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Abstract
Shear behavior of the bolt–grout interface basically depends on site-specific boundary conditions, i.e., initial normal stress 
and normal stiffness of the borehole wall. Few studies have been conducted to investigate the shear behaviors between the 
bolt and grout material under different boundary conditions. To better understand the effect of boundary conditions on the 
shear behaviors of the bolt–grout interface, simplified two-dimensional (2D) bolt–grout interface specimens are prepared 
and tested using direct shear tests at various initial normal stresses and normal stiffnesses in this context. The testing results 
showed that both initial normal stress and normal stiffness significantly influence the bolt–grout interface shearing behav-
iors. Increasing the normal stiffness or initial normal stress would increase the peak and residual shear strength. However, 
the degree of the brittleness after the peak, normal displacement, and peak friction coefficient was reduced. It is noted that 
the peak and residual shear strength points under the constant normal stiffness conditions located near the peak and residual 
strength envelopes for the constant normal load tests, respectively. Besides, the shear failure process of the bolt–grout inter-
face was captured by PAC acoustic emission (AE) monitoring and digital camera technology, a good correlation between 
the evolution of AE parameters and the shear stress curves was obtained.

Keywords Bolt–grout interface · Direct shear test · Constant normal stiffness · Failure mode · Rock bolt

List of Symbols
2D  Two-dimensional
CNL  Constant normal load
CNS  Constant normal stiffness
AE  Acoustic emission
UCS  Uniaxial compressive strength
σn0  Initial normal stress applied on the bolt–grout 

interface

kn  Normal stiffness applied on the bolt–grout 
interface

σ  Normal stress on the bolt–grout interface
v  Normal displacement of the bolt–grout interface
R2  Coefficient of determination of the fitting curve

1 Introduction

Bolts, a means to improve the geomaterial performances, are 
widely used in various field applications in the world. The 
fully encapsulated grouted bolts are basically considered as a 
reliable and efficient reinforcement method, which have been 
generally used in civil, tunneling, and mining engineering 
(Cai et al. 2004; Ma et al. 2013; Li et al. 2016; Salcher and 
Bertuzzi 2018; Stille et al. 1989; Villaescusa et al. 2008). 
Results show that the load-bearing capacity and deforma-
tion capacity of the fully grouted bolts mainly depend on 
the shear behaviors of the bolt–grout interface when failure 
of the rock bolting system occurs at the interface (Thenevin 
et al. 2017; Chen et al. 2018). In this regard, it is of great 
significance to study the shear behaviors of the bolt–grout 
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interface for better understanding the load transfer mecha-
nism of the rock bolting system.

The shear behavior of the bolt–grout interface can be 
generally determined using the conventional pull- and 
push-out tests or direct shear tests (Hyett et al. 1992; Aziz 
2001; Moosavi et al. 2002; Aziz et al. 2008; Yokota et al. 
2018; Zhang et al. 2018). A comparison of these test meth-
ods was conducted as listed in Table 1. Conventional pull-
out tests are the most commonly used testing methods for 
rock bolts in geotechnical engineering and can be generally 
divided into two types according to boundary conditions, 
i.e., constant radial pressure and constant radial stiffness. 
A large number of laboratory pull-out tests have been car-
ried out under both boundary conditions (Hyett et al. 1995; 
Moosavi et al. 2002; Li 2012; Martin 2012; Aziz et al. 2016; 
Chen et al. 2016). The results suggest that both radial pres-
sure and radial stiffness applied on the bolt–grout interface 
have a marked influence on the interface shear behaviors.

Moosavi et al. (2005) experimentally studied the effect 
of confining stress on the bond capacity and revealed that 
higher bond capacities and lower generated dilations have a 
close relation with higher confining stress applied. However, 
constant radial pressure boundary conditions may not reflect 
the true in situ applications as the changes in the radial stress 
on the outer surface of cement annulus that resulted from 
dilation induced by the radial constraint of surrounding rock 
masses are ignored. For the bolt–grout interface, the normal 
stress during the shearing depends on the initial radial stress, 
radial stiffness, and dilation. Therefore, constant radial stiff-
ness boundary condition can better simulate the interface 
behavior between the bolt and grout material in the field 
when compared with constant radial pressure boundary 
condition.

