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With the advantages of large anchoring force and fast anchoring speed, resin cartridge has become the main anchoring means of
geotechnical engineering and underground space engineering support. Based on the theoretical analysis, it is clear that adding
aggregate can improve the mechanical properties of grout and the bolt-grout interface stress state; the mechanical properties of
aggregate are positively correlated with its improvement effect on anchorage performance. By using the numerical simulation
method, it is concluded that the addition of steel segments into the resin grout can improve the stiffness of the anchorage system
and enhance the energy absorption and antifailure ability of the anchorage system. Relying on the self-developed anchorage
mixing device, the effects of steel segment diameter and addition amount on the anchoring force were studied experimentally, and
the optimal addition amount of different types of steel segment to improve the maximum anchoring force was determined.

1. Introduction

Anchor support is a kind of reinforcement technology
widely used in geotechnical engineering, which could sig-
nificantly improve the stability of supporting objects, so it is
recognized as an effective supporting method. For the bolt
support system, Windsor proposed the concept of bolt load
transfer mechanism [1]. *e system consists of four parts:
rock, external fixtures, internal fixtures, and reinforcement
elements. Reinforcement and external fixtures include bolts,
plates, and nuts. Rock and reinforcement elements are
coupled with bolt-rock friction or grout, which include
cement or polymer resin.

*e bond strength between grout and bolt is an im-
portant factor to determine the bearing capacity of the
anchorage system [2, 3]. Decoupling often occurs along with
the bolt-resin interface, which will lead to the failure of the
anchorage system. Some researchers have studied the bond
mechanism between bolt and grout and pointed out that the
bearing capacity of the bolt-resin interface consists of three
forms: adhesion, interlock mechanism, and friction [4, 5].
For the internal fixtures, resin cartridges have been widely

used owing to their high bonding strength, rapid curing, and
high safety and reliability.*e resin cartridge is composed of
polymer resin, high strength filler, catalyst, and other aux-
iliary materials, whose the working principle is to use
separate packages to completely isolate the resin and the
catalyst [6]. When used in the support process, resin car-
tridges are pushed into the hole with the bolt; then the bolt is
rotated to mix the resin by the drilling rig. *e curing re-
action takes place when the two substances are fully mixed,
hence bonding the bolt to the surrounding rock. Figure 1
shows the process of bolt installation and mixing.

Many scholars have made fruitful research on the
influencing factors of anchoring force to improve the
bearing capacity of the anchorage system. Hu et al. per-
formed the pullout test of resin bolt at different tempera-
tures. *e results show that the temperature has a great
influence on the anchorage performance; the anchoring
force of resin grout reaches its peak value when the tem-
perature is at 25°C, and the increase or decrease of tem-
perature will affect the anchoring force [7]. Aziz et al. carried
out a series of pullout tests and found that mixing time and
bolt hole parameters have a significant impact on the
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anchoring force; approximately 10 s constitutes a suitable
time for bolt installation; and the drilling of bolt holes
contributes to improving load transfer capacity [8].
Skrzypkowski et al. tested the flexibility and load-bearing
capacity of the Olkusz-16A bolt, which was equipped with a
steel coil; the laboratory test results indicated that the in-
stalling depths of 0.2m and 0.028m diameter bolt hole have
the higher bearing capacity [9]. According to the test results,
Zhang et al. and He et al. found that the amount of water
inflow had a certain influence on the anchoring force of the
resin bolt, and with the increase of water inflow, the an-
choring force decreases [10, 11]. Kang et al. considered that
the strength of surrounding rock had an obvious influence
on anchoring force. Under the same anchoring force, the
anchorage length of soft rock should be greater than that of
hard surrounding rock [12]. Skrzypkowski et al. researched
the deformation energy of flat and profiled dome bearing
plates and found that the amount of energy absorbed of bolt
equipped with dome bearing plate has 2.6 times than the flat
one.*e higher the height of the dome, the higher the energy
absorption [13].

Concrete has been widely used in the field of civil en-
gineering. *e addition of aggregate to concrete has been
found to improve the shear strength, compressive strength,
and tensile strength, and the results show that reasonable
aggregate and mixing ratio can effectively improve the
mechanical properties of concrete members [14–16]. Based
on these experimental results, by adding aggregate to resin
grout to improve the anchoring force, as illustrated in
Figure 2, the influence of external uncertain factors can be

effectively avoided. However, there are still a few more
research works in this field. You and Zhan proposed the
mortar under certain strength conditions; the higher the
sand content of the grout, the greater the anchoring force.
*e analysis shows that the deformation of grout interface
with high sand content will produce more volume expan-
sion. Due to the constraint of the matrix material, a higher
confining pressure is generated; as a result, the anchoring
force increases [17]. Cao et al. and Zhang et al. studied the
change of anchoring force after adding metal particles to
resin; the pullout test results showed a certain effect on the
improvement of anchoring force [18–20]. However, the
above research works only stay in the experimental stage; the
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Figure 1: Bolt installation process. (a) Resin cartridges are inserted into the hole and pushed to the top of the bolt hole with the bolt. (b) Bolt
is then rotated to mix the resin. (c) Rotation is stopped, followed by thrusting the bolt plate against the roof surface.
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Figure 2: Schematic diagram of adding aggregate into resin grout.
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mechanical working mechanism and mechanical properties
of additives in the anchorage system were not elaborately
proposed.

