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Bolts are widely used in rock mass engineering, wherein the bolt support improves the safety and stability of the rock mass. To
reveal the mechanical behavior of the bolt and failure mechanism of the bolted joint in the shearing process, a direct shear test was
conducted by changing the state of grouting, number of bolt, and inclination angle of the bolt. /e change in the axial force of the
anchor in the shearing process was evaluated by conducting a strain gauge test, and the mechanical behavior of the bolt under the
external force was studied./e results showed that under the same normal stress, the yield displacement of the bolt decreased and
the stiffness of the joint gradually increased with increased number of bolts. At the same number of bolts, their yield displacement
increased with increased normal stress. Analysis further revealed that grouting on the joint improved the force condition of the
bolt, increased the yield displacement of the bolt, and coordinated the deformation of the grouting body and bolt, thereby
improving the shear strength of the joint. Lastly, when the anchor angles differed, the axial pulling resistance of the anchor
changed, and the yield displacement of the anchor with 45° inclination was <90°./e yield displacement of the bolt showed that the
supporting effect of the bolt with a 45° inclination was better than that of the bolt with a 90° inclination.

1. Introduction

Fractured rock masses exist extensively in geotechnical
engineering [1–7]. Many researches have been done on the
mechanics of rock joint. Lin et al. [8] investigated the effect
of different confining stresses on the rock breaking of
different joint angles. Jiang et al. [9] simulated series of
direct shear tests on coplanar and noncoplanar jointed
rocks using the PFC2D. /e failure of joint will greatly
affect the safety of rock mass [10–14]. Bolts are widely used
in major projects such as steep slopes and tunnels as an
important means of reinforcing the fractured rock masses
[15–18]. Many scholars have conducted extensive research
on the anchoring mechanism of bolts in rock masses and
achieved many meaningful results [19–27]. Ge and Liu [28]
studied the effects of different bolt angles, material prop-
erties, and friction angles on the shear strength of the joint
and proposed a formula for estimating the shear strength of
the bolted joint and the optimal anchor installation angle.

Chen et al. [29] analyzed the axial and transverse defor-
mations of the bolt in the shearing process and found that
with increased strength of the surrounding rock or the
normal stress, the shear strength of the joint contributed by
the axial force of the bolt is reduced. Spang and Egger [30]
studied the shear resistance of bolts in different materials
and considered that one of the most important parameters
affecting the shear resistance of anchored jointed rock
masses is the deformability of the rock mass. Pellet and
Egger [31] studied the shear resistance of bolts through
theoretical methods and obtained the allowable deforma-
tion of the bolts with different installation angles. Haas [32]
used various types of bolts to anchor into limestone and
shale, and shear tests showed that the shear resistance of the
joint surface after anchoring increased by approximately
3.7 times. According to the study of Grasselli et al. [33], the
plastic hinge was formed when the shear displacement of
the anchored rock mass reached a certain value, and the
failure of the anchor rod was mainly from the pulling force
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concentrated between the two plastic hinges. /e above
studies focused on the improvement of the shear strength
of the joint after anchoring. /e stress deformation of the
bolt itself during shearing is also important because such
deformation affects the failure mode of the rock joint
[34–36]. Discussing the deformation characteristics of the
bolt in the shearing process is particularly necessary during
the time when the bolt begins to deform during the
shearing process and when the yield begins to occur, and
how the axial drawing effect is exerted is also necessary.
Based on the above considerations, the authors conducted

the direct shear test, changed the number of bolts, the
grouting state of the joint, and the inclination angle of the
bolts. /e deformation characteristics of the joint bolts
were discussed.

2. Sample Preparation and Test Methods

Using a similar material to simulate the joint, a direct shear
test was performed and the entire shear stress-shear dis-
placement curve was recorded under a certain normal load
[9, 37–43]. /e white Portland cement numbered 425 and
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Figure 2: Joint sample. (a) Bolted nonfilled joint. (b) Bolted grouted joint.
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muddy river sand with a particle size of 0.5 to 1.0mm are
used for sampling and then casted according to the ratio
(mass ratio) cement : sand : water� 1 : 0.53 : 0.45 with the size
of 150×150×120mm. /e test piece is divided into two
pieces, the joint surface is laid straight, and the types of joints
are divided into two categories: nonfilled and grouted joints.
/e specific model is shown in Figure 1 wherein the
thickness of the grout is 8mm. /e inclined bolt exerts
lateral shear resistance, and the axial pull effect of the bolt
and anchor increases the strength of the joint because the
support effect of the inclined bolt is better than that of the
vertical bolt. To compare the effect of bolt inclination and
bolt amount, the installation angle of the bolt is set to be 45°