Concerning the constant radial stiffness boundary condi-
tions, Hyett et al. (1992) investigated some major factors 
influencing the bond capacity of grouted cable bolts using 
constant radial stiffness pull-out tests. Their results indicate 
that the radial stiffness acting on the outer surface of the 
cement annulus is one of the key factors controlling the bond 
capacity of the rock bolting system. However, it should be 
noticed that the effect of the initial radial stress is not con-
sidered in their tests. In other words, it is rather difficult 
to accurately apply initial radial stress and radial stiffness 
simultaneously using conventional pull-out tests. To address 
this problem, Martin (2012) developed a new pull-out bench 
to study the bolt–grout interface behavior under both bound-
ary conditions experimentally, i.e., constant radial pressure 
and constant radial stiffness boundaries. In their tests, con-
stant stiffness conditions were realized by closing the biaxial 
cell and keeping the confining fluid volume constant.

In laboratory tests, it is basically easier to conduct 
push-out tests than pull-out tests when using uniaxial 
compression test system, as the compression load is easier 

to realize than tensile load does. The push-out test can 
be considered as an alternative approach when determin-
ing the effects of various parameters on the mechanical 
behavior of the rock bolting system, to investigate the 
bolt–grout–rock interaction under axial loading (Cao et al. 
2013). However, it is noted that the stress state of the bolt 
in the push-out tests is different from that in the field, 
resulting in larger load capacity in the push-out test than 
that in the pull-out test due to the Poisson’s ratio effect 
(Jalalifar 2006; Aziz et al. 2008).

For both pull- and push-out tests, the controlled con-
stant stiffness boundary conditions are not well included. 
Moreover, the evolution process of damage and failure of the 
bolt–grout interface is rather difficult to capture due to the 
encapsulated structure. Therefore, it is not easy to directly 
measure the radial displacement and radial pressure of the 
bolt–grout interface. To solve the above problems, the direct 
shear test is used (Aziz et al. 2001; Cao 2013; Jiang et al. 
2016). Aziz et al. (2001) first adopted CNS direct shear tests 
on the bolt–grout interface. In their study, a normal stiffness 
of 8.5 kN/mm and initial normal stresses of 0.1–7.5 MPa 
were applied on the bolt–grout interface to study the load 
transfer mechanisms of the fully grouted bolt by opening up 
the bolt surface. The test results suggest that the bolt with 
deeper rib could offer a higher shear resistance at low nor-
mal stress conditions, while the bolts with closer rib spacing 
offer a higher shear resistance at high normal stress condi-
tions. Cao (2013) used a simplified steel plate to represent 
a round bolt opened onto a flat plane under the CNS shear 
testing. It is reported that the failure modes are significantly 
varied for different bolt profiles, even in one test setup. Par-
allel shear failure and dilational slip failure could be possible 
as the major factors accounting for the deformation.

In rock-socketed piles associated with rock joints, CNS 
direct shear tests have also been conducted to investigate 
the interface shear behavior (Benmokrane et al. 1994; Ind-
raratna and Haque 2000; Seidel and Haberfield 2002; Jiang 
et al. 2006; Shrivastava and Rao 2018). It is well acknowl-
edged that boundary conditions can significantly influence 
the shear failure mechanism and shear behavior. Gu et al. 
(2003) showed that the normal stiffness has a significant 
effect on the peak shear strength, and wear at the rock–con-
crete interface increases with an increase in either normal 
stiffness or initial normal stress values.

To better understand the shear behavior and failure pro-
cess of the bolt–grout interface, CNS direct shear tests 
under different initial normal stresses and normal stiff-
nesses were carried out in this context. The shear behav-
iors under different boundary conditions were studied and 
the variation of the shear parameters with either normal 
stiffness or initial normal stress was analyzed. Finally, 
acoustic emission (AE) and digital video camera were 
used to evaluate the interface damage during the shearing 
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process. The correlation between shear behavior and AE 
characteristics was also discussed.

