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This study investigates the performance of high-strength cable bolts under impact loading conditions 
representative of rock bursts in underground environments. Although widely used, the dynamic beha-
viour of these cable bolts has received limited experimental attention, and their effectiveness in seismi-
cally active zones remains a subject of ongoing debate. To address this gap, a reverse pull-out test 
machine integrated with a drop hammer rig was employed. Tests were conducted on 70-t SUMO bulbed 
and non-bulbed cable bolts with encapsulation lengths of 300 and 450 mm, subjected to an impact 
energy of 14.52 kJ. Results indicate that non-bulbed cables, despite showing lower initial peak loads (av-
erage 218 vs. 328 kN for bulbed cables at 300 mm encapsulation), demonstrated superior energy absorp-
tion (average 11.26 vs. 8.75 kJ) and displacement capacity (average 48.40 vs. 36.25 mm). Increasing the
encapsulation length for bulbed cables led to a reduction in initial peak load but improved displacement
and energy absorption. The dominant failure mechanism was debonding at the cable-grout interface,
characterised by frictional sliding and cable rotation. These findings provide new insights into the energy
dissipation mechanisms of cables and support the development of more resilient ground support systems
for dynamically active conditions.

© 2025 China University of Mining & Technology. Publishing services by Elsevier B.V. This is an ope n
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 
1. Introductio n

In underground mining and tunnelling projects, the safety of 
working spaces is always a paramount concern. To address this 
concern, stranded steel tendons, known as cable bolts, have been
effectively employed as a rock reinforcement tool [1]. A cable bolt 
is a flexible tendon consisting of several steel wires, wound into a
strand, which is grouted into a borehole [2]. The length of cables 
typically ranges between 3 and 15 m, while the rock bolt’s length
would generally be less than 3 m [3]. According to Fuller [4], the 
first application of cable bolt for rock reinforcement dates back 
to 1964 in South Africa, closely followed in Australia in the late 
1960 s at the North Broken Hill, where 15 m long and 12.5 mm 
diameter cables were used. The principal function of tendons like
cable bolts is to maintain and improve the strength of the rock
mass, to prevent rock layer separation, and to control the post-
failure deformation [5]. In this regard, cable bolts develop forces 
as the ground starts to move. The weight of the unstable rock block
close to the excavation boundary is conveyed to the firm rock 
strata beyond the unstable region in the roof and sidewalls of the
underground opening [6]. 

Since cable bolts play a pivotal role in resisting both axial load 
due to the dead weight of the rock mass and shear load due to slip-
page along discontinuities [2,7], it is necessary to assess their per-
formance by subjecting them to both axial and shear loading 
modes. Based on the available literature, various studies have been 
carried out worldwide to investigate axial and shear capacities of
cable bolts subjected to static loading mode, demonstrating the
long-term ground settlements, during which no impact load is
applied [1]. But tendons are also susceptible to impact loads, espe-
cially in dynamically active zones [8,9]. In the presence of seismic 
events (e.g., coal burst, rock burst, and large-scale blasting prac-
tices), high stress loading due to impact loading can also result in
steel yielding, anchorage loosening, and maybe tendon complete
failure [10]. Depending on the seismic event scale, the velocity of 
ejected rock pieces may vary between 3 and 10 m/s, and the corre-
sponding energy levels may vary from 10 to 50 kJ/m2 [11,12], 
resulting in severe damage to underground openings as shown in
Fig. 1. Thus, from a safety point of view, it is also necessary to
examine the performance of tendons under seismic loading.
, Inter-
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Fig. 1. An example of damage caused by a seismic event in an underground
excavation [14]. 
To control the rock behaviour and cope with seismic loading, the 
tendon must be able to absorb the impact energy and accommo-
date the large rock displacement after the rock failure [11,13]. 

According to the literature, dynamic performance of rock bolts 
and cable bolts mainly assessed by using the following 2 methods
[15]: direct impact (DI) method and momentum transfer (MT)
method.

In the direct impact method, which can be utilised for both lab-
oratory and in-situ tests, the impact energy is applied by a mass 
that freely falls onto the test sample. In the momentum transfer 
method, the test assembly, consisting of the mass and the test sam-
ple, free-falls at the beginning of the test until the movement of the
assembly is stopped by a stopper, and the momentum of the mass
is transferred to the test sample [9,16]. 

Dynamic testing of tendons began in North America, where Yan
[17] tested small-diameter steel bolts. Since then, numerous stud-
ies have investigated the behaviour of energy-absorbing bolts
under dynamic loading. Ansell [18] developed and tested a new 
energy-absorbing bolt, which yielded effectively under dynamic
loads while maintaining structural integrity. Li [19] introduced 
the D-bolt as a solution for high-stress rock masses, showing elon-
gation of 14%–20% and energy absorption of 47 kJ/m. Li and Doucet
[20] tested D-bolts under dynamic loading, demonstrating high 
energy absorption (up to 60 kJ) and reliable performance due to
their multi-anchor design. Knox and Berghorst [21] investigated 
the residual dynamic capacity of axially elongated energy-
absorbing bolts, showing that while total energy absorption
remains constant, prior strain reduces residual capacity. Crompton
and Knox [22] extended this by examining the influence of bolt 
diameter, concluding that larger diameters improve elongation
capacity, aiding restoration decisions. Darlington et al. [23] com-
pared laboratory and in-situ dynamic testing of MDX bolts, finding 
consistent performance with minor variations due to installation
methods. These studies have contributed to the development of
safer, more resilient ground support systems.

More recently, innovations in cable bolt technology, such as 
dynamic yielding cables (e.g., Normet Dynamic Yielding Cables), 
have introduced advanced mechanisms for controlled deformation 
and energy dissipation. Such systems reflect a growing interna-
tional trend toward yieldable support systems tailored for burst-
prone environments. However, as shown in Table 1, most existing 
studies focus on low-strength cable bolts and there remains a lack
of experimental data on the dynamic performance of high-strength
2

cables. Therefore, the current study, by undertaking further 
research on dynamic performance of high-strength cable bolts 
can complement current international efforts focused on yielding 
support systems and helps clarify the performance of high-
strength cable bolts within the evolving landscape of energy-
absorbing ground support technologies for underground mining
and tunnelling.

In the case of high-strength cables, according to Table 1, Anzan-
pour et al. [25] carried out impact testing of an MW9 cable bolt. 
They apply 14.7 kJ of input energy, generated by dropping a 592-
kg mass from a height of 2.5 m onto the test specimen. This study 
explored that the required normalised energy (kJ/mm) for pulling 
the cable out of the host medium in the impact test was around 
30% lower than that in the static test. Since the impact load was
applied in a fraction of time, it was reported that the elimination
of the effect of friction is the reason why the required pull-out load
in the impact test was less. Later on, in the study conducted by
Anzanpour et al. [26], the influence of cable bolt geometry was 
investigated through six impact tests on 63 t SUMO non-bulbed 
and bulbed cable bolts. To assess the absorbed energy, the area 
under the impact load–displacement curves was calculated. 
According to the results, it was reported that bulbed cables are a 
more reliable reinforcement system in seismically active grounds 
as they can absorb more impact energy (avg. 10 kJ) than that of 
non-bulbed cables (avg. 8.53 kJ). However, the accuracy of these
energy measurements is questionable, as the load was recorded
using a load cell mounted on the drop hammer rather than directly
on the cable bolt. For precise results, the load should be calculated
using the axial load cell mounted on the cable bolt. Hence, further
experimental work is required to validate the previous results and
make a specific conclusion.

