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In order to study the anchoring instability mechanism of surrounding rock in deep roadway, the failure mechanism of the bolt-
anchoring agent interface was studied by simulating different strength rock mass and ground temperature environment, using
C20, C40, and C60 strength concrete and steel pipe to simulate different surrounding rock strength environments. Indoor pull-out
tests were carried out to study the pull-out load displacement relationship, ultimate pull-out force, residual anchoring force, the
distribution law of axial stress and tangential stress along the bar, and the energy consumption value of drawing failure at 20, 50,
and 70°C. (e test results show that, with the decrease of surrounding rock strength or the increase of ambient temperature, the
pull-out force, residual anchoring force, and energy consumption value of anchorage interface gradually decrease; under different
axial forces, the axial force distribution of the rod body decreases exponentially from the anchoring end to the opposite end; and
the shear stress transfers to the deep part of the anchor body with the increase of the load. According to the failure phenomenon of
the specimen, the failure modes of the bolt bolt-anchorage agent interface can be divided into shear slip mode and shear expansion
slip mode. (e shear expansion slip formula of anchorage interface is derived. Using high-strength and temperature-resistant
resin anchoring agent for comparative test, the rationality of the mechanism analysis is proved, which provides more clear
guidance for the construction of anchor support.

1. Introduction

With many coal mines entering deep coal seam mining,
supporting problems such as high ground stress, high
ground temperature, broken surrounding rock, or weak
stratum appear in roadway construction, with large defor-
mation and strong rheology of surrounding rock mass [1–3].
Under complex geological conditions, the surrounding rock
support of deep roadway is difficult, and the bolt loss rate of
support bolt increases gradually. (e supporting bolt in-
teracts with the surrounding rock to form a whole with the
surrounding rock and bear the load generated by the de-
formation of surrounding rock [4–6]. Generally, the an-
choring support system is composed of surrounding rock,
anchoring agent, and bolt. (e failure mode of anchorage

interface is the most common, but the failure mechanism of
anchorage interface is still unclear [7–10]. In order to ensure
the efficient and safe mining of deep resources, it is necessary
to further study the failure law of anchor under different
surrounding rock strength and ambient temperature.

Many scholars have studied the failure of anchor-
ages under different environmental conditions. In high-
temperature and room temperature environments, Zhang
Sheng studied the influence of water and temperature on the
anchor hold of a resin anchoring bolt in the laboratory under
two conditions, namely, water moving in the borehole and
water accumulating in the borehole. (e conclusion reached
was that the impact of water on the borehole wall and the
increase of the borehole wall temperature will reduce the
anchoring ability of the general resin [11]. Huet al. studied
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the influence of temperature on the anchoring performance
of a resin anchor by combining a laboratory test and nu-
merical simulation. (e results showed that the anchoring
force of the anchorage body was the largest at 25°C, and the
anchoring force clearly decreased with the increase of
simulated drilling temperature [12]. Based on the thick wall
theory, Zhao and other researchers studied the relationship
between anchor rib spacing and anchorage performance
under different country rock conditions. Under arbitrary
country rock conditions, increasing rib spacing can improve
the anchoring performance [13]. Li Fuhai et al. researched
the influence of temperature on the bond behavior of the
anchoring interface. (rough a test of a fully grouted bolt in
an indoor simulation of high temperature, it was concluded
that with the increase of the ambient temperature of the
anchor body the maximum shear stress of the bolt section
decreases, and the shear stress distribution along the bolt
section is more uniform [14]. (e tests of Li were carried out
to study the pull-out failure strength of anchors under
different temperatures and roughness conditions.(e results
showed that temperature has little influence on the pull-out
failure with cement grout as a binder. With the increase of
country rock roughness, the pull-out strength of the anchor
body increases, and the bolt support effect is enhanced
[15]. Su et al. studied the pyrolysis characteristics and
pore structure evolution of resin anchoring materials at
high temperature using micro CT scanning and three-
dimensional image reconstruction technology. It was con-
cluded that high temperature had a significant impact on the
internal structure and density of the materials. At high
temperature, the mechanical properties of the material
decreased significantly, the compressive strength decreased
by 95%, and the pull-out resistance decreased by 68.3% [16].
Li carried out research on thermomechanical coupling of an
anchor solid in a deep mine roadway, tested the mechanical
properties of an anchoring agent at different temperatures,
and carried out a bolt pull-out test to study the influence of a
high ground temperature environment on the anchoring
mechanism [17]. Pothisiri used a mechanical model of
bonding between steel rebar and concrete at elevated
temperatures based on the smear crack theory and a thick-
wall cylinder in its partially cracked elastic stage. (e results
showed that the compressive strength of concrete, the
thickness of the protective layer, and temperature change
will lead to the degradation of bond strength [18]. Based on
the research results of the above scholars, it has been shown
that temperature, presence of water, and strength and
roughness of country rock all affect the pull-out strength of
anchors. However, the failure mechanism remains unclear.
In particular, the failure mechanism of the anchoring in-
terface for a bolt support systemwith a resin anchoring agent
as the binder has been little studied. It is of great significance
to determine the failure mechanism of bolts by studying the
failure law of anchorage interfaces in different
environments.

(is study used a bolt supporting system with a resin
anchoring agent as the bonding material and examined the
failure law of the resin-anchor interface under different
temperature and country rock strength environments. (is

study conducted indoor pull-out tests using a self-made bolt
drawing mold; C20, C40, and C60 strength concrete col-
umns; and a steel pipe to simulate different country
rock strength and temperature environments. Analyzed
parameters were the pull-out load-displacement relation-
ship, interface axial stress, shear stress distribution rule, and
pull-out failure energy consumption value of the anchorage
interface under different environments. (e influence of
temperature and the country rock strength on the failure of
the anchor solid interface was revealed. Finally, using high-
strength and temperature resistant resin anchoring agent for
comparative test, the rationality of the mechanism analysis is
proved, and the method of optimizing the strength of anchor
body is obtained to increase the pull-out load of anchorage
interface, which provides more clear guidance for the
construction of anchor support.