In this paper, the mechanical mechanism of the interface
between the bolt and resin grout with aggregate was studied
using theoretical analysis. Based on this, it is concluded that
the mechanical parameters of resin grout can be further
improved by adding steel segments, thereby improving the
anchorage performance. By using the finite element nu-
merical simulation software ABAQUS, we presented a nu-
merical modeling that could be applied for evaluating the
working performance of resin grout with steel segment, the
displacements, axial load, and stress of bolt and resin grout
could be obtained. Finally, through the laboratory experi-
ment, the change law of the bearing capacity of the an-
chorage system under the conditions of different steel
segment adding amount and length diameter ratio was
analyzed, and the optimal adding amount and length di-
ameter ratio were determined. *e research results can
provide a new idea for improving the anchorage effect of
rock bolt support in geotechnical engineering.

2. Working Mechanism of Resin Grout with
Steel Segment

2.1. Analysis of the Interface Mechanical Effect of Bolt-Grout
after AggregateMixed into Resin. *e mechanical properties
of resin grout can be improved by adding aggregate. In order
to study the relationship between the resin grout properties
and load transfer, the shape of the bolt was simplified, so the
rib was neglected. Moreover, it is assumed that the relative
slip occurs at the bolt-grout interface, so as to exclude the
influence of surrounding rock mechanical properties on
anchoring force.

*e Mindlin displacement solution is used to calculate
the stress distribution of resin grout.*e established analysis
model is shown in Figure 3(a). According to the Mindlin
solution, a concentrated force P is applied at the depth h
from the surface. *e induced vertical displacement at any
point A(x, y, z) is w(z) [21]:
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As shown in Figure 3(b), for the convenience of analysis,
the initial anchorage section is regarded as O(0, 0, 0), where
the concentrated force is P. Assuming that the axial force on
the grout is P(z) in the z-axis direction, the vertical dis-
placement of point B(0, 0, z) caused by P(z) can be simplified
as

w(z) �
P(z)(3 − 2μ)

4πGz
. (4)

Substituting equation (3) into equation (4) yields

w(z) �
P(z)(1 + μ)(3 − 2μ)

2πEz
. (5)

*e microelement of the bolt in Figure 3(c) is taken for
analysis, and its length is dz. *e z-direction equilibrium
equation is written as follows:

dP(z) � πdτ(z)dz. (6)

If the anchorage length is l, the total displacement at the
bottom of resin grout is

w � 
l

0

(3 − 2μ)(1 + μ)

2E

dτ(z)

z
dz, (7)

where E is the elastic modulus of resin grout with aggregate
and μ is Poisson’s ratio of resin grout with aggregate.

*e axial force distributed along the bolt is

P(z) � − 
l

0
πdτ(z)dz, (8)

where d is the diameter of the bolt.
*e total elongation of the bolt at the bottom of the grout

is given by

wb � − 
l

0

1
EbA

π d 
l

0
τ(z)dz dz, (9)

where Eb is the elastic modulus of the bolt and A is the cross-
sectional area of the bolt.

In the elastic stage, there is no relative slip between the
bolt and the grout, the same deformation of bolt and grout at
this stage, w � wb [22, 23].
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τ(z) �
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0
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Let m � 2πE/((1 + μ)(3 − 2μ)EbA), and substituting it
into equation (10) yields
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z

0
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It can be derived that
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Substituting equation (12) into equation (8) yields

P(z) �
C

2
πd exp −

m

2
z
2

 . (13)

According to the boundary conditions, at the initial
anchorage section end of the bolt P(z)|z�0 � P, the following
results can be obtained:

C �
2P

πd
. (14)

*e distribution law of bolt shear stress along z direction
is given by

τ(z) � −
mPz

πd
exp −

mz
2

2
 . (15)

*e distribution law of axial force of bolt along z di-
rection is as follows:

P(z) � P exp −
mz

2

2
 . (16)

According to equation (14), the relationship among the
shear distribution of bolt-resin interface, anchorage length,
and E/Eb can be obtained as in Figure 4(a); the shear stress of
bolt-grout interface, with the characteristics of large value
and close to the initial anchorage section, produces a larger
value at the initial anchorage section, then increases to the

X

Y

A

(x, y, z)

(0, 0, h)

P

Z

(a)

B (0, 0, z)

P

Y

Z

X

(b)

τ (z) τ (z) d (z)

P (z)

d

(c)

Figure 3: Mechanical model of bolt axial force distribution under the condition of resin grout with aggregate. (a) Calculation model of
Mindlin displacement solution; (b) simplified calculation model; (c) diagram of microelement stress calculation.
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maximum value, and decreases sharply with the increase of
anchorage length.