2  Sample Preparation and Experimental 
Set‑up

2.1  Sample Preparation

As the roughness of the bolt–grout interface can influence 
the interface shear behavior dramatically, the bolt profiles 
should be first determined. In this study, a 100-mm long 
steel plate was used to model the rock bolt, the profiles of 
steel plate were designed in accordance with the specifica-
tion of a type of threadbar used in China. The transverse 
rib of rock bolt is simplified as isosceles trapezoid rib in 
the steel plate with rib top width of 2.5 mm, rib base width 
of 4.5 mm, and rib height of 1.2 mm. The rib face angle 
is set at 90° for simplicity and the rib spacing is 10 mm 
based on the bolt prototype. The simplified steel plate is 
shown in Fig. 1.

When preparing grout specimens, the steel plate 
was first placed in a steel mold with a dimension of 
100 mm × 100 mm × 50 mm (length × width × height). 
Then the mixture of cement (32.5 R), sand, tap water, 
and early strength agent of calcium formate at a ratio of 
1:1:0.4:0.03 by weight was cast into the steel mold and 
then was vibrated for 1 min to eliminate air bubbles. The 
grout specimens were removed from the molds in 24 h 
and finally were cured in a concrete curing box in room 
temperature (20 ± 1) °C and humidity of no less than 95% 
for 3 days before conducting CNS direct shear tests. Uni-
axial compression test was used to estimate the mechani-
cal properties of grout material. The testing results show 
that the uniaxial compressive strength (UCS), Young’s 

modulus, and Poisson’s ratio of grout specimens are 
29.64 MPa, 7.54 GPa, and 0.25, respectively.

2.2  Experiment Set‑up

A servo-controlled rock joint direct shear test apparatus 
(Model RJST-616, Fig. 2a), which was developed in Institute 
of Rock and Soil Mechanics, Chinese Academy of Sciences 
(CAS), was used to conduct bolt–grout interface direct shear 
tests under both CNL and CNS boundaries. The shear test 
apparatus consists of data acquisition and controlling sys-
tem, hydraulic power system, vertical loading system (nor-
mal loading) and horizontal loading system (shear loading) 
with loading capacities of 200 kN and 300 kN, respectively. 
The upper shear box was fixed in the horizontal direction 
and can only move along the vertical direction. The lower 
box is placed in a linear guideway and can move merely 
along the horizontal direction. Therefore, the apparatus 
ensures that the lower specimen only moves along the hori-
zontal direction and upper specimen only along the vertical 
direction. The normal and shear loads were recorded in real 
time by load cells connected to the vertical and horizon-
tal hydraulic jacks, respectively. The normal displacement 
was measured by a built-in magnetostrictive displacement 
transducer and shear displacement was measured by a linear 
variable differential transformer (LVDT) having an accuracy 
of ± 0.001 mm. Both normal and shear loads can be pro-
grammed and applied by either load or displacement rate 
control mode. The CNS boundary condition was achieved 
by feedback hydraulic servo-controlled system. The normal 
stiffness kn can be set in the range of 1–1000 GPa/m when 
the dimension of the shear plane is 50 mm × 100 mm.

The PAC AE system and a digital video camera were also 
used to visualize the shear failure process of the bolt–grout 
interface. A Nano-30 miniature AE sensor was attached to 
a steel plate before the shear test. It has a resonant response 
at 300 kHz and good frequency response over the range of 

Fig. 1  Simplified steel plate and 
grout specimen 10 mm 2.5 mm

1.2 mm

4.5 mm
50°
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125–750 kHz. The AE parameters, such as energy rate and 
hit rate, were recorded, and the images of the damage evolu-
tion process on the surface of the bolt–grout specimens were 
captured during the shearing process. In addition, amplifi-
cation of the preamplifier was set at 40 dB. The acquisition 
frame rate of the digital video camera used in the text is 
20 Hz.

