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IMPACT LOADiNG OF TENDON REiNFOrCEMENT SYsTEMs UsED FOr GrOuND CONTrOL: 
A CriTiCAL LiTErATurE REViEW

The present paper reports on various test methods and techniques which have been developed 
throughout the last decades. These methods have been used to evaluate both axial and shear performance of 
tendons under impact loading mode. Based on the literature review conducted on the scientific documents, 
published between 1992 and 2024, the developed facilities mainly work based on the direct impact and 
momentum transfer methods. In the direct impact method, which can be done in-situ and in the laboratory, 
the impact energy is applied by a mass freely falls to the test sample. In the momentum transfer method, 
the test assembly, consisting of both the mass and test sample free-fall at the beginning of the test until 
the movement of the assembly is halted by a stopper, and the momentum of the mass is transferred to the 
test sample. Besides, most of the current facilities are working based on the direct impact method. It was 
also found that less research have been conducted on dynamic shear testing, especially high-strength 
cable bolts, as most of the facilities have been designed for pull testing. In addition, it was found that in 
dynamic pull-out tests of rock bolts, two main mechanisms of energy absorption are identified: steel plastic 
deformation and bolt sliding within the encapsulation medium. The first impact plays a key role in energy 
absorption, causing significant permanent displacements, while the energy consumed in displacing the bolt 
is more indicative of dynamic behavior than the total input energy. According to the results, the tendons 
that undergo static deformations before dynamic loading are more prone to failure as some parts of their 
performance have already lost. Meanwhile, differences between dynamic and static shear tests suggest 
that dynamic tests require less energy for failure, as friction is ineffective in impact loading. Finally, the 
study highlights gaps in the current understanding of tendon performance under impact loading, with 
potential research directions aimed at improving safety in underground excavation.
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and multiple impacts [6,11,19,20,40], energy dissipation [41-43], Mass bounces [21], static 
deformation prior to impact loading [34,43], and tendon properties including profile geometry 
and diameter [33,37] have been studied over the last years (see Fig. 13). In the following, the 
research conducted on the behaviour of tendons under impact axial and shear loading have been 
investigated chronologically.

Fig. 13. The parameters which their effects on tendon behaviour were examined under impact loading mode

3.1.	A xial Performance

Yan [27] utilized the drop weight impact test machine (see Fig. 3a and b) and reported that 
the bond between the rock bolt and the host medium can be affected by the bolt surface profile, 
host medium strength, and the rate of impact loading. In this research, only small diameter bolts 
were used, and it was found that the impact loading rate was not substantial for 11.3-mm smooth 
bars. Instead, for the threaded bar, the bond stress increased with the loading rate thanks to the 
presence of the bolt’s ribs, specially near the loaded end. In addition, it was reported that the bond 
stress increased with host medium strength during the impact tests. The obtained results also 
shown that the bond stress generated in the pull-out test was lower than that of the push-out test, 
which is due to the larger radial force acting at the interface in push-in tests. This effect was also 
proved via static pull tests conducted by Aziz and Jalalifar [44]. Later, Yi and Kaiser [28] con-
ducted impact tests employing the GRC weight drop rig (see Fig. 3c). They found if a rock bolt 
is plastically strained during multiple drop (i.e., impact loading), it will lead to the accumulation 
of plastic strains. Thus, the rock bolt will ultimately fail. It was concluded that the rock bolts, 
experiencing static elastic or plastic deformations prior to impact loadings, are vulnerable to fail 
at the presence of seismic events like rock burst. In another study, Ortlepp and Stacey [29] per-
formed several impact tests using the SRK set-up #2 (see Fig. 4b). In this study, various tendons, 
including pre-tensioned 18-mm steel cables, 39-mm split sets, 16-mm rock bolts, and standard 
Swellex bolts, were tested. It was reported that the tested split sets allowed more displacements 
under the constant absorbed energy in comparison with cables and 16-mm rock bolts. Instead, 
the tested cables absorbed more impact energy but allowed lower displacement.

Ansell [15] and later Ansell [19] showed that the plastic strain distribution along the length of 
tested fully grouted energy absorbing bolts was not constant when they were dynamically loaded 
using the developed free-fall rig (see Fig. 5a). As shown Fig. 14, the plastic strain level varies 
from 0 to 50%. It was also shown that the bolt’s yield length reduced with the impact velocity. 
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As can be seen from Fig. 15a, the cone displacement represents the bolt sliding in the grout 
and the difference between the cone and plate displacements refers to the permanent elongation 
of the bolt. It is clear that the permanent displacements occurred at the first impact. It was also 
shown in the tests conducted by St-Pierre et al. [12]. Also, it was reported by St-Pierre et al. [40] 
that although these two mechanisms are always present during the impact tests, but their ratios 
considerably differ from one test to the other with different impact velocities. For example, they 
found that the cone displacements increased with the impact velocity. They also investigated the 
failure of the bolts during the tests. It was found that even if the different combinations of drop 
height and weight resulted in the same impact energy, the combination used heavier mass led to more 
bolt’s damage. Because the test carried out with the mass of 1016 and the drop height of 1.5 had 
a momentum of 5511 kgm/s while the test carried out with the mass of 1461 kg and the drop height 
of 1 m had a momentum of 6471 kgm/s. Thus, the momentum, which is the product of the mass 
of drop weight and the impact velocity, can influence the damage of tendons during the tests.

St-Pierre et al. [42] examined the energy balance during the impact tests conducted by the 
CANMET-MMSL test rig to show if the energy conservation principle was respected. For this 
aim, they divided the energies involved in the dynamic test into four states as follow:

1)	T he potential energy of the weight before being dropped. Therefore, the final position 
of the plate after the drop refers to the zero potential energy.

