 

anchoring length and proposed the support suggestions 
under different lithological conditions. However, 
without the shear characteristics of the anchorage 
contact interface, the solution of anchorage stress can 
only be obtained by assuming that the properties of the 
anchoring agent and surrounding rock are similar, which 
cannot explain the stress relationship between different 
interfaces of the anchoring system. Therefore, it is 
necessary to analyze the coordinated deformation 
relationship among bolt, anchoring agent and 
surrounding rock. Zhao [4] and He [5-6] obtained the 
stress distribution of the bolt based on the coordinated 
deformation relationship between the anchoring agent 
and the bolt. However, the shear properties of the 
interface between surrounding rock and the anchoring 
agent are also ignored, which fails to reflect the 
influence of the mechanical characteristics of the second 
interface. By comprehensively analyzing the stress-
strain relationship between the bolt and anchoring agent, 
I. W. FARMER [7] obtained the distribution law of 
shear stress under different thicknesses of anchoring 
agent and proposed the calculation formula of pulling 



 

 

resistance based on indoor drawing tests. F. Delhomme 
[8] added the time variable in calculating the bolt 
drawing, which verified the significant creep behavior 
between the bolt and surrounding rock in the numerical 
simulation and laboratory experiments. However, the 
analysis process cannot reflect the relationship between 
the anchoring mechanism and the bonding interface. In 
addition, some scholars used mathematical models [9-
10] to fit the experimental curve, which is highly 
accurate, with simple parameters, but not clear in the 
physical meaning, so further research is still needed. 

However, there is a big difference in bolt stress 
between the actual working condition and the drawing 
test, mainly because the drawing test is difficult to 
reflect the influence of relative deformation between 
surrounding rock and anchor. Freeman [11] and Wang 
[18] put forward the neutral point theory, which divides 
the bolt length into anchor length and pick-up length 
under actual working conditions. The anchor length will 
gradually decrease due to the surrounding rock 
rheological properties. With the development of 
anchorage research, the neutral point theory has 
gradually become reasonable in reflecting the actual 
stress condition of the bolt. Based on the deformation 
theory of surrounding rock, Li [12] analyzed the 
interaction relationship between the full-length bond 
bolt and the surrounding rock. Under the condition of 
normal working and near failure, the analytical formula 
of axial force and shear stress distribution was obtained. 
The results show that the stress distribution of the 
interface conforms to the neutral point theory. TAO [13] 
and Tetsuro ESAKI [14] gave the formula to determine 
the position of the neutral point on full-length bond bolt 
lately. Li [17] took the prestress as an influencing factor 
to analyze the relationship of coordinated deformation 
between bolts and surrounding rock, with the 
conclusion that with the increase of prestress, the 
position of the neutral point is gradually transferred to 
the deep surrounding rock, and the shear stress 
decreases in the range of pick-up length, and increases 
in the range of anchor length. It can be seen that 
considering the deformation of surrounding rock is of 
great significance to study the actual working state of 
the bolt. If the anchoring agent and surrounding rock are 

a whole, it is difficult to reflect the shear characteristics 
of the second interface. Therefore, properly considering 
the behavior of the contact interface can help us study 
the mechanical characteristics of the full-length bond 
bolt. Considering the plastic strength of the contact 
interface of the anchoring agent, Cai [15] proposed the 
prediction method of the axial force of the bolt in soft 
rock engineering and concluded that the debonding 
failure is most likely to occur near the neutral point. By 
using ABAQUS finite element method, Wu [16] 
concluded that the deformation of surrounding rock will 
increase the bolt stress and transfer the peak shear stress 
of the interface to the depth of the bolt. It can be seen 
that the shear properties of the contact interfaces (the 
first interface and the second interface) will have an 
important influence on the anchoring mechanism. 
Establishing the shear transfer model of the two 
interfaces will promote the further study of the bolt 
stress relationship. In the actual working condition, the 
failure of the bolt usually occurs at the contact interface 
between the surrounding rock and the anchoring agent 
[18]. Therefore, analyzing the shear characteristics of 
the second interface is the key to studying the force of a 
full-length bond bolt. 

Most previous studies found that the research of 
full-length bond anchorage mechanism focused on the 
“two materials with one interface”. The bolts and the 
anchoring agent are assumed to be a complex whole 
when interface stress between the anchoring agent and 
surrounding rock is studied. Besides, the anchoring 
agent and the surrounding rock are assumed to a be 
complex whole when the interface stress between the 
bolts and the anchoring agent is studied. Nevertheless, 
neither of them can reflect the real mechanism of the 
two interfaces simultaneously. In addition, the shear 
stress of the bond interface is always regarded as a 
function of the relative rigid displacement of the two 
sides of the material. However, a large number of pull 
tests of bolts [19-20] found that a thin layer was left on 
the surface of the bolts or drill holes, which indicates 
that the anchoring bond damage is not a simple contact 
interface debonding failure, but a shear failure in the 
thin layer close to the contact interface. 

