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1. Introduction 

 
Rockbolts are considered an efficient and economical 

rock mass reinforcement technique and are widely used in 

mining and other geotechnical engineering applications, 

such as slopes, roadways, and powerhouses (Wu et al. 

2019a). In deep underground mines, bolted rock mass is 

likely to be subjected to both high static stress and dynamic 

disturbance (fault slips, strata fractures and collapses, 

earthquakes, etc.). Under coupled static–dynamic loads, 

mechanical behaviors of bolted rock mass may be different 

from that solely under either static or dynamic stress, and its 

performance is not currently complete understood. Hence, it 

is critical to study and better understand the failure 

characterization and mechanism of rock material bolted  
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rock mass. 

In recent decades, numerous researchers (Ai et al. 2019, 

Vandermaat et al. 2016, Gracaecosta et al. 2013, Wu et al. 

2018, Yu et al. 2019, Kozyrev et al. 2018, Eremenko et al. 

2017, Chen et al. 2019, Wang et al. 2014, Wang et al. 2018) 

have conducted laboratory and field tests complemented by 

analytical and numerical analyses to investigate the 

anchorage mechanism of rockbolts. (Chang et al. 2017, 

2018) studied the failure process and failure modes of a 

rockbolt anchoring system under dynamic-static coupled 

loading using experimental investigations. Based on finite 

element software, bond stress distribution in spatial and 

temporal expression, bond-slip behaviors and the influences 

of initial stress state of surrounding rock, initial static load 

level and anchorage length were evaluated. The failure 

mechanism was explored, and a bond-slip model was 

developed. (Wang et al. 2018) proposed a new analytical 

model to describe the axial and shear stress distributions for 

a fully grouted GFRP (Glass Fiber Reinforced Plastic) 

rockbolt support system under the joint action of a pre-

tension static load and a dynamic blast load. The model can 

be used to predict the axial stress within the rockbolt and 

the shear stress at the grout-rock interface for GFRP to help 

ground support design, performance assessments and blast 

design to minimize the negative impacts on the ground 

support system. (Ali and Fatemeh 2013) used FLAC3D 

software to study the behavior of fully grouted rockbolts 

under dynamic loading. The results of the analyses  
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indicated that under dynamic loading, fully grouted 

rockbolts without a head plate are incapable of controlling 

rock mass movement. Yielding rockbolts are the best choice 

for absorbing dynamic stress waves and controlling rock 

mass movement. (Faham et al. 2018) developed numerical 

and novel analytical simulation techniques for cable bolts to 

assess their structural behavior under static and dynamic 

loading conditions. The numerical and analytical models 

were then validated against experimental observations 

reported in the literature, which demonstrated the reliability 

of the proposed models. (Wu et al. 2019a, b) conducted 

static and dynamic Brazilian splitting tests of red sandstone 

reinforced by a steel bar. The mechanical response 

characteristics of the rockbolt and the reinforced rock under 

static and dynamic loadings were investigated extensively, 

and the results provide a reference for the failure analysis 

and design of rockbolts. (Freeman 1978) studied the 

behavior of fully bonded rockbolts in the Kielder 

experimental tunnel and proposed the concepts of “neutral 

point”, “anchor length”, and “pick-up length”. Using finite 

element analysis, (Aydan 2019) illustrated the 

reinforcement effects of bolts on underground openings 

both qualitatively and quantitatively as well as the 

interaction phenomena between the bolts and the rock mass. 

(Fu et al. 2019) and (Zhu et al. 2018) found that bolts could 

improve the peak strength, elastic modulus, and shear 

strength of laboratory specimens. (He et al. 2018) and 

(Sabetamal et al. 2014) carried out dynamic tests for a 

constant resistance large deformation bolt using a modified 

Split Hopkinson Pressure Bar (SHPB) system. (Kang et al. 

2020)rock bolt pre-tensioning by torque application to the 

nut can result in decreases in tensile strength and elongation 

because the rock bolt is subjected to a combination of 

tension and distortion. Taking Xinjulong Coal Mine as an 

example, (Ning et al. 2020a, Ning et al 2020b) studie the 

damage evolution characteristics of rock with bolt support 

in large section chamber under static-dynamic coupling 

loading by field investigation, theoretical analysis and 

laboratory test. 

