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a b s t r a c t

This is a review paper on the performances of both conventional and energy-absorbing rockbolts
manifested in laboratory tests. Characteristic parameters such as ultimate load, displacement and energy
absorption are reported, in addition to loadedisplacement graphs for every type of rockbolt. Conven-
tional rockbolts refer to mechanical rockbolts, fully-grouted rebars and frictional rockbolts. According to
the test results, under static pull loading a mechanical rockbolt usually fails at the plate; a fully-grouted
rebar bolt fails in the bolt shank at an ultimate load equal to the strength of the steel after a small amount
of displacement; and a frictional rockbolt is subjected to large displacement at a low yield load. Under
shear loading, all types of bolts fail in the shank. Energy-absorbing rockbolts are developed aiming to
combat instability problems in burst-prone and squeezing rock conditions. They absorb deformation
energy either through ploughing/slippage at predefined load levels or through stretching of the steel
bolt. An energy-absorbing rockbolt can carry a high load and also accommodate significant rock
displacement, and thus its energy-absorbing capacity is high. The test results show that the energy
absorption of the energy-absorbing bolts is much larger than that of all conventional bolts. The dynamic
load capacity is smaller than the static load capacity for the energy-absorbing bolts displacing based on
ploughing/slippage while they are approximately the same for the D-Bolt that displaces based on steel
stretching.
� 2014 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by

Elsevier B.V. All rights reserved.
1. Introduction

Rockbolts are widely used today in order to secure underground
excavation spaces. Conventional rockbolts includemechanical bolts
(i.e. expansion shell bolts), fully-grouted rebars and frictional bolts
(such as Split set and inflatable bolts, e.g. Swellex and Omega).
Conventional rockbolts are used mainly to deal with instability
problems under low or relatively low rock stress conditions. A new
category of rockbolt has recently been developed with the aim of
combating high-stress induced instability problems such as rock-
burst and rock squeezing. This category includes cone bolts,
and Soil Mechanics, Chinese
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Garford solid bolts, Roofex, D-Bolts and Yield-Lok bolts, which are
here collectively called energy-absorbing rockbolts but referred to
as yield bolts in some literature. Based on their coupling mecha-
nism, rockbolts can be classified as continuously mechanically
coupled (CMC), continuously frictionally coupled (CFC), or
discretely mechanically or frictionally coupled (DMFC) (Windsor,
1997). Fully-grouted rebars are mechanically bound to the grout/
rock through the tiny ribs on the cylindrical surface of the bolt
shank and are thus a type of CMC bolt. Split set and inflatable bolts
such as Swellex and Omega are CFC bolts, since they are bound to
the rock mass mainly via friction resistance along their entire
length. Expansion shell and all energy-absorbing bolts are
anchored in boreholes at one or more discrete points and are thus
DMFC bolts.

On the other hand, rockbolts can also be classified as stiff, ductile
and energy-absorbing from the point of view of bolt performance
(Li, 2010). A stiff bolt displaces for a small amount prior to failure.
This kind of bolt usually refers to fully encapsulated rebar bolts. It
will be seen later in this paper that a fully encapsulated rebar bolt
only can displace approximately 30 mmwhen subjected to fracture
opening. The advantage of this type of bolt is its high load capacity
which is equal to the strength of the bolt material. A ductile bolt can
tolerate a large rock displacement but its load capacity is relatively
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Fig. 1. Stress distributions along the length of a two-point anchored bolt when sub-
jected to a pull load at the bolt head.
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Fig. 2. Stress distributions along the length of a fully-grouted bolt when subjected to a
pull load at the bolt head.
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low. Split set is a typical bolt of this type, which in principle can
displace as much as the bolt length at a load level equal to the
frictional resistance on the bolt cylindrical surface. An energy-
absorbing bolt can carry a load equal or close to the strength of
the bolt material and displace for a large amount so that it can
absorb a good amount of energy prior to failure.

