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Abstract

The numerical modelling for dynamic impact testing of end-anchored rockbolt is established in this paper.
The dynamic response of rockbolt under impact loading condition is investigated considering the effects of
different impact energy levels, anchoring length, bolt diameter, and material type. The results show that the
stress characteristics of the anchoring section in end-anchored rockbolt could be divided into three stages
with the impact time: impact initial stage, impact middle stage and impact final stage. The elongation of the
rockbolt increases by about 30 mm for every 5kJ increase in impact energy. When the impact energy level
increases, the energy absorption rate and maximum plastic strain both increase significantly. The impact
energy is mainly dissipated by the plastic deformation of the free section and debonding section of end-
anchored rockbolt. The free section plays a buffer role through its elastic deformation when the rockbolt is
subjected to impact loading. It is remarkable that the energy absorption rate and anti-impact performance of
the end-anchored rockbolt can be improved by increasing the bolt diameter and the bolt material strength.
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Numerical Study on Dynamic Performance of End-anchored Rockbolt under Impact Loading Chen Zhao et al.

1 INTRODUCTION

Rockbolt is one of the most effective rock support methods and has been widely used in mining and tunnelling
engineering. The types of rockbolts are various, including mechanical bolt, grouting bolt, friction bolt, energy-absorbing
yield bolt and so on (Li, 2017). An end-anchored rockbolt is a kind of grouting bolt whose bolt body is encapsulated in a
limited length of the bolt at the distal end of the borehole with resin grout, and the other end is applied tension
pretension force by using plate and nut, as shown in Figure 1. In recent decades, the end-anchored rockbolt has been
the primary support of roadway in the underground coal mining in China. With the increase of coal mining depth in China,
the deep roadway confronts complex conditions such as high ground stress or strong mining disturbing force, which
often lead to the occurrence of rock or coal burst (Zhang et al., 2017; Guo et al., 2017; Wen et al., 2019; and Wang et al.,
2020). It is worth noting that, a large number of end-anchored rockbolts were broken and ejected when the rock burst
happened as shown in Figure 2. This situation will seriously threaten the safety of working men and mechanical
equipment in the roadway (Pan et al., 2014; Kang, 2016; and Wu et al., 2019). Therefore, the dynamic response of end-
anchored rockbolt under impact loading has become a key research problem of roadway support in underground coal
mining (Wu et al., 2019; Sun, 2018).
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Figure 1 End-anchored rockbolt (Li, 2017).
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Figure 2 Typical rock support failure patterns caused by rock bursts (Wu et al. 2019 and Sun 2018).

How to examine the anti-impact properties on rockbolt support system under impact loading is an important
research direction (Tannant et al., 1995; Sharifzadeh et al., 2020 and Vallejos et al., 2020). Many testing methods have
been studied extensively in laboratory to verify the dynamic performance of rockbolts (Yi and Kaiser, 1994; Player et al.,
2004 and 2009; He et al., 2014; Gong et al., 2018; and Wang et al., 2018). The most common dynamic testing facilities
are CANMET-MMSL facility in Canada (see Figure 3a) and WASM facility in Australia (see Figure 3b). The experimental
testing principle between CANMET-MMSL dynamic test facility and WASM dynamic test facility is markedly different. The
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CANMET-MMSL testing machine takes advantage of the principle of energy transfer, while WASM testing machine adopt
the principle of momentum transfer. As shown in Figure 4, the CANMET-MMSL testing machine converts the potential
energy of the drop weight into kinetic energy so that impacts the anchored end of rockbolt in the steel tube and causes
deformation and fail. On the other hand, the beam, steel tube, mass block and rockbolt of WASM testing machine begin
to fall as a system until the beam is suddenly stopped by the buffers. Then the rockbolt continues fall and could lengthen
and damage. Distinctly, the testing principle of energy transfer is more consistent with the in situ conditions.

(a) CANMET-MMSL testing machine (b) WASM testing machine

Figure 3 Common dynamic testing machines for rockbolt.
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Figure 4 Dynamic testing principles of rockbolt.