Despite the widespread use of cable bolts in underground sup-
port systems, the dynamic performance of high-strength tendons 
under impact loading remains insufficiently understood. As a 
result, their behaviour in seismically active zones is still a topic 
of debate. Earlier studies have predominantly focused on low-
strength tendons and static loading conditions, leaving a gap in 
knowledge regarding how high-strength cables behave under 
rapid, high-energy impacts. This lack of reliable data can adversely 
affect the development of resilient support systems tailored to 
dynamical ly active ground conditions. Thus, the aim and motiva-
tion of the present research is to provide new insights into the
energy absorption, displacement capacity, and failure mechanisms
of high-strength cable bolts by conducting laboratory impact tests
using a reverse pull-out test machine integrated with a drop ham-
mer rig. These findings can contribute to improving the design of
energy-absorbing ground support systems, enhancing safety and
productivity in underground mining and tunnelling operations.

The paper has been arranged as follows: In Section 2, the mate-
rials, methodology of research, and the test procedure are demon-
strated. In Section 3, the test sample preparation process is
described in detail. In Section 4, the obtained results are presented
and discussed. Finally, Section 5 concludes our findings.

2. Research methodology

2.1. M aterials

In this research, to conduct impact pull-out tests, 70 t SUMO 
cable bolts with two different profile geometry have been utilised
as high-strength tendons. The cable bolts have been manufactured
and supplied by Jennmar Australia. Table 2 presents the details of 
the cables provided by the manufacturer. Also, according to the
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Table 1 
The earlier studies carried out on the axial performance of cables utilized impact pull-out testing.

Ref. Impact loading properties Tendon properties 

Loading option m (kg) h (m) E (kJ) V0 (m/s) Cable type Profile 

Ortlepp and Stacey [27] DI 1048 19.90 18 mm cable Non-bulbed 
Villaescusa et al. [28] MT 2000 1.85 36.30 6.00 15.2 mm cable Non-bulbed 
Player et al. [11] MT 2030 1.80 35.80 6.00 15.2 mm cable Non-bulbed 
Anzanpour et al. [25] DI 592 2.50 14.50 7.00 31 mm MW9 Non-bulbed 
Anzanpour et al. [26] DI 592 2.50 14.50 7.00 28 mm 63 t SUMO Non-bulbed/Bulbed 
Pytlik and Szot [29] DI 7300 0.45 32.20 1.50 15.7 mm cable Non-bulbed 

Note: E=mgh; V0= 2gh.

Table 2 
The technical specifications of 70 t Sumo cable bolts [30]. 

Cable bolt properties Cable bolt profile configuration

Type SUMO 
Strand diameter (mm) 31 
Number of wires 12 
Wire type Smooth 
Bulb diameter (mm) 36 
Typical UTL (kN) 705 
Typical yield load (kN) 640 
Breaking load with B&W (kN) 640 
Elongation (%) 5–7 

 

required test arrangement, the bulbed version of the cables con-
tained a single bulb (ex-clip) 150 mm from one end.

2.2. Impact testing facilities

2.2.1. Reverse pull-out test machine
In the domain of pull-out testing of tendons, the application of 

the single embedment pull test (SEPT) method has increased since
the late 1970 s [1]. However, it was shown that the SEPT method is 
not able to prevent cable bolt rotation during laboratory-based
tests, which is an unrealistic event as cables cannot unscrew in real
field conditions [31]. Bawden et al. [32] showed that the cable rota-
tion can underestimate its pull-out capacity. Thus, to address this 
issue, a new approach called the laboratory short encapsulation
pull test (LSEPT) was introduced by Clifford et al. [33]. In this 
method, the free length of the cable is encapsulated in the anchor 
tube, indicating a length of the cable that is far away from the exca-
vation boundary. Meanwhile, the end of the cable is encapsulated
inside the host medium, simulating the rock mass sliding from the
cable [34]. Based on the LSEPT approach, Anzanpour et al. [25] pro-
posed a new pull-out apparatus, called the reverse pull-out test 
machine (RPTM), at the University of Wollongong (UoW). Utilising 
this apparatus, the tendon is pulled out of the host medium based
on a push-to-pull loading mechanism.

The RPTM and its main components are illustrated in Fig. 2.  As
shown, the load can be applied downward on the loading platform 
(1). Therefore, channels and plates are needed to reinforce the plat-
form. The applied load is transferred to the confinement cage via 
four load-transferring shafts (10) and shaft holders (5). Four bear-
ings (11) provide a smooth and frictionless track for the shafts, 
ensuring vertical movement. The confinement cage comprises a 
host medium (e.g., concrete cylinder) (7), top and bottom confine-
ment plates (4&8), and a radial confinement cylinder (6). The cable
(2) is held in place by the B&W (3) and the steel plate (12). A hol-
low load cell (14) is also located directly beneath the B&W plate to
record the axial load. In addition, an anti-rotation confining tube
3

and plate (15&16) prevent the rotation of the cable during the test, 
limiting the movement of the anti-rotation tube only to the vertical
direction [35].

As demonstrated in Fig. 3, once the load is applied, the moving 
parts of the rig are pushed down, including the loading platform, 
shafts, and the host medium. But the cable bolt is fixed in its initial 
position by a B&W leaning on a rigid frame. Thus, cable axial elon-
gation or tensile failure, and grout-concrete and cable-grout inter-
face failure are the permitted modes of failure [25]. It is 
noteworthy that the RPTM setup permits carrying out both static 
and impact loading tests, which is an advantage for a pull-out 
rig. Both cable bolts and rock bolts with different profile configura-
tions can be tested. Besides, boreholes with different diameters
and grout with various mechanical properties can be employed
to assess their influence on the pull-out capacity of the tendon.
For selecting the host medium diameter, it was found that Chen
et al. [36] reported in their study that the load-bearing capacity 
of the cables increased with sample diameter up to 300 mm in con-
fined conditions, and after this threshold, the capacity was approx-
imately stable. Therefore, in the RPTM setup, cylindrical concrete 
samples of 300 mm diameter and 450 mm in height can be used
as the host medium. This indicates that the influence of host med-
ium strength and embedment length (up to 450 mm) can also be
investigated using this rig [35].

2.2.2. Drop h ammer rig
The drop-weight impact testing machine called drop hammer 

rig, designed based on the drop weight principle, is located in the 
Hi-Bay laboratory of the Faculty of Engineering and Information 
Sciences at the UoW. This rig has been built on a concrete founda-
tion of 5.0 m × 3.0 m × 2.5 m. The height of the rig is 6 m, and the
592 kg free-fall hammer can be dropped from a maximum height
of 4 m which is equivalent to the drop velocity of up to 9 m/s
and 23 kJ of input potential energy [37]. The structure of the drop 
hammer rig and its key components are shown in Fig. 4. The move-
ment of the hammer is based on sliding between two guided col-
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Fig. 2. The details of the RPTM setup and its key components.

Fig. 3. The RPTM setup before and after the test, adopted from [35].
umns with rollers. To monitor and record the applied loads at the 
time of impact, a 1200 kN dynamic load cell (Interface Model 1200)
is attached to the impactor.

2.3. Testing procedure

As it is schematically demonstrated in Fig. 5, to perform impact 
pull-out tests, first, the RPTM is placed under the drop hammer rig 
and anchored to the ground. Then, the drop hammer is elevated to 
the drop height of h. At this stage, the total input energy or the
potential energy of the impactor (Eim,p) can be determined as fol-
lows [17]:
4

Eim p mim gh 1

where mim is the drop hammer weight and g is the gravitational 
acceleration, 9.81 m/s2 . Besides, according to the energy equilib-
rium, the theoretical velocity (Vim,0) of the impactor just before
the strikes is equal to ( 2gh) [9]. However, it was reported that dur-
ing the hammer free fall, due to the friction of the guiding runner, 
the actual velocity of the impactor (tim,0) is 0.98 of its theoretical
velocity [37]. Therefore, the kinetic energy of the impactor (Eim,k) 
immediately prior to the strike onto the loading platform can be
calculated by Eq. (2) [38]. Furthermore, the loss of energy due to 
the friction (Eim,fr) is given as Eq. (3).