In this paper, the bolt stress was analyzed with the 



 

 

consideration of the shear displacement caused by the 
contact interface. Based on the stress-strain relationship 
among bolts, anchoring agents, surrounding rock, and 
the two interfaces (the first interface and the second 
interface), the characteristics of the two interfaces were 
considered. The stress distribution of bolts was obtained 
under the actual working conditions and drawing 
conditions respectively, which can provide some 
reference for anchor design.  

2. Stress analysis of full-length bond 

bolt 

2.1 Anchorage physical model 
There is a great difference in the mechanical 

characteristics between the full-length bond anchorage 
and the end anchorage. The force transfer behavior of 
the anchoring agent has an important effect on the 
ultimate drawing force of the bolt, and its shear stress 
will change the shear strain of the contact interface. 
Under the action of drawing force, the bolt and the 
surrounding rock will undergo axial deformation, and 
the anchoring agent will undergo shear deformation. On 
the interface region, the shear modulus will be affected 
by the properties of anchoring agents. With the 
increment of shear deformation, the shear failure of the 
interface unit finally occurs, which causes the 
debonding failure of the interface. In this paper, the 
interfaces among the anchoring agent, bolt, and 
surrounding rock were analyzed. The basic assumptions 
are as follows :(1) surrounding rock, anchoring agents, 
and bolts are all homogeneous linear elastomers. (2) The 
shear stress-strain of the anchorage bond interface 
satisfies the linear shear model without debonding 
failure of the interface. (3) The influence of interfacial 
compressive stress on shear characteristics is not 
considered. 

 

Fig. 1 Shear model of the bonded interface1 

A reasonable anchorage interface shear model 
(including the first interface and the second interface) is 
the key to studying the interface mechanism among 
bolts, anchoring agents and surrounding rock. Based on 
the existing test results about the shear properties of the 
anchoring agent, this article assumed the mechanical 
properties of the anchoring interface, which is shown in 
Fig 1. The shear stress-strain relationship satisfies the 
following relation: 

 m

r m

k ,0 δ
τ

τ , δ
 


 

  
 (1) 

where τ  represents the shear stress at contact interface; 

r   represents the residual shear stress at contact 
interface; k   represents the shear modulus at the 
bonded contact interface;   represents the shear strain 
at the contact interface; and m   represents the 
maximum shear strain at the contact interface.  

Since the analysis in this paper is based on the elastic 
assumption, the residual interface strength after peak 
shear stress is not considered. 
2.2 Bolt stress under drawing conditions 

Under external drawing force, the elements of bolts 
element and anchoring agents were analyzed 
respectively, as shown in Fig. 2. 

According to the stress balance relationship of bolt 
elements in Fig. 2 (a), the following equation can be 
obtained: 

 1

1

4τdσ
d Dx

  (2) 

where σ  is the axial force of the bolt; 1τ  is the shear 
stress at the first interface; 1D  is the diameter of the 
bolt, and x  is the distance from the bolt head. 



 

 

 

(a) Stress analysis of bolt element 

 

 (b) Stress analysis of anchoring agent elements2 

Fig.2 Stress analysis of anchor unit elements 

The Anchoring agent transfers the external force 
from the bolt to the surrounding rock according to the 
shear deformation of the bolt, and the stress balance 
must be satisfied between the first interface and the 
second interface. As shown in Fig 2 (b), the following 
equation  can be obtained: 

 1 1 2 2τ πD d τ πD dx x  (3) 

where 2D   is the diameter of the borehole and 2τ   is 
the shear stress at the second interface. 

The simplified equation can be obtained as follows: 

 2
1 2

1

Dτ τ
D

  (4) 

Since 2D   1D  , 1τ   is larger than 2τ  , which is 
consistent with the common knowledge that the shear 
stress at the second interface is caused by the attenuation 
of the first interface. However, a simple linear 
attenuation was adopted in this paper. As the shear 
modulus of the interface is related to the properties of 
the contact bodies on both sides [19], the following 
equation can be obtained:  

 a b

a b

K K
K

K K
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where K is the shear modulus of interface; aK 、 bK  
are the shear modulus of the two contact bodies 
respectively. Since the shear modulus of the bolt is far 
greater than that of the surrounding rock, the shear strain 
generated at the first interface is relatively small. 
Therefore, the shear stress of the second interface 

(hereinafter referred to as the interface shear stress) 
plays an important role in maintaining the anchorage 
stability [18]. As shown in Fig 2 (b), the following 
equation can be obtained: 

 2

b

τγ
G

  (6) 

where   is, the shear strain of anchoring agent; 

bG  is the shear modulus of anchoring agent. 
Under the drawing condition, the coordinate 

deformation should be considered among the bolt, 
anchoring agent and surrounding rock. Without the 
influence of the thickness of the anchoring agent, the 
contact interface is regarded as a bonding element, as 
shown in Fig. 3. 