The performance of a rockbolt is dependent upon the loading
conditions to which it is subjected. In situ loading conditions
include the opening and shearing of single rock fractures, contin-
uous rock deformation, or various combinations of the two. How-
ever, it is impossible, actually not necessary, to simulate every type
of loading condition in the laboratory when evaluating the per-
formance of a rockbolt. Among the loading conditions, the pull and
shear caused by themovement of a single rock fracture are themost
representative loading conditions for rockbolts. Therefore, it is
widely acknowledged in the field of rock mechanics that laboratory
pull and shear tests are generally the two most appropriate mea-
sures with which to examine rockbolt performance. Indeed, a good
understanding of rockbolts performance is essential for their
appropriate practical application. A great number of static pull and
shear tests have been conducted in the Rock Mechanics Laboratory
at the Norwegian University of Science and Technology (NTNU),
Norway, over the past two decades (e.g. Stjern, 1995; Dahle and
Larsen, 2006). In addition, many dynamic drop tests have also
been conducted on energy-absorbing rockbolts, for example, at
Canada Center for Mineral and Energy Technology (CANMET),
Ottawa, Canada, and Western Australia School for Mines (WASM),
Australia, during the past decade, with the first author involved in a
number of these tests. The results of the tests, as well as some by
others, are presented in this paper with the aim of providing a
systematic illustration of the performances of all types of rockbolts.

2. Rockbolt loading models

The loading conditionof a rockbolt is associatedwith itsanchoring
mechanism. Analytical loading models for conventional rockbolts
were established by Li and Stillborg (1999) and Li (2008). In addition
to these models, loading models for energy-absorbing rockbolts are
proposed in this section. Such models are helpful in interpreting
variation in test results between different types of rockbolts.

2.1. Two-point anchored rockbolts

An expansion shell bolt is a typical two-point anchored support
device composed of a solid shank and an expansion shell at the far
end of the bolt (Fig. 1). Anchoring of the bolt is achieved through
friction and interlocking between the expansion shell and the
borehole wall. The load-bearing capacity of this type of bolt is
dependent upon both the tightness of the expansion shell and the
strength of the rock. Vibrations and stress relaxation may lead to
partial or entire loss of anchoring. Another type of two-point
anchored bolt involves the far end of the bolt being grouted with
resin, which guarantees more reliable anchoring than the expan-
sion shell bolt.

Under a pull load at the bolt head, the shank of the bolt is
stretched identically in every cross-section, resulting in a constant
axial stress along the length of the bolt, as shown in Fig.1. The shear
stress on the shank surface is obviously zero because of the hollow
annulus in the hole.

2.2. Fully-grouted rebar bolts

Fully-grouted rebar bolts are bound to the grout/rock via ribs on
the bolt surface, with the main anchoring mechanism of the me-
chanical interlocking between the ribs and hardened grout. This
type of bolt is characterised by its reliable anchoring and high load
capacity.

When the bolt is subjected to a pull load at the bolt head, the load
is simply transferred to the rock by the ribs. The axial load in the bolt
decreases with distance from the loading point when the applied
load is low. Bond failure will commence at the loading point when
the applied load is beyond a certain level, propagating toward the
far end of the bolt with an increase in the applied load. The residual
shear stress on the bolt surface depends on the extent of the failure
at the bolterock interface. The general pattern of shear stress on the
bolt surface is illustrated in the theoretical model shown in Fig. 2. In
the model, the bond fails completely in the section immediately
adjacent to the loading point, resulting in zero residual shear stress
on the bolt surface. No bond failure occurs at the bolterock interface
beyond the peak shear stress. The bond at the interface deforms
elastically, with shear stress attenuating to zero with increasing
distance from the loading point. The maximum axial load always
occurs at the loading point. Laboratory tests have shown that the
length of the de-bonding section is approximately 150 mm for a
rebar with cement grout when the axial load reaches the strength of
the bolt material. The advantage of rebar bolts is their high load
capacity while the disadvantage is the high stiffness.

2.3. Frictional rockbolts

Split set and inflatable bolts (e.g. Swellex and Omega) belong to
the class of frictional bolt (Fig. 3). A frictional bolt interacts with the



Fig. 3. Split set and inflatable rockbolts.
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rock via friction at the bolterock interface along its entire length.
When it is subjected to a pull load at the bolt head (Fig. 4), the shear
strength at the interface will be first mobilised at the loading point.
The bolt starts to slip outward in the strength-mobilised section,
with the length of the slipping section increasing with the increase
of the applied load. The shear stress on the slipping section of the
bolt remains approximately to the level of the shear strength dur-
ing bolt displacement. Because of this characteristic, frictional bolts
can accommodate large rock deformation without significant loss
of their load-bearing capacity.