2. Test Materials and Preparation

2.1.AnchorMaterial andPreparation of ForceMeasuringBolt.
MSGLW-500, a left lateral screw-thread steel bolt without
longitudinal reinforcement, was selected for the test. Its
structure and mechanical properties are shown in Table 1
[19]. (e bolt was cut into 500mm long segments, and a
monitoring strain gauge was installed to construct a pull-out
force measuring bolt. (e specimen construction and strain
gauge arrangement are shown in Figure 1.

(e anchor rod in Figure 1(a) was divided into three
sections, namely, the anchoring section (300mm), the ex-
posed section (160mm), and the mixing section (40mm).
(e anchoring section was bonded with the country rock
with resin anchoring agent; the exposed section was clamped
by the pull-out testingmachine; and themixing section was a
smooth round rod with a diameter of 12mm and was used
by an electric drill to secure the anchor bolt into the country
rock. Cut off the mixing section after the mixing anchor.
Two side symmetrical milling grooves
(width× depth� 6× 3mm) were used to arrange strain
gauges and wires in the anchorage and exposed sections.(e
cross section is shown in Figure 1(b). Bx120-3aa strain
gauges were used. (e grid dimensions (length×width)
were 3× 2mm and the resistance was 120± 0.1Ω. (e
specific arrangement is shown in the diagram in Figure 1(a).
Seven strain gauges were arranged in total, and the strain
gauges arranged from the beginning to the end of the anchor
bolt were numbered as 1∼7#; 1# was located at the exposed
section, 20mm from the beginning of the anchoring section,
and the spacing between 1 and 7# was 50mm, with a total
monitoring range of 300mm. Before arranging the strain
gauge, the groove was ground with sandpaper and cleaned
with acetone; the strain gauge was then pasted into the
groove with 520 glue and the wire was welded. When the
glue was dry, the gap in the groove was filled with epoxy
resin glue; the anchor is shown in Figure 1(a).

2.2. Anchoring Agent. (e medium speed full-length an-
choring agent was selected for the test. (e anchoring agent
has high strength and short gelation time, which meet the
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needs of rapid support in a deep mine roadway. (e curing
dosage of the anchoring agent is 4% of the mass of the resin
mortar, the curing time is 180 s, the strength of the an-
choring agent is 65MPa, the elastic modulus is 10.5GPa, and
Poisson’s ratio is 0.26. In addition, the compressive strength
of the anchoring agent at different temperatures is shown in
Table 2 [20, 21].

2.3. Country Rock Material and Specimen Preparation.
Hard rock, medium strong rock, and weak rock exist in the
country rock of roadway bolt supports. To simulate the
mechanical properties of bolts under different country rock
strength conditions, seamless steel pipes and concrete with
different strengths were designed to simulate different
country rock strengths. Steel pipe is used to simulate hard
rock formation, C60 and C40 strength concrete were pre-
pared to simulate medium strong country rock, and C20
strength concrete was used to simulate soft country rock.
Considering the three-diameter ratio and the influence
range of the anchor rod, the outer diameter of the steel pipe
was 42mm, the wall thickness was 5mm, the length of the
steel pipe was 300mm, the elastic modulus was 206 GPa, and
Poisson’s ratio was 0.3. (e outer diameter of concrete
country rock was 150mm, the inner diameter was 32mm,
and the height was 300mm. According to the relevant lit-
erature, a reasonable mix proportion of concrete was se-
lected [22, 23]. (e mix numbers of C60, C40, and C20
strength concrete are shown in Table 3.

In addition, the concrete country rock sample was
poured using a concrete block mold with inner
diameter× height� 150× 300mm. Before pouring, a PVC
pipe with length of 450mm and outer diameter of 32mm
was vertically placed in the center of the mold. (e mixture
was introduced into the mold and vibrated evenly on the
vibration table, and the end face was smoothed with a flat
shovel. After 2∼3 hours, the PVC pipe was extracted, and the
concrete column was removed from the mold and subjected
to standard curing after 24 hours. It was cured in the
protective box for 28 days. (e test results showed that the

compressive strength of C60, C40, and C20 concrete samples
was 67.2, 48.3, and 29.1MPa, respectively, and thus met the
study requirements.

2.4. Preparation of the Drawing Test Specimen. (e steel pipe
end and the two ends of the cured concrete country rock
sample were polished with a grinder. (e amount of an-
choring agent required for each specimen was calculated and
weighed and put into the pre-reserved anchor hole. (en,
the electric drill was used to clamp the anchor rod mixing
section to quickly mix and push it into the designed anchor
length. After anchoring, the specimens were cured at room
temperature for 24 hours; finished specimens are shown in
Figures 2 and 3.

3. Test Device and Scheme

3.1. Construction of Bolt Drawing Test Mold. To facilitate the
pull-out test of the anchor body, alloy steel was selected as
the material of the mold after repeated attempts. (e test
diagram and structural design are shown in Figure 4.