A large amount of test data provided by the dynamic impact testing facilities is very valuable, which greatly
promotes the development of support anchoring technology and the evolution of new rockbolt (Varden et al., 2008;
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He et al., 2014; Sharifzadeh et al., 2020). Plouffe et al. (2008) carried on the experimental research to the friction type
rockbolt with the help of the CANMET-MMSL impact testing machine and verified the energy balance of the test system.
Li (2010) designed the D bolt and the dynamic drop testing showed that the cumulative dynamic energy absorption of
the D bolt is measured to be 47 kJ/m. Furthermore, the D bolts were tested at an impact velocity of 5.4—6.2 m/s and with
impact energy varying from 10 to 60 k)] by CANMET-MMSL testing machine (Li and Doucet, 2012). Zhao et al. (2020)
developed an energy-absorbing rockbolt, called J-bolt, and the drop dynamic impact test (CANMET-MMSL facility) results
show that the accumulated energy absorbing capacity reaches 46.5 kJ under impact loading condition. Masoudi and
Sharifzadeh (2018) classified the rockbolts into five groups namely, stiff, medium yielding, high yielding, very high
yielding, and extremely high yielding rockbolt according to their energy absorption capacity. However, the laboratory
dynamic impact test confronts the problems of long testing period, potential security risk and high testing cost. The
development of numerical simulation technology has improved this situation about dynamic performance research of
rockbolt very well. In recent years, various efforts have been made to numerically modelling the dynamic behaviour of
different rockbolts. Mortazavi and Alavi (2013) studied the mechanical performance of fully grouted bolt under dynamic
loading condition using FLAC3D and considered that the yield bolt has a better performance on absorbing dynamic stress
wave. He et al. (2017) investigated the numerical simulation of He bolt using LS-DYNA software and verified the dynamic
experimental results. Vallejos et al. (2020) developed a numerical model to evaluate the dynamic response of threadbar
and found that the dissipated energy and the axial displacement of threadbar followed a linear trend. Differently from
the other rockbolts described above, the end-anchored rockbolt absorbs kinetic energy and fracture energy of rock mass
by its free bolt body deformation. The dynamic response of end-anchored rockbolt has not been fully interpreted,
especially considering the influence of grouted length, bolt diameter and bolt material.

In this study, a numerical modelling of dynamic impact test on end-anchored bolt is developed based on CANMET-
MMSL facility testing principle. The numerical study focuses on the dynamic response of end-anchored bolt, which is
widely used as rock reinforcement in China underground coal mining. The dynamic performance of end-anchored
rockbolt is analyzed under different impact energy levels and the effects of anchoring length, bolt diameter and bolt
material are discussed in detail.

2 NUMERICAL MODELLING

2.1 Geometric model

The finite element model of dynamic impact test on rockbolt is established in ABAQUS by using the drop test
method, as shown in Figure 5. Nut and plate are installed at the free end of the bolt, the other end of bolt is installed in
the hollow steel tube by resin. The detailed dimensions of each component of the model are listed in table 1. The main
function of the drop weight is to provide the source of impact energy. Each component of the model is meshed finely,
and the cell type is set to C3D8R (8-junction linear hexahedron element, reduction integral, hourglass control).

L |4 AA

Resin

Steel tube

.

A-A
Rockbolt

Drop Weihgt

# Plate
Nut

Figure 5 The numerical model.
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Table 1 Dimensions of model dimensions.

Name Length (mm) External diameter (mm) Inner diameter (mm)
Rockbolt 2200 20 -
Resin 1000 32 20
Steel tube 1000 72 32
Plate 10 150 20
Nut 20 30 20
Drop weight 80 170 74

2.2 Model Material and Boundary Conditions

In numerical simulation, the material parameters commonly determines whether the simulation results are correct.
As known that, the yield strength and tensile strength of steel material will change under dynamic loading condition. The
dynamic parameters of steel material can be estimated by means of elastic properties and scaled by dynamic
strengthening coefficient DIF (Malvar and Crawford, 1998):

&

DIF = “
(10*4)
5,
a, =0.074 -0.040 = (1)
Iy 414
I
a, =0.019-0.009
] 414

The DIF is the dynamic strengthening coefficient, the & is the strain rate, the f, is the static yield limit of steel (unit MPa);
Olf‘_ and a, are the yield limit and tensile strength coefficient of steel, respectively. Malvar and Crawford (1998)

suggested that DIF was applied for steel with static yield loads of 290 MPa to 710 MPa and strain rates of 10s™ to 225s™.
Li et al. (2019) and St-Pierre (2007) applied DIF to estimate the experimental results. Vallejos et al. (2020) used the DIF
coefficient to determine the material dynamic parameters and the results showed that the DIF could effectively describe
the change of steel properties under dynamic loading condition.