Eim k 
1 
2 
mimtim 0 

2 1 
2 
mim 0 96 2gh 2

Eim fr Eim p Eim k 0 04mimgh 3

After the test initiation, the required data (e.g., impact load, dis-
placement, etc.) are logged by using a data acquisition system that 
is able to collect 1000 data signals per second. It is a built-in chassis 
with coupled SCXI and SCI channels from National Instruments
were used to acquire the experimental signals from the 24-
channel strain gauge unit, the 4-channel digital voltage platform,
and the eight-channel acceleration box [37]. Moreover, in the 
RPTM setup, the 900-kN capacity hollow axial load cell is installed
on the cable bolt to record the applied impact load [35,38]. A non-
contact ACUITY AR550-250 transducer, a high-speed laser sensor, 
is mounted on the apparatus to measure the displacement of the
loading platform to a maximum range of 200 mm.
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Fig. 4. A general view of the drop hammer rig test facility at the UoW.

Fig. 5. A schematic view of the pull-out rig test arrangement under the drop hammer rig.

Table 3 
The experimental test plan for evaluating the dynamic pull-out capacity of the cable bolts.

Number of tests Cable bolt type LE (mm) Input parameters 

h (m) mim (kg) tim,0 (m/s) Eim,p (kJ) Eim,k (kJ) Eim,fr (kJ) 

3 Bulbed 300 2.5 592 ≈6.86 ≈14.52 ≈13.94 ≈0.58 
3 Non-bulbed 300 2.5 592 ≈6.86 ≈14.52 ≈13.94 ≈0.58 
3 Bulbed 450 2.5 592 ≈6.86 ≈14.52 ≈13.94 ≈0.58
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2.4. Experimental test plan

The experimental test plan of this research is presented in
Table 3. As shown, three tests are conducted per cable bolt type. 
It can be seen that the cable bolt profile geometry and length of 
encapsulation (LE) are the only variable parameters, and the rest 
of the influencing factors are kept constant for the test consistency. 
As a result, the effect of these two parameters on the pull-out 
capacity can be assessed by utilising the tests’ outcomes. According 
to Eq. (1), and the configuration of the drop hammer rig, the drop
height of 2.5 m can provide the potential energy of 14.52 kJ, which
was designed to simulate moderate to severe rockburst conditions
commonly encountered in deep mining environments. Rockburst
events in underground mines can release energy ranging from 10
to 50 kJ/m2, with ejection velocities between 3 and 10 m/s
[11,12]. Therefore, the tested impact velocity of 6.86 m/s and
Fig. 6. The assembled moulds for casting concrete samples (a), the details of the mo

6

energy level of 14.52 kJ in this study correspond to dynamic load-
ing scenarios observed in the field. It is also noteworthy that, based
on Eq. (3), around 0.58 kN of the input energy is consumed by the
friction.

3. Pull-out test assembly preparation

3.1. Casting c oncrete samples

In Fig. 6, the details of the concrete sample preparation are illus-
trated. Over the last years, either cylindrical or cubic concrete sam-
ples, known as artificial rock specimens, have been mainly utilised 
for simulating the host medium conditions in pull-out testing of
rock bolts and cable bolts. Possibly because it is mostly difficult
to prepare rock samples of the required size for laboratory testing
purposes [1]. Hence, in this research, according to the RPTM layout,
ulds (b), concrete pouring process (c), and the prepared concrete cylinders (d).
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concrete samples with a diameter of 300 mm and a length of 
450 mm can be used as a host medium for cable encapsulation. 
Meanwhile, to resemble the ground boundary condition, the con-
stant radial stiffness (CRS) mode was employed as external con-
finement of the sample. This kind of external confinement
simulates the restraint of surrounding soils or rock mass [31,39]. 
Therefore, when the test sample interacts with the confining med-
ium, a CRS circumstance is formed, which replicates the change-
able loading environment around the specimen [40].

Based on the earlier studies, it was shown that compared to the 
copper, Polyvinyl Chloride (PVC), and Aluminium tubes, the steel 
tubes were able to provide more effective confinement, resulting
higher load transfer capacity (LTC) of the bolt during pull-out test-
ing [41,42]. Thus, in this research, the samples were cast directly 
inside 300 mm diameter steel tubes with 5 mm of thickness. How-
ever, it has been found that, in either shear testing [38] or pull-out 
testing [25,35], the application of external confinement is not 
solely able to prevent sample cracking during pull-out testing. 
Generally, once the sample cracks, the test’s outcome is highly 
likely to be unreliable and invalid. Hence, to address this issue, 
all concrete samples were also internally confined utilising 5 mm
thick 200 mm diameter steel tubes. It was shown that the applica-
tion of both internal and external confinements considerably
improved the integrity of the test specimens during the tests by
preventing the axial and lateral cracks development [26,35]. The 
positive influence of internal confinement in shear testing was also
reported by Khaleghparast et al. [38]. It is noteworthy that, in the 
present study, the type, size, and thickness of the steel tubes were 
kept constant in all tests; therefore, a same level of radial stiffness
was formed in all tests.

As shown in Fig. 6a, first, the external and internal steel tubes 
were cut and assembled in a specially prepared wood frame for 
the concrete pouring process. It is seen that the internal steel tubes
had perforations to integrate poured concrete within and outside
of the steel tubes (Fig. 6b). Furthermore, to simulate the central 
borehole for cable bolt encapsulation, 30 mm diameter cylindrical 
steel conduits were positioned at the centre of the steel tubes. To 
replicate the drill pattern and create borehole rifling, each conduit 
was wrapped with a 10 mm thick PVC tubes (hose). During the 
wrapping process, the PVC tube was intentionally stretched, result-
ing in a reduction of its nominal thickness and, consequently, its
outer diameter. As a result, the final diameter of the wrapped con-
duit ranged between 42–45 mm, consistent with the required
borehole diameter for installing 70 t SUMO cable bolts [30]. Bore-
hole roughness provides a uniform bonding interface between the 
host medium and grout, reducing the grout-rock interface failure
during the tests [43,44]. 
Fig. 7. The resulting stress-strain curves of the tested concrete samples.

7

Ultimately, as shown in Fig. 6c, concrete was poured inside the 
assembled moulds, and then the central steel conduits were ham-
mered out of the cast sample after 24 h, when the initial hardening
of the concrete was reached. As illustrated in Fig. 6d, a spiral 
groove remained on the surface of the boreholes when the PVC 
tubes were taken out. Next, the concrete specimens were covered 
with moisturised burlap fabrics for 28 d to age and reach their 
desired strength. Besides, for estimating the uniaxial compressive
strength (UCS) of the concrete specimens, 100 mm diameter and
200 mm long cylindrical samples were prepared using the excess
concrete and tested based on the established standards [45,46]. 
Accordingly, the strength test results are presented in Fig. 7.  As
shown, the average strength of the concrete was around 55 MPa.