It can be seen from Figure 4 that the mold was composed
mainly of upper and lower limit plates and connecting bolts.
(e lower limit plate center was vertically welded to a steel
bar with a length of 150mm and diameter of 22mm, which
was used for clamping the drawing testing machine. (e
upper and lower limit plates were 30mm thick. (e two
plates were connected by six screws. (e diameter of each
screw was 16mm and the length was 400mm. To test the
pull-out failure strength of the bolt-anchorage agent in-
terface, a hole with a diameter of 22.5mm was reserved in
the center of the upper limit plate to guide the bolt, as shown
in Figure 4(c). (e force mode of the pull-out specimen is
shown in Figure 4(b).

3.2. Specimen Heating and Temperature Control Devices.
To accurately simulate the ambient temperature, a heating
ring was used to heat the specimen. (e heating ring is
shown in Figure 5. A stainless steel heating ring with an

Table 1: Structure and mechanical parameters of the MSGLW-500 bolt.

Diameter
(mm)

Rib height
(mm)

Rib spacing
(mm)

Cross-sectional area
(mm2)

Modulus of elasticity
(GPa)

Yield strength
(kN)

Breaking strength
(kN)

22 1 12 379.94 200 190 239

Anchorage section Clamping
section

Mixing
section

123457 6

End

320

(a) (b)

140 40

22

8

Start

Figure 1: Strain gauge layout of force measuring bolt (unit: mm).
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inner diameter of 42mm and height of 80mm was used for
the steel pipe simulation of country rock, and a ceramic
heating ring with an inner diameter of 150mm and height of
100mm was used for the concrete simulation of country
rock. In addition, a xmtd-2001 digital display temperature
controller was used, which was composed of 220V AC
contactor, screw type sensor, and K-type temperature sen-
sor. For the specimen using the steel pipe to simulate the
country rock, the outer wall of the steel pipe was welded with
an M6 nut to connect a screw-type sensor; for the specimen
using concrete to simulate country rock, a hole with a di-
ameter of 8mm and depth of 60mm was drilled on the
central side wall of the concrete column to insert a K-type
temperature sensor. Ceramic heating ring and stainless-steel
heating ring are directly sheathed in the concrete sur-
rounding rock and steel pipe outer wall, respectively, and
both are placed in the drawing die together. (e power line

of the heating ring is penetrated from the mold ring to the
column. Before the pull-out test, the test piece was heated,
the required temperature in the temperature controller was
set, and the temperature sensor was inserted into the test
piece. When the temperature of the heating sample exceeded
the set temperature, the temperature meter controlling the
AC contactor cut off the power supply. (us, after several
iterations of repeated heating to ensure the temperature in
the anchorage specimen was uniform and constant, the pull-
out test was carried out.

3.3.DrawingTest Equipment andTest Scheme. AWaw-1000c
microcomputer-controlled electrohydraulic servo universal
testing machine was used to pull out the bolt. (e maximum
test force of the testing machine was 1000 kN. Hydraulic
clamping was used in the test, with a clamping diameter ofΦ
12∼Φ 60mm and net spacing of the column of 650mm.(e
axial stress of the bolt was monitored by a YE2539 dynamic
strain gauge.

(e prepared drawing specimen was installed in the
drawing die and placed on the universal testing machine
clamp. During the test, displacement of 2mm/min was used
to control the loading. (e test system is shown in Figure 6.
(e failure process of pull-out specimens with different
country rock strength (C20, C40, C60, steel pipe) was
simulated at different ambient temperatures (20, 50, 70°C).

4. Analysis and Interpretation of Test Results

In the pull-out test, the anchor was subjected to increasing
axial force until the anchorage failed. Because the bolt hole
on the hanging wall of the drawing die was essentially
consistent with the outer diameter of the bolt, the pull-out
failure was limited to the interface between the bolt and the
anchoring agent. Monitoring and collating the data, the
following results were obtained.

4.1. Pull-Out Load Displacement. According to the test
scheme, the pull-out test was carried out; the load dis-
placement relationship of each pull-out specimen is shown
in Figure 7.

It can be seen from Figure 7 that with the increase of the
pull-out displacement the pull-out force of all of the bolts
increases rapidly at first and then decreases; with the increase
of the country rock strength of the bolt specimen, the

Table 2: Compressive strength of the anchoring agent in different temperature environments.

Type 20°C 50°C 80°C 110°C
General 65 MPa 39.4 MPa 27.5 MPa 15 MPa

Figure 2: Steel tube country rock specimens.

Figure 3: Concrete country rock specimens.

Table 3: Concrete mix proportions.

Strength grade Cement (kg) Sand (kg) Stone (kg) Water (kg) Sand rate (%) Type sand parameters of water
reducing agent (kg)

C20 350 (P.O 32.5) 680.8 1159.2 (limestone) 210 37 —
C40 400 (P.O 42.5) 705.22 1200.8 (limestone) 144 37 NF(5.6)
C60 420 (P.O 42.5) 648.1 1103.4 (basalt) 148.5 37 NF-F(130)
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maximum anchoring force increases gradually. (e peak
value of the pull-out force of the concrete country rock an-
chor is in the range of 7.5∼17.5mm. (e load-displacement
development process can be divided into four stages: ①
elastic stage(A-B): the pull-out load and displacement of the
anchor bolt increase linearly, the pulling load of the anchor
solid increases rapidly, and the displacement of the anchor
bolt is mainly elastic deformation. ② Plastic deformation
stage (B-C): the anchorage interface in the anchor body
enters the plastic deformation stage under the action of shear
force. In this stage, the displacement of the anchor rod
increases rapidly, and the pull-out load of the bolt continues
to increase slightly. (is stage is clear in the drawing of
the st-20 °C specimens but was not clearly evident for the
remainder of the specimens.③ Failure stage of anchor loss
(C-D): after reaching the strength limit of the anchor body,
the continuous increase of the pull-out load leads to the

debonding failure of the anchorage interface, resulting in the
dramatic decrease of the anchor load. ④ Residual strength
stage (D-E): when the whole anchor body debonds, the axial
slip of the anchorage interface produces the interface fric-
tion, the displacement of the anchor increases rapidly, and
the friction resistance decreases slowly.