When drawing force was applied, the shear strain 
of the first interface occurred because of the 
deformation of the bolt. According to the shear 
deformation of the anchoring agent, the drawing force 
was transferred to the second interface and surrounding 
rock. As shown in Fig 3, the deformation of the bolt is 
composed of the deformation of surrounding rock, 
interface and anchoring agent. 

 

Fig.3 Strain analysis of anchorage interface under prestress 
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Fig.4 The calculation diagram of Mindlin’s solution 

Compared with the scale of the surrounding rock, 
the influence of the bolt diameter can be ignored. The 
rock mass influenced by the bolt can be regarded as the 
infinite concentrated force exerted at a depth of a half-
space region. As shown in Fig. 4, the vertical 
displacement at h can be determined by the Mindlin 
displacement solution. When x=y=z=0, the 
displacement of surrounding rock can be expressed as: 

 
    r r

r
r

1 μ 3 2μ F
u

2πE h

x 
  (7) 

where F(x) is the axial force of the bolt at the x position;

rE   and rμ   are the elastic modulus and Poisson’s 
ratio of surrounding rock, respectively. 

By recombining the axial direction of the bolt with 
the z-axis, and according to equation (3), the strain of 
surrounding rock generated by the drawing force can be 
described as: 

 
 2 r

1
2r

r

D 3 2μ τduε
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x x


   (8) 

where Gr is the shear modulus of surrounding rock. 
According to hypothesis (2), the relationship 

between shear stress and shear strain at the contact 
interface of the anchoring agent is: 

 1 1 1

2 2 2

τ K δ
τ K δ


 

 (9) 

where 1K  and 2K  are the shear modulus of the first 
and second interface; 1δ  and 2δ  are the shear strain 
of the first and second interface, respectively.  

According to the physical equation of the bolt, the 
following equation can be obtained: 

 a
a

σ
 ε

E
   (10) 

where aε   is the bolt strain; aE   is the bolt elastic 
modulus.  

As shown in Figure 3, the deformation relationship 
can be described as: 

 a r1 2 1ε ε δ γ δ     (11) 

Combining formula (6), (8), (9), (10) and (11), the 
following equation can be obtained: 

    2 2 '
2 2A τ A B τx x x     (12) 

where 
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 (14) 
By introducing boundary conditions, we can get: 

 2 2
0

F
L

D dx    (15) 

where L is the length of the bolt, then the solution of 
interface shear stress and axial force under the drawing 
condition can be given as:  
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where C1 is the coefficient related to the boundary, 
which can be described as: 
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2.3 Bolt stress under actual working conditions 

The internal stress of the surrounding rock can be 
rebalanced after tunnel excavation, which will 
redistribute the field of stress and displacement. 
Especially under the condition of soft rock, 
displacement can be substantial without efficient 
support. Therefore, the deformation of surrounding rock 
should be considered when designing anchorage 
support. The influence of surrounding rock deformation 
on the stress of anchor can be divided into two parts. 



 

 

The first one is the shear stress caused by the relative 
deformation between surrounding rock and anchoring 
agent. The second one is the drawing force applied by 
the anchor plate directly, which is related to the 
deformation of the tunnel surface. 
2.3.1 Relative deformation of surrounding rock at the 
interface 

With the shear characteristics of anchoring agents, 
the additional shear strain will occur on the second 
interface when surrounding rock deforms toward the 
tunnel. The additional shear stress will transfer to the 
first interface according to the shear deformation of 
anchoring agent. Finally, the additional force caused by 
the deformation of surrounding rock will be balanced by 
the deformation of bolt, as shown in Fig. 5. 

 

Fig.5 Strain analysis of anchorage interface under surrounding 

rock deformation 

When the unit additional force dN, the following 
equation can be obtained:  

 1 1 2 2τ πD τ πD dNdx dx    

In this case, the shear strain 2   at the second 
interface, the relative shear strain    at the anchoring 
agent, the shear strain 1  at the first interface and the 
bolt strain a   caused by the additional force can be 
described as: 
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Therefore, generated by additional unit force dN, 
the strain of surrounding rock   is: 

 2 1 aε δ γ δ ε      (19) 

Assuming that r2 is the strain of surrounding rock 
caused by the bolt, then the additional force of the bolt 
can be described as: 

 2εεr r

dN
F



  (20) 

where Fr is the additional force of the bolt. The shear 
stress of the second interface can be described as: 

 2 2
2 2

1τ ε
πD πD ε r

r dNF



   (21) 

The axial force rF  and shear stress 2  satisfy the 
relation: 

 2 2
0
πD τ dr 0

r

rF    (22) 

Then the differential equation of the strain of 
surrounding rock under the influence of bolt is: 

 '
r2 r2ε ε 0   (23) 

The general solution of the upper differentiation 
equation can be obtained as follows: 

 r
r2 2ε C e   (24) 

Due to the lining and other constraints at the tunnel 
surface, the bolt head can be coordinated under the 
strain condition. Namely, when r equals r0, the rock 
strain at the tunnel surface can be expressed as  