3.2. Cable bolt encapsulation

At this stage, 31 mm cable bolts need to be encapsulated inside 
the precast boreholes. For encapsulation purposes, the top-down 
80 MPa grout (TD80) was used with a water-to-cement (w/c) ratio 
of 0.35 in all tests as recommended by the cable bolt’s supplier.
Regarding the length of encapsulation, based on the dimensions
of the RPTM setup, the encapsulation length can vary between
300 to 450 mm. The earlier laboratory pull-out studies such as
Hagan and Li [47] suggested that the length of encapsulation be 
at least equal to or longer than the lay length of the cable. As a 
result, the top 150 mm of the concrete cylinder was not bonded
to the cable bolt for forming an encapsulation length of 300 mm.

As shown in Fig. 8 for the first six test samples, the 150 mm long 
unbonded sections were formed by encapsulating the cables in 
40 mm diameter and 1.5 mm thick PVC pipes. Instead, for the last 
three test samples, as shown, to form 450 mm of LE, the cables 
were grouted in the whole length of the concrete cylinder. Mean-
while, to create the anti-rotation sections, 40 mm diameter and 
4 mm thick steel tubes with flattened sides on opposite sides were 
installed and filled using the same grout. Then, the cementitious 
grout was poured into the boreholes, and the cables were installed
inside the concrete sample. For preventing the grout leakage, the
bottom ends of the boreholes were sealed. Besides, to increase
the density and strength of the grout by eliminating the air pockets
and packing the aggregate particles together, the cable bolts and
concrete cylinders were vibrated during the grouting process. Ulti-
mately, each prepared sample was left to be cured for 7 d before
conducting the impact test. To determine the grout UCS, 50 mm
cube samples were cast and tested according to the recommended
standard (Fig. 9)  [48].

3.3. Test s pecimen assembling

To prepare the test assembly for pull-out testing, the RPTM was
assembled as shown in Fig. 10. In this regard, first, the test sample 
was placed on the bottom confining plate secured to the top con-
fining plate by using four 25 mm internally threaded steel rods. 
It is noteworthy that to enhance the friction between the concrete 
samples and top/bottom confining plates, 3 mm thick rubber 
sheets were laid on/under the concrete sample. Next, the anti-
rotation steel plates and bolts were placed to hold the anti-
rotation tube firmly in position. The steel plates were rectangles 
with a half-circle cut on one side of each plate. Once the plates
are placed around the tube, they are tightened to the side body
of the rig by four bolts as shown. Thus, the plates act as a clamp
around the tube to avoid rotations. Afterward, the hollow load cell
and the B&W plate were installed, and the cable bolt was fixed by
the B&W. In addition, a rubber matt was placed on top of the load-
ing platform to prevent jarring load transfer when the drop weight
impacted the platform. Finally, once the pull-out test specimen
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Fig. 8. The details of the cable bolt encapsulation (a), and a view of the prepared samples (b).

Fig. 9. The grout specimens (a), and the average UCS test results (b).
was fully assembled, it was lifted by the forklift and placed under
the drop hammer rig for carrying out the impact test.

4. Results and discussions

4.1. Components of the impact load signal

The impact pull-out tests were conducted in accordance with 
the testing procedure and test plan explained in Sections 2.3 and
2.4. The time history curve of impact load along with displacement
and pull-out load are shown in Fig. 11. As can be seen, the loading 
process involves different parts. St. Pierre et al. [12] reported that 
the loading signals, acquired during the impact tests, can be 
divided into three parts, including first impact, elastic rebounds,
and system equilibrium. By using this classification, the curves
can be divided into three parts as illustrated in Fig. 12.

As shown in Fig. 12, at the beginning of the first part, due to the 
conversion of the potential energy of the impactor into kinetic 
energy, a great amount of load is applied onto the loading platform. 
Since all the impact energy cannot be completely absorbed by the
test specimen and the test rig, the remaining stored elastic energy
is transferred back to the impactor in the form of kinetic energy,
causing it to rebound [49]. Therefore, during the second part, the 
rebounds of the impactor form a series of bounces. In addition, 
the interval time between the bounces decreases progressively
because the reduction in energy causes the impactor to rebound
8

less each time. Finally, the system returns to rest through a series
of damped oscillations.

It is noteworthy that the first impact is the most important part 
in terms of loading amplitude and impact duration, producing per-
manent displacements. The obtained results also indicate that the
subsequent bounces after the first impact were not able to change
the permanent displacement significantly. This was also reported
by the previous research [12,16,50]. The data obtained from the 
subsequent bounces can be considered artefacts, attributed to the
stiffness of both the test apparatus and the bolt [16]. Hence, the 
major contributor to the cable bolt debonding and displacement
is the first impact. In this regard, Fig. 13 shows the curves resulting 
from the initial loading to the time at which the load returns to
zero.

4.2. Stages of the first impact load

As can be seen from Fig. 13, generally, the curves of the impact 
loads versus time can be divided into three stages. These three
stages are explained and illustrated in Fig. 14, and described as
follows:

(1) Stage 1: Inertia effect stage: It is shown in Fig. 14 that once 
the impactor hits the loading platform at time zero, during 1.9 ms, 
the load significantly increases to the first peak load (FPL) of 1470 
kN due to the inertial resistance of the stationary object (i.e., pull-
out rig) and then declines rapidly. It means that the load is trans-
ferred from the moving object (i.e., impactor) to the pull-out rig.
Besides, as inertia is the immediate response of the impactor to
the impact load, it does not represent the resistance of the sample
against being pulled out.

(2) Stage 2: Load-bearing stage: After Stage 1, the impactor and 
the test specimen begin to move downward together at Stage 2. 
Once the test specimen starts to displace, the load is being applied 
and transferred to the cable bolt at time 2.3 ms. Therefore, the 
impact load mainly works during Stage 2, which leads to the plas-
tic deformation, like cable debonding at the cable-grout interface. 
The work done by the impact load at Stage 2 can also be shown
by the time history curve of the pull-out loads recorded by the
axial load cell installed on the cable bolt. According to the pull
load-time curve, the load bearing of the cable bolt initiates at the
beginning of Stage 2. Then, there is a pull-out load drop, meaning
that deboning/failure takes place [12].

move_f0055
move_f0060
move_f0065
move_f0070


A. Mottahedi, N. Aziz, A. Remennikov et al. International Journal of Mining Science and Technology xxx (xxxx) xxx

Fig. 10. A view of the assembled pull-out test specimen.
(3) Stage 3: Unloading stage: During Stage 2, as the recorded
displacements show in Fig. 14, the displacement increases up to 
44.80 mm at time 21.8 ms and then gradually reduces. Here, the 
displacement reduction indicates that the impactor starts to
rebound upward due to the release of the stored elastic energy in
the test specimen and the pull-out rig [12,16]. It means that the 
final stage starts with the decline of the load due to unloading. 
Thus, when the load ultimately reduces to zero at 41.9 ms, Stage
3 is finished, and the final displacement of 34.60 mm is obtained,
which can be considered as the permanent displacement [16,20]. 

4.3. Comparison of the results

As shown in Fig. 13, there are fluctuations in the original pull-
out load recorded by the axial load cell during the impact test. 
The cause of this fluctuation is uncertain, but it could be linked
to the response frequency of the strain-gauge sensors in the load
cell [16]. Thus, in order to compare and interpret the obtained 
results meaningfully, first, the recorded pull-out load signals need 
to be smoothed. For this, the Gaussian smoothing, a method usu-
ally used for filtering time series was employed. An example of
the original pull-out load signal versus the filtered signal is illus-
trated in Fig. 15. The filtered pull-out loads versus time are shown
in Fig. 16. From the plotted curves, there are some variations 
among the results. The observed biases may be due to potential
inconsistencies that take place during sample preparation, which
9

need to be addressed in future research to obtain consistent out-
comes. However, as observed, despite some variations in the plots,
they generally follow a similar pattern, providing valuable insights
into the similarities and differences between the cable types.