In Figure 7(a), the yield stage of the steel pipe simulation
of the country rock anchor solid in the normal temperature
environment lasts for a long time. When the anchor body is
damaged, shear failure occurs at the interface. (e country
rock of the steel pipe provides greater holding force for the
anchorage body. At normal temperature, the strength of the
adhesive anchorage agent is high, and the interface has
strong shear resistance. With the increase of temperature,
the shear strength of the anchorage agent decreases, the
anchorage interface fails more rapidly, and the anchorage
length of the specimen is shorter; therefore, the yield stage of

Lower limit
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Connecting
bolt30

0m
m

15
0m

m

Upper hydraulic
clamping end

Lower hydraulic
clamping end

32
42 (150)

(a)

(b)

(d)

(c)

Anchoring agent

Rock bolt

Steel pipe
(concrete)

22.5Upper limit
plate 30

Axial drawing
force
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260

20

20

22
16

Lower limit plate
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Figure 4: Structure of pull-out test tool (unit: mm).

(a) (b) (c) (d)

Figure 5: Heating ring and temperature sensor of drawing specimen: (a) a stainless-steel heating ring; (b) a ceramic heating ring; (c) screw
type sensor; (d) K-type temperature sensor.

Advances in Civil Engineering 5



Temperature
control system

Strain monitoring system
Control system of WAW-1000

universal testing machine

Figure 6: Pull-out test system of bolt.
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the anchor solid is not obvious. In addition, as shown in
Figure 7(b) and 7(c), the yield stage is also missing in the
process of the concrete simulation of the country rock
anchor pull-out. (e reason is that the anchor loss is ac-
companied by radial cracking of the concrete country rock.
After the country rock is damaged, the anchor body enters
the stage of anchor loss failure. (e lower the strength of
country rock, the smaller the peak value of the pull-out force.

4.2.UltimatePull-Out StrengthandResidualAnchoringForce.
(e ultimate pull-out force and residual drawing anchoring
force of the anchor solid interface under different country
rock strengths and temperature environments are shown in
Figures 8 and 9, respectively.

It can be seen from Figure 8 that the ultimate tensile
strength of the anchorage interface decreased by 38.8% and
52.9%, respectively, at 50 and 70°C relative to 20°C; the
ultimate tensile strength of C20, C40, and C60 country rock,
respectively, decreased by 14.5%, 29.6%, and 25.3% at 50°C
and 31.6%, 56.9%, and 51.5% at 70°C relative to 20°C. It can
be seen from the above results that with the increase of
country rock strength the change range of the ultimate pull-
out strength of the anchorage interface increased with
temperature. However, when the strength of country rock
was C40 and C60, the difference of the ultimate pull-out
force of the anchorage interface in the same temperature
environment was small, and the change range of the ultimate
strength at different temperatures was similar.

When the anchor body is subjected to axial stress, both
axial and radial shear forces along the radial direction of the
country rock are produced at the interface between the
anchor and the anchoring agent. (e shear force acts on the
anchoring agent and the country rock through the an-
choring interface. If the strength of the country rock is
substantially less than that of the anchorage agent itself, the
tensile shear failure of the country rock will occur due to the
shear force. (e country rock cannot provide enough
binding force, and the anchoring force of the anchoring
interface decreases rapidly; at this time, the ultimate pull-out
force of the anchorage interface is limited by the strength of
the country rock. when the strength of resin anchoring agent
is approximately equal to the strength of surrounding rock,
with the increase of axial pull-out force on the anchor body,
radial shear dilatation failure will occur at the interface
between anchor and anchoring agent, and the surrounding
rock will produce partial radial tensile shear failure. (e
surrounding rock can still provide the binding force. (e
influence of surrounding rock is weak. (e bond strength
provided by the country rock is insufficient, and the effect of
the anchoring force on the interface is not obvious; when the
strength of the country rock is substantially greater than the
strength of the anchorage agent itself, for example, and the
country rock is simulated with steel pipe and is approxi-
mately non-deformed, the anchorage interface is subjected
to axial force through shear failure of the anchorage agent.
At this time, the strength of the anchorage agent itself limits
the ultimate pull-out strength of the anchor.

According to Mohr–Coulomb theorem,

τ1 � σ tan φ + c. (1)

In this forum, τ1 is the shear strength on the shear plane;
σis the normal stress on the shear plane; cis the rock co-
hesion; and φ is the internal friction angle of the rock. It can
be concluded that different environments lead to different
bond strength of surrounding rock; that is, different normal
stress on anchorage interface will lead to different failure
strength of interface. When the shear stress on the interface
exceeds its shear strength, plastic failure occurs at the an-
chorage interface, and the relative slip between the bolt and
the anchoring agent enters the residual strength stage. In this
case, only the interface friction force exists on anchorage
interface that can be expressed as the following formula:

τ2 � σtanϕ. (2)