 
02| 2

r

Pβε
2G

r r r   (25) 

where β is the lining influence coefficient, which can be 
obtained according to the elastic mechanics formula; r0 
is the radius of the tunnel, and P is the in-situ stress. 
Therefore, the strain of surrounding rock under the 



 

 

anchorage support can be described as:  

 0
2

r

Pβε e
2G

r r
r

    (26) 

The deformation law of surrounding rock under the 
influence of anchor is consistent with the result of Song 
[19]. Therefore, considering the deformation of 
surrounding rock after tunnel excavation, the 
distribution of interface’s shear stress  2

2   and bolt’s 
axial force  2

( )xF  can be described as: 
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2.3.2 The effect of the anchor plate 
According to hypothesis (1), the action of the 

anchor can be considered as a superposed process. The 
resilient stress reversely acts on the surrounding rock 
after the prestress is applied to the bolt. Thus, the 
displacement of the surrounding rock surface departing 
from the tunnel can be described as: 

 1 1
0

  U d
L

r x    (28) 

Considering the deformation of surrounding rock, 
the displacement of tunnel surface to the tunnel can be 
described as: 

 
0

0
2 2U dr

L

r

r
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    (29) 

Substituting equation (8), (26), the relative 
displacement between the bolt and surrounding rock 
under the influence of excavation and prestress can be 
described as: 
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 (30) 
Due to the restrain of the anchor plate, the relative 

displacement between the bolt and the surrounding rock 
will be limited. In this case, the surface of the tunnel and 
the bolt head should maintain the relationship of 
coordinate deformation, which means no relative slip 
between them. Therefore, the relative displacement 

between bolt and surrounding rock should be converted 
into the additional force of the bolt F. The following 
equation is obtained: 

 
2
1

3 a

πD
U E

4
F    (31) 

According to the research of You [1], the 
distribution of the interface’s shear stress and bolt’s 
axial force caused by additional forces can be described 
as: 
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where 
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In this case, under the actual working condition, 
the stress of the anchorage can be divided into three 
parts: 

1 The tension of the bolt departing from tunnel due 
to the prestress 

2 The additional stress of interface pointing to the 
tunnel due to the deformation of the surrounding rock  

3 The additional stress of the bolt pointing to the 
tunnel due to the deformation of the anchor plate  

When the analysis object is out of prestress, the 
first stress can be set to zero. The stress distribution 
characteristics of the bolt can be described if we only 
consider surrounding rock deformation. Setting the 
direction that departs from the tunnel as the positive 
direction of the second interface, then the interface’s 
shear stress and bolt’s axial force under the combined 
influence of the three parts can be described as: 
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3. Numerical simulation of full-length 

bond bolt considering deformation of 

the interface 

3.1 Stress characteristics of the bolt under drawing 
condition 

When the bolt is subjected to drawing conditions, 
the stress on the bolt is caused by the overall action of 
the bolt, anchoring agent, surrounding rock and bonding 
interface. The shear properties of the interface have an 
important influence on the stress distribution of the bolt. 
Without the shear deformation of the interface, You [1] 
gave the traditional analytical solution of interfacial 
shear stress under drawing conditions. The drawing 
force is set to 50 KN. The diameter of the bolt is 22 mm. 
The diameter of the borehole is 50 mm, and the elastic 
modulus of the bolt is 210 GPa. According to the 
property of the existing mortar anchoring agent and the 
supporting conditions of the soft rock tunnel, the elastic 
modulus of the anchoring agent is 30 GPa, and that of 
the surrounding rock is 2 GPa. The length of the bolt is 
4 m, and the Poisson’s ratio of all materials is 0.25. The 
shear modulus of the bolt is bigger than that of the 
anchoring agent and surrounding rock, which will 
significantly enhance the shear stiffness of the first 
interface, resulting in that the value of K1 is much larger 
than that of K2. According to Equation (5) and reference 
[25], the interface parameters were set as K1= 83.6 GPa 
/m and K2= 9.95 GPa /m. The model was established by 
ABAQUS, as shown in Fig. 6 (a), and the interface was 
simulated by using the cohesive element, as shown in 
Fig. 6 (b). The comparison of results among numerical 
simulation, the model proposed in this paper and the 
solution of You [1] are shown in Fig. 6 and 7. 