When the anchorage length increases to a certain extent,
the end of the anchorage section almost does not produce
shear stress. Moreover, the magnitude and distribution
range of shear stress are also affected by the elastic modulus
ratio E/Eb of resin grout and bolt.*e greater the value of the
ratio, the greater the value of the shear stress at the end of the
anchorage section, and the larger the range of the shear stress
distribution along the anchorage direction. *erefore, the
shear stress of the bolt-resin interface provides a higher
anchoring force.

According to equation (16), the relationship among axial
force distribution of bolt, anchorage length, and E/Eb can be
obtained as in Figure 44(b). It is clear that the axial force of
the bolt is unevenly distributed.*e bolt bears the maximum
axial force at the initial anchorage section, which is equal to
the pullout force or the load exerted by surrounding rock
deformation. *e mechanical properties of resin grout
cannot change the axial force at the initial anchorage section,
but the axial force distribution state of the bolt is signifi-
cantly affected by the elastic modulus ratio E/Eb of resin
grout and bolt. With the increase of E/Eb, the distribution
range of bolt axial force decreases sharply. When the an-
chorage length increases to a certain extent, there is almost
no axial force at the end of the bolt.

It can be concluded that the modification of resin grout
mechanical properties can shorten the distribution range of
axial force.*e smaller the range of the axial force distribution,
the higher the reliability of resin grout. To the bolt support of
incompact fractured rock, strong disturbance rock, and deep
roadway surrounding rock, the elastic modulus of resin grout
increased, and the anchorage quality can be improved. It can be
seen from equations (17) and (18) that the addition of metal
aggregate in resin grout has a significant effect on the im-
provement of elastic modulus [24, 25].

*e Voigt model considers that grout and aggregate bear
the same stress, so the lower bound solution of elastic
modulus is obtained as follows:

E � EmVm + EfVf. (17)

*eReuss model considers that grout and aggregate bear
the same strain, so the upper bound solution of elastic
modulus is obtained as follows:

1
E

�
Vm

Em

+
Vf

Ef

 . (18)

where E is the elastic modulus of resin grout with aggregate;
Em is the elastic modulus of pure resin grout; Ef is the elastic
modulus of aggregate; Vm is the volume fraction of pure
resin grout; and Vf is the volume fraction of aggregate.

Both the upper and lower limit values are higher than the
elastic modulus of pure resin grout, and E increases with Ef.
It can be concluded that the addition of metal aggregate in
resin grout has a significant effect on the improvement of
elastic modulus.

Adding steel segments with a certain length diameter
ratio can not only significantly improve the elastic modulus
of resin but also interact with the rib of the bolt; the im-
provement of the anchorage performance is more signifi-
cant. *erefore, it is necessary to further study the addition
of steel section in the resin to improve the bearing capacity of
the anchorage system.

2.2. Analysis of Steel Segment Mechanical State. Two typical
types of steel segment were used to explain the working
mechanism in resin grout. *e possible distribution of the
two types of steel segment can be seen in Figure 5.
Figures 5(a) and 5(b), respectively, represent the distribution
state and working mechanism of two typical steel segments
in resin grout. One side of the steel segment is the bolt, and
the other side is the surrounding rock.

For the tenuous steel segments, as shown in Figure 5(a),
after completing the mixing, the distribution patterns of
tenuous steel segments can be summarized as follows: (a) the
steel segments are horizontally distributed along the axial
direction of the bolt; in the process of bolt pullout, the steel
segments are mainly subjected to shear stress; (b) the steel
segments are inclined and under tensile stress; and (c) the
steel segments are approximately vertical, bearing com-
pressive stress.
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Figure 4: Distribution law of bolt-resin interface shear stress and bolt axial force. (a) Curved surface of bolt-resin interface shear stress; (b)
curved surface of bolt axial force.
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For the coarse steel segments, as shown in Figure 5(b),
the distribution patterns of coarse steel segments can be
summarized as horizontally distributed, inclined distrib-
uted, and vertically distributed. Under those conditions, the
steel segments bear the combined action of tension (com-
pression) and shear stress.

As a brittle material, small deformation will lead to resin
grout failure. Based on the relevant research conclusions, the
elastic modulus, shear strength, and tensile strength of resin
have a significant impact on the stability of the anchorage
system [19, 26, 27]. However, the steel segment shows
composite characteristics, rigid characteristics in the elastic
stage, and ductile characteristics after yielding, so it has a
high bearing capacity. *e tensile strength, compressive
strength, and shear strength of the steel segment are higher
than those of resin grout.