2.3  Experiment Scheme and Test Procedure

Similar to the radial boundary conditions in conventional 
pull-out tests, direct shear tests of the bolt–grout interface 
were conducted under both CNL and CNS conditions. In the 

direct shear tests, the initial normal stresses are set at 0.5, 1, 
and 2 MPa because the actual radial stress generated on the 
bolt–grout interface is generally small resulting from grout-
ing pressure and redistributed stress before surrounding rock 
masses deform. After the initial normal stress is reached, 
constant normal stress or constant normal stiffness condition 
is applied on the bolt–grout interface, which depends on the 
prescribed boundary conditions. For the CNS tests, the nor-
mal stiffnesses are set at 10, 50, 100, 200, and 400 GPa/m in 
this study. Based on the field measurement results reported 
by Hyett et al. (1992), the applied stiffnesses were found to 
be representatives of the surrounding rock mass conditions 
from soft coal rock to weathered granite. It should be noted 

Fig. 2  Arrangement of the CNS 
direct shear test: a shear test 
system and PAC AE system; b 
schematic view of the loading 
test system layout
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that the applied normal stiffnesses are not large enough to 
simulate harder rocks such as limestone and fine granite. 
For this, the associated test facility needs to be improved 
with respect to testing of harder rocks in the future. Moreo-
ver, additional CNL shear tests under normal stresses of 0.1, 
0.25, and 5 MPa were performed to obtain CNL strength 
envelope, to compare the relationship between the CNL 
strength envelope and CNS peak stress points, due to the 
varied normal stress on the bolt–grout interface during the 
CNS tests. A summary of the experiment schemes is given 
in Table 2.

During the direct shear tests, the bolt–grout specimen 
was placed inside the shear box. Followed by either con-
stant normal load or constant normal stiffness condition was 
maintained on the bolt–grout interface until the end of the 
shear tests, accompanied by shear loading. The initial nor-
mal stress was first applied on the upper shear box at a load-
ing rate of 0.1 kN/mm, and then the shear load was applied 
on the lower shear box at shear velocity of 0.005 mm/s. 
The shear test was terminated when the shear displacement 
exceeded 6 mm.

3  Results

3.1  Shear Behavior of the Bolt–Grout Interface 
in the CNS Tests

The shear behaviors of the bolt–grout interface under the 
initial normal stress of 0.5–2 MPa and normal stiffnesses 
of 0–400 GPa/m are shown in Figs. 3, 4 and 5. The results 
reveal that the normal stiffness can influence the mechanical 
behaviors and deformation of the bolt–grout interface.

Figure 3 depicts the relationships between the normal 
stress and normal displacement during the shearing process 
under both CNL and CNS conditions. As can be observed, 
the normal stress kept constant in the CNL test and increased 
linearly with increasing normal displacement in the CNS 
tests. Taking the results at the initial normal stress of 
0.5 MPa as an example, the fitting linear regression formulas 

of the normal stress versus normal displacement curves 
under the CNS conditions can be expressed as follows:

For normal stiffness of 10 GPa/m:

Table 2  Direct shear test designs for the bolt–grout interface

Test conditions Initial normal stress (MPa) Normal 
stiffness 
(GPa/m)

CNL 0.10, 0.25, 0.50, 1.00, 2.00, 5.00 0.00
CNS 0.50, 1.00, 2.00 10.00, 

50.00, 
100.00, 
200.00, 
400.00
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Fig. 3  Normal stress versus normal displacement curves under the 
normal stiffnesses of 0, 10, 100, and 400 GPa/m and respective fitting 
linear regression formulas: a σn0 = 0.5 MPa; b σn0 = 1.0 MPa; c σn0 
= 2.0 MPa
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For normal stiffness of 100 GPa/m:

For normal stiffness of 400 GPa/m:

where σ is normal stress, v is normal displacement, and R2 is 
the coefficient of determination of the fitting curves.

The fitting results suggest that the applied normal stiff-
ness and initial normal stress on the bolt–grout interface 
are nearly equal to the input values of them prior to load-
ing. This confirms that the accuracy of the applied boundary 
conditions during the shearing process and reliability of the 
test results are acceptable.

Figure 4 compares the shear behaviors of the bolt–grout 
interface under the CNL (σn0 = 0.5 MPa, kn= 0 GPa/m) and 
CNS (σn0= 0.5 MPa, kn= 10, 100 and 400 GPa/m) condi-
tions. From Fig. 4a, it can be seen that the shape of shear 
stress curves is almost the same under both CNL and CNS 
tests for the range of tested parameters with the following 
three stages: quasi-elastic stage, strain-softening stage, and 
friction-sliding stage. The curves of friction coefficient, nor-
mal displacement, and normal stress also exhibited similar 
stage characteristics (see Fig. 4b–d). The friction coefficient 
refers to the shear stress over normal stress in this study 
and indicates the relative shearing resistance (Poturovic 
et al. 2015). Six threshold points (indicated by the solid red 
circles) are also marked in Fig. 4 for exhibiting the shear 
behaviors between the bolt and grout material, i.e., test start-
ing point (Point a), peak friction coefficient point (Point b), 
peak shear stress point (Point c), wear initiation point (Point 
d), residual friction coefficient initiation point (Point e) and 
test endpoint (Point f).