The aforementioned studies, conducted under static or 

dynamic loading conditions, are fundamental and have  

 

 

contributed to a better understanding of the anchorage 

mechanisms of rockbolts. However, these studies did not 

consider the influence of field conditions, and they did not 

consider the combined effects of a static load and a dynamic 

blast load simultaneously, which is the general loading 

condition in reality. In this study, static-dynamic coupled 

loading tests of rockbolt specimens are carried out based on 

The Split Hopkinson Pressure Bar system. The mechanical 

properties, energy dissipation and crack growth 

characteristics of the rockbolt specimens are studied under 

different loading modes. The results provide a new concept 

for rational rockbolt design and the construction of deep 

roadways threatened by static-dynamic coupled loading. 

 

 
2. Experimental setup 

 

2.1 Specimen preparation 
 
Roof bolting is the primary types to maintain roadway 

stability by changing the mechanical state of the 

surrounding rock, forming a whole and stable rock belt 

around the roadway (Ning et al. 2020a). When studying a 

bolted rock mass formed by a bolt and surrounding rock, 

the actual boundary conditions of the bolted rock mass 

should be fully considered. As shown in Fig. 1, the volume 

of rock under the action of a single bolt is obtained through 

the average distribution of the volume of surrounding rock 

under the action of multiple bolts, and the structure formed 

by the combination of the block and a single bolt is taken as 

the bolted rock mass unit. The boundary conditions of each 

bolted rock mass unit are the same. The bolted rock mass 

unit is constrained by displacement in a direction 

perpendicular to the bolt. 
In this paper, the rockbolt specimens are designed to 

simulate the actual boundary condition of the bolted rock 
mass unit. As shown in Fig. 1, the quarter block of the 
rockbolt specimens is approximately regarded as the bolted 
rock mass unit, which is composed of a 1/2 bolt and sector 
column (1/4 rock specimen). According to the principle of 
symmetry, two vertical planes of a sector are limited by  

 

Fig. 1 Rockbolt specimen preparation ( is static loading, is dynamic loading) 
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displacement. In this paper, no-bolt specimens are also 
designed to compare and study the influence of anchor solid 
elements on the mechanical properties and energy transfer 
of a rock mass. 

Because the uniformity of natural rock mass is poor, 
sampling is difficult, and conducting laboratory research 
with similar rock materials instead of original rock 
specimens is a more reasonable solution. Based on a 
simulation test method of similar materials, similar rock 
material specimens were made with cement, sand particles 
with a size less than 0.56 mm and gypsum. The purpose-
built test samples, shown in Fig. 1, were prepared as 
follows: (1) Cylindrical specimens of 40 mm in thickness 
and 50 mm in diameter were prepared. These were used for 
unreinforced tests. For reinforced tests, further preparations 
were made. (2) Two perpendicular holes with diameters of 5 
mm were drilled through the center of the middle circular 
cross-section of six specimens. (3) Two steel bars were 
inserted into the hole (simulating the rockbolt) and bonded 
to the rock with resin. The steel bar was 70 mm long and 4 
mm in diameter, with a tensile strength of 500 MPa, a 
Poisson’s ratio of 0.27 and a Young’s modulus of 200 GPa. 
(4) All the specimens were polished to a roughness of < 
0.02 mm, and the inclination angle between the end circular 
surfaces and the plane perpendicular to the cylindrical axis 
was less than 0.001 radians. The labels, dimension  

 
 

parameters and loading methods of the specimens are 
shown in Table 1. 

Ten specimens, listed as of D-N-1~5 and D-D-1~5 in 

Table 1 were tested under dynamic and static combined 

loading. The static axial compression was set at 0%, 20%, 

40%, 60% and 80% of the peak strength of the no-bolt 

specimens. Different impact velocities were used to impact 

the specimens, and the minimum velocity leading to macro 

cracks was defined as the critical velocity required for the 

specimen failure of specimens. The dynamic strain test 

devices were used to record the waveform signals on the 

incident and transmitted bars during the impact process. At 

the same time, the whole entire process of cracks growth is 

being recorded by high-speed camera. 