 
 

(a) Model element (b) interface element 

Fig.6 Model schematic of tests 

 

 (a)  Comparison of axial force under drawing condition 

 

 (b) Comparison of shear stress under drawing condition 

Fig 7 Comparison between theoretical and numerical results of 

axial force and shear stress under drawing condition 

It can be seen from Fig 7 that the numerical results 
are in good agreement with the model presented in this 
paper, indicating that the contact interface model based 
on “three materials and two interfaces” can truly reflect 
the internal mechanical behavior of the anchor. As the 
traditional calculation model excludes the shear 
deformation of the anchoring agent, the bolt’s axial 
force and interface’s shear stress are mainly distributed 
in a small range near the orifice, which is similar to the 



 

 

phenomenon that the internal stress of the rigid body is 
significantly concentrated when the stress is 
concentrated. Thus, if the shear deformation of the 
anchoring agent and contact interface is not considered, 
the degree of shear stress concentration will be 
significantly greater than the actual situation. When the 
anchoring agent is not considered as a rigid body, the 
interface’s shear stress and the bolt’s axial force will 
gradually transfer to the deep under the shear 
deformation of the anchoring agent and contact 
interface. As the shear modulus of the anchoring agent 
increases, its peak shear stress decreases while the range 
of interface shear stress increases significantly. 
However, due to the limited deformation capacity of the 
anchoring agent, the stress concentration near the bolt 
head is obvious. The region near the bolt head is the 
most prone to fracture and debonding failure when the 
drawing force is applied. Assuming the deformation of 
the contact interface is infinite, which means the shear 
modulus of the anchoring agent is zero, the interface 
shear stress does not participate in sharing the axial 
force of the bolt. In this case, the stress of the bolt shifts 
to the end anchorage, with the axial stress distributing 
along the full bolt evenly. Because the drawing force is 
borne by the bolt, the stress of the bolt is easier to reach 
the tensile strength, which leads to the destruction of the 
bolt. 
3.2 Stress characteristics of the bolt under actual 
working conditions 

Different from the drawing condition, the actual 
working condition of the bolt is affected by the 
deformation of the surrounding rock. The support of the 
bolt changes from passive to active, and the distribution 
of the interface’s shear stress changes greatly. By using 
the numerical model of the full-length bond bolt, Wang 
[22] obtained the shear stress distribution at the contact 
interface after tunnel excavation. Ignoring the influence 
of lining and prestress, the first term of Equation (34) 
was set to zero, and the β was equal to 1. Then the 
comparison results between the model proposed in this 
paper and the numerical simulation of Wang [22] are 
shown in Fig. 9. 

 

Fig 9 The verification of shear stress in the interface under 

actual working conditions 

1) The model proposed in this paper is generally 
consistent with the numerical results in the literature, 
indicating that it can reflect the stress distribution of the 
bolt under the actual working condition. Due to the 
limitation of the anchor plate, the deformation of the 
surrounding rock at the orifice is coordinated and the 
peak point of the interface shear stress gradually moves 
from the orifice to the depth of the bolt. Thus, the form 
of interface shear stress is shifted from nonlinear 
attenuation into unimodal distribution. 

2) Under the actual working condition, the 
distribution characteristics of interface shear stress 
prove the existence of the neutral point in the full-length 
bond bolt, and the position of the neutral point is closely 
related to the peak position of shear stress. Due to the 
influence of surrounding rock deformation, there is a 
neutral point whose shear stress is zero at the contact 
interface. From the distance of the bolt head to the 
neutral point, which is called the “pick-up length”, the 
direction of interface shear stress points to the tunnel to 
limit the deformation of surrounding rock. The part 
from the neutral point to the bottom of the bolt, the 
“anchor length”, the direction of interface shear stress 
backs to the tunnel to limit the deformation of the bolt. 
Thus, the neutral point becomes the demarcation point 
for the stress direction of the bond interface. The 
position of the neutral point is about 0.47 m away from 
the bolt head under this condition, which is also 
consistent with the results obtained in the literature [14]. 

3) Under the actual working condition, the 
distribution of interface shear stress changes from 



 

 

“single peak” to “double peak” when compared with the 
drawing condition, and the peak position of shear stress 
can be determined by field drawing tests. When the 
deformation of surrounding rock is considered, the 
shear stress of interface rapidly peaks (maximum 
positive shear stress) near the orifice, and the peak 
position is consistent with that under the drawing 
condition. After reverting at the neutral point, the 
interface shear stress attenuates rapidly to the second 
peak (maximum negative shear stress), but the 
magnitude is much smaller than the first one, which 
means the shear failure caused by interface is more 
likely to occur in the pick-up length. In this case, the 
peak position of interface shear stress can be found by 
field drawing tests when designing the bolt, and the 
bond strength of pick-up length should be enhanced to 
maintain anchorage stability. 

4. Influence of surrounding rock 

properties on bolt stress characteristics 

4.1 Influence of surrounding rock on bolt stress 
under drawing condition 

Due to the variability of surrounding rock 
conditions, the properties of surrounding rock should be 
fully considered when designing the anchorage 
parameters. The shear properties of the anchoring agent 
were ignored in most traditional methods, which can’t 
reflect the stress of the bolt. The properties of the 
anchoring agent and contact interface will have an 
important impact on the stress of the bolt. Therefore, 
under different elastic modulus of surrounding rock, it 
is necessary to compare the mechanical characteristics 
of the bolt with and without considering the shear 
deformation of the interface. 