4.3.1. Pull-out behaviour profile
The characteristics of the load-displacement and load-time 

curves of the tested bulbed cable bolts are illustrated in Fig. 17a. 
According to the loading profiles of the tested bolts, the pull-out 
process can be divided into three main regions, including non-
linear elastic, elastoplastic, plastic, and unloading regions. It is seen 
that, during the non-linear elastic region, the bulbed cable starts to 
carry the load from point ‘‘A”. Here, the loading path exhibits hard-
ening behaviour, indicating that resistance to deformat ion
increases as the load rises over time. The bond strength between
the cable and grout, intensified by bulbing, plays an important role
at this stage. However, as seen, after point ‘‘B”, there is a ‘‘pop-in”
behaviour in the load-displacement curve, characterizing with an
abrupt displacement increase at a particular load [51].

Pop-in behaviours are generally interpreted as defects (e.g., 
micro-cracks, pores, interface between hard material and soft 
materials) that allow for plastic deformation. They indicate the 
transition from elastic deformation to plastic deformation. Then, 
the plastic region begins with the FPL and is followed by a consid-
erable displacement rise as the load-bearing capacity reduces.
Therefore, it can be said that debonding takes place at this stage.
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Fig. 11. The Load and displacement as a function of time during the impact tests: (a) Bulbed cables (LE: 300 mm); (b) Non-bulbed cables (LE: 300 mm); and (c) Bulbed cables
(LE: 450 mm).
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Fig. 12. The classification of the loading signal (Test 2).

Fig. 13. The load and displacement as a function of time during the first impact.
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Fig. 14. The stages of the loading signal during the first impact (Test 1).

Fig. 15. The original pull-out load signal versus the filtered signal.
As can be seen, the maximum displacement is reached at point ‘‘D” 
where the impactor starts to rebound, and the unloading region 
commences. It is noteworthy that the duration from point ‘‘C” to
‘‘D” is defined as the impact duration )  (Fig. 17b)  [20]. During this 
stage, the elastic deformation is recovered, and when the load 
reduces to zero at point ‘‘E”, the instrument-measured irreversible 
or plastic displacemen t (dp,i) is obtained. The plastic displacement
might be the results of both cable bolt strand elongation and
displacement.

Fig. 18 also shows the characteristics of the loading profile of 
the tested non-bulbed cable bolts. As illustrated in Fig. 18a, the 
load-displacement curve can be divided into four main regions 
similar to the bulbed cable bolts. However, in this case, the beha-
viour of the curve at the early stages is bilinear, characterising with 
an almost vertical part. This may be due to a delayed response from 
the laser displacement sensor. The transition from the elastic to the 
plastic region begins at point ‘‘B”. Following the pop-in behaviour,
the FPL is reached at point ‘‘C”, marking the onset of the plastic
stage. As can be seen, this stage involves meaningful deformation
until the ultimate displacement is achieved at point ‘‘D”. Subse-
quently, the unloading begins, and the pull-out load reduces to
zero at point ‘‘E” where the permanent displacement is attained.

Comparing the load-displacement curves of bulbed and non-
bulbed cable bolts shows that the load-bearing capacities of the

(ti
12
bulbed cables were greater than that of non-bulbed ones. Besides,
the information presented in Table 4 showed when LE was 
300 mm, on average, the bulbed cable bolts required more FPL 
(about 328 kN) in comparison with the non-bulbed ones (approx-
imately 218 kN). The presence of a bulb in cable bolts enhances 
mechanical interlocking, acting as a mechanical anchor. This con-
figuration allows bulbed cable bolts to transfer higher loads before 
debonding under impact loading conditions. However, when eval-
uating displacement capacity, non-bulbed cable bolts demonstrate
greater flexibility. Regardless of their lower load-bearing capacity,
they accommodate larger displacements (48.40 mm) compared to
bulbed cables (36.25 mm). This increased displacement suggests
that non-bulbed cable bolts may be more suitable for dynamically
active ground conditions, where greater deformation can con-
tribute to more effective impact energy dissipation. As shown in
Table 4, this behavior is further supported by the comparison of 
impact durations: non-bulbed cable bolts, on average, sustained 
the impact load for a longer period (approximately 28.50 ms), indi-
cating a more prolonged energy absorption process.

As presented in Table 4 and Fig. 19, variations in LE influence 
the mechanical response of bulbed cable bolts under impact load-
ing conditions. It was found that an increase in LE resulted in a 
reduction of the average FPL from 328 to 248 kN. Analysis of the
load-displacement curves indicates that, within the plastic defor-
mation region, cable bolts with longer showed increasing pull-
out loads, eventually reaching load levels comparable to those
observed in bolts with an of 300 mm. This suggests that while 
the initial stiffness may differ, the ultimate load-bearing capacity 
converges across different LE configurations. Moreover, despite 
the decrease in FPL, the axial displacement capacity improved from 
36.25 to 43.26 mm, indicating enhanced energy absorption capa-
bility during impact events. Furthermore, extending LE from 300 
to 450 mm led to an increase in impact duration from 19.80 to
22.37 ms. This suggests that the cable bolt system was able to sus-
tain the impact load over a longer time interval, thereby improving
its ability to dissipate energy and reduce the severity of impact-
induced damage.

Although variations in LE did not produce a significant change 
in the ultimate load-bearing capacity under impact loading condi-
tions, previous studies have consistently reported that under static
pull-out testing, the load-bearing capacity increases with LE
[52,53]. This discrepancy highlights the influence of loading mode

LE 

LE 
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Fig. 16. The pull-out load-time and load-displacement curves.

Fig. 17. The features of the load-displacement and load-time curves of the bulbed cable bolt (Test 1).

Fig. 18. The features of the load-displacement and load-time curves of the non-bulbed cable bolt (Test 4).
on the mechanical behaviour of cable bolts. Therefore, to draw a 
definitive conclusion regarding the role of LE in dynamic perfor-
mance, further impact testing across a broader range of encapsula-
tion lengths is necessary.
13
4.3.2. B&W response to the load
During the impact tests, none of the employed B&W units

failed; however, as shown in Fig. 20, some inward movement of 
the wedge within the barrel was observed as the B&Ws were not
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Table 4 
The details of the pull-out load profiles.

Test No. Bolt type LE (mm) FPL (kN) Ave. FPL (kN) dp,i (mm) Ave. dp,i (mm) ti (ms) Ave. ti (ms)

1 Bulbed 300 361.82 328.31 34.60 36.25 19.50 19.80 
2 Bulbed 300 324.10 36.07 19.20 
3 Bulbed 300 299.01 38.08 20.70 
4 Non-bulbed 300 224.98 217.91 46.98 48.40 26.70 28.53 
5 Non-bulbed 300 238.65 54.98 31.10 
6 Non-bulbed 300 190.11 43.24 27.80 
7 Bulbed 450 245.11 248.21 43.74 43.26 22.60 22.37 
8 Bulbed 450 281.63 41.86 22.30 
9 Bulbed 450 217.90 44.17 22.20

Fig. 19. Comparing the load-displacement curves of bulbed cable bolts with
different LE.

Fig. 20. An example of the status of B&W before and after the impact test.
fixed. As a result, the B&W displacement (dB&W) contributed to the 
instrument-measured plastic displacement (dp,i). To quantify this 
contribution, the initial and final displacements of the B&W were
measured before and after the tests. It is worth mentioning that,
Table 5 
The details of the recorded and measured displacements.