 

2.2 Experimental system 

 
2.2.1 The split Hopkinson pressure bar system 
This experiment was carried out on the split 

Hopkinsonpressure bar system located at the Key 

Laboratory of Mine Disaster Prevention and Control, 

Shandong University of Science and Technology. As shown 

in Fig. 2, the SHPB test system consisted of five parts: 

SHPB bars, an axial pressure loading device, an impact 

control system, dynamic strain test devices and HS-imaging  

Table 1 The labels, dimension parameters and loading methods of the specimens 

Label Anchorage type Pre-static loading (MPa) 
Dynamic loading strain rate (/s) 

First Second Third Fourth Fifth 

D-N-1 

No-bolt 

specimens 

 

0.0 40.6 50.4 62.8 78.1  

D-N-2 1.47 33.6 47.9 63.8   

D-N-3 2.94 37.1 49.9    

D-N-4 4.41 34.8 43.5    

D-N-5 5.88 22.8 38.5    

D-D-1 

Rockbolt 

specimens 

0.0 20.9 42.7 67.0 85.6 92.3 

D-D-2 1.47 32.4 48.4 65.2 84.0  

D-D-3 2.94 24.1 46.3 60.4 73.0  

D-D-4 4.41 33.8 43.0 54.7 69.2  

D-D-5 5.88 35.1 55.4 66.0   

 

Fig. 2 SHPB dynamic load impact test system 
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system. The diameter of the incident, transmission and 

absorbing bars is 50 mm. The incident and transmission 

bars were made of 48CrMoA alloy steel with a density of 

7850 kg/m3, a Poisson’s ratio of 0.28, and a Young’s 

modulus of 206 GPa. The P wave velocities of the bars were 

5120 m/s. The length of the input bars was 3000 mm, and 

the output bar was 1500 mm. To produce a repeatable 

ramped pulse wave that reduces high-frequency oscillations 

(Pochhammer modes) and minimizes the dispersion effect, 

a cone-shaped striker was used in the present study (The 

diameter of the striker is 50 mm, the length is 365mm). The 

input frequency of the strain signal was 1 MHz in the 

dynamic strain test devices. To capture the images of the 

specimen during the impact damage process, a Phantom 

series Vision Research/V410L high-speed camera was used. 

It can capture the image with a maximum of 600,000 fps 

and a resolution of 512×272 pixel array size. 

 

2.2.2 Experimental principles 
During testing, the specimen was sandwiched between 

the incident and transmission bars, with lubricant applied to 

the surfaces of the specimen and bars (Fig. 3). The impact 

of the cone-shaped striker on the front surface of the 

incident bar produces a slowly rising half-sine wave. When 

the compressive wave (incident wave) reaches the bar-

specimen interface, a portion is reflected in the incident bar 

(reflected wave), and another portion is transmitted through 

the specimen and then enters the transmission bar 

(transmitted wave). These three elastic stress pulses are 

recorded by strain gauges mounted on the bars and are 

denoted as the incident strain pulse i , reflected strain 

pulse r , and transmitted strain pulse t , respectively. 

According to the one-wave propagation theory, the axial 

stress s , strain si , and strain rate s  are derived by the 

following equations 

 

(1) 

 

(2) 

 

 

 

(3) 

where A, C0, and E are the cross-sectional area, P-wave 

velocity, and Young’s modulus of the elastic bar, 

respectively. As and ls are the cross-sectional area and length 

of the specimen, respectively. 

The dissipated energy (Feng et al. 2018) of the no-bolt 

and rockbolt specimens under dynamic loads can be 

calculated using the following equation 

 
(4) 

where ED is the dissipated energy of the specimen; EI, ER, 

and ET are the energy carried by the incident, reflected, and 

transmitted wave, respectively (Fig.  4), which can be 

calculated by Eqs. (5)-(7). 

 
(5) 

 

(6) 

 

(6) 

where t is the duration of the stress wave; 0  is the 

density of the bars; C0 is the elastic wave velocity of the 

bars; A0 is the cross-sectional area of the bars; )(t   

denotes strain in a bar at time t; and the subscripts I, R, and 

T refer to the incident, reflected, and transmitted wave, 

respectively. 

 

 

3. Results 
 

3.1 Stress-strain curves of specimens under Static-
dynamic coupleding loading 

 

3.1.1 Stress Equilibrium  
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Fig. 3 Schematic diagram of separated Hopkinson pressure bar test system 
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Ensuring the homogenization of stress at both ends of 

the specimen is the key factor for validating the SHPB test 

(Du et al. 2018, Field et al. 2004). The results show that the 

inertia effect is eliminated by means of wave shaping and 

controlling the length-diameter ratio of the specimen; the 

stress difference between the two ends of the specimen still 

exists. With the stress wave reflected back and forth at the 

end of the incident bar and the transmission bar, the stress 

distribution in the specimen gradually becomes uniform. At 

this time, the stress state of the specimen is essentially 

quasi-static loading. In this work, a cone-shaped striker is 

used to generate a slowly rising half sine wave with an 

approximate duration of 200 μs, which provides sufficient 

time for the specimen to reach stress equilibrium and 

facilitate loading at a constant strain rate. Fig. 5 shows a 

comparison of the stresses at both ends of the specimen. 