A comparison of Fig. 4a–d infers that there is a strong 
correlation between the shear stress, friction coefficient, 
normal displacement, and normal stress versus the shear 
displacement. In the pre-peak quasi-elastic stage, the nor-
mal displacement showed a gradually increasing trend, and 
the shear stress almost increased linearly until approaching 
Point c. However, the evolution of the friction coefficient 
depended on the normal boundary conditions. Under the 
CNL conditions, the friction coefficient showed the same 
trend as the shear stress did. Under the CNS conditions, 
the friction coefficient first increased to the peak friction 
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coefficient Point b and then decreased to Point c. The results 
indicated that the peak shear stress point generally lagged 
behind the peak friction coefficient point in the CNS test. 
This is because higher normal stress would result in a reduc-
tion in the peak friction coefficient and an increase in the 
shear strength. Followed by the post-peak strain-softening 
stage, which can be further divided into two small stages 
according to the decreasing rate of shear stress, i.e., brittle 
drop stage (Point c to d) and wear stage (Point d to e). In the 
brittle drop stage, the normal displacement accumulated rap-
idly, and the shear stress curves displayed a brittle behavior 
where a sharp drop in the shear stress and friction coefficient 
was observed after Point c. Besides, the degree of brittleness 
gradually diminished with the increase of the normal stiff-
ness. Afterward, the normal displacement approached the 
peak normal displacement point, and the shear stress and 
the friction coefficient decreased slowly to the residual value 
in the wear stage. Generally, the peak normal displacement 
point approximately corresponded to Point e, which was 
the initiation of the residual friction coefficient represent-
ing the onset of completely asperity shearing. In addition, 
the residual friction coefficient can be obtained at a smaller 
shear displacement in the CNS tests than that in the CNL 
tests. Finally, in the friction-sliding stage, friction coefficient 
remained stable and normal displacement declined slowly. 
The reduction in the normal displacement is because the 
sheared-off grout asperity was ground smooth with further 
shear displacement (Meng et al. 2017), resulting in a reduc-
tion in the normal stress applied on the interface and cor-
responding shear stress in the CNS tests.

Figure 4b depicts the friction coefficient versus shear 
displacement curves under different normal stiffness con-
ditions. The results indicate that the normal stiffness has 

a sound influence on the peak friction coefficient, but it 
barely influences the residual friction coefficient.

Figure 4c, d depicts the normal displacement and nor-
mal stress versus shear displacement curves. Because the 
change in the normal stress is proportional to the change 
in the normal displacement under the CNS conditions, the 
shape of normal displacement and normal stress curves is 
the same. The normal displacement in the CNS test is far 
less than that in the CNL test, on the contrary, the normal 
stress in the CNS test is greater than that in the CNL test. 
With the increase of normal stiffness, the normal displace-
ment decreased, while the normal stress increased.

Figure 5 illustrates the shear stress versus normal stress 
paths of the bolt–grout interface under both CNL and CNS 
conditions. The peak and residual shear strength envelopes 
of the bolt–grout interface under CNL condition are also 
presented in the same figure for comparison purpose. 
Under the CNL condition, stress path varied vertically due 
to the presence of constant normal stress. The shear stress 
first increased from 0 to the peak shear strength and then 
declined to the residual shear strength. Compared with 
CNL conditions, the stress path is more complicated under 
the CNS condition because both shear stress and normal 
stress changed during shearing. The shear stress first 
increased to the peak point, accompanied by the increase 
of normal stress. It can be noted that the peak shear stress 
points for the CNS tests were located near the nonlinear 
CNL peak strength envelope. The smaller secant slope of 
the stress path before the peak point was observed under 
higher normal stiffness conditions. This is because higher 
normal stiffness can lead to a more rapid increase in the 
interface normal stress. After the peak shear stress point 
was reached, the shear stress decreased while the normal 
stress continued to increase until the maximum normal 
stress point. The maximum normal stress point at the stress 
path approached the residual strength envelope. Eventu-
ally, the normal and shear stress decreased simultaneously 
and the stress path approximately varied along with the 
linear CNL residual strength envelope.