A damage variable D is introduced to accurately describe the damage of rockbolt, and the damage evolution law is
represented by the stiffness degradation of the material. A scalar damage variable D; is used to represent the stiffness
degradation associated with each effective failure mechanism. The stress tensor of steel material is calculated by the
scalar damage equation in the process of analysis, that was:

0:(1—D)5 (2)

Where, D is the total damage variable; & is the effective stress tensor calculated in the current increment. As the
equivalent plastic strain increased, the damage of bolt increases gradually. When D=1, the material loses its bearing
capacity and the bolt failed.

A ductile damage model is used to simulate the constitutive behaviour of rockbolt. It is assumed that the equivalent
plastic strain ED”I is a function of stress triaxiality and strain rate when the damage occurred, that is:

z)'=f(nz") @)

The £” is equivalent plastic strain rate, the 77 =—p/ g is stress triaxiality, the p is compressive stress, and the g is Mises
equivalent stress.

The damage variable increases monotonously with plastic deformation @,, according to:
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de™

wDZIWﬂ (4)

The rockbolt material is made of BHRB500 steel, which is widely used in China. The mechanical parameters of the
material are shown in Table 2, and the stress-strain curve is shown in Figure 6. In order to focus more on the study of
impact energy absorption effect of bolt body, the constitutive relations of other components are simplified. The drop
weight is simplified to the rigid body model, and the steel tube, plate, nut and resin grout are simplified to the elastic
model. The mechanical parameters are listed in Table 3.

Table 2 Mechanical parameters of rockbolts.

Density  Young's modulus Yield strength

Name (ke/m?) (GPa) Poisson'’s ratio (MPa) Fracture strain Triaxial strength Strain ratio
rockbolt 7 800 200 0.28 500 0.15 0.33 0.5
Table 3 Mechanical parameters of other components.
Part Name Constitutive model Density/(kg/m?3) Young's modulus (GPa) Poisson's ratio
plate Elastic model 7 800 200 0.28
Nut Elastic model 7 800 200 0.25
Steel tube Elastic model 7 850 200 0.25
Resin grout Elastic model 2 000 25 0.32
Drop weight Rigid body Define a reference point for the drop weight, giving 1000 kg of inertial force
600 o
500 o ’
= 4004
o
E o
§ 300 =
t
= |
200 -
100 =

Strain

Figure 6 Stress-strain curve of rockbolt material.

Figure 7 shows the boundary conditions of the model. The bottom of the steel tube is set as the displacement
completely fixed boundary condition. The gravity acceleration of drop weight is set as 9.8 m/s? in Z direction. Other
boundaries are free boundary conditions in this model. The contact interface between nut and bolt is set as binding
constraint, and other contact interfaces are set as hard contact and frictionless. The contact interface between resin and
rockbolt is set as bond-friction model. The normal bond stiffness is 20 GPa, the tangential bond stiffness is 20 GPa, the
bond strength is 200 MPa, and the friction coefficient is 0.3. The initial impact velocity in Z direction of drop weight is
applied according to the impact energy level. The calculation is obtained by kinetic energy equation Ex=0.5mv>.
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7 \
Steel tube: fixed displacement in
z direction

Drop weight: apply a initial velocity and the
gravitational acceleration of 9.8 m/s’

Figure 7 Boundary conditions of model.

2.3 Model Calibration

To determine the accuracy of the numerical model, a dynamic impact test on end-anchored rockbolt was simulated
referring to the test data from paper of Wang et al. (2018). The simulation parameters are shown in Table 4, and the
simulation results are shown in Figure 8. By calibrating the bond stiffness and strength of bolt and resin, the simulated
load-elongation curve is similar to that of laboratory test data. The mass of the drop weight is defined as 1000 kg and the
initial velocity of drop weight is set as 6.325 m/s. It is demonstrated that the present numerical model could excellently
reflect the dynamic mechanical behaviour of end-anchored rockbolt under impact loading.

Table 4 Verification of simulation parameters.

dia?::ter Young's modulus Yield strength Tensile strength Elongation Interface bonding Impact energy
(GPa) (MPa) (MPa) (%) rigidity (GPa) (kJ)
(mm)
22 210 450 610 24 24 20

Test data by Wang et al, 2018
—Simulated results

2004

160

120 4

Axial Force/kN

40 4

T T T T T
0 20 40 60 80 100

Elongation/mm

Figure 8 Comparison of simulated results and experimental data.