and 90°, and the number is approximately 1 to 3. /e joints
with bolts can then be categorized into bolted nonfilled and
bolted grouted joints [44]. /e bolt is simulated using the
#11 wire with a length of 11mm and a diameter of 3mm. A
BE120-5AA (11) strain gauge with a length of 5mm and a
width of 2mm was attached onto the middle of the anchor
rod. Joint samples are shown in Figure 2. /e strain at the
anchor point of the specimen was measured by the strain
gauge, and then the deformation characteristics of the bolt at
the joint can be obtained. During the production process, the
bolt is inserted into the test piece before the cement mortar is
solidified, and then the full-length bonded bolt is formed.
Two central axes are defined and shown in Figure 3./e bolt
is placed along the center axis 2. One bolt is positioned at the
intersection of the center axes 1 and 2. Bolts 2 and 3 are
located uniformly along the center axis 2 with the spacing of
50 and 37.5mm, respectively. /e grout is prepared with
cement mortar with different proportions of the rock joint
model, and the ratio (mass ratio) of the cement mortar is
cement : sand : water� 1 :1 : 0.35. When casting the simu-
lated rock mass, a gap of thickness δ � 8mm is reserved in
advance, and then the specimen is grouted after 4 to 5 days of
curing. /e specimen is placed in a constant temperature
box for conservation. /e sample after casting is shown in
Figure 2.

To obtain the deformation characteristics of the bolt,
the strain monitoring points were set in the middle of the
bolt. Figure 3 shows that the epoxy resin was used
to protect the strain gauges. Direct shear tests were
performed under a certain normal stress. When grouting
is done on the structure, the strain gauges are all
buried in the grouting body. /e test system is a RYL-
600 microcomputer-controlled rock shear tester as
shown in Figure 4. /e tangential loading rate is set to
1 mm/min.

3. Analysis of Shear Test Results

3.1. Influence of the Number of Bolts. /e number of bolts
affects the mechanical behavior of the joint [45]. /e rela-
tionship of the strain-shear displacement of the bolt is shown
in Figure 5. During the shearing process, the bolt deforms
along with the shearingmisalignment, and the strain value of
the corresponding measuring point of the bolt is measured.
However, breaking during the shearing process is easy and
the strain gauge is destroyed because of the thinness of the

strain gauge wire. Figure 5(a) shows that no change occurs
after the strain value increases to a certain value until the
strain gauge breaks. Figure 5 shows that during the initial
stage of shearing, the strain of the bolt does not change
remarkably with increased shear displacement. At this time,
the axial pull effect of the anchor rod plays a minor role, and
the axial force is not considerably increased because in the
early stage of shearing, the shear action of the joint is
provided by the pin action of the bolt, and the shear re-
sistance of joint is consistent with the results of the phe-
nomenon presented by Chen et al. [46]. However, when the
shear displacement exceeds a certain critical value, the strain
of the bolt increases rapidly with increased shear displace-
ment wherein this critical point corresponds to the yield
point of the bolt. Comparing the shear stress-shear dis-
placement curves of the bolted grouted joint (Figure 6), the
grouted joint shear displacement corresponding to the
critical point (Figure 5) is located at the half to the full of the
peak shear displacement. For the convenience of descrip-
tion, the shear displacement of the corresponding joint when
the bolt is yielded is referred to as the yield displacement
(Dy). For the normal stress of 2.22MPa, the corresponding
yield displacements are δs1, δs2, and δs3 for grouted joint with
one, two, and three bolts, respectively. /rough the above
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analysis, when the bolt strain mutates, the joint shear stress
has almost reached its peak value wherein the joint is close to
the destruction state. /erefore, the failure time of the
grouted joint can be judged by the state of the bolt strain
curve. When an abrupt change in the axial force of the bolt is
detected (reaching the yield state of the bolt), the bolted
system is about to destabilize.