In this forum, σ is the normal stress on the sliding surface
and ϕis the internal friction angle of rock. It can be seen that
the friction force is also directly proportional to the normal
stress on the anchorage interface, which is provided by the
reaction of surrounding rock. It can be seen from Figure 9
that the residual pull-out force of the anchor body decreased
by 46.7% and 56.8%, respectively, at 50°C and 70°C relative to
20°C; the residual tensile strength of C20, C40, and C60
country rock decreased by 51.9%, 38.6%, and 49.4%, re-
spectively, at 50 °C and 60.5%, 61.8%, and 61.6%, respec-
tively, at 70°C relative to 20°C. When the country rock
strength is high (steel pipe country rock), it provides a shear
force reaction force of the anchor solid interface, the normal
stress of the interface is large, and the residual anchoring
force of the interface is greater than that of the weak strength
of the country rock. With the increase of the temperature,
the strength of the anchoring agent itself decreases, and the
shear strength of the anchorage interface decreases, so the
residual stress of the anchorage solid decreases; in the pull-
out specimens of concrete country rock, the country rock
cannot provide enough shear force reaction force. Before the
shear slip failure of the anchor solid interface, the country
rock undergoes radial shear failure, the normal stress of the
interface decreases, and the residual anchoring force of the
anchor body is small; under the same country rock con-
ditions, the higher the ambient temperature, the smaller the
residual stress of the anchor. In general, under the same
temperature environment, the higher the strength of country
rock, the greater the residual stress of the anchor; under the
same strength of country rock, the higher the ambient
temperature, the smaller the residual pulling force of the
anchor.

4.3. Axial Force Distribution of Bolt under Different Loads.
When the anchor body is pulled out axially, the end of the
bolt bears the pull-out force along the axial direction of the
rod body. (e pull-out force is transferred to the whole
anchor body along the shear stress form of the interface
between the rod and the anchor. (e axial deformation of
the anchor rod is produced under the action of axial force
P(i). According to the strain gauge values at different po-
sitions in the bolt body combined with (3), the axial force
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values at different positions along the bolt axis can be
obtained.

P(i) � ε(i)EA. (3)

In the above formula, P(i) is the calculated value of the
axial force at point i; ε(i)is the measured strain value at point
i; E represents the elastic modulus of the test anchor, with a
value of 200GPa; and A is the cross-sectional area of the test
bolt, where the area lost due to the installation of the strain
gauges is subtracted, to give a value of 344.89mm2. For
increasing axial load on the anchor rod, the axial force
distribution of the anchor under different axial loads is
shown in Figure 10.

According to (1), the axial force distribution of the bolt
can be obtained by processing the monitoring data. When
the simulated ambient temperature is 20, 50, and 70°C, there
were 12 test pieces for different country rock strengths. Here,

six representative specimens were selected and are drawn as
shown in Figure 10.

Figures 10(a)∼10(d) show the pull-out monitoring re-
sults of specimens with different country rock strength at
50°C. Under the action of different axial loads, the axial force
of the bolt decreases with the distance from the pull-out end
of the bolt. In the environment of 50°C, when the country
rock strength is C20, the pull-out load at the anchorage
interface is lower, and the lower pull-out force decreases
with the axial extension of the anchor rod. When the pulling
force was 40 kN, the tensile force at 2∼7# decreased by
15.5%, 34.5%, 67.2%, 90.5%, 97.4%, and 98.6%, respectively.
Figures 10(b) and 10(c), respectively, show that the strength
of the country rock is C40 and C60. When the pull-out force
ratio is small (less than 60 kN), the axial force of anchor rod
decreases linearly; with the increase of drawing force, the
reduction range of the pulling force increases. When the
pull-out force was 100 kN, the tensile force at 2∼7# in the
C40 specimen decreased by 13.6%, 34.5%, 50.1%, 67.5%,
83.0%, and 92.2%, respectively, while that of the C60
specimen decreased by 14.8%, 31.7%, 42.8%, 66.9%, 81.7%,
and 93.5%, respectively.(e reduction range of the bolt axial
force is the largest in the range of 0∼180mm, but smaller in
the range of 180∼280mm. Figure 10(d) shows the anchoring
of the steel pipe country rock. When the pull-out force is
small (less than 60 kN), the axial force of the anchor rod
decreases linearly; when the pull-out force is greater than
160 kN, the stress of the anchor rod at the 2# strain gauge
(distance of 20mm) closest to the pull-out end of bolt is
basically equal to the pulling force, indicating that the an-
choring agent has reached the shear strength and has been
damaged; with the increase of drawing force, the anchoring
agent at the 3# strain gauge also reaches the shear strength.

By comparing the test results of different ambient
temperatures under the strength of C40 surrounding rock as
shown in Figures 10(e), 10(b), and 10(f), it is concluded that
when the anchor body is close to the loss of anchor, the axial
force at 2∼7# in the environment of 20°C decreases by 13.4%,
24.3%, 46.7%, 74.2%, 85.7%, and 93.6%, respectively. At
70°C, the axial forces at 2∼7# decreased by 23.5%, 40.1%,
60.2%, 72.5%, 82.2%, and 94.1%, respectively. It can be
concluded that with the increase of ambient temperature the
axial force distribution of bolt is more uniform.

4.4. Distribution of Axial Shear Force of Bolt under Different
Loads. According to the static balance relationship and load
transfer principle, the shear force P(i) at the interface be-
tween the anchor bolt and anchoring agent at any cross-
section of the bolt is equal to the axial force of the bolt.
(erefore, the shear stress at the interface of the anchor bolt
and anchoring agent can be calculated from the measured
values of two adjacent strain gauges; the calculation formula
is as follows:

τ(i) �
ε(i) − ε(i+1) EA

πdΔz
. (4)

In the above formula, τ(i)is the average value of shear
stress at the anchor bolt-anchorage agent interface between i
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and i+ 1; ε(i)and ε(i+1)are the strain values measured at
points i and i+ 1; Eis the elastic modulus of the test anchor,
with a value of 200GPa; Aand d represent the cross-sectional
area and diameter of the test bolt, respectively; and Δz is the
distance between adjacent strain gauges, with a value of
50mm. From (4), the change in the shear stress at the
anchorage interface along the bolt can be calculated, as
shown in Figure 11.