To understand the effect of the initial normal stress on 
the shear behavior of the bolt–grout interface, three dif-
ferent initial normal stresses (i.e., 0.5, 1 and 2 MPa) were 
applied on the bolt–grout interface. The test results are 
shown in Fig. 6. It is clear that the initial normal stress 
also influences the shear behavior of the bolt–grout inter-
face. A higher initial normal stress generally resulted in a 
smaller normal deformation and a higher shear strength. 
The shear stiffness captured in the shear stress curves was 
almost constant under different initial normal stress levels, 
and therefore the shear displacement corresponding to the 
peak shear stress was likely to increase when the initial 
normal stress was increased. The characteristics of the 
curves of shear stress, normal displacement, and normal 
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stress under different initial normal stress conditions were 
similar.

3.2  Analysis of Shear Parameters

The effects of initial normal stress and normal stiffness on 
the peak and ultimate shear parameters are shown in Fig. 7. 
The peak shear parameters are defined as the shear param-
eters corresponding to the peak shear strength and the ulti-
mate shear parameters refer to as the respective maximum 
value obtained from the direct shear tests. The peak shear 
strength coincided with the ultimate shear strength in the 
CNL tests according to the definition.

Figure 7a presents the variation of the peak shear strength 
with the normal stiffness under different initial normal stress 
conditions. The peak shear strength showed an increasing 
trend with the increases of both normal stiffness and initial 
normal stress. It can also be observed that the effect of the 
normal stiffness is more pronounced when initial normal 
stress is small (e.g., 0.5 MPa). As more asperity damages 
were generated in grout specimens under high initial normal 
stress conditions, the normal displacement could be sup-
pressed, resulting in a smaller increase of normal stress on 
the bolt–grout interface under the CNS conditions.

Figure 7b, c illustrates the variations of the peak normal 
displacement and the ultimate normal displacement with 
the normal stiffness under different initial normal stress 
conditions, respectively. Both the peak and ultimate nor-
mal displacements generally showed a decreasing trend as 
the normal stiffness increased. Compared with the ultimate 
normal displacement obtained from dilation curves, it shows 
that the peak normal displacement is smaller. In addition, 
the effect of initial normal stress on the peak and ultimate 
normal displacement can almost be ignored in the CNS tests. 
The difference between the peak and ultimate normal dis-
placement is large in the CNL tests and decreased with the 
increase of normal stiffness in the CNS tests.

Figure 7d, e illustrates the variations of the peak normal 
stress and the ultimate normal stress with the normal stiff-
ness under different initial normal stress conditions, respec-
tively. Both the peak and ultimate normal stress showed an 
increasing trend with the increases of normal stiffness and 
initial normal stress. The ultimate normal stress is larger 
than the peak normal stress.

Figure 7f, g shows the variation of the peak and the ulti-
mate friction coefficient with the normal stiffness (0–400 
GPa/m) at the initial normal stresses of 0.5–2 MPa. The 
results demonstrated that both the peak and ultimate friction 
coefficients showed decreasing trends with the increase of 
the initial normal stress and normal stiffness. The decreasing 
rate decreased with increasing normal stiffness. Apparently, 
the peak friction coefficient is slightly smaller than the ulti-
mate friction coefficient. The ultimate friction coefficient is 

equal to the tangent of the sum of the residual friction angle 
and the peak dilatancy angle (Maksimović 1992). Accord-
ing to the test results, the residual friction coefficient under 
different normal stiffnesses is approximately equal (Fig. 4). 
So, the changing trend of the peak dilatancy angle and the 
ultimate friction coefficient should be consistent.