With increased number of bolts, the yield displacement
continuously decreases, δs3< δs2< δs1. In other words, a
larger number of bolts lead to a smaller yield displacement.
/e reason is that a smaller number of bolts result in lower
bolt rigidity, causing the joint surface to be damaged first
and the bolt to be damaged again. With increased number of
bolts, the stiffness of the bolt system increases so that it can
be destroyed simultaneously with joints, leading to early
yielding displacement of the bolt. At the same number of
bolts, the yield displacement of the bolt increases with

increased normal load because increased normal load causes
increased density of the contact of the structural surface.
Subsequently, the shear stress of the joint increases gradually
and the shear stress of the bolt decreases relatively. /e bolt
coordinates with the rock and resists shear deformation,
thereby producing greater normal load and greater yield
displacement of the bolt. Figure 5(c) shows that when the
normal load is 0.45 and 1.78MPa, the stress-shear dis-
placement curve of the bolt has a sharp point. /e adhesive
force of the grout is large before the failure because of the
shear process. With increased shear stress on the joint, the
ultimate bearing capacity is reached, and the grout suddenly
breaks down. At this point, the bolt is subjected to a sudden
increase in shear and axial stresses. /en, when the grout is
deformed, it bears part of the stress and the axial force of the
bolt drops to a normal value, which is a very short process
thereby forming a sharp point.
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Figure 5: Strain-displacement curve of the grouted joint with one bolt (a), two bolts (b), and three bolts (c) of 45° inclination.

4 Advances in Civil Engineering



3.2. Effect of Grouting. /e shear behavior of bolted nonfilled
and bolted grouted joints was studied./e results of the direct
shear tests for the joint with a 45° bolt under a different
normal stress are shown in Figure 7./e yield displacement of
the bolts in the grouted joint is greater than that of the
nonfilled joint indicating that the grouting can increase the
yield displacement of the bolt. /e stiffness of the joint is
relatively large, and the bolt rapidly deforms against the shear
stress in the nonfilled joint. /e stiffness of the bolted grouted
joint is smaller than that of the bolted nonfilled joint. When
the deformation of the bolt reaches the limit, the bolt begins to
yield. /e grout is sheared and broken during the shearing
process because of the small stiffness of the grout. /e grout
has to have a certain thickness to provide more deformation
capacity for the deformation of the bolt and to avoid the
transverse shear deformation of the bolt directly. /e bolt

interacts with the grout and cooperates with each other to
coordinate the load and increase the shear strength of the
joint. According to the slope of the deformation curve of the
bolt, the slope of the deformation curve of the bolt in the
nonfilled joint is larger than that in the grouted joint. /e
slope of the curve represents the deformation speed of the bolt
during shear. /e higher the slope, the faster the deformation
of the bolt, and the greater the axial force the bolt bears when
it is deformed. After grouting, the deformation speed of the
bolt decreases, and the initial time of yielding of the bolt is
delayed. Reflecting grouting can improve the axial force of the
bolt and improve the shear strength of the joint.

3.3. InfluenceofBolt Inclination. After the joint is cut out, the
deformation of the bolt is shown in Figure 8. After shearing,
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Figure 6: Shear stress-shear displacement curves of the grouted joint with one bolt (a), two bolts (b), and three bolts (c) of 45° inclination.
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the bending phenomenon of the bolt in the nonfilled joint is
more obvious than that in the grouted joint because the
grout has a certain thickness in the grouted joint. When the
joint is sheared, the bolt bends at the cementing surface of
the grout. In the filled grout, the bolt is stretched, whereas
the bolt can only bend near the structural surface in the
nonfilled joint. /e 90° bolt anchorage angle is larger in the
process of shearing wherein the bolt plays the role of pin and
there is difficulty in removing slippage. /e 45° bolt bevels
the joint wherein the bolt also plays the role of axial drawing
while exerting transverse shear resistance. Most of the de-
formation positions of the bolt are in the middle, while some
are found above or below the middle.