2.4 Simulation plan

The inertia effect of drop weight in dynamic impact testing cannot be ignored and the dynamic behaviour of
structure material are both velocity and mass sensitive (Karagiozova et al. 2000). However, refer to the previous dynamic
impact testing of rockbolts (Player et al., 2008; He et al., 2014; and Vallejos et al., 2020), the mass of the drop weight is
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generally constant, and the impact energy can be determined by changing the drop height, that is, the initial velocity of
the drop weight. Therefore, the mass of the drop weight is fixed as 1000 kg in this paper. In order to study the influence
of different parameters on the dynamic performance of end-anchored rockbolt, the following simulation scheme is
designed as follows.

1. (i) According to the formula Ex=0.5mv?, the initial velocity of the drop weight is adjusted when the impact energy is
5kJ, 10kJ, 15kJ and 20kJ, respectively. The simulation scheme under different impact energy conditions is listed in

Table 5.
Table 5 Simulation scheme under different impact energy conditions.
Number Mass of drop weight (kg) Initial velocity (m/s) Impact energy (kJ)
1 1000 3.162 5
2 1000 4.472 10
3 1000 5.477 15
4 1000 6.325 20

2. (ii) Under impact energy of 15kJ, the anchored length of rockbolts is set as 0.5 m, 1.0 m, 1.5 m, and 2.0 m,
respectively.

(iii) Under impact energy of 15kJ, the diameter of rockbolts is set as 18, 20 and 22 mm, respectively.

4. (iv) The models with different steel materials are simulated under impact energy of 15k). The steel materials are
listed in Table 6.

Table 6 Simulation scheme under different steel material conditions.

Number Material type Yield strength (MPa) Tensile strength (MPa) Elongation rate (%)
1 BHRB335 335 490 22
2 BHRB400 400 570 22
3 BHRB500 500 670 20
4 BHRB600 600 780 18

3 DYNAMIC IMPACT SIMULATION RESULTS AND DISCUSSIONS

3.1 Dynamic response of rockbolt under impact energy of 15kJ

The dynamic impact model of the end-anchored rockbolt is calculated in ABAQUS/Explicit. Under the impact energy
of 15kJ, the impact force of plate and the axial displacement of bolt are shown in Figure 9. It can be seen from Figure 9
that the peak impact force is 297kN, the dynamic response time is 31ms, and the impact force changes greatly at the
moment of impact. After about 1ms, the force tends to stabilize and the impact force after stability is 170kN, which is
57.2% of the peak force. At the same time, the elongation of the bolt increases the fastest at the impact moment. As the
impact kinetic energy is absorbed by the rockbolt, the elongation rate of the bolt slows down. After the elongation
reaches the peak value of 91.1mm, it falls back to 86.1mm due to elastic deformation.

- 120

300 4
4 100

2 250 £
= £
[ g ~
5 0 * g
£ - £
Q m©
] 460 :é:
S 150 2
- -
§ 40 g
£ 100 ] X
- o

o

50 4 420
0 T T T 0
0 10 20 30 40
Time /ms

Figure 9 Impact force and elongation of rockbolt under impact energy of 15kJ.
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The axial stress and shear stress of the anchoring section of rockbolt during the impact are shown in Figure 10. It
can be seen that the stress characteristics of the anchoring section of the bolt can be divided into three stages with the
impact time. In the initial stage of impact, the axial stress peak and shear stress peak of the anchoring section are
concentrated on the impacted side, and the values decreases from the maximum value to zero exponentially. In the
middle stage of the impact, the bond between bolt and resin fails from the impacted side, and the peak values of the
axial stress and shear stress move to the end of the rockbolt along with the failure point of the anchoring bond. As the
kinetic energy is absorbed by the rockbolt continuously, the axial stress and the shear stress continue decrease and the
shear stress rapidly drops to zero in a sawtooth shape. At the final of the impact, the peak value no longer moves
backward when the axial stress is insufficient to make the anchoring bond failure, and the axial stress and shear stress
gradually decrease to zero.