In theory, the ductile performance of this type of bolt is able to
be achieved only when frictional slippage occurs along the entire
length of the bolt. In reality, the slippage is only guaranteed for Split
set because of its special installation procedure. In installation, Split
set is pushed, for instance by a bolting rig, into the borehole. The
push load has to be limited to a relatively low level in order to avoid
buckling of the Split set tube. In theory, the pull load capacity of a
Split set is equal to the maximum push load in installation. Both
field and laboratory tests show that the load capacity of a Split set is
approximately 50 kN/m (Cheng and Feng, 1983; Myrvang and
Hanssen, 1983; Player et al., 2009). Therefore, it is said that the
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Fig. 4. Stress distributions along the length of a frictional bolt when subjected to a pull
load at the bolt head.
Split set can accommodate large rock deformations but has a low
load capacity.

An inflatable bolt is installed by expanding the folded tube to
match the size of the borehole. Its load capacity is not only asso-
ciated with the contact stress between the bolt tube and the
borehole wall (resulting in frictional resistance) but also with the
roughness of the borehole wall (resulting in mechanical inter-
locking). An inflatable bolt is maximum loaded in the bolt head if
subjected to a load applied at the bolt plate as illustrated in Fig. 4.
The bolt tubewill slip if the bolt length is short enough and the load
capacity is equal to the unit frictional-and-interlocking force times
the bolt length. Slippage will not occur and the tensile strength of
the bolt tube will be mobilised if the bolt length is long enough. In
this case, the pull load capacity of the bolt is high but its
displacement capacity would be simply limited to the stretch of the
tube.

2.4. Energy-absorbing rockbolts

Energy-absorbing rockbolts are loaded in different ways when
subjected to loading, depending on their anchoring mechanisms.
The loading model for two-point anchored energy-absorbing
rockbolts, such as the cone bolt, Garford bolt, Roofex and Yield-
Lok, is similar to that of conventional two-point anchored rock-
bolts (Fig. 5a), with the main difference being that the energy-
absorbing rockbolts yield at predefined load levels. The loading of
multi-point anchored D-Bolts is different from that of other energy-
absorbing rockbolts, in that the opening of a rock fracture only
induces load in the section of the D-Bolt that overrides the fracture
(Fig. 5b). The yield and ultimate loads of the bolt are equal to the
corresponding strengths of the bolt steel. The bolt absorbs defor-
mation energy by fully mobilising the deformation capacity of the
steel along the entire length of the bolt section.

3. Testing methods

3.1. Static pull test

Ultimate load and maximum displacement are two important
parameters with which to describe bolt performance. In the lab-
oratory, the load and displacement capacities of a bolt are evalu-
ated through static pull and shear tests, and the principles of
which are illustrated in Fig. 6. When tested, the rockbolt is
installed in the hole of two blocks (or tubes). After the load is
applied to the blocks, the load and the joint opening of the two
blocks are registered.

Fig. 7a shows an oblique sketch of the bolt test rig that was
employed for the pull and shear tests carried out in the Rock Me-
chanics Laboratory at NTNU. Two pieces of high strength concrete
blocks, both with dimensions of 950 mm� 950 mm � 950 mm, are
placed in the frame of the test rig. A hole is drilled through the
blocks in place, with the bolt then installed in the borehole. For a
pull test, the pull load is applied to the right concrete block (in
Fig. 7b) through two hydraulic jacks, while the left block is fixed in
the frame. For a shear test, the right block is fixed and the left block
is pushed laterally with a hydraulic jack located at the joint of the
two blocks. The load capacity of the bolt test rig for pull and shear
tests is 600 kN and 500 kN, respectively.

3.2. Dynamic drop test

The dynamic performance of a rockbolt is often described in
terms of impact velocity and kinetic energy input. The split tube
test is usually carried out to measure the energy absorption of a
rockbolt, as shown in Fig. 8, with the bolt encapsulated in the tubes



(a) Two-point anchored bolt.

(b) Multi-point anchored bolt.
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Fig. 5. Stress/strain distributions along energy-absorbing bolts when subjected to pull
loading.

(a) Pull test.

(b) Shear test.