The relationship between the shear stress and normal 
stress at the peak point on the stress paths is shown in Fig. 8. 
The nonlinear strength envelope of the bolt–grout interface 
under the CNL conditions is also displayed in the same fig-
ure. The results demonstrated that the peak points under the 
CNS conditions are always located near the CNL strength 
envelope. At the initial normal stress of 0.5 MPa, the peak 
shear strength under the CNS conditions is slightly less than 
that with the same normal stress under the CNL conditions 
when normal stiffness is between 10 and 100 GPa/m; while 
they are nearly equal when normal stiffness is larger than 
100 GPa/m. However, the peak shear strength under the CNS 
conditions are generally not less than that with the same 
peak normal stress under the CNL conditions at the initial 
normal stresses of 1 and 2 MPa regardless of the normal 
stiffness. This scenario may be attributed to the fact that the 
shear behavior of a rock joint is dependent of the stress his-
tory (Thirukumaran and Indraratna 2016). In other words, 
the initial damages resulted from dilational slip failure at 
initial normal stress of 0.5 MPa, which caused a reduction 
in the peak shear strength, diminished as normal stiffness 
increased.

3.3  Failure Modes

The failure modes of the bolt–grout interface are shown in 
Table 3. In this table, it can be observed that the failure 
modes depended on the applied boundary conditions. Three 
interface failure modes, i.e., dilational slip failure mode, 
sheared-off failure mode, and combined failure mode, were 
identified in this study according to the test results. This 
observation is similar to that made by Cao et al. (2013).

Under the CNL conditions, these three types of failure 
modes can be observed, depending on the normal stress. 
When the initial normal stress is low, e.g., 0.25 MPa, a set 
of approximately parallel inclined failure surfaces was gen-
erated in the grout asperities, causing the grout specimen 
to ride up and over the steel plate. Hence, the dilational 
slip failure is a dominant failure mode accompanied by a 
few sheared-off grout asperities. When the initial normal 
stress is 2 MPa, the grout asperities were sheared horizon-
tally along the rib base, and the sheared-off failure mode 
is the main failure mode. When the initial normal stress is 
between 0.25 MPa and 2 MPa, two types of failure modes 
coexisted. The generated dilational slip failure surfaces grad-
ually diminished and sheared-off grout asperities gradually 
increased. This suggests that the interface failure modes 
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transfer from dilational slip failure mode to sheared-off fail-
ure mode with the increase of the initial normal stress.

However, only the last two types of failure modes, i.e., 
sheared-off failure mode and combined failure mode, were 
observed under the CNS conditions due to the increasing 
normal stress on the bolt–grout interface for the range of 
initial normal stress and normal stiffness studied. When both 
the initial normal stress and normal stiffness are low (e.g., 
σno= 0.5 MPa, Kn= 10 GPa/m), the combined failure mode 
occurred where the dilational slip failure was first noted at 
the initial shear stage, similar to that under the same normal 
stress in the CNL tests, and then the grout asperities were 
sheared off. With the increase of normal stiffness or initial 
normal stress, the sheared-off failure mode gradually domi-
nated the interface failure. Sheared-off failure mode under 
the CNL and CNS conditions is similar. However, a compar-
ison of sheared-off failure modes under different boundary 

conditions indicates that scratches were more sound under 
the CNS conditions.

3.4  AE Characteristics

AE parameters were recorded simultaneously during the 
shearing process to evaluate the interfacial damage process. 
The typical results of variations of the AE parameters for 
three types of interface failure modes are shown in Fig. 9. 
The corresponding shear stress versus shear displace-
ment curve is also illustrated in this figure to investigate 
the AE characteristics at different deformation stages. The 
test results revealed that the failure mode of the bolt–grout 
interface influenced the corresponding AE characteristics. 
Interestingly, the evolutions of AE parameters matched well 
with the shear stress curves.