2)	T he maximum kinetic energy when the dropped mass strikes the plate. The velocity for 
calculating the kinetic energy was attained by differentiating the filtered signal of the 
potentiometer attached to the drop weight to record its position. 

3)	T he energy absorbed by the plate (the work done by the plate load), calculated by inte-
grating the plate load over the plate displacement.

4)	T hey total energy absorbed by the bolt due to the steel plastic deformation and cone 
sliding in the grout. The energy absorbed by the steel elongation (strain energy) was 
calculated by integrating the force-displacement plot, and the energy dissipated by the 
cone sliding (cone work) was calculated by integrating the cone load over the cone 
displacement.

As shown in Fig. 15b, the differences between the kinetic and potential energies in various 
tests were negligible, indicating that energy dissipated by friction of the mass on the guiding rails 
was considerably low. Meanwhile, there were differences between the obtained kinetic energies 
and the energies absorbed by the plates (i.e., plate work) during the tests, indicating that some 
parts of the kinetic energy might be dissipated due to the noise and permanent deformation of 
the plate. In addition, in the majority of the tests, the total energy absorbed by the bolt (i.e., strain 
energy plus cone work) was close to the plate work, which was considered satisfying.

Plouffe et al. [16] also used the CANMET-MMSL test rig to examine the influence of 
temperature on the performance of modified cone bolts. Based on the obtained results, at the 
ambient temperature and at 40°C, there was no considerable difference in the plate load and 
displacement. However, at 40°C, after a few drops, the cone sliding was stopped, which might 
be due to the steel fatigue. Player et al. [11] and later Player et al. [13] used the WASM dynamic 
test rig to test different tendons, including 22-mm cone bolts, 15.2-mm plain cables, fully grouted 
20-mm thread bars, and debonded 20-mm thread bars. As shown in Fig. 16a, it was found that if 
the embedment length of the plain cable is less than 2 m, the cable slip will occur (e.g., test 23); 
otherwise it will fail (test 19 and test 22). It was also shown that the dynamic capacity of the 
tested plain cables was enhanced when the face plate was employed during the tests. In addi-
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testing is relatively difficult to undertake in the laboratory compared to the dynamic pull-out test. 
Because, similar to static shear testing, the method is relatively recent with the general lack of 
trained expertise on the topic, indicating that this part of the research requires more investigation 
to be undertaken.

4.2.	F uture Research Directions

As shown in TABLE 3, in comparison with rock bolts, less investigation has been done on 
the dynamic performance of cable bolts. In addition, the majority of the researchers like Ortlepp 
and Stacey [29], Villaescusa et al. [45], Player et al. [13], and Anzanpour [50] only used lower 
strength cables (e.g., 7 wire strand, 15.2-mm, or 18-mm cables). When it comes to the dynamic 
behaviour of higher strength cables, the results of some experiments undertaken by Anzanpour 
et al. [49] and Anzanpour et al. [37] are only available in terms of pull-out testing. Thus, in order 
to improve our knowledge of dynamic performance of high-strength cables, further laboratory-
based studies are required. High-strength cables are widely being used in underground spaces, 
but their dynamic capacity is still a topic of debate. Thus, dynamic testing of high-strength cables 
is an important research direction as a safety point of view. Besides, due to the absence of real 
test data regarding high-strength cables, the numerical models developed for the dynamic shear 
performance of high-strength cable bolts were only validated using the static shear test results, 
which might be misleading. Therefore, wider experimental works on dynamic shear performance 
of tendons can positively impact the accuracy of the numerical simulations. In addition, only 
Anzanpour et al. [37] examined the influence of the cable geometry (e.g., bulbing) in the axial 
impact loading mode. Although it was claimed that bulbed cable are more reliable in dynami-
cally active zones, the number of tests might not be insufficient to make a specific conclusion. 
Therefore, to validate the previous results more tests should be undertaken in the future.

The literature review showed that a few laboratory-based studies and has been done to as-
sess the shear behaviour of tendons subjected to dynamic loading (see TABLE 3). In this regard, 
only Li et al. [26], Aziz et al. [35], Anzanpour [50], and Khaleghparast et al. [24] conducted 
double shear tests, and Pytlik [36] used the single shear impact test rig. Among these studies, 
only Anzanpour [50] carried out a few dynamic shear testing of cables, which most of them were 
low-strength cables, Thus, it is clear that to fully understand the dynamic behaviour of cables, 
especially higher strength ones, more tests should be done. Besides, the influence of the cable 
profile geometry can also be evaluated.

Another issue is the effect of tendon pre-tensioning on dynamic behavior of tendons. Pre-
tension load can act as a double-edge sword. High pretension load increase the axial force along 
the tendon and increases the shear forces along the gout-tendon interface and may lead to bond 
failure. Besides, Excessive pretensioning can reduce the tendon flexibility, which adversely affect 
its capability to accommodate large rock deformation. On the other hand, insufficient pretension 
loads may lead to joints and bedding plane dilation and roof sagging. However, when optimal 
pretension load is applied, more active support will be transferred to the rock mass resulting in 
less rock deformation and better ground control [51]. In impact shear tests, only Khaleghparast 
et al. [24] examined this factor but the results were not sufficient for making a concrete conclu-
sion. Hence, assessing the influence of pre-tensioning can be another research direction. 

According to the reviewed studies, there are limited results about the influence of tendon 
diameter on its dynamic performance. In this regard, some experimental and numerical results have 
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