(e following can be seen from Figure 11:① under the
action of axial pull-out force, the shear stress of anchorage
interface increases rapidly near the anchorage end and then
decreases gradually along the direction from the anchorage
end to the anchorage bottom until it tends to 0. And with the
increase of bolt load, the peak value of interfacial shear
gradually shifts from the anchor end to the deep.② At the
same temperature, the maximum shear stress of anchorage
interface increases with the increase of surrounding rock
strength. (e comparison between Figures 11(a) and 11(d)
shows that the maximum shear stress is 4.7MPa when the
surrounding rock strength is C20, and 22.6MPa when the
steel pipe is used as the surrounding rock, and the shear
stress increases greatly.③Under the same surrounding rock
strength, the maximum shear stress of anchorage interface
decreases with the increase of ambient temperature. Com-
pared with Figures 11(e) and 11(f), it can be seen that the
maximum shear stress of the anchorage specimen is
16.42MPa in the environment of 20°C and 6.3MPa in the
environment of 70°C. (e shear stress decreases greatly. ④
(e shear stress of the bolt is mainly concentrated in the
range of 0∼150mm, and the shear stress in the anchorage
section is at a low level when it is greater than 150mm.

In addition, Figure 11(d) shows the anchoring solid of
steel pipe country rock. With the increase of axial force,
when the stress exceeds 160 kN, the anchoring interface at
the initial end of the anchorage will undergo shear failure.

Generally speaking, the different stress-strain properties of
the anchorage materials lead to a non-linear distribution of
the shear stress at the anchorage interface. Different tem-
peratures and country rock strengths have an impact on the
peak value of the shear stress at the anchor interface, but
have no effect on the distribution form of the interfacial
shear stress. According to the distribution form and transfer
law of shear stress at the anchorage interface, it can be
concluded that the failure of the anchorage interface is a
progressive and irreversible process.

4.5. Analysis of Energy Consumption Value. (e value of
pull-out energy consumption is the energy consumed when
the anchorage specimen is pulled out. (is value is the work
done to resist the pull-out force of the anchor rod body
during the pulling out process. (e pull-out energy con-
sumption value of the anchorage body is calculated by the
drawing force displacement curve; results are shown in
Figure 12.

It can be seen from Figure 12 that when the pull-out
specimens are in different ambient temperatures, the value
of pull-out energy consumption increases significantly with
the increase of country rock strength. According to the
analysis, the energy consumption value of the specimens
with country rock strength of C20, C40, and C60 decreased
by 74.69%, 51.05%, and 38.54%; 63.03%, 45.59%, and
39.99%; and 74.85%, 47.36%, and 45.97%, respectively,
compared with the steel tube specimen in the process of
anchor rod drawing at 20, 50, and 70°C.

Under the same country rock strength conditions, the
pull-out energy consumption decreases with the increase of
ambient temperature. Relative to the specimens in the 20°C
environment, the energy consumption values of bolt spec-
imens in C20, C40, C60, and steel pipe country rock were
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Figure 10: Axial force distribution diagrams under different loads. (a) C20-50°C specimen. (b) C40-50°C specimen. (c) C60-50°C specimen.
(d) St-50°C specimen. (e) C40-20°C specimen. (f ) C40-70°C specimen.
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Figure 11: Shear stress distribution diagrams under different loads. (a) C20-50°C specimen. (b) C40-50°C specimen. (c) C60-50°C specimen.
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reduced by 28.85%, 55.79%, 45.88%, 52.15%, and 52.45%,
60.94%, 51.30%, 55.51%, respectively.

From the above data analysis results, it can be seen that
the energy consumption value of the pull-out specimen
varies greatly from 20°C to 50°C and less so from 50°C to
70°C. Compared with the medium strength country rock
(C40, C60), the soft country rock (C20) or hard country rock
(steel pipe) has a greater change in the energy consumption
value of the pull-out specimen. When the pull-out speci-
mens are inmedium strength country rock, the change of the
country rock strength has little influence on the energy
consumption value of these specimens. According to the test
analysis, the country rock strength and ground temperature
have an impact on the bolt support effect. To ensure the bolt
support effect, it is necessary to design different anchor
support parameters according to the specific support
environment.

5. Failure Mechanism Analysis and
Experimental Verification of Bolt-Anchoring
Agent Interface

It can be seen from Figures 10 and 11 that in the drawing
state of the anchor the axial tension at the initial end of the
anchor gradually decreases along the interface between the
bolt and the anchoring agent. With the increase of axial pull-
out force, the shear stress of the anchorage interface grad-
ually spreads to the deep end, resulting in progressive failure
of the interface [24–26]. When the pull-out specimen is
completely destroyed, the interface between the anchor rod
and the anchorage agent on any cross-section will go
through elastic stage, failure stage, and sliding friction stage.
(erefore, the shear force on the anchorage interface varies
with the position and stage [27–30].

(e shear resistance of the anchorage interface is
composed of adhesive force, mechanical bite force, and
friction force. (e adhesive force is small and can be ignored

generally. (e friction force only occurs when shear slip
occurs. (erefore, the mechanical bite force is the main
factor determining the interfacial shear resistance. Under the
action of the bolt surface profile, the mechanical bite force of
the interface produces the radial shear force component of
the anchorage body. Under the action of axial force and
radial shear force, the pull-out specimens have different
failure states. Figure 13 and Table 4 show the failure pictures
and failure states of the specimens, respectively.