4 

Fig 8 The influence of lithological conditions on shear stress 

As shown in Fig 8, the following conclusions can 
be drawn: 

1) Under the same elastic condition, the 
distribution law of interface shear stress is basically the 
same whether the deformation of the anchorage 
interface is considered or not. The shear stress presents 
an obvious unimodal distribution in the 1/3 region of the 
bolt front, and decreases rapidly after reaching the shear 
stress peak. With the increase of the elastic modulus of 
the surrounding rock, the peak values of both shear 
stress gradually rise, and the peak position slowly 
moves towards the orifice. 

2) The shear deformation of the contact interface 
can significantly affect the distribution range of shear 
stress and reduce the peak shear stress. When the elastic 
modulus of surrounding rock is 0.5 GPa, 2 GPa and 3.5 
GPa, the distribution range of interface shear stress is 
0.46 m, 0.33 m and 0.25 m without considering the 
shear deformation of the contact interface, while the 
distribution range is 2.5 m, 1.8 m and 1.4 m when the 
shear deformation of contact interface is considered. 
The distribution range of shear stress increases, and the 
peak shear stress decreases significantly. 

3) The anchoring parameters can be designed more 
reasonably if the influence of the anchoring agent and 
shear deformation of the contact interface is considered. 
When the bolt is subjected to drawing force, both the 
anchoring agent and the contact interface participate in 
the coordinated deformation process of the anchoring 
system. The interface shear stress concentration is 
reduced, and its distribution is more uniform through 
shear deformation inside the bolt. However, if the 



 

 

influence of shear deformation is ignored, the 
concentration degree and distribution range of shear 
stress at the interface will be misestimated during the 
anchoring design process. The bolt length is short,  
which results in excessive shear strength at the interface 
and insufficient strength of the bolt, so the bolt is easily 
broken down under tensile failure. 
4.2 Influence on bolt stress under actual working 
conditions 

1. Stress distribution of interface and bolt 
Surrounding rock deformation, as one of the main 

factors to be considered, plays an important role in the 
process of bolt design. The excavation depth and the 
elastic modulus of surrounding rock determine the 
supporting parameters of tunnel excavation, which 
affect the stress distribution of anchorage interface and 
bolt. The elastic modulus of surrounding rock is taken 
as 0.5 GPa, 2 GPa and 3.5 GPa respectively, and the in-
situ stress conditions as 5 MPa, 10 MPa and 15 MPa 
respectively. The stress distributions of interface and 
bolt are shown in Fig. 10 and Fig. 11. 

 

Fig.10 Distribution of shear stress at interface under different 

deformation conditions of surrounding rock 

 

Fig.11 Distribution of axial force of bolt under different 

deformation conditions of the surrounding rock 

By comparing the stress distribution law of 
interface and bolt under different in-situ stress and 
elastic modulus of surrounding rock, it can be known 
that: 

1) Under the actual working condition, ensuring 
the shear stress strength of the pick-up length and bolt 
tensile strength of the neutral point is the key to 
controlling the anchoring stability. Under different 
surrounding rock conditions, the distribution of 
interface shear stress is basically the same. There is 
always a “neutral point” which divides the bolt into 
pick-up length and anchor length, and the first peak 
shear stress of interface in pick-up length is always 
greater than the second one in anchor length. Because of 
the deformation of the surrounding rock, the anchorage 
force mechanism evolves from passive to active support, 
which makes the axial force distribution of the bolt quite 
different from that of the peak axial force in the orifice 
under the drawing condition. As the interface shear 
stress on both sides of the neutral point is in the opposite 
direction, the axial force of the bolt reaches the 
maximum at the neutral point. Thus, the neutral point 
part is the most prone to break down. In the bolt design, 
the stability at the neutral point should be particularly 
checked if the strength of extension meets the 
requirements. 

2) The elastic modulus of surrounding rock has 
different effects on the interface shear stress and the bolt 
axial force, and the maximum positive shear stress is 
affected more significantly. When the in-situ stress is 5 
MPa, with the decrease of the elastic modulus of the 
surrounding rock, the peak shear stress of interface and 
the bolt axial force gradually increases. The peak shear 
stress gradually moves to the depth of the bolt, while the 
peak axial force always stays at the neutral point. When 
the elastic modulus of surrounding rock changes from 
3.5 GPa to 2 GPa and 0.5 GPa, the maximum positive 
shear stress increases by 160% and 128%, respectively, 
while the maximum negative shear stress increases by 
0.96% and 47.3%, respectively. The peak axial force 
increases by 41% and 136%, respectively. It can be seen 



 

 

that the influence of maximum positive shear stress is 
gradually weakened while the maximum negative shear 
stress and the bolt axial force is gradually increased with 
the decreasing of the elastic modulus of surrounding 
rock. Thus, in a deep soft rock tunnel, the property of 
the surrounding rock is the key factor to control the 
deformation and stability behaviors of the tunnel. 