Figure 9a depicts the AE energy rate and the accumulated 
AE energy rate versus shear displacement curves under the 
normal stress of 0.25 MPa, where the dilational slip failure 
occurred. In the pre-peak quasi-elastic shear deformation 
stage (Stage I), the AE signals were rather quiet concerning 
low AE energy rate. However, some minor AE energy peaks 
were noted, which was associated with the generation of 
the dilational slip surfaces. When shear stress approached 
the peak shear strength (about 0.9 times the peak shear 
strength), the AE energy rate increased significantly. Gener-
ally, the accumulated AE energy rate was almost negligible 
in this stage. In the post-peak strain-softening shear defor-
mation stage (Stage II), the AE signals were extremely active 
and the peak energy rate was observed. The accumulated AE 
energy rate increased monotonously. In the residual shear 
stage (Stage III), the AE energy rate rapidly diminished to 
approximately 0 and then remained almost stable with fur-
ther shear displacement increment, accompanied by some 
minor peaks. Therefore, the accumulated AE energy rate 
was also almost constant for the dilational slip failure mode.

Figure 9b depicts the AE energy rate and accumulated AE 
energy rate versus shear displacement curves under the nor-
mal stress of 2 MPa and normal stiffness of 10 GPa/m where 
the sheared-off failure occurred. In Stage I, the AE energy 
and the accumulated energy rate were smaller compared 
with those in the dilational slip failure mode (see Fig. 9a). 
In Stage II, the AE energy rate first increased rapidly to the 
peak AE energy rate and then decreased slowly. The peak 
energy rate almost matched the turning point from brittle 
drop stage to wear stage. The accumulated AE energy rate 
increased rapidly. In Stage III, the AE energy rate resulting 
from the sliding friction of the sheared-off grout asperities 
decreased gradually. After that, the accumulated AE energy 
continued to increase with increasing shear displacement.

For the combined failure mode of the interface under the 
CNS conditions, the dilational slip failure occurred before 
the peak and the sheared-off failure occurred mainly after 
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the peak. Therefore, it displayed the same AE characteristic 
as dilational slip failure mode and sheared-off failure mode 
before and after the peak, respectively, as shown in Fig. 9c.

4  Conclusions

The present study investigated the effect of initial normal 
stress and normal stiffness on the shear behaviors of the 
bolt–grout interface under the CNS conditions. Evolutions 
of the shear failure process were captured by the AE moni-
tor and digital camera technology. The main conclusions are 
drawn as follows:

1. Normal stiffness has a major influence on the shear 
behavior of the bolt–grout interface. The peak shear 
strength, the peak normal stress, and the ultimate nor-
mal stress of the bolt–grout interface all showed increas-
ing trends as the normal stiffness increased. While the 
normal displacement and the friction coefficient corre-
sponding to the peak and ultimate stage, respectively, 
showed the opposite change trends, which decreased as 

normal stiffness increased. The effect of normal stiffness 
depended on the initial normal stress level. Generally, 
the effect of normal stiffness decreased as the magnitude 
of the initial normal stress increased.

2. Under the CNS conditions, the ultimate friction coeffi-
cient was first reached, and then the peak shear strength, 
and finally the ultimate normal displacement and the 
ultimate normal stress with increasing shear displace-
ment.

3. The peak and residual shear stress points for the CNS 
tests were located near the peak and residual shear 
strength envelopes for the CNL tests, respectively.

4. Dilational slip failure, sheared-off failure, and combined 
failure modes were observed in the shear tests. The fail-
ure modes were related to the initial normal stress and 
normal stiffness. As normal stress and normal stiffness 
increase, the sheared-off failure mode gradually became 
dominated interface failure mode.

5. The evolution of the AE parameters with shear displace-
ment matched well with the shear stress versus shear 
displacement curves. Different interface failure modes 
can be calibrated with different AE characteristics.

Table 3  Typical photos of bolt–grout interfaces with different failure modes after direct shear test

Dominated failure 
Modes Boundary condi�ons Typical photos of bolt-grout interfaces a�er direct shear test

Dila�onal slip failure
CNL (σ

no
=0.5MPa)

Sheared-off failure CNL (σ
no

=2MPa)

Combined failure
CNS (σ

no
=0.5MPa, 

K
n
=10GPa/m)

Sheared-off failure
CNS (σ

no
=2MPa, 

K
n
=10GPa/m)

Dilational 
slip surface

Sheared-off 
asperity Sheared-off 

asperity

Dilational 
slip surface

Shear direction

Sheared-off Slip

Sheared-off 
asperity

Sheared-off

Shear direction

Sheared-offSlip

Shear direction

Sheared-off 
asperity

Sheared-off 
asperity Sheared-off

Shear direction
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