3. Numerical Simulation of Bearing Capacity of
Resin Grout with Steel Segment

Based on the aforementioned conclusions, the finite element
numerical simulation software ABAQUS was used to further
analyze the bearing performance of the pure resin with steel
segments. *e bearing capacity of resin grout without steel
addition, 0.6mm steel segment with 10 adding amount, and
3.0mm steel segment with 10 adding amount were simu-
lated, respectively.

3.1. Numerical Simulation Modeling. Modeling: 3D ma-
chinery software Solidworks was used to build a real form of
a bolt, resin grout, steel sleeve, and steel segment, the bolt
length was 200mm with diameter 20mm, and steel sleeve
length was 100mm with inner diameter 30mm and outer
diameter 45mm.*emethod of Boolean operation was used
to generate rib grooves in resin grout. To improve the so-
lution accuracy and reduce calculation cost, the anchorage
length with 5mm annular thickness was determined to be
50mm. After the completion of the model, it is saved as a sat

format file, imported into ABAQUS software for meshing
grids, giving material properties and imposing boundary
conditions, and finally submitted for analysis and calculation
[28, 29].

Meshing: combined with the parts shape and calculation
cost, diversity grid types and sizes are selected for different
regions. Tetrahedral element C3D10M was selected as the
bolt and resin grout, hexahedral element C3D8I was selected
for steel section, and hexahedral element C3D4 was selected
for steel sleeve. *e mesh size of the bolt and resin grout in
the anchorage area was set to 2mm and 3mm in other areas
of the bolt. *e mesh size of 3mm diameter steel segments
was 0.3mm, and that of 0.6mm diameter steel segments was
0.08mm.*e number of mesh elements is shown in Table 1.

Boundary conditions and material parameters: the steel
sleeve boundary was fixed to restrict its displacement and
rotation. Using dynamic analysis, a constant loading speed
of 1mm/s was applied at the end of the bolt for pullout; the
material property parameters of similar parts are the same in
the simulation scheme. Bolt, steel segment, and steel sleeve
were applied with elastic materials; resin grout was endowed
with shear-damage failure criterion and plastic model, with
C50 concrete material parameters as in [30].

*e models and components are shown in Figure 6.
Material parameters are shown in Table 2. Bolt-grout

and steel segment-grout interface were applied with contact
properties; grout-steel sleeve interface was bound by “tie”
contact.

3.2. Analysis of Bearing Characteristics of Resin Grout with
Steel Segment. *e mechanical properties of resin grout
were improved by adding a steel segment. From the dis-
placement contour map of three types of resin grout under
the same axial stress (50MPa) in Figure 7, it can be seen that
the axial displacement of grout with steel additive is less than
that of pure resin grout, and the axial displacement of grout
with 3mm diameter steel segment is less than that of the
grout with 0.6mm diameter steel segment. *e simulation

P

(a)

P

(b)

Figure 5: Distribution state and working mechanism of steel segments in resin grout. (a) Distribution state of the tenuous steel segment and
working mechanism in resin grout; (b) distribution state of the coarse steel segment and working mechanism in resin grout.
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results show that the resin grout with steel segment has
higher anchorage system stiffness and better load transfer
capacity.

Figure 8 shows the displacement and stress contour map
of different types of resin grout under peak stress. *e peak
stress and corresponding displacement of the resin grout
with the addition of the steel segment are significantly in-
creased, and the peak stress and corresponding displacement
of resin grout with the 3mm diameter steel segment are
further improved compared with the 0.6mm diameter steel
segment. *e simulation results show that the energy ab-
sorption capacity of the anchorage system with the steel
segment is higher than that of pure resin, and the energy
absorption capacity of the coarse steel segment is higher than

that of the tenuous steel segment, which is more conducive
to controlling the deformation of surrounding rock.

Figure 9 shows the stress and corresponding displace-
ment contour map of three types of resin grout at the
postpeak stage. It can be seen that when the grout is broken,
the displacement of resin grout with 0.6mm diameter steel
segment is larger than that of the pure resin grout, and the
bearing capacity of the postpeak stage also increased sig-
nificantly; the bearing capacity of resin grout with 3mm
diameter steel segment has improved further. *e simula-
tion results show that the addition of steel segments in the
resin grout can significantly improve the deformation re-
sistance and failure resistance and thus improve the stability
of the anchorage system.

Figure 10 shows the axial force-displacement curves of
bolts with three types of resin grout. As can be seen from the
figure, the load-displacement curve of pure resin grout is
relatively smooth, and the axial force drops sharply at the
postpeak stage. *e slope of the axial force-displacement
curve of resin grout with 0.6mm diameter steel segment is
greater than that of the pure resin grout at the elastic stage.
When approaching the peak load of pure resin grout, the
curve fluctuates and rises, and the peak load increases sig-
nificantly.*e falling slope after the peak load is smaller than

Table 1: Number of mesh elements for different numerical models.