The sum of the incident stress and reflected stress is almost 

equal to the transmitted stress before the transmitted wave 

reaches its peak value and is well maintained for a certain 

time in the post-peak region. This result indicates that a 

stress equilibrium condition can be achieved for the 

purpose-built test samples in the present SHPB tests. 

 

3.1.2 Stress-strain curves of no-bolt specimens 
The dynamic stress–strain curves of no-bolt specimens 

from different levels under static-dynamic coupled loading 

are shown in Figs. 6(a)-6(e). As shown in Fig. 6(f), all the 

dynamic stress–strain curves displayed in Figs. 6(a)-6(e) 

can be grouped into two general patterns: general pattern 

one and general pattern two. When the strain rate does not 

reach the critical strain rate, the stress–strain curves are 

general pattern one. When the strain rate equals or exceeds 

the critical strain rate, the stress–strain curves are general  

 

 

pattern two (Peng et al. 2019). These two general patterns 

have three similar stages (stage I, stage II, and stage III). 

Combined with Fig. 7, the variations in the dynamic stress–

strain curves of no-bolt specimens under static-dynamic 

coupled loading can be elaborated as follows. 

Stage I (O-A): The stress-strain curve in stage I does not 

show a concave shape. The stage is approximately linear 

and does not show compaction characteristics. It can be 

seen from the typical crack development process of the no-

bolt specimen that there is no crack initiation on the 

specimen surface at this stage. 

Stage II (A-B): During this stage, the stress-strain 

relationship is nonlinear, and compared with stage I, the 

growth rate of stress with strain slows down. At point B, 

crack initiation occurs at both ends of the specimen. At this 

stage, the microcracks in the specimen begin to develop 

under the action of dynamic load, resulting in the decrease 

of the curve slope. 

Stage III (B-C): The growth rate of stress with strain is 

lower than that of stages I and II. The photos show that the 

macrocracks on the specimen surface develop towards the 

specimen center under the action of a stress wave. When the 

curve reaches the peak strength of point C, obvious cracks 

appear on the surface of the specimen, and the maximum 

bearing capacity is reached. 

Stage IV (C-E): The stress-strain curve of the specimen 

during this stage shows two modes. One mode indicates that 

when the striker does not reach the critical speed, due to the 

low impact strain rate, the rebound occurs after the D point 

reaches the ultimate strain, and the overall stress-strain 

curve shows the characteristics of "closure"; the other mode 

indicates that under the critical impact speed, the 

macroscopic crack of the specimen expands rapidly,  

 

Fig. 4 Energy-time-history curves of incident, reflected and transmitted waves 

 

Fig. 5 Dynamic stress on the two interfaces between the specimen and the bars in SHPB testing 

t/μs

A0ρ0C0
3ε2

ER
EI

ET

0

ED=EI-ER-ET

100 150 200 250 300 350 400
-200

-160

-120

-80

-40

0

40

80
S

tr
es

s(
M

P
a)

Time/(μs)

 In.

 Re.

 Tr.

 In.+Re.

103



 

Pengqi Qiu, Jun Wang, Jianguo Ning, Xinshuai Shi and Shanchao Hu 

 

 

resulting in the failure of the specimen. The overall stress-

strain curve shows the characteristics of "opening". During 

the entire failure process, the crack morphology of the 

specimen primarily consists of tensile cracks. 

In addition, the stress-strain curves of the no-bolt 

specimens described in Fig. 6(a)-6(e) have an impact 

velocity (strain rate) correlation. Taking the pre-static load 

of 0 MPa as an example (Fig. 6(a)), the greater the impact 

velocity is, the greater the peak stress. When the impact 

strain rate is 40.6/s, 50.4/s and 62.8/s, the peak stresses of 

the specimens are 6.0 MPa, 13.8 MPa and 16.9 MPa, 

respectively. After the stress peak, the specimens show a 

rebound phenomenon and recover part of the strain. When 

the impact velocity of the striker is 78.1/s, cracks appear in 

the sample surface, and the peak strength is 17.9 MPa. The 

stress-strain curve shows the characteristics of "opening". 