In comparing the strain-shear displacement curves of
bolts with different inclination angles (Figure 9), the axial
deformation of the bolt varies with increased shear dis-
placement. At the beginning of the bolt deformation, the 45°

bolt curve slope is greater than that of the 90° bolt, while the

yield displacement of the 45° bolt is smaller showing that
under the condition of the same shear displacement, the 45°

bolt is subjected to greater axial tension compared with the
90° bolt. /e bolt axial drawing function is more apparent,
and the axial pulling action of the 45° bolt is more obvious.
/e differences of yield displacement indicate that the 45°

bolt plays a pullout role earlier than the 90° bolt because
when the bolt inclination is at 90°, the bolt perpendicular to it
intersects with the joint and plays the role of the transverse
shear resistance, while the axial drawing is not produced
until the bolt is bent and deformed. /e 45° bolt bevels with
the joint when the joint is staggered along the shear di-
rection, and the bolt is subjected to the force of the rock
block. To resist the force, the bolt produces axial and shear
deformations. /erefore, the 45° bolt presents the better
supporting effect than the 90° bolt.

3.4. Failure Mode of Joint. Under a certain normal load, the
unbolted joint underwent shear deformation. When the
shear stress reached the peak shear strength, the joint suf-
fered a sliding failure [47–53]. /e bolt plays an important
role in the bolted joint. For the nonfilled joint, shear de-
formation occurs on the joint and bolt at the initial stage of
shear, and the axial deformation of the bolt is not obvious.
When the shear stress reaches the maximum shear strength
of the joint, sliding failure occurs (Figure 10(a)). /e bolt
begins to yield, and the axial deformation gradually in-
creases. /e bolt produces bending and shear failure, and
part of the bolt is broken at the joint as shown in Figure 11.
/e sliding of the joint overcomes the dynamic friction
resistance and the transverse and axial resistance of the bolt.
For the bolted grouted joint, both the bolt and the filled
grout simultaneously undergo shear deformation at the
initial state of shearing, and the axial deformation of the bolt
is not obvious. When the shear stress reaches the peak shear
strength of the bolted grouted joint, the filled grout is
damaged and the bolt begins to yield, while the axial

90° bolt in nonfilled joint

90° bolt in grouted joint

45° bolt in grouted joint

45° bolt in nonfilled joint

Figure 8: Deformation of the rock bolt with a different inclination.
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Figure 7: Strain-shear displacement curve of bolt in nonfilled joint with one bolt (a) and grouted joint with one bolt (b) of 45° inclination.
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deformation of the bolt increases gradually. /ere are two
main types of failure modes of the joint wherein one is a
sliding failure along the interface between the filled grout

and the rock as shown in Figure 10(b) and another is the
crushing failure of the filled grout as shown in Figure 10(c).
Compared with the nonfilled joint, the bolt in the grouted
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Figure 9: Strain-shear displacement curve of the bolt with a different inclination. Normal load of (a) 0.45MPa, (b) 1.33MPa, and (c)
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Figure 10: Failure modes of different joints. (a) Nonfilled joint. (b) Failure mode 1 of the bolted grouted joint. (c) Failure mode 2 of the
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joint has hardly been broken, and the corresponding shear
displacement of the grouted joint when the joint is damaged
and the bolt begins to yield is larger than that of the nonfilled
joint. /e frictional resistance of the bolted grouted joint
comes from the damaged filled grout. /e partially broken
grout occludes with each other as shown in Figure 10(c),
thereby increasing the frictional resistance of the joint.

4. Conclusions

(1) With increased number of bolts, the shear strength of
the joint increases and the yield displacement of the
bolt decreases. /e normal load increases as the yield
displacement of the bolt and the shear strength of the
joint increase.

(2) Grouting in the joint can improve the stress con-
ditions of the bolt. /e filled grout and the bolt work
together to increase the shear strength of the joint.
/e stiffness of the rigid anchorage joint is large, and
the anchor rod quickly yields against the shear force.
/e stiffness of nonfilled joint and grouted joint is
relatively larger, and the bolt yields rapidly with the
resistance to shear forces. /e stiffness of the bolted
grouted joint is relatively small, and the bolt can
undergo a coordinated deformation along with the
filled grout. When the deformation of the bolt
reaches the limit, the bolt begins to yield.

(3) /e inclination angle of the bolt has an effect on the
shear strength of the joint. When the bolt inclination
angle is 45°, the shear strength is greater than that of
90°. For a different inclination, the bolt plays an axial
drawing role, whereas the 45° bolt plays a pullout role
earlier than that of the 90° bolt.
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