Test No. dp,i (mm) dB&W (mm) dʹ p,f (mm

1 34.60 7 27.60
2 36.07 6 30.07
3 38.08 7 31.08
4 46.98 8 38.98
5 54.98 6 48.98
6 43.24 6 37.24
7 43.74 7 36.74
8 41.86 8 33.86
9 44.17 10 34.17

Note: dB&W = l1 − l2; dʹ p,f =  (dp,i − dB&W); and dd = 100 × (Dp,m − dʹp,f)/Dp,m.
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due to the time constraints, LVDTs (Linear variable differential 
transformers) could not be used to record the real-time deforma-
tion of the B&W during the impact tests. According to the results
presented in Table 5, after subtracting the B&W displacements 
from the instrument-measured plastic displacements, the final 
plastic displacements (dʹ p,f) of the cable bolts are achieved. By com-
paring the dʹ p,f with the manually measured plastic displacements
(Dp,m), it can be seen that there is a displacement deviation (dd)
ranging between 0 to 19%.

This discrepancy, reaching up to 19%, can be attributed to sev-
eral factors. The instrument-measured displacement was recorded 
using a factory-calibrated laser displacement sensor. However, 
despite factory calibration, potential sources of error such as 
mounting misalignment, transient vibrations, and shock during 
high-speed impact loading may introduce noise into the readings 
and affect sensor stability, particularly at the moment of hammer 
strike. On the other hand, manual measurements were taken
post-test using a tape measure and visual inspection, a method
inherently prone to human error like subjective interpretation of
deformation endpoints. These limitations, combined with the
dynamic nature of the testing environment, contributed to the
observed variation. For future studies, the use of high-speed video
tracking is recommended to improve measurement reliability and
cross-validation.

4.3.3. Pull-out mechanism
According to Hutchinson and Diederichs [2], there are some 

possible failure modes/mechanisms of a cable bolt reinforcement 
system, including cable’s wire (strand) failure, debonding at 
cable-grout interface, and debonding at grout-rock interface. In 
this research, to determine the failure mode, the tested cylindrical 
specimens were cut open to produce bi-sectional views. Initially, 
longitudinal cuts were made using a diamond-blade concrete
saw to guide crack propagation. Steel wedges were then inserted
into these cuts, and a hammer was used to gradually split the spec-
imens along the predefined paths. To minimize secondary damage
such as spalling or unintended cracking, the cutting was performed
slowly to reduce mechanical stresses. Additionally, care was taken
) Dp,m (mm) Ave. Dp,m (mm) dd (%) 

28.09 31.45 1.70 
34.91 13.90 
31.34 0.80 
47.90 48.72 18.60 
55.84 12.30 
42.42 12.20 
34.81 35.30 5.55 
34.76 5.59 
36.34 5.97 
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Fig. 21. The post-test observations of the cut-open test samples.

Fig. 22. A view of the grooves and ridges caused by the spiral structure of cable
bolt.
to apply controlled force during wedge insertion to avoid introduc-
ing secondary cracks or spalling. This method preserved the integ-
rity of the internal features, allowing for accurate visual
assessment.

The post-test investigations revealed that the failure mecha-
nism was the debonding of the cable from the grout column, as
shown in Fig. 21. In this mode of failure, the shear load, distributed 
along the cable-grout interface, exceeds the bond strength
between the cable and the grout medium.

In addition, as shown in Fig. 22a, due to the spiral structure of 
the cable wires, the surface of the encapsulation material develops 
ridges and grooves. The ridges are sharp edges formed by the gaps 
between wires, while the grooves are the traces of the wire sur-
faces. Once debonding occurs, the cable bolt begins to move rela-
tive to the encapsulation material. This movement can proceed
either through the shear failure of the ridges or by sliding along
the grooves, which causes the cable to twist around its axial axis.
In an impact pull-out test, since the load is applied in a fraction
Fig. 23. The post-test conditions of the grout surfaces. Note: the crack appeare
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of time, overcoming the dynamic frictional resistance along the 
grooves is more feasible than inducing shear failure in the ridges,
making untwisting (rotation) and axial movement the dominant
mode of displacement.

In this study, the post-test investigations showed that the cable 
bolts moved in a combination of both frictional sliding along
grooves and shear failure of ridges (Fig. 22b). This behavior is sup-
ported by the grout surfaces shown in Fig. 23, where the burnt sur-
face of the grooves and moderately broken ridges indicate that 
frictional sliding. Thus, despite the implementation of anti-
rotation measures during testing, some degree of cable rotation 
was observed. In experimental studies, some degree of cable rota-
tion may still occur, even when anti-rotation setups are used. This 
is primarily due to internal strand movement and grout-cable
interaction. Since this behavior may lead to a slight underestima-
tion of pull-out performance, particularly in terms of peak load
and energy absorption, geotechnical engineers are advised to con-
sider its potential influence when interpreting the findings.

4.3.4. Cable bolt elongation
As mentioned earlier, the obtained plastic displacements might 

be the result of both cable bolt elongation and displacement. In 
order to investigate the possibility of the elongation of the cable’s
wires, the pulled-out and the pulled-in lengths of the cable bolts
were manually measured during the post-test inspections, as pre-
sented in Table 6. Here, as shown in Fig. 24, the pulled-out length is 
equal to Dp,m. For example, in Test 2, the measurements indicated 
that the cable bolt was pulled out by approximately 35 mm, while 
it was pulled in by around 31 mm. It was found that, for 300 mm of
encapsulation length, the average elongation of the bulbed cable
bolts (2.74 mm) is around 2.5 times more than that of the non-
bulbed cable bolts (1.11 mm). In addition, the bulbed cable bolts
with 450 mm of experience lower elongation (1.59 mm) com-
pared to cables with 300 mm of LE. The findings demonstrate that 
the bulb resists being pulled out. So, it can be inferred that the bulb
on the cable bolt functioned as a mechanical anchor, resulting in

LE 
d in the sample of Test 7 was formed when the sample was cutting open.
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Table 6 
The details of the elongation of the cable bolts during the impact tests.

Test No. Type Pulled out length (mm) Pulled in length (mm) Elongation (mm) Ave. elongation (mm)

1 Bulbed 28.09 26.10 1.99 2.76 
2 Bulbed 34.91 31.18 3.73 
3 Bulbed 31.34 28.78 2.56 
4 Non-bulbed 47.90 47.52 0.38 1.11 
5 Non-bulbed 55.84 53.24 2.60 
6 Non-bulbed 42.42 42.07 0.35 
7 Bulbed 34.81 34.53 0.28 1.59 
8 Bulbed 34.76 32.31 2.45 
9 Bulbed 36.34 34.31 2.03 

Fig. 24. A view of measuring the pulled out and pulled in lengths after the impact
test.

Fig. 25. The post-test views of the host mediums conditions.
the stretching of the cable along the distance between the bulb and
the B&W during the impact testing.

4.3.5. Host medium competency
As previously discussed, the structural integrity of the host 

medium during testing significantly influences the reliability of 
the results. Once cracking occurs in the concrete specimens, their 
resistance to pullout forces is considerably reduced. Therefore, it 
is essential to maintain the rigidity and prevent cracking of the
samples throughout the testing process. To achieve this, the con-
crete specimens in this study were confined both internally and
externally using steel pipes. Post-test inspections, as illustrated
16
in Fig. 25, revealed no visible cracking in any of the samples, 
including those tested with bulbed cable bolts, which typically
induce higher lateral pressures. These observations confirm the
effectiveness of the confinement system employed.