The samples did not exhibit compaction characteristics 

during different impact loading processes. It can be 

concluded that under the high strain rate of the specimens 

during impact loading, the closure time of microvoids is 

very short, resulting in no compaction phenomenon during 

the entire loading process. The trend of the stress-strain  

 

 

curves of other specimens under static-dynamic coupled 

loading Figs. 6(b)-6(e) are similar to the specimen in which 

the pre-static load is 0 MPa Fig. 6(a). The microcracks in 

the specimen have been destroyed under pre-static loading, 

and the compaction phenomenon has completely 

disappeared. When the pre-static loads of the specimens are 

1.47 MPa, 2.94 MPa, 4.41 MPa and 5.88 MPa, the critical 

strain rates required for no-bolt specimen failure are 63.8/s, 

49.9/s, 43.5/s and 38.5/s, and the dynamic strengths of the 

specimens are 16.1 MPa, 15.3 MPa, 11.6 MPa and 10.3 

MPa, respectively. It can be seen that the critical strain rate 

and dynamic strength required for specimen failure 

decrease with increasing pre-static load. 

 

3.1.3 Stress-strain curves of the rockbolt specimens 

The stress-strain curves of the rockbolt specimens under 

different static-dynamic coupled loadings are shown in Fig. 

8(a)-(e), and Fig. 8(f) shows a typical mode of the rockbolt 

specimens. Combined with Fig 9, the stress-strain curve of 

the rockbolt specimen can be divided into four stages 

according to the crack development characteristics. 

   

(a) 0 MPa (b) 1.47 MPa (c) 2.94 MPa 

   
(d) 4.41 MPa (e) 5.88 MPa (f) Typical curves 

Fig. 6 Stress-strain curves of no-bolt specimens under static-dynamic coupled loading 

 

Fig. 7 The typical process of crack development process of no-bolt specimen D-N-1(78.1/s) 
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Stage I (O-A): This stage is similar to the no-bolt 

specimen, and the curve does not show concave shape and 

compaction characteristics. No cracks are apparent on the 

surface of the no-bolt specimen during this stage. 

Stage II (A-B): The stress-strain relationship is 

nonlinear during this stage. Compared with stage I, the 

growth rate of stress with strain slows down. At point B, 

crack initiation appears on the surface of the specimen. 

During this stage, the microcracks in the specimen begin to 

develop under the action of dynamic load, resulting in a 

decrease of the curve slope. 

Stage III (B-C): The growth rate of stress with strain is 

lower than those of the first two stages. The photos show 

that there are macrocracks at the rockbolt section of the 

specimen surface under the action of a stress wave. When 

the curve reaches the peak strength of point C, the specimen 

reaches the maximum bearing capacity. 

Stage IV (C-E): The stress-strain curves of the rockbolt 

specimen during this stage only shows one mode compared 

with that of the no-bolt specimen. After the surface of the 

 

 

rockbolt specimen produces cracks, the stress-strain curve 

still rebounds after the D point reaches the limit strain, and 

the overall stress-strain curve shows the characteristics of 

"closure". Combined with the development characteristics 

of the surface crack, it can be seen that when the crack 

develops to point E, it does not continue to extend, but the 

crack tip is closed. The analysis shows that in the later stage 

of dynamic impact, the strain rate of the dynamic load 

decreases, and the bolt, which is in a passive state of elastic 

tension due to the radial deformation of the specimen, 

begins to recover its original length, which restrains the 

continuous development of the internal cracks. The rockbolt 

specimen recovers the partial deformation, and the surface 

cracks of the specimen close, which leads to the occurrence 

of a stress-strain curve rebound under the premise of failure. 