Parts
Numerical simulation scheme

Without addition D� 0.6mm; L� 3mm D� 3mm; L� 3mm
Bolt 16021 16021 16021
Resin grout 7893 7696 7256
Steel sleeve 4080 4080 4080
Steel segment — 20790 31800

V

D = 3mm L = 3mm

45
m

m

Steel segment
Bolt

Resin grout
Steel sleeve

D = 0.6mm L = 3mm

30
m

m
Tie contact

20
0m

m

50
m

m

Without addition

Frictional contact

5m
m

10
0m

m

20mm

Y

Z

Figure 6: Numerical calculation model.

Table 2: Material parameters of the numerical calculation model.

Parts Density (kg/m3) Elastic
modulus (GPa) Poisson ratio

Bolt 7800 208 0.25
Steel sleeve 7850 209 0.25
Steel segment 7800 205 0.26
Resin grout 2100 15 0.3
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that of the pure resin and still fluctuates, and the ultimate
failure displacement is larger than that of the pure resin
grout.

*e bearing capacity of resin grout with the 3mm di-
ameter steel segment is the best among the three schemes,
and the elastic stage slope of the axial force-displacement
curve is the greatest. Similarly, the curve fluctuates when the
load approaches the bearing capacity of pure resin grout, and
the fluctuation amplitude further increases. *e falling slope
after the peak load is the smallest, and it shows obvious
ductile deformation characteristics. *e possible reason for
the fluctuation of the load-displacement curve is that when
the load is close to the bearing capacity of the pure resin
agent, due to the large difference in thematerial properties of
the resin grout and steel segment, the effect of the steel
segment in the resin grout increases gradually and thus
enters the load transfer and the coordinated deformation
dynamic equilibrium process.

Stiffness and energy absorption capacity of the an-
chorage system are important indicators to evaluate an-
chorage quality [13, 19, 31]. *e stiffness is the slope of the
initial linear stage in the stress-displacement curve, and the
energy absorption capacity is expressed by the area

contained in the load-displacement curve from 0 to the peak
load. Numerical simulation results of three different types of
resin grout of the stiffness and energy absorption capacity
are shown in Table 3.

*e above data show that the addition of steel segment in
the resin can improve the stiffness of the anchorage system.
Under the condition of the same axial force generated by
rock deformation, the axial displacement of resin grout with
steel segment additive is less than that of pure resin grout, so
the grout is easier to maintain integrity. At the same time,
the absorption energy of resin grout with steel segment
additive increases, and the ability to resist failure is en-
hanced. Under the dynamic and static load, the stability of
the anchorage system can be further improved.

4. Bolting Performance Test for Steel Segment
Additive Resin Grout

In order to further study the influence of length diameter
ratio and adding amount of different steel segments on the
anchorage performance, the anchoring force test was carried
out in the laboratory to find the optimal adding amount and
length diameter ratio.
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Figure 7: Displacement contour map of three types of resin grout under the same axial stress: (a) pure resin grout, (b) resin grout with
0.6mm diameter steel segment, and (c) resin grout with 3mm diameter steel segment.
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4.1. Fabrication of Anchorage Specimens. *e 20MnSi bolts
used herein had left-hand threading, were 20mm in di-
ameter, and had 1.7mm rib height, 13.7mm rib spacing,
4.5mm bottom rib width, and 3.3mm top rib width
(Figure 11(a)). A bulk medium-speed resin grout was used,
whose gel time was 180 s, and curing time was about 10min.
Complying with the Chinese coal industry standard
MT146.1-2011 [6], we used a mass ratio of catalyst to resin of
0.04 herein. *e 90 g of resin needed for each experiment
was weighed with a balance, and the 3mL of catalyst needed
was extracted with an industrial injector. *e matching
method of resin cement and curing agent used herein is
shown in Figure 11.

*e 3mm length steel segment cut by fixed-length
cutting machine was chosen to correspond to the annular
thickness of resin grout; preliminary experimental results
found that steel segments greater than 4mm may cause drill
sticking issues and thus greatly affect the mixing effect of
resin induce low anchoring force values. *e selection of
steel segment used herein was 0.6, 1.2, 2.1, and 3.0mm,
whose tensile strength is 417.09MPa∼421.19MPa and the
elastic modulus is 174GPa∼199GPa [32].*e steel segments
were dosed into the grout resin by adding a varying number
of segments into the 90 g of resin measured initially. *ese
adding amounts were chosen as 20, 30, 40, 50, and 60

segments in the measured resin material, compared with the
group without additive. *ere are a total of 21 groups for the
test, with 3 specimens in each group, and a total of 63 test
specimens. *e experimental scheme is shown in Table 4.