4.3.6. Pull-out energy dissipation
The absorbed kinetic energy by the cable bolt, which is con-

sumed for pulling the cable bolt out of the host medium, may be
estimated by integrating the area under the pull-out load-
displacement curves as given by Eq. (4). can be referred to as 
the pull-out energy dissipated through the plastic deformation.

PE 
dp i 

0 
P dd 4

where P refers to the pull-out load monitored by the hollow axial 
load cell at displacement d. The obtained pull-out energies are
introduced in Table 7. The test results show that non-bulbed cable 
bolts absorbed more energy (11.26 kJ) than bulbed cable bolts 
(8.75 kJ), even when the LE was greater (9.62 kJ). Still, it seems that 
increasing LE improved the energy absorption capacity of the 
bulbed cable bolt. Additionally, the energy dissipated by the various 
test system’s parts (Esys) was also estimated. The results showed 
that energy loss during testing was higher for the bulbed cable bolts 
(5.19 and 4.32 kJ) compared to the non-bulbed bolts (2.69 kJ). The 
higher energy absorption capacity observed in non-bulbed cable 
bolts can be attributed to their greater axial deformability and more 
distributed bond mobilization. Unlike bulbed cables, which rely on
mechanical interlock at discrete bulbed sections, non-bulbed cables
mobilise resistance primarily through frictional interaction along
the cable-grout interface. This allows for a more gradual and
extended slip process, resulting in greater displacement and energy
dissipation before failure. Additionally, the absence of bulbed sec-
tions reduces localised stress concentrations and grout crushing,
promoting a more uniform stress distribution and ductile response
under impact loading. These factors collectively contribute to the
higher total energy absorption observed in non-bulbed cable bolts,
despite their lower peak load resistance.

The findings of this study contradict those reported by Anzan-
pour et al. [26], despite both studies applying similar input impact 
energies. This discrepancy is likely due to a combination of factors. 
In Anzanpour et al. absorbed energy was calculated using a load 
cell mounted on the impactor, which may not accurately reflect 
the actual load transferred to the cable bolt due to system losses 
and dynamic effects. In contrast, the present study employed a 
load cell mounted directly on the cable bolt, providing a more rep-
resentative measure of the pull-out load and energy absorption.
Besides, beyond instrumentation differences, several material and
boundary condition variables must be considered. Anzanpour
et al. used 28-mm diameter, 63-t SUMO cable bolts, whereas this
study used a 70-t variant with a larger diameter. Differences in ten-
sile strength and wire configuration may influence deformation
and energy dissipation behavior.

PE 
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Table 7 
The summary of the energy dissipation in the impact tests.

Test No. Bolt type Eim,k (kJ) PE (kJ) Total energy loss, 
E sys (kJ)

UPE (kJ/mm) 

Value Ave. Value Ave. Value Ave. 

1 Bulbed 13.94 9.84 8.75 4.10 5.19 0.28 0.24 
2 Bulbed 13.94 8.64 5.30 0.24 
3 Bulbed 13.94 7.77 6.17 0.20 
4 Non-bulbed 13.94 11.15 11.26 2.79 2.69 0.24 0.23 
5 Non-bulbed 13.94 12.36 1.58 0.23 
6 Non-bulbed 13.94 10.26 3.69 0.24 
7 Bulbed 13.94 10.04 9.62 3.90 4.32 0.23 0.22 
8 Bulbed 13.94 9.73 4.22 0.23 
9 Bulbed 13.94 9.10 4.85 0.21 

Note: Esys = Eim,k − PE; and UPE = PE/dp,i.
Additionally, the previous study used a grout with a w/c ratio of 
0.4, while the present study used a w/c ratio of 0.35, which typi-
cally results in higher grout strength and improved bond perfor-
mance. However, the exact grout type used in the previous study 
was not reported, limiting direct comparison. Furthermore,
although both studies used concrete of the same strength, Anzan-
pour et al. employed 150-mm diameter steel tubes for internal
confinement of the host medium, whereas this study used 200-
mm tubes of equal thickness. This difference may influence the
concrete’s stiffness and energy dissipation characteristics.

These combined differences in measurement technique, cable 
bolt properties, grout strength, and boundary conditions likely 
contributed to the observed discrepancy in energy absorption val-
ues. Acknowledging these factors is essential for interpreting com-
parative results and highlights the need for standardised testing
protocols in future dynamic cable bolt research.

4.3.7. Rock support system in burst-prone grounds
Table 7 presents the calculated unit pull-out energy (UPE), 

defined as the ratio of absorbed energy to the corresponding dis-
placement during impact testing. This metric reflects the energy 
required to pull the cable bolt by 1 mm and serves as an indicator
of the system’s resistance to dynamic loading. The highest UPE
value was recorded for bulbed cable bolts with 300 mm encapsu-
lation length, reaching 0.243 kJ/mm, which suggests initial anchor-
age and resistance to pull-out forces.

However, in burst-prone ground conditions, the ability of a sup-
port system to absorb energy and accommodate deformation is
more critical than peak resistance alone [13]. Rockburst events 
typically involve rapid energy release and large displacements, 
and support systems must dissipate this energy effectively to pre-
vent structural failure. In this context, non-bulbed cable bolts, 
despite having lower UPE, demonstrated greater total energy
absorption and displacement capacity, making them more suitable
for dynamic environments where post-failure deformation control
is essential.

To further contextualize these findings, rockburst events in 
deep mining operations can release energy ranging from 10 to 
50 kJ/m 2, with ejection velocities between 3 and 10 m/s, depending
on geological conditions and mining depth [11,12]. The tested 
impact velocity of 6.86 m/s and energy level of 14.52 kJ in this 
study correspond to moderate to severe rockburst scenarios, com-
monly observed in deep coal mines and hard rock environments. In 
such conditions, geological strata like highly stressed quartzite, 
dolomite, or coal seams with stiff roof layers demand support sys-
tems capable of both high energy dissipation and large deforma-
tion accommodation. The greater displacement and energy
absorption capacity of non-bulbed cable bolts observed in this
study suggest their suitability for these high-energy, high-
deformation environments. In contrast, bulbed cable bolts, which
17
exhibit higher initial peak loads, may be more appropriate in brittle 
rock formations with low deformation tolerance, where immediate 
anchorage strength is critical. These insights can guide engineers in
selecting cable bolt types based on expected rockburst intensity
and geological context, contributing to safer and more resilient
ground support systems.

Additionally, it is noteworthy that no single type of cable bolt or 
rock bolt is capable of independently resisting the impact loading
associated with rockburst [13]. In fact, designing a system capable 
of withstanding all possible seismic events is practically impossi-
ble. Effective mitigation requires an integrated support system 
combinin g components that are able to demonstrate high energy
dissipation capacity, deformability, and mechanical connection.
In this regard, Li [24] highlights that various support strategies 
have been developed globally to address rockburst hazards, with 
empirical evidence suggesting that fully yieldable support systems, 
including cable bolts, energy-absorbing rock bolts, and surface
retention elements such as wire mesh and shotcrete, offer better
performance.

It becomes evident that, rather than relying solely on a fully 
robust support system, a resilient support system may offer better 
performance in mitigating the effects of rockbursts. In this regard,
the performance of support systems can be compared schemati-
cally based on their resiliency level by using Fig. 26. As can be seen, 
initially, all three systems experience a gradual decline in perfor-
mance due to factors such as aging, static loading, and environ-
mental degradation. At time T1, a seismic event (e.g., rockburst)
takes place. System ‘‘A” (Fig. 26a), which has been designed with 
high resistance/robustness, initially absorbs the impact energy. 
Nevertheless, once the stress imposed by the seismic event 
exceeds the system’s capacity, it experiences catastrophic failure,
resulting in a sudden and complete loss of functionality, leading
to severe consequences such as ground collapse.