3) The distribution law of interface shear stress and 
bolt axial force is basically consistent with that of in-situ 
stress. Their magnitude will be significantly affected by 
the changes of in-situ stress. With the increase of in-situ 
stress, the interface shear stress and the axial force of the 
bolt increase obviously, while the change of the peak 
stress position isn’t obvious. When the in-situ stress 
increases from 5 MPa to 15 MPa, the maximum positive 
shear stress increases by 178% and 64.7%, while the 
maximum negative shear stress increases by 83.1% and 
45.5%, and the axial force increases by 94.4% and 
42.9%, respectively. Thus, the influence of peak stress 
of interface and bolt decreases gradually with the 
increase of in-situ stress, which indicates the necessity 
of anchor support during the excavation of a deep tunnel. 

4) Surrounding rock deformation also has a 
significant impact on the failure of the bolt. When the 
deformation of the surrounding rock is large, the 
maximum positive shear stress is much larger than the 
maximum negative shear stress, and the shear stress of 
the contact interface is obviously concentrated in the 
pick-up length. The interface stress condition is so poor 
that the shear failure is easy to occur. With the decrease 
of surrounding rock deformation, the difference 
between the maximum positive shear stress and the 
maximum negative shear stress is reduced. The 
distribution of shear stress at the contact interface is 
gradually uniform. With the improved interface stress 
condition, the shear failure of the interface is relatively 
difficult to occur, and the extension strength of the bolt 
becomes the key to control anchoring stability. Thus, in 
order to ensure the long-term stability of the anchorage 
system, both the shear strength of interface and the 
extension strength of the bolt should be considered 
comprehensively in deep soft rock engineering. 

2. The neutral point and the optimal anchor 
length 

According to the distribution law of interface shear 
stress under different surrounding rock conditions, the 
position of the neutral point almost does not change with 
the in-situ stress, but it is affected by the elastic modulus 
of surrounding rock. As the elastic modulus of the 
surrounding rock decreases, the position of the neutral 
point gradually moves to the depth of the bolt under the 
influence of prestressing and deformation of the 
surrounding rock. Therefore, the higher elastic modulus 
of surrounding rock means the closer neutral point to the 
orifice, which is consistent with the result of Tetsuro 
ESAKI [14]. The position comparison of the neutral 
point between Tetsuro [14] and the model proposed in 
this paper is listed in the table. 1. The position of the 
neutral point proposed in this paper is close to the result 
of Tetsuro [14] when the elastic modulus of the 
surrounding rock is low. While the depth of the neutral 
point is smaller than that of the result of the Tetsuro [14] 
with the increase of elastic modulus of surrounding rock. 
That is mainly because the model proposed in this paper 
takes the anchoring agent as a separate transfer medium 
to establish a relationship among surrounding rock, 
anchoring agent and bolt, while Tetsuro ESAKI 
considers the bolt and anchoring agent as a kind of 
uniform medium. When the elastic modulus of the 
surrounding rock is low, the deformation of the 
surrounding rock is large. The bolt and anchoring agent 
can be regarded as a kind of uniform medium because 
the deformation of the anchoring agent is relatively 
small compared with the surrounding rock. However, as 
the elastic modulus of surrounding rock increases, the 
relative deformation of the anchoring agent cannot be 
ignored due to the decrease of surrounding rock 
deformation. Therefore, under the influence of interface 
shear stress caused by the deformation of surrounding 
rock, the neutral point will move towards the orifice 
without considering the deformation of the anchoring 
agent.  

Table 1 Influence of rock properties on bolt parameters (P=5 

MPa) 

Modulus of 

elasticity 

/GPa 

recommended 

bolt 

Length /m 

Neutral 

point in 

this 

Neutral 

point of 

Tetsuro 

Pick-up 

ratio / % 



 

 

paper/m ESAKI 

0.5 4.0 0.51 0.68 12.75 

2 2.5 0.23 0.67 9.7 

3.5 2.0 0.15 0.62 8 

The recommended bolt length and the pick-up 
ratio of pick-up length to bolt length are shown in the 
table. 1. When the elastic modulus of surrounding rock 
changes from 0.5 GPa to 3.5 GPa, the pick-up ratio 
decreases slightly with the decrease of effective 
anchorage length, which indicates that the neutral point 
and the effective anchorage length change 
synchronously under different lithologic conditions. 
Considering the safety stock, the pick-up ratio can be set 
as 20%. Therefore, during the design process of the bolt, 
the pick-up length can be estimated based on the shear 
stress position of the interface by the field drawing 
experiment first. Then the optimal length of the bolt can 
be determined according to the pick-up ratio. Taking the 
in-situ stress of 5 MPa as an example, the recommended 
length of bolt under different surrounding rock 
conditions is shown in Table 1. The softer surrounding 
rock means that the longer bolt should be adopted 
because the shear stress distribution of interface and bolt 
is large and uneven. While the short bolt should be used 
when the surrounding rock is hard. Moreover, in soft 
rock engineering, the long-term stress stability of the 
bolt should be considered because the stress condition 
of the bolt is too poor to keep the shear stability of the 
interface. While in hard rock engineering, the anchor 
can maintain the stability of excavation as it has better 
stress conditions. 