Steel sleeves were used to simulate the bolt drilling and
surrounding rock, featuring an inner diameter of 30mm, a
length of 100mm, and a wall thickness of 7.5mm
(Figure 12(a)). To avoid slippage of anchoring agent in the
inner wall of the sleeve during the pulling test, the entire
length of the sleeve along the inner wall was threaded. *e
sides of the sleeve were smoothed for easy clamping and
fixing (Figure 12(b)), and the end of the sleeve was simply
welded. In this way, we ensured that the resin did not
overflow and could be easily removed and ensured conve-
nient observation of the bolt centering and the solidification
of the resin grout (Figure 12(c)). A cap-shaped sealing device
was designed to prevent ejection of resin grout during
mixing and poorly centered of the bolt; the sealing device
was printed using a 3D printer and featured a threaded body
part whose outer diameter, threads, and pitches, respec-
tively, matched the inner diameter, threads, and pitches of
the sleeve (Figure 12(d)).

Based on the self-developed anchoring mixing device,
the bolt is driven to mix the resin grout; the drilling rig
rotation speed ranged from 0 to 1,000 r/min; the thrust range
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Figure 8: *e peak stress and corresponding displacement of three types resin grout: (a) pure resin grout, (b) resin grout with 0.6mm
diameter steel segment, and (c) resin grout with 3mm diameter steel segment.
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was 0–100 kN, and the adjustable range of stroke was
0–350mm, as shown in Figure 13. *is anchoring mixing
equipment could thus simulate the working state of the bolt.
During the experiment, the rotation speed was set to 500 r/
min, the thrust was 50 kN, and the mixing time was 25 s.

After the resin grout was solidified, the specimen was
removed from the anchoring mixing machine and placed in
a curing box (SHBY-40B, Hebei Changji Instrument Co.
Ltd., Cangzhou, China) with a 220V rated power supply,
1,000W operating power, and set temperature range of
10∼200°C (Figure 14). According to the actual conditions of
the project, the temperature was set at 15∼20°C, and the
relative humidity was set at 55%∼60% with a curing time of
2 h [33, 34].

4.2. Anchorage Performance Test and Result Analysis

4.2.1. Pullout Test. A microcomputer-controlled electro-
hydraulic servo universal testing machine (YNS-300,
Sinotest Equipment Co. Ltd., Changchun, China) was used
to test the anchoring force, whose maximum test force was
300 kN (Figure 15). *e anchorage specimen was placed in
the pullout test tool, whereupon the stress-displacement

curves and data were obtained by setting the loading mode
and the parameters.

*e pullout test was carried out for the anchorage
specimens with different types and by adding the amount of
steel segment. *e control unit was started; the pullout test
tool and bolt were fixed with clamps. *e loading mode was
set as the displacement closed loop, with the speed of 2mm/
min; the load and displacement are collected by the inner
load sensor and displacement sensor, respectively. After the
peak load of the specimen decreased to a certain extent, the
data acquisition was stopped [35]. *e experimental phe-
nomena were observed, and the load-displacement curve
was recorded during the test.

As shown in Figure 16, all the failures occur along with
the bolt-grout interface, the failure surface with additives is
rougher than that without additives, as shown in
Figures 16(a) and 16(b), and steel segment falls out con-
tinuously, as shown in Figures 16(c) and 16(d). It is observed
that the peak load of the part specimens with additive in-
creases, while that of other specimens with steel segment
decreases. After the test completion, the bottom-end cover
of the sleeve was opened. It can be observed that under the
condition of a large amount of addition, part of the steel
segments deposit at the bottom, which results in these
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Figure 9: *e stress and corresponding displacement of three types of resin grout at the postpeak stage: (a) pure resin grout, (b) resin grout
with 0.6mm diameter steel segment, and (c) resin grout with 3mm diameter steel segment.
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Figure 10: Axial force-displacement curves of different types of resin grout.

Table 3: *e stiffness and energy absorption of different types of the anchorage systems.

Evaluation indicator
Addition type

Without D� 0.6mm; L� 3mm D� 3mm; L� 3mm
Stiffness (kN/mm) 6.05 7.03 7.47
Energy absorption (J) 122.26 180.05 331.35

(a)

Figure 11: Continued.
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sections do not form an anchoring effect with the bolt; after
the bolt pulled out, the anchorage thin layer retained at the
bottom of the sleeve, as shown in Figures 16(e) and 16(f).

4.2.2. Analysis of Anchorage Performance Test Results.
*e load-displacement curves of groups A–E are shown in
Figure 17.

Resin

90g

(b)

Catalyst

Resin

3mL

(c)

Figure 11: Photographs demonstrating the bolt, quantitative method for resin, and catalyst measurement: (a) bolt for pullout tests,
(b) weighing the resin with a balance, and (c) the mixedness of resin and catalyst.

Table 4: Experiment design for steel segment of varying diameter and adding amount.