In contrast, system ‘‘B” (Fig. 26b), demonstrates the capacity to 
absorb and adapt to the impact without experiencing abrupt fail-
ure. Although it may suffer a temporary reduction in performance, 
it maintains its core value/functionality, so preventing catastrophic 
outcomes. This adaptability allows the system to continue provid-
ing essential support functions during and after the event. How-
ever, if the damaged components of the support system are left
unrepaired, due to various parameters like management issues,
design issues, and lack of budget and facilities, the system becomes
vulnerable to failure, even during low magnitude seismics events.
Therefore, simply having flexible support systems is not adequate
to ensure the ground stability in burst-prone grounds.

Instead, a resilient system (Fig. 26c) not only maintains its core 
performance by impact energy absorption, but can also be restored 
through recovery measures, such as repairing or replacing dam-
aged components like wire meshes and bolts. Then, the system
performance can be restored to its original or near-original perfor-
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Fig. 26. A schematic comparison between support systems having various levels of resiliency.
mance level. Therefore, the concept of resilience can be employed 
in the domain of burst-prone grounds to form resilient support 
systems characterized by their ability to resist, absorb, accommo-
date, and recover from seismic events in a timely and efficient
manner, for the preservation and restoration of essential services
[54]. This can serve as a potential research direction for exploring
strategies to design resilient support systems.

5. Research limitations

While the conducted study offers valuable insights into the per-
formance of cable bolts under impact loading conditions, several
important limitations should be acknowledged as follows:

5.1. Replicating in-situ condition by using RPTM

Although the RPTM offers a controlled and repeatable laboratory 
setup for evaluating the dynamic performance of cable bolts, its 
ability to replicate actual underground field conditions is limited. 
The use of concrete as a host medium, while practical and consis-
tent for laboratory testing, does not fully capture the heterogeneity, 
jointing, and anisotropic behaviour of natural rock masses. These 
differences may influence load transfer mechanisms, failure modes, 
and energy dissipation characteristics. Additionally, the confine-
ment conditions and boundary interactions in the lab differ from 
those encountered in underground excavations, where stress redis-
tribution is a significant factor. Therefore, while the results provide
valuable insights into cable bolt behaviour under impact loading,
caution should be applied when generalising these findings to field
applications. Future research should include in-situ testing, numer-
ical modelling calibrated with field data, and comparative studies
using more representative host media to enhance the transferabil-
ity of laboratory results to real underground environments.
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5.2. Cable rotation

Although cable bolts are generally designed to resist unscrew-
ing under field conditions, some degree of rotation may still occur, 
especially in deep or seismically active environments. Thus, under-
standing the influence of cable rotation on performance remains 
important for realistic assessment. Additionally, in this study, 
despite the use of an anti-rotation system, cable rotation was still 
observed during impact testing. Such a movement may lead to an 
underestimation of the cable bolt’s load-bearing capacity. How-
ever, although the quantitative impact of cable rotation is difficult
to isolate, as it involves complex interactions between axial load-
ing, interface friction, and cable deformation mechanisms, to
address this issue, the future comparative studies should be under-
taken under both free and restricted rotation scenarios. This will
help quantify the influence of cable rotation and allow for more
accurate interpretation and comparison of cable bolt performance
under impact loading.

5.3. Encapsulation l ength

It is recognised that a broader parametric analysis, including 
intermediate encapsulation lengths, would enhance the compre-
hensiveness of the study. This limitation needs to be addressed 
in future work by expanding the testing matrix to include a wider 
range of parameters, thereby enabling more robust performance 
relationships and practical design recommendations for dynamic
ground support systems. Furthermore, it is acknowledged that
the encapsulation length may influence the failure interface.
Although debonding at the cable-grout interface was consistently
observed in this study, future research should investigate a broader
range of encapsulation lengths to better understand their effect on
failure mechanisms.
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5.4. Input impact energy

Another limitation of this study is the use of a fixed input 
impact energy of 14.52 kJ, corresponding to an impact velocity of 
6.86 m/s. Although this configuration was designed to simulate 
moderate to severe rockburst conditions, it does not capture the 
full spectrum of dynamic loading scenarios encountered in under-
ground environments. The use of a single energy level restricts the
ability to assess cable bolt performance under varying rockburst
intensities. To enhance the applicability of the findings, future
studies should incorporate variable input energies and velocities
to simulate a broader range of field conditions and better under-
stand the energy absorption behaviour of cable bolts across differ-
ent dynamic loading regimes.

5.5. Displacement deviations

Discrepancies were found between instrument-based and man-
ual displacement measurements, potentially introducing bias. 
Instrument readings may be affected by calibration offsets due to 
mounting misalignment or transient vibrations during impact. 
Manual measurements, taken post-test through visual inspection,
are prone to human error and subjective interpretation. To
improve accuracy in future studies, high-speed video tracking is
recommended.

6. Conclusion s

This experimental study contributes to the understanding of 
high-strength cable bolt performance when subjected to impact 
loading, a critical area for enhancing safety and productivity in
underground mining and tunnelling operations. The key findings
are summarized as follows:

(1) First peak load: Bulbed cable bolts demonstrated a higher 
average FPL of approximately 328 kN, compared to 218 kN for 
non-bulbed cables at 300 mm encapsulation length. This is attrib-
uted to the mechanical anchoring effect of the bulbed cable bolts,
which provides higher initial resistance to pull-out.

(2) Displacement capacity: The tested non-bulbed cable bolts 
showed greater plastic displacement, averaging 48.40 mm, versus
36.25 mm for the bulbed cable bolts.

(3) Energy absorption: The non-bulbed cable bolts absorbed 
more total pull-out energy, with an average of 11.26 kJ, compared
to 8.75 kJ for the bulbed cable bolts.

(4) Impact duration: The non-bulbed cable bolts sustained the 
impact load for a longer duration (28.50 ms) compared to the
bulbed cable bolts (19.80 ms), indicating a more prolonged and
effective energy absorption process.

(5) Effect of encapsulation length: Increasing encapsulation 
length for the bulbed cable bolts reduced initial peak load from 
328 to 248 kN, but improved axial displacement from 36.25 to 
43.26 mm and increased impact duration from 19.80 to
22.37 ms. However, more experiments are needed to draw a con-
clusive conclusion on the influence of the encapsulation length in
the context of impact loading.

(6) Failure mechanism: The primary failure mechanism 
observed for both cable types was debonding at the cable-grout 
interface, often involving a combination of frictional sliding and
shear failure, with some unavoidable cable rotation despite anti-
rotation measures.

Although the bulbed cables are more efficient in absorbing 
energy per unit of displacement, the non-bulbed cable’s capacity 
for larger total displacement and energy absorption makes them
potentially more effective in dynamically active grounds where
accommodating considerable rock mass deformation is essential
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for rockburst control. The study also highlighted the importance 
of a resilient support system in rockburst-prone grounds, empha-
sising that no single cable bolt type can independently resist
impact loading. Instead, an integrated system combining high
energy dissipation, deformability, mechanical connection, and
recoverability is essential.

While this research offers useful contributions, future studies 
should address the limitations to further refine understanding 
and improve the design of integrated support systems for rock-
burst mitigation. Thus, future research should aim to expand the 
experimental scope with larger sample sizes and diverse cable bolt 
types, enhance measurement accuracy through advanced instru-
mentation, and improve the anti-rotation system. This continued
research is vital for developing the engineering understanding
which is necessary to improve the resilience and safety of under-
ground infrastructure against seismic events.
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