3.2 Dynamic response of rockbolt with different impact energy

Based on the simulation in Section 3.1, the initial kinetic energy was adjusted by changing the initial velocity of the
drop weight. The dynamic impact test simulation of the end-anchored bolt with energy levels of 5, 10, and 20kJ was
performed respectively. The mechanical response of the rockbolt under different energy impacts is shown in Table 7 and
Figure 11. With the increase of impact energy, the elongation of the rockbolt increases rapidly from 27.588 mm to
155.324 mm, the maximum plastic strain increases from 0.028 to 0.085, and the interface debonding length between
bolt and resin increases from 520 mm to 980 mm. However, the maximum axial force of the rockbolt increases less.

Table 7 Dynamic response of rockbolts under different impact energy.

Impact energy(kl) 5 10 15 20
Maximum axial force (kN) 178.62 181.65 187.29 189.47
Elongation (mm) 27.588 56.973 86.134 155.324
Maximum plastic strain 0.028 0.054 0.064 0.085
Debonding length (mm) 520 675 845 980
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Figure 10 Shear stress and axial stress in anchoring section of end-anchored rockbolt.
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Figure 11 Mechanical parameters of rockbolt under different impact energy.

Figure 12 is the curves of maximum axial force and elongation of rockbolt under different impact energies. As the
impact energy increases, the impact dynamic response time of rock bolt increases from 20ms to 33ms, and the maximum
axial force does not change significantly. But under high impact energy, the rockbolt needs a longer response time to
absorb energy. For every 5kJ increase in impact energy, the extension of the rockbolt increases by about 30 mm. The
change curves of the energy absorbed by end-anchored rockbolt with time under different impact energy is shown in
Figure 13. The rockbolt absorbs most of the impact energy under the impact of each energy level, and a small part of the
energy is stored in the system in the form of elastic strain energy and kinetic energy. With the energy level increases, the
rate at which the bolt absorbs energy increases significantly. The impact energy is mainly dissipated by the plastic
deformation of the free section and the debonding section of end-anchored rockbolt. The length of the plastic energy-
absorbing section and the maximum plastic strain of the bolt gradually increase with the impact load increases, as shown
in Figure 14. In the design of roadway support in coal mines of China, the anchoring length of the end-anchored rockbolt
is usually designed to be about 1/3 of the total length. The interface between bolt and resin will fail and debond under
the impact loading condition, and the debonding length increases with the increase of impact energy. Therefore, the
end-anchored rockbolt needs a larger anchoring length to ensure its effectivity under dynamic impact load.

—a— 5kJ
250 - —e—10kJ
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2001 —v— 20k
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) < —e— 10k 1
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Figure 12 Curves of axial force and elongation of rockbolt under different energy levels
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Figure 13 Curves of the energy absorbed by end-anchored rockbolt under different impact energy.
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Figure 14 Plastic strain of bolt under different energy impact.

3.3 Effect of anchoring length

The dynamic response of the end-anchored rockbolt under different anchoring length conditions is listed in Table
8. When the anchoring length is 0.5m, the bolt is pulled out abruptly, but when the anchoring length is 1m and 1.5m, the
rockbolts only debond. Conspicuously, the rockbolt breaks at the free section when the anchoring length is 2m, as shown
in Figure 15. Figure 16 shows the curves of axial force and elongation of rockbolt under different anchoring lengths. With
the lengthening of the anchoring section, the axial force and elongation of the bolt increase slightly, and the maximum
plastic strain increases greatly. The end-anchored rockbolt absorbs impact energy through the deformation of the free
section of bolt. When the anchor section is too long, the bolt does not have enough free section to absorb the impact
energy. The rockbolt breaks when the energy absorbed by the free section per unit length exceeds a certain critical value.
If the anchoring section is too short, the anchoring interface lacks sufficient friction and will fail to debond. It can be seen
from Figure 17 that the anchoring length has no effect on the energy absorption rate of rockbolt. When the anchoring
length is 1m, the impact energy absorbed by rock bolt is the same as that when the anchoring length is 1.5m.

Table 8 Dynamic response of rockbolts with different anchoring lengths.