5 Discussion 

The influence of surrounding rock deformation is 
a comprehensive index, which should be consistent 
with the engineering requirements. In engineering, 
where the deformation is strictly controlled, the lining 
with large stiffness is often used to combine with the 
bolt system. In this case, the influence of surrounding 
rock deformation can be ignored in the bolt support 
design because the surrounding rock deformation is 
very small. However, for some large deformation 

projects, the yielding supporting technique is often 
adopted to reduce the stress of the lining structure, 
where the influence of surrounding rock deformation 
cannot be ignored. There are great differences in the 
stress distribution law of full-length bond bolts under 
different conditions of the surrounding rock. With the 
increase of tunnel excavation depth, the in-situ stress 
and the prestress are taken at 5 MPa and 50 KN, 
respectively, and the influence of surrounding rock 
deformation under different lithological grades [24] is 
shown in Table 2. The shear stress distribution with and 
without surrounding rock deformation is shown in Fig 
12. 

 
Fig 12 Distribution of shear stress at interface under different 

surrounding rock grades 

Table 2 Influence of different rock grades at interface shear 

stress  

The grade of 

surrounding 

rock 

Modulus elastic 

Er/GPa 

Poisson’s 

ratio  

The deformation 

of surrounding 

rock 

Ⅲ 15 0.25 Can be ignored 

Ⅳ 3.5 0.32 
Should not be 

neglected 

Ⅴ 0.5 0.36 
Should not be 

neglected 

When designing the bolt, whether the deformation 
of surrounding rock was considered will have a great 
influence on the analysis of the bolt. Under the condition 
of V surrounding rock, when the influence of 
surrounding rock deformation is significant, the peak 
shear stress increased by three times compared with that 
without the influence of surrounding rock deformation. 



 

 

The distribution form of shear stress conforms to the 
neutral point theory. In this case, the influence of 
surrounding rock deformation should be fully 
considered instead of simply adopting drawing tests 
while designing the bolt parameters. As the surrounding 
rock grade gradually increases to IV, the additional 
interface shear stress and the bolt axial force from the 
deformation of surrounding rock gradually decrease, 
which reduces the differences of the bolt stress with and 
without surrounding rock deformation gradually. When 
the grade of surrounding rock increases to III, the 
influence of surrounding rock deformation can be 
ignored because the distribution of interface shear stress 
under the two analysis modes is basically the same. As 
the grade of surrounding rock increases further, the 
deformation of surrounding rock can be neglected after 
excavation and support because it is extremely small in 
this case. Therefore, under the conditions of IV and V 
surrounding rock, the deformation of surrounding rock 
should be considered comprehensively in designing the 
anchorage parameters. While the grade of surrounding 
rock is greater than III, the influence of surrounding 
rock deformation on the bolt stress can be ignored.  

6 Conclusion 

(1) The properties of the contact interface have an 
important influence on the analysis of bolt stress, 
including bolt–anchoring agent interface (the first 
interface) and anchoring agent–surrounding rock 
interface (the second interface). Based on elastic shear 
stress-strain theory, the distribution of interface shear 
stress and axial bolt stress are obtained under drawing 
and actual working conditions, respectively, with the 
consideration of the shear deformation of the interface, 
which provides a theoretical foundation for the design 
of full-length bond bolt. 

(2) Under the drawing condition, the peak shear 
stress of interface decreases and the distribution range 
increases under the influence of shear deformation of 
interface and anchoring agent, which can better describe 
the behavior of bolt stress under the drawing force. With 
the increase of elastic modulus of surrounding rock, the 
peak shear stress of interface increases, and the peak 

position moves towards the orifice. 
(3) Under the actual working condition, the shear 

stress of the interface has a neutral point near the orifice, 
and its position is closely related to that of peak shear 
stress. With the increase of elastic modulus of 
surrounding rock, the position of the neutral point 
moves towards the orifice. The best bolt length can be 
determined by field experiment because the ratio of 
pick-up length to bolt length varies within 0.2. 
Compared with the unimodal distribution in drawing 
conditions, the shear stress of interface changes to 
bimodal distribution under the influence of surrounding 
rock deformation. The failure of the bolt always starts 
from the pick-up length and gradually develops to the 
depth of the bolt due to the maximum shear stress in the 
pick-up length. 

(4) The properties of the surrounding rock will 
have a significant influence on the anchorage failure 
mode. Under the condition of the soft surrounding rock, 
the distribution range of interface shear stress is large, 
and the shear stress of pick-up length is significantly 
greater than that of the anchor length. The longer bolt 
should be used for support in this case because the bolt 
is easily pulled out due to the debonding failure of the 
interface. As the elastic modulus of surrounding rock 
increases, the distribution range of interface shear stress 
decreases, and the distribution of interface shear stress 
tend to be more uniform. The length of bolt could be 
reduced appropriately because the anchoring failure 
mode gradually evolves into the tensile failure of the 
bolt. 
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