It can be seen from the stress-strain curves of the 

rockbolt specimens under different static-dynamic coupling 

loadings that when the pre-static load is 0 MPa, the stress-

strain curves of the rockbolt specimens also have significant 

strain rate correlations, and the rebound phenomenon of the  

   
(a) 0 MPa (b) 3.26 MPa (c) 6.52 MPa 

   

(d) 9.78 MPa (e) 13.04 MPa (f) Typical curves 

Fig. 8 Stress-strain curves of rockbolt specimens under static-dynamic coupled loading 

 

Fig. 9 Typical crack development process of rockbolt specimens 
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specimens is extremely obvious. When the impact strain 

rates are 20.9/s, 42.7/s, 51.3/s and 67.0/s, the samples are 

not damaged, and the peak stresses are 10.5 MPa, 17.3 

MPa, 22.6 MPa and 23.8 MPa, respectively. When the 

impact strain rate is 92.3/s, there are obvious cracks in the 

specimen, and the ultimate strength is 25.8 MPa. After the 

peak of the stress-strain curve, a rebound phenomenon 

remains, which reflects the action of the rockbolt on the 

specimen. The trend of the stress-strain curve under static-

dynamic coupled loading Figs. 8(b)-8(e) is very similar to 

Fig. 8(a). The critical strain rate and strength required for 

the failure of the rockbolt specimen decrease with 

increasing pre-static loading. When the pre-static loadings 

are 1.47 MPa, 2.94 MPa, 4.41 MPa and 5.88 MPa, the peak 

strengths of failure are 23.1 MPa, 22.8 MPa, 18.2 MPa and 

16.5 MPa, respectively. 

 
3.2 The critical strain rate of bolted rock mass 
 

Fig. 10 is critical strain rate of two types specimens 

under different pre-static load levels. It can be seen that 

there is a critical strain rate in different pre-static loads with 

increasing dynamic impact velocity. When the impact strain 

rate of the specimen is lower than the critical strain rate, the 

specimen is not damaged, and when the impact strain rate is 

higher than the critical strain rate, the specimen is unstable. 

The critical strain rate of the specimen under static and 

dynamic loading is significantly affected by the initial static 

loading level, and the value decreases exponentially with 

increasing pre-static load. After bolting, the critical strain 

rate of the rock specimen is significantly increased, and the 

critical strain rate is positively related to the pre-static load 

level. This means that the ability to resist the dynamic load 

disturbance of a bolted rock mass affected by high static 

load is significantly improved. By fitting the critical strain 

rate under different pre-static load levels, the relationship 

between the two is obtained as follows 

 (8) 

 
(9) 

 

 

where Nmax  is the critical strain rate of the no-bolt 

specimen; Cmax  is the critical strain rate of the rockbolt 

specimen; and P is the pre-static loading. 

To quantify the effect of the rockbolt on the critical 

strain rate, a critical strain rate increase ratio is proposed for 

the rockbolt specimen. Under static-dynamic coupled 

loading, the critical strain rate increase ratio of the rockbolt 

specimen is as follows 

 (10) 

Where   is the critical strain rate increase ratio; 

The relationship between the critical strain rate increase 

ratio and the pre-static load is as follows 

 (11) 

 

3.3 Improvement of rock dynamic mechanical 
properties by bolt 

 

Compression deformation is an important mechanical 

property of rock. The strength and ultimate strain of the 

specimen are measured when it is damaged. The 

quantitative relationship between the dynamic mechanical 

parameters and the pre-static load is obtained by fitting the 

data points. It can be seen from (Figs. 11(a) and 11(b)) that 

the strength of the two types of specimens decreases 

linearly with the increase of the pre-static load level, and 

the ultimate strain of the two types of specimens decreases 

exponentially with the increase of the pre-static load level. 

The strength and ultimate strain of the rockbolt specimens 

under the same pre-static load level are significantly higher 

than those of the no-bolt specimen. The analysis shows that 

the larger the pre-static load is, the more fully the 

micropores are closed and the larger the axial strain is 

before the dynamic load, which results in a decrease in the 

ultimate strain and strength with the pre-static load level. 

Due to the lateral restraint of the rockbolt to the specimen, 

the radial expansion of the specimen is limited, and the 

axial load that the specimen can bear is increased. This is 

the reason that the strength and ultimate strain of the  
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Fig. 10 Critical strain rate of two types of specimens under different pre-static load levels 
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rockbolt specimens are higher than those of the no-bolt 

specimen. Through fitting, the relationship between the 

strength and ultimate strain of the two types of specimens 

and the pre-static load level is obtained as follows 

 (12) 

 
(13) 

 
(14) 

 
(15) 

where a  is the strength of the rockbolt specimen; n   

is the strength of the no-bolt specimen; a  is the ultimate 

strain of the rockbolt specimen; and n  is the ultimate 

strain of the no-bolt specimen. 