Anchoring length (m) 0.5 1.0 1.5 2.0
Maximum axial Force (kN) 181.30 187.29 196.47 207.61
Elongation (mm) 81.68 86.134 85.9 90.2
Maximum plastic strain 0.059 0.064 0.106 -
Debonding length (mm) 1000(pull out) 845 850 fracture

PE, M+ax. Principal ,5%"‘“
1.70e-01 SSSI
+1.56¢-01 SeSesisete?
+1.42¢.01 ies%es
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Figure 15 Rockbolt fracture diagram.
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Figure 16 Curves of axial force and elongation of rockbolt under different anchoring lengths.
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16+
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Time /ms

Figure 17 Curves of the energy absorbed by end-anchored rockbolt under different anchoring lengths.

From Figure 18, the plastic deformation of the rockbolt, which absorbs impact energy, appears in the free section
and the debonding section. The average plastic strain of rockbolt with shorter anchoring part is smaller. When the
rockbolt is subjected to an impact loading, the free section can play a buffer role through its elastic deformation. In other
words, the energy absorption performance of end-anchored rockbolt will be much improved if the impact energy can be
dispersed on the free section of bolt.
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Figure 18 Plastic strain of rockbolts with different anchoring lengths.

3.4 Effect of bolt diameter

The dynamic impact test simulation is carried out on three different end-anchored rockbolts with the bolt diameters
of 18mm, 20mm and 22mm, respectively. As listed in Table 9, the end-anchored rockbolt with 22mm diameter is pulled
out under the impact energy of 15kJ, and the anchor section of rockbolt with 18mm and 20mm diameter debonds. As
plotted in Figure 19, when the diameter of the bolt increases by 2mm, the axial force of the bolt increases by about 33kN,
the elongation of the bolt decreases by about 20mm, and the maximum plastic strain decreases by about 0.013.

Table 9 Dynamic response of different bolt diameters.

Diameter (mm) 18 20 22
Maximum axial force (kN) 154.05 187.29 220.18
Elongation (mm) 107.685 86.134 66.64
Maximum plastic strain 0.080 0.064 0.054
Debonding length (mm) 830 845 1000 (pull out)
—=#— Maximum axial force /kN r 850 —e—Elongation /mm
550 —e— Debonding length /mm iig —4— Maximum plastic strain
B

i 5 100 10.08 g

£ 200 £ £ I

= Fea0f E &

.g 5 g 90 4 ,_;-

£ FE: £

E 180 4 3 g’ 804 E

g g 0.06 =

160 4 830 07
60
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Bolt diameter /mm Bolt diameter /mm
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Figure 19 Mechanical parameters of rockbolt under different bolt diameters.
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Figure 20 shows curves of maximum axial force and elongation of rockbolt under different bolt diameters. Under
impact loading, the rockbolt with larger diameter has a greater axial force, smaller elongation and shorter dynamic
response time, which is more likely to cause failure of the bolt-resin interface. This is the main reason leading to the
failure of the rockbolt as a whole. The debonding length of rockbolt with the 22mm diameter exceeds 845mm, and the
remaining bonding interface cannot provide sufficient bonding force to resist the impact of the drop weight. This leading
to further damage and complete debonding. It can be seen from Figure 21 that rockbolts of different diameters start to
yield at the same time, and rockbolts with larger diameters have a higher energy absorption rate.

The energy absorption rate of end-anchored rockbolt is positively correlated with its diameter. A large diameter
rockbolt has a higher energy absorption rate but greater axial force, which leads to an increase in the debonding length
of the anchor section. If the bolt diameter is too large, the anchor section will debond completely when the energy
absorption performance is not fully utilized. The debonding length of the rockbolt with a smaller diameter reduces slightly
under the impact loading, but the bolt will occur a greater plastic deformation. In the case of 15kJ impact energy, the
maximum plastic strain of the rockbolt with a diameter of 18mm is 25% higher than that of the rockbolt with a diameter
of 20mm, as shown in Figure 22.
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Figure 20 Curves of axial force and elongation of rockbolt under different bolt diameters.
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Figure 21 Curves of the energy absorbed by end-anchored rockbolt under different bolt diameters.
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Figure 22 Plastic strain of rockbolts with different bolt diameters.
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3.5 Effect of material properties

The wide application of new high-strength and high-toughness steel materials significantly improves the anti-impact
performance of the rockbolt in China (Kang, 2016). The influence of material properties on the dynamic performance of
end-anchored bolt is studied through dynamic impact test simulation of several commonly steel materials. The numerical
results are listed in Table 10 and shown in Figure 23. It can be seen that the maximum axial force of and the debonding
length of the anchoring interface are positively related to the yield strength of the bolt material, and the elongation and
the maximum plastic strain are negatively related to the strength of the bolt material.