No. Length (mm) Diameter (mm) Adding amount (segment) Remark
A — — — Without addition
B1 3.0 0.6 20 Φ 0.6mm

B2 3.0 0.6 30
B3 3.0 0.6 40
B4 3.0 0.6 50
B5 3.0 0.6 60

C1 3.0 1.2 20 Φ 1.2mm
C2 3.0 1.2 30
C3 3.0 1.2 40
C4 3.0 1.2 50
C5 3.0 1.2 60

D1 3.0 2.1 20 Φ 2.1mm

D2 3.0 2.1 30
D3 3.0 2.1 40
D4 3.0 2.1 50
D5 3.0 2.1 60

E1 3.0 3.0 20 Φ 3.0mm

E2 3.0 3.0 30
E3 3.0 3.0 40
E4 3.0 3.0 50
E5 3.0 3.0 60
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From the load-displacement curves of each group, it can
be seen that the load-displacement curves of resin grout with
different types of steel segments are significantly different

from those of pure resin grout. Within a certain range, the
peak loads increase rapidly with the increase of the number
of steel segments, and the corresponding displacements of

10
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45mm

End cover

Sealing device

(b)(a)

(d)(c)

Figure 12: Photographs of the sleeve (steel tube) used in the experiment, showing the sleeve in (a) top view, (b) side view, and (c) bottom
view; (d) after assembly of the sealing device.
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Figure 13: Photographs of the mixing and anchorage equipment, showing details of the (1) operation control panel, (2) distance sensor, (3)
chuck conversion device, (4) speed control panel, (5) thrust control knob, and (6) sleeve fixing device.
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the peak load (hereafter referred to as the peak displace-
ments) are different, and the peak displacements of pure
resin grout in group A is within the range of 9.7–10.1mm.
*e peak displacement of group B increased from 10.5mm
(20 segments) to 11.9mm (40 segments). With the adding
amount further increased, the peak displacement decreases.
*e peak load and peak displacement of each specimen in
the same group show a large discrete degree. *e peak
displacement of group C increased gradually within the
adding amount of 20–50 segments. When the adding
amount reaches 60 segments, the peak load and peak dis-
placement discrete degrees increase, but the discrete

amplitude was significantly lower than that of group B under
the same adding amount; the peak displacement of group C
ranged from 8.2mm to 12.1mm. *e peak displacement of
groupD is within the range of 10.1–12.5mm, and that of group
E is 9.8–13.5mm. In groups D and E, the peak displacement of
20–40 segments additive increases gradually and decreases
significantly with the further increase of adding amount, but
the discrete amplitude of peak load and peak displacement in
the same group is small. *e peak load and peak displacement
of groups D and E reach the maximum when the adding
amount is 40 segments, and the load-displacement curve shows
ductile deformation characteristics [36].

Setting and display panel

Anchored specimens

Curing specimens

Figure 14: Photographs of equipment used for curing the anchorage specimens, showing details of the setting and display panel (upper left),
anchored specimens (lower left), and curing specimens (upper right).

Upper chuck

Lower chuck

Pullout test tool

Computational 
unit

Control unit Hydraulic unit

Curve display Set loading 
modes

Figure 15: Photographs of the pullout test equipment, showing details of the computational unit with a data display and set loading modes
(upper left) and the upper and lower chucks flanking the pullout test tool (upper right).
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*e average peak load and energy absorption capacity of
each group are shown in Table 5. Table 5 is the average
anchoring force and energy absorption capacity of each
group.*e above data show that the average anchoring force
and energy absorption capacity of resin grout with additives
are significantly different from those of pure resin grout.
After adding a reasonable type and quantity of steel seg-
ments into resin grout, the anchoring force and energy
absorption capacity of the bolting system can be significantly
improved, which is more conducive to the control of rock
deformation. *e following rules can be obtained by ana-
lyzing the data in Table 5.

(a) *e bearing capacity and energy absorption of the
anchorage system are significantly improved by
adding a certain amount of steel segments into the
resin grout. For four types of steel segments with
0.6mm, 1.2mm, 2.1mm, and 3.0mm, the average
peak load and energy absorption of each group is
higher than that of pure resin within the range of 50
segments, which further verifies the conclusion of
numerical simulation.

(b) *e improved efficiency of different steel segment
types on anchorage performance is different. Taking
40 segments of four types of steel segments as an
example, the average peak pullout forces of each
group are 114.56 kN, 126.88 kN, 141.53 kN, and
156.32 kN, respectively, which are 10.90%, 22.83%,
37.00%, and 51.33% higher than that of pure resin
grout, and the energy absorption capacities are

599.09 J, 732.33 J, 788.61 J, and 1026.88 J respectively.
Compared with the energy absorption capacity of
pure resin grout, it is increased by 23.10%, 50.48%,
62.05%, and 111.01%, respectively. *e larger the
diameter of the steel segment, the better the an-
chorage performance.