To quantify the improvement of the dynamic mechanical 

properties of the rockbolt specimens, a strength 

improvement index and an ultimate strain improvement 

index are proposed in this paper. The strength improvement 

index and ultimate strain improvement index of the rockbolt 

specimen under static-dynamic coupled loading are as 

follows 

 
(16) 

 
(17) 

In Fig. 11, the vertical axis on the right side shows the 

rule of the strength improvement index and ultimate strain 

improvement index of the rockbolt specimen. Through 

fitting, it can be seen that the strength improvement index 

and ultimate strain improvement index of the rockbolt 

specimen increase with the pre-static load level, and the 

relationship between them is as follows 

 
(18) 

 

 

 
(19) 

 

3.4 Energy distribution in specimens dynamic 
fragmentation 

 

3.4.1 Energy dissipation 

According to formulas (5)-(7), the strain-time curve at 

the critical impact velocity is integrated, and the incident 

energy EI, reflected energy ER and transmitted energy ET of 

the stress wave passing through the rockbolt specimen are 

obtained. The dissipated energy ED of the specimen is 

obtained according to formula (8). The energy transfer 

characteristics of the specimen under different loading 

modes are shown in Fig 12. Considering that the striker 

velocity is controlled by air pressure and cannot be 

guaranteed to be equal, the ratio method was used to 

analyze the results. The ratio of reflection energy, 

transmission energy and dissipated energy to total input 

energy is expressed by ER/EI, ET/EI and ED/EI, respectively. 

The statistical results are shown in Fig. 12. 

According to Fig. 12, the following rules can be 

determined. 

(a) Maximum incident energy: With the increase in the 

pre-static load level, the maximum incident energy of the 

two types of specimens decreases gradually, which is 

similar to the relationship between the critical strain rate 

and the pre-static load level in the above experimental 

results, indicating that the pre-static load level reduces the 

ability of the specimens to resist dynamic load impact. 

(b) The ratio of dissipated energy: Both the dissipative 

energy ED and the ratio of dissipative energy ED/EI 

decreases with increasing pre-load level, and the ratio of 

dissipative energy decreases exponentially. The analysis 

shows that the pre-static load makes the specimen fit more 

closely with the bar, and it is easier for the incident wave to 

pass through the specimen to the transmission bar, 

increasing the ratio of transmission energy ET. In the later 

stage of static-dynamic coupled loading, the specimen is 

destroyed, the incident wave cannot transmit to the 

transmission bar through the specimen, and the reflection 

wave is formed at the end face of the incident bar and the 

specimen. The larger the pre-static load level is, the larger  
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Fig. 11 The dynamic mechanical parameters of two types of specimens under different pre-static load levels 
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the ratio of reflected energy is. 

(c) Energy dissipation of the bolted rock mass: 

Compared with the energy distribution characteristics of the 

no-bolt specimen under static-dynamic coupled loading, it 

can be seen that the maximum incident energy and the 

dissipative energy of the bolted rock mass increased by 33 ~ 

66 J and 30 ~ 40 J, respectively. Therefore, the ability to 

resist the dynamic load disturbance of a rock mass affected 

by high static load is improved after bolting. 

 

3.4.2 Increase index of energy dissipation ratio 
The characteristics of the dissipated energy show that 

the ratio of dissipated energy can represent an ability to 

resist impact. To quantify the improvement of the effect of 

the rockbolt on the impact resistance, an increase index of 

the dissipative energy ratio is proposed in this paper. The 

relationship between the increase index of the dissipative 

energy ratio and the pre-static load is as follows 

 
(20) 

where  is the ED/EI of the rockbolt specimen and 

is the ED/EI of the no-bolt specimen. 

As shown in Fig. 13, the increase index of the 

dissipation energy ratio of the rockbolt specimen is  

 

 

positively related to the pre-static load. When the pre-static 

load level is zero, the dissipation energy ratio of the 

rockbolt specimen is 53.0%, which is 35.9% higher than 

that of the no-bolt specimen; when the pre-static load level 

is 5.88 MPa, the dissipation energy ratio of the rockbolt 

specimen is 37.0%, and the increase index of energy 

dissipation ratio reaches 94.7%. The linear relationship 

between the increase index of the energy dissipation ratio 

and the level of the pre-static load is obtained by fitting. 