According to the results in Table 4, there is no broken
bolt in all the pull-out specimens, which indicates that the
strength of the bolt and the rigidity of the drawing die are
enough to meet the test requirements. According to the
experimental phenomena, the failure modes of the anchor
bolt-anchorage agent interface are divided into shear slip
mode and shear expansion slip mode, as shown in Figure 14.

When the pull-out specimen is in tension, the anchorage
interface produces shear expansion force, which acts on the
country rock of the specimen. (e strength of surrounding
rock itself provides reaction for the shear expansion force of
anchorage interface. If the strength of the anchoring agent
itself is high, the mechanical bite force of the anchoring
interface is large, and the radial shear force is also increased.
If the shear failure of the country rock of the specimen before
the through shear occurs at the interface, the anchoring
interface will produce lateral slip and shear dilatation slip
failure, as shown in Figure 14(a); if the strength of the
country rock is sufficiently large to provide enough shear
expansion reaction force, the through-shear failure occurs at
the anchorage interface, which is shear slip failure, as shown
in Figure 14(b).

As shown in Figure 14(a), when shear slip failure occurs
at the anchorage interface and the axial pull-out force is
small, the interface is in an elastic deformation state; with the
increase of pull-out load, the anchorage interface produces
local extrusion failure, forming a slip surface. According to
the stress balance relationship, the normal stress and tan-
gential stress on the slip surface are as follows:

σi
n � σv cos i +

P

A
sin i, (5)

τi
�

P

A
cos i − σv sin i. (6)

In formulas (5)∼(6), Arepresents the conical area at
interface failure, A � π(d2

b − r2)sin i; db � r + h, db, r, h

represent the outer diameter, inner diameter, and rib height
of the bolt surface profile, respectively; σv is the radial stress
of surrounding rock on the anchorage interface; Pis the axial
drawing force; and i is the slip angle of the anchoring in-
terface. With the increase of axial pull-out force, when the
shear stress on the sliding surface meets equation (1), the
anchoring interface will produce slide. Substituting (5) and
(6) into (1), eliminating σi

n and τi, the following formula is
obtained:

P � π d
2
s − r

2
 

cos ϕ
sin i cos(i + ϕ)

c +
σv tan(i + ϕ)

sin i
 . (7)
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It can be seen from formula (7) that the sliding resistance
of anchorage interface is composed of two parts: one is the
cohesion of anchorage agent itself and the other is the radial
restraint of surrounding rock. (e interface dilatancy will
lead to the expansion of the inner wall of the surrounding
rock anchor hole, resulting in cracks in the inner wall of the
anchor hole. When the shear stress of the inner wall of the
cylinder reaches its tensile strength, the radial tensile shear
failure of the inner wall will occur. (erefore, according to
Lame’s solution [31], when the inner wall of surrounding
rock enters the critical point of tensile shear failure, the
tensile stress of surrounding rock on the anchorage interface
is in equilibrium with the radial dilatancy force produced by
drawing. It will get the following formula:

p0 �
d
2
0 − d

2
b σL + 2d

2
0σw

d
2
0 + d

2
b

. (8)

In formula (8), p0 is the radial stress on the anchoring
interface; d0 is the outer diameter of the anchoring body; σw

is the external confining pressure on the anchoring body;
and σL is the crack compressive strength of internal wall of
anchorage interface, which is 2.5∼3 times of the tensile
strength obtained by the uniaxial direct drawing method
[32].

When the anchorage interface is in the critical state of
shear expansion crack initiation, the radial stress of the
surrounding rock at the interface is equal to that of the
surrounding rock on the slip surface; that is,

p0 � σv. (9)

By substituting (8) and (9) into equation (7), and con-
sidering the attenuation of mechanical properties of an-
choring agent layer under the action of temperature, the
following results are obtained:

C20-20°C C40-20°C C40-70°C C60-70°C St

Rupture
photos

Sketch
photos

Type

[C] [C] [FC] [P] [P]

Figure 13: Failure mode of anchor loss of pull-out specimens.

Table 4: Damage forms of samples.

(°C) C20 C40 C60 St
20 C C C P
50 C C C P
70 C FC P P
C is the country rock cracking; P is the bolt pulling out; FC indicates a small number of cracks at the orifice.
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Figure 14: Failure modes of anchorage interface: (a) shear expansion slip mode; (b) shear slip mode.
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Pmax � π d
2
s − r

2
 

cos ϕT

sin i cos i + ϕT( 
cT +

d
2
0 − d

2
b σL + 2d

2
0σw tan i + ϕT( 

sin i d
2
0 + d

2
b 

⎡⎢⎣ ⎤⎥⎦. (10)

In the drawing test of C40-50°C specimen, the sur-
rounding rock is not affected by external confining pressure.
(e parameters are as follows: external confining pressure
σw is zero, the shear slip angle i � 7°, anchor parameters ds

and r are 22mm and 19.2mm, respectively, surrounding
rock diameter d0 is 150mm, σL is 6.8MPa, and the measured
internal friction angle and cohesion of anchoring agent are
38° and 8.5MPa, respectively. (e above parameters are
substituted into formula (10).(e results show that the
maximum axial load is 47.52 kN, which is 45.7% of the
ultimate axial load and this is less than 50% of the ultimate
pull-out load in [33]. From formula (10), it can be concluded
that the low strength of surrounding rock can provide less
σL, the anchorage interface will produce radial expansion
crack, the interface shear slip angle will be larger, and the
ultimate axial load will be reduced.(erefore, the strength of
anchorage agent should match the strength of surrounding
rock. (e greater the strength of surrounding rock is, the
better the performance of anchorage agent can be used.