Figure 24 shows the axial force and elongation of rockbolt under different materials. Under the same impact energy,
the high-strength anchor has higher axial force, shorter elongation, and shorter dynamic response time. From Figure 25,
the energy absorption rate of the rockbolt is proportional to the material strength, and the energy absorption rate of
rockbolt with a higher material strength is greater. There is little difference in total absorption energy. Figure 26 shows
the plastic strain of rockbolts with different materials under Impact loading condition. The plastic deformation of the
rockbolt is inversely proportional to the bolt material strength. The greater the material strength, the smaller the plastic
strain. The high strength rockbolt has a longer debonding length, which is related to the higher axial force caused by the
steel material. The application of high-strength materials can effectively improve the anti-impact performance of the
rockbolt but slightly increase the debonding length of the anchoring interface under impact loading. The strength of the
BHRB600 bolt is 20% higher than that of the BHRB500 bolt, which reduces the maximum plastic strain by 17.2% and
increases the debonding length by 1.78%.

Table 10 Dynamic response of different materials.

Material type BHRB335 BHRB400 BHRB500 BHRB600
Maximum axial force (kN) 144.18 165.50 187.29 227.72
Elongation (mm) 122.946 101.526 86.134 69.278
Maximum plastic strain 0.090 0.071 0.064 0.053
Debonding length (mm) 810 840 845 860
240 - r 0.10
—a— Maximum axial force /kN | 860 —e—Elongation /mm
- e— Debonding length /mm 120 4 —&— Maximum plastic strain
g L850 ¢ 2 5
g E o 7
5 200 - = 8 2
= -840 % & 100 Baa
g 5 5 £
E 1807 -830 5 E E
g E E =
3 2 % 80 =
= 1604 g0 8 &
I 0.06
140 1 L 810
60
300 400 500 600 300 400 500 600
Yield stress of bolt /MPa Vield stress of bolt /MPa
(a) (b)

Figure 23 Mechanical parameters of rockbolt under different materials.
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Figure 24 Curves of axial force and elongation of rockbolt under different materials.
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Figure 25 Curves of the energy absorbed by end-anchored rockbolt under different materials.
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Figure 26 Plastic strain of rockbolts with different materials.

4 CONCLUSIONS

In this paper, a numerical model for dynamic impact testing of end-anchored rockbolt is established and the
mechanical response of rockbolt under dynamic impact loading condition is simulated. Despite some variables and
parameters are not taken into consideration, the numerical results are consistent with the laboratory dynamic test data.
Further research with emphasis on the constitutive behaviour of end-anchored rockbolt under dynamic loading
conditions are required. The following conclusions can be made from the preceding results:

(1)

(2)

(3)

(4)

The stress characteristics of the anchoring section of the end-anchored rockbolt can be divided into three
stages with the impact time. In the initial stage of impact, the axial stress and shear stress of the anchoring
section decrease from the maximum value to zero exponentially. In the middle stage of impact, the axial
stress and the shear stress continue decrease and the shear stress rapidly drops to zero in a sawtooth shape.
At the final stage of impact, the stress peak values no longer move backward, and the stresses gradually
decrease to zero.

The impact dynamic response time of rockbolt increases, and the maximum axial force does not change
significantly with the increase of impact energy. The elongation of the rockbolt increases by about 30 mm
for every 5kJ increase in impact energy. When the impact energy level increases, the energy absorption rate
and maximum plastic strain both increase significantly.

The impact energy is mainly dissipated by the plastic deformation of free section and debonding section of
end-anchored rockbolt. If the free section is too short, the absorbed impact energy will exceed the critical
value and cause the bolt fracture. If the free section is too long, the anchoring section bolt will be pulled out
suddenly. As a result, the free section plays a buffer role through its elastic deformation when the rockbolt
is subjected to an impact loading.

The maximum axial force of end-anchored rockbolt is proportional to the bolt diameter and material
strength, and the anchoring length is also proportional to them. However, the plastic deformation of end-
anchored rockbolt is inversely proportional to the bolt diameter and material strength, and the elongation
is also inversely proportional to them. It is remarkable that the energy absorption rate and anti-impact
performance of the end-anchored rockbolt can be improved by increasing the bolt diameter and the bolt
material strength.
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