 (21) 

 

 

4 Guiding significance of anchoring support for 
deep underground roadway 
 

The structure of the roof bolt is an important barrier in 

avoiding rockburst disasters in coal mines and plays an 

important role in preventing the occurrence of rockbursts. A 

rockburs t  occurs  when the  suppor t ing road way 

instantaneously fails under static-dynamic coupled loading, 

resulting in a severe throw-out of deep coal and rock. (Frid 

2001, Hosseini 2017) The dynamic damage of the bolt 

structure in a coal roadway is caused by coupling additional 

dynamic effects on the basis of static action, which can be 

considered the result of the combined action of dynamic  
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Fig. 12 Energy distribution in specimen dynamic fragmentation 

 

Fig. 13 Increase index of energy dissipation ratio of rockbolt specimen 
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and static loads (as shown in Fig. 14). The results show that 

ultimate strain rate, ultimate strength, ultimate strain and 

ultimate dissipation energy exist under different static-

dynamic coupled loadings. This means that the surrounding 

rock of a deep roadway under a high static load will remain 

stable when the dynamic load disturbance is lower than the 

dynamic strain rate limit; otherwise, the roadway would be 

damaged. Bolt support can significantly improve the 

ultimate strain rate, ultimate strength, ultimate strain and 

ultimate dissipation energy of coal and rock mass and 

improve the ability of a deep roadway in surrounding rock 

to resist a dynamic impact. 

The monitoring and early warning of rockbursts is based 

on the strength and energy conditions of rockbursts. At 

present, the rockburst prediction methods both home and 

abroad are mainly divided into three categories: the rock 

 

 

mechanics method (e.g., drilling cuttings), earth physics 

method (sound and microseismic monitoring), and 

experience analogy method. Among them, microseismic 

monitoring can monitor the fracture instability of the entire 

coal and rock mass and is widely used in deep coal mining 

in China. One of the main characteristics of the 

microseismic monitoring method is that it can accurately 

obtain the dynamic load energy value generated by an 

overburden fracture or fault slip in a deep stope. Combined 

with the research results, we put forward a roadway bolt 

support design method that is resistant to dynamic load 

disturbance, which can provide guidance for the design of 

deep underground roadway anchor supports. The specific 

process is shown in Fig. 15, and the details are as follows 
(a). Field investigation: Combined with microseismic 

and stress monitoring, the maximum dynamic impact 

 

Fig. 14 Schematic diagram of surrounding rock under static-dynamic coupled loading 

 

Fig. 15 Flow chart of bolt support design resistance to dynamic loading 
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energy and stress distribution characteristics of the 
surrounding rock are obtained. 

(b). Laboratory test: The ultimate dissipated energy and 

dynamic mechanics characteristics of coalbolt specimens 

are obtained under static-dynamic coupled loading. 

(c). Bolt support design: Compare the maximum 

dissipation energy of the coalbolt specimen obtained in the 

laboratory with the maximum dynamic load impact energy 

of the mine determined by microseismic monitoring. If the 

dissipation energy obtained by the laboratory tests is greater 

than the maximum dynamic impact energy obtained by 

microseismic monitoring, then the roadway bolt support 

parameters are designed according to laboratory tests; 

otherwise, the bolt support parameters are redesigned. 

(d). Verification: To ensure the practicality of bolt 

support parameters in the field roadway, monitor the stress 

state and deformation of the surrounding area, verify the 

rationality of bolt support parameters, and ensure the safety 

and stability of the roadway. 

 

 

5. Conclusions 
 

 The rebound characteristics of the bolted rock mass 

still exist after the peak of the stress-strain curve. In 

the later stage of dynamic impact, the rockbolt 

restrains the continuous development of the internal 

crack of the rockbolt specimens. 

 The rock mass has a critical strain rate under different 

pre-static loadings. This means that the surrounding 

rock in a deep roadway under a high static load will 

remain stable when the dynamic load disturbance is 

lower than the dynamic strain rate limit; otherwise, the 

roadway will be damaged. 

 The pre-static load reduces the ability of the rock mass 

to resist the impact of the dynamic load. The ratio 

ED/EI of dissipated energy of the rock mass decreases 

exponentially with increasing pre-static load. After 

bolting, the increasing index of the dissipation energy 

ratio to the bolted rock mass is positively correlated 

with the pre-static load. 

 Based on laboratory testing and on-site microseismic 

and stress monitoring, this paper presents a design 

method for a roadway bolt support against dynamic 

load disturbance, which provides guidance for the 

design of deep underground roadway bolt supports and 

ensures the safety and stability of roadways threatened 

by impact. 
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