(c) With the increase of steel segment addition, the
bearing capacity of the anchorage system increases,
and it decreases sharply when it reaches a certain
value. When the steel segment addition exceeds a
certain value, the anchoring force is even lower than
that of the grout without steel segment addition. *e
possible reasons are as follows: (1) at the bolt-grout
interface, a large amount of steel segments reduces
the bolt anchorage range, which limits the bearing
capacity of the anchorage structure; (2) under the
condition of a large amount of steel segment addi-
tion, part of the steel segments deposited at the
bottom during the mixing process, as shown in
Figures 16(e) and 16(f), resulting in that the bolt
cannot penetrate to the end, and the thin layer
formed by the anchoring agent at the end does not
form an anchoring effect with the bolt. Combined
with Figure 18 for analysis, different types of steel
segments have different improvements on the
bearing capacity, and the optimal addition amount is
different. *e optimal adding amount of 0.6mm
diameter steel segment is 50, and that of steel seg-
ments with 1.2mm diameter is 50 segments, that of

(a) (c) (e)

(f)(b) (d)

Figure 16: Photographs of portions of the specimens after completion of the pullout test and experimental phenomena: (a and b) the
rougher bolt-grout interface of specimens with additives, (c and d) steel segment distribution state, and (e and f) residual anchorage thin
layer at bottom with a larger number of steel segments adding amount.
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Figure 17: Load-displacement curves for each specimen from which data were measured for groups A–E: (a) load-displacement curves of
pure resin grout, (b) load-displacement curves from group B; (c) load-displacement curves from group C; (d) load-displacement curves from
group D; (e) load-displacement curves from group E.
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steel segments with 2.1mm diameter is 40 segments,
and that of steel segments with 3.0mm diameter is 40
segments.

Compared with the peak anchoring force of pure resin
grout (103.3 kN), the peak load of resin grout with 0.6mm,
1.2mm, 2.1mm, and 3.0mm diameter steel segments under
their optimal dosage conditions increased by 11.52%,
34.29%, 37.01%, and 51.3%, respectively. *erefore, the
suitable type and adding the amount of steel segments into
resin grout forms a composite resin that can significantly
improve the bearing capacity and load transfer performance
of bolting.

5. Conclusions

(1) *e working mechanism of the steel segment in resin
grout and its effect on anchorage performance was
revealed by establishing mechanical model calcula-
tion and theoretical analysis. *e calculation results
of the mechanical model show that the addition of
aggregate in the resin grout can improve the load

transfer of the bolt. Based on this, it is proposed that
the addition of steel segments can not only signifi-
cantly improve the mechanical parameters of resin
grout but also interact with the rib of the bolt, which
has a more significant effect on the improvement of
the anchorage performance.

(2) Using the finite element numerical simulation
software ABAQUS, we presented an novelty nu-
merical modeling that could be applied for evalu-
ating bolting performance, the displacements, and
axial load, and stress distribution state could be
obtained.*e numerical simulation results show that
the stiffness and energy absorption capacity of the
anchorage agent are improved by the incorporation
of the steel segment, and the stiffness and energy
absorption capacity of resin grout with coarse steel
segment are higher than that of the tenuous steel
segment. *e load-displacement curves of the grout
material after adding the steel segment present a
transition from brittleness to ductility.

(3) Based on the self-developed anchorage mixing de-
vice, the experimental program was reasonably
designed. *e effect of different steel segment types
and adding amounting on the anchoring force was
tested, and the optimal dosage of different steel
segment forms was obtained: the optimal adding
amount of 0.6mm diameter steel segment is 50, that
of steel segments with 1.2mm diameter is 50 seg-
ments, that of steel segments with 2.1mm diameter is
40 segments, and that of steel segments with 3.0mm
diameter is 40 segments. Generally speaking, when
the length of anchorage section is 10 cm, adding 40
steel segments with 3.0mm diameter and 3.0mm
length can improve the anchorage performance most
significantly.
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Figure 18: Effect of steel segment types and dosage on anchoring
force.

Table 5: Average peak load and energy absorption capacity of each group.

Adding
amount

Addition type
0.6mm 1.2mm 2.1mm 3.0mm

Peak
load (kN)

Energy
absorption (J)

Peak load
(kN)

Energy
absorption (J)

Peak load
(kN)

Energy
absorption (J)

Peak load
(kN)

Energy
absorption (J)

0 103.3 486.65 103.3 486.65 103.3 486.65 103.3 486.65
20 106.8 532.92 110.1 580.15 116.16 609.19 118.23 590.11
30 107.4 574.66 121.78 754.74 126.1 740.25 134.0 764.06
40 114.56 599.09 126.88 732.33 141.53 788.61 156.32 1,026.88
50 115.2 618.66 138.72 769.46 135.79 760.02 134.33 826.55
60 111.7 566.74 87.25 371.34 111.96 676.76 97.7 448.41
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