However, with the increase of the ambient temperature,
temperature stress is produced inside the drawing specimen
and the mechanical properties of the component materials
are changed [34, 35]. Due to the small heating range of the
simulated ground temperature environment test, the dif-
ference of thermal expansion coefficient between concrete
and anchor rod is small, so the temperature stress in the
specimen could be ignored [36, 37]. (e relevant literature
shows that the mechanical properties of the concrete and
bolt are almost unchanged within the range of 100°C, but the
mechanical properties of the anchoring agent decrease
greatly. It can be seen that the resin anchoring agent is the

most sensitive to the temperature change in the anchoring
solid. To summarize, it can be concluded that the bolt
supporting effect can be effectively improved by pulling the
specimen in a high-temperature environment and im-
proving the strength of the resin anchoring agent. Fur-
thermore, the matched country rock strength should also be
considered. By adjusting the strength of the anchoring agent
and the country rock, the failure mode of the anchorage
interface changes from shear dilatancy slip mode to shear
slip mode, thus achieving maximum utilization of the an-
choring force.

In order to verify the rationality of the above-mentioned
interface failure mechanism and clarify the reasonable way
to improve the anchorage interface load, we select the self-
made high-strength, heat-resistant anchorage agent for in-
door pull-out test, and compare the experimental results
with the test results of conventional anchorage agent, as
shown in Figure 15 (A represents the conventional an-
chorage agent; B represents the new anchorage agent). (e
mechanical parameters of self-made new anchoring agent at
different temperatures are shown in Table 5 and C40 con-
crete and steel pipe are selected for surrounding rock [38].
(e fabrication, curing, and testing procedures of the
specimens are as described in Section 2.

It can be seen from Figure 15 that with the increase of the
ambient temperature relative to 20°C the ultimate pull-out
force of the new anchorage agent specimen at 50°C and 70°C
decreases by 28.85% and 55.79%, respectively, with the
increase of ambient temperature. (erefore, with the in-
crease of ambient temperature, the reduction extent of the
ultimate pull-out force of the new anchorage agent specimen
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is significantly smaller than that of the conventional an-
chorage agent specimen under the same temperature en-
vironment. However, in the case of C40 country rock, with
the increase of ambient temperature the change range of the
ultimate pull-out force of the new anchorage agent specimen
is smaller than that of the conventional anchorage agent
specimen. It can be seen that if the strength of the country
rock is not high in a high-temperature environment, the
supporting performance of the bolt cannot be improved by
only improving the strength of the anchoring agent.

(erefore, in order to ensure the effectiveness of bolt
support in high temperatures and weak or broken rock, it is
necessary not only to improve the stability of the mechanical
properties of the anchoring agent in high-temperature en-
vironments, but also to improve the strength of the country
rock by grouting and other means, so that the high-strength
anchoring agent will eventually produce interfacial shear slip
failure. In addition, some deficiencies remain in the above
analysis: the anchor body in deep stratum is in an envi-
ronment of high geostress, high ground temperature, and
weak rock stratum, the failure limit of the country rock
changes under the action of high stress, and the indoor pull-
out test does not consider the influence of crustal stress
environment on the failure of anchorage interface. Further
research of these issues will be carried out in the future.

6. Conclusion

In this paper, C20, C40, C60 strength concrete and steel pipe
are used to simulate different surrounding rock strength
environment, and indoor anchor pull-out tests are carried
out at 20°C, 50°C, and 70°C. (e following can be concluded:

(1) Based on the analysis of pull-out test results under
different environments, the failure process of the bolt
interface is divided into four stages: elastic stage,
plastic yield stage, anchor loss failure stage, and
residual stress stage. For the test anchorage length,
with the weakening of country rock strength or the
increase of ambient temperature, the country rock is
prone to split failure or the shear strength of the
anchoring agent is reduced. At this time, the plastic
yield stage of the anchorage interface is either not
obvious or non-existent.

(2) (rough the pull-out test, it is concluded that the
ultimate pull-out force and residual anchoring force
of the anchorage interface increase with the increase
of surrounding rock strength when the ambient
temperature is the same; when the surrounding rock
strength is the same, the increase of temperature
leads to the weakening of the anchoring force of the
anchorage interface. Combined with the shear stress
inversion of the anchorage interface, it is concluded

that the strength and temperature of surrounding
rock only change the magnitude of the interface
anchorage force but do not change the interface
stress transfer law. With the increase of drawing
load, the peak shear stress of interface transfers to the
anchorage end.

(3) (e results show that the value of energy con-
sumption increases significantly with the increase of
country rock strength, and the energy consumption
value varies greatly from 20°C to 50°C and less from
50°C to 70°C. Compared with the medium strength
country rock (C40 and C60), the energy consump-
tion value of the pull-out specimen changes signif-
icantly in soft country rock (C20) or hard country
rock (steel pipe). When the pull-out specimen is in
medium strength country rock, the change of
country rock strength has little effect on the energy
consumption value of the specimen.

(4) According to the pull-out test data and the failure
phenomenon of the specimen, it is concluded that
the failure modes of the anchor bolt-anchorage agent
interface can be divided into two types: shear slip
mode and shear expansion slip mode. By comparing
the test results of a high-strength and temperature-
resistant anchorage agent, it is concluded that im-
provement of the anchoring performance of the
anchor bolt-anchorage agent interface needs to
consider the adjustment of the strength of the an-
choring agent and the country rock. (us, the failure
mode of the anchor interface is changed from shear
expansion sliding mode to shear slip mode and
maximum use of anchoring force is achieved.
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New 73 69 60 50.6
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