Fig. 6. Sketches illustrating the principles of rockbolt static pull and shear tests.
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with grout. Two methods are available with which to apply the
dynamic load to the tested bolt. The first is the free-fall method, in
which the upper tube is fixed on the ceiling and a mass freely falls
onto the impact plate attached to the lower tube (Fig. 8a). Kinetic
energy is transferred to the bolt via the plate and the lower tube.
The test facility at CANMET in Ottawa, Canada, employs this
method to apply the dynamic load. The second method involves
momentum transfer. In this method, the mass and split tubes fall
freely together until the stopper at the upper end of the split tubes
meets a stationary beam (Fig. 8b). Themovement of the assembly is
then stopped, with the momentum and kinetic energy then
transferred to the bolt via the plate and the lower tube.
Fig. 7. The test rig for static pull and shear tests in the Rock Mechanics Laboratory at
NTNU. The sizes of both concrete blocks are 950 mm � 950 mm � 950 mm. (a) An
oblique sketch of the test rig (Stjern, 1995); and (b) The front view of the test rig.
4. Static testing of conventional rockbolts

A large number of pull and shear tests have been carried out on
rockbolts using the bolt test rig shown in Fig. 7 since the middle of
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Fig. 8. Two principles of rockbolt dynamic drop tests. (a) Mass free-fall; and (b) Momentum transfer.
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the 1990s, for example by Stjern (1995) and by Dahle and Larsen
(2006). Test results for the studied rockbolt types are presented
in this section.

4.1. Mechanical bolts

A rebar 20 mm in diameter was point-anchored in a hole drilled
in the concrete blocks, with an expansion shell positioned at the far
end of the bolt. Deformation occurred in both the plate and the bolt
shank during the pull test. Under pull loading, the bolt finally failed
in the thread at an ultimate load of 160 kN and total displacement
of 55 mm (Fig. 9a). Shank elongation accounted for only approxi-
mately 14 mm of total displacement, with the rest attributed to the
elongation of the thread and the deformation of the plate. Under
shear loading, the bolt finally failed in the shank at the joint. The
ultimate shear load was 217 kN and the total shear displacement
was 110 mm (Fig. 9b).
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Fig. 9. Loadedisplacement behaviour of a mechanical bolt under pull and shear loads. The sy
4.2. Fully-grouted rebar bolts

A rebar 20 mm in diameter was fully grouted with cement
mortar in a borehole of 32 mm in diameter. The waterecement
ratio of the mortar was 0.32. Under pull loading, the bolt finally
failed in the bolt shank at the joint (Fig. 10a). The ultimate pull load
was 205 kN and the maximum pull displacement was 40 mm.
Under shear loading, the bolt also failed in the shank at the joint
(Fig. 10b). The ultimate shear load was 199 kN and the total shear
displacement was 47 mm.

4.3. Frictional rockbolts

A piece of Split set SS46, 46 mm in diameter, was pushed into a
borehole of diameter 42.3 mm. Under pull loading, the bolt did not
fail in the bolt shank but rather slipped in the hole (Fig. 11a). The
pull load reached its ultimate value of 51 kN after only a few
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mbols “o” and “x” refer to failure in the plate and bolt shank, respectively (Stjern, 1995).
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Fig. 10. Loadedisplacement behaviour of a cement fully-grouted rebar under pull and shear loads. Symbols as Fig. 9 (Stjern, 1995).
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millimetres of displacement. Under shear loading, the bolt failed in
the shank at the joint of the concrete blocks (Fig. 11b), with shank
failure occurring at an ultimate shear load of 160 kN and a shear
displacement of 68 mm.

A piece of inflatable bolt, 38 mm in diameter before unfolding,
was installed in a borehole of diameter 48 mm. Under pull loading,
the bolt did not fail in the bolt shank but rather slipped in the hole
(Fig. 12a). The pull load reached its ultimate value 121 kN after a
pull displacement of 26 mm and then gradually decreased with
the increase of the pull displacement. Under shear loading, the
bolt failed in the bolt shank at the joint (Fig. 12b). The ultimate
shear load was 179 kN and the final total shear displacement
59 mm.

4.4. Twin strand cable

A twin strand cable, 2 � 12.7 mm in diameter, was cement
grouted in a borehole. The ultimate tensile strength of the twin
cable was approximately 380 kN. Under pull loading, the cable
started to slip, i.e. yielded at 170 kN after a small displacement of
approximately 25 mm (Fig. 13a). Load increased gradually with
displacement, possibly because of the dilation effect at the groute
strand interface, eventually reaching 210 kN after a displacement of
250 mm. The cable didn’t fail when the test was terminated at that
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Fig. 11. Loadedisplacement behaviour of a Split set under
point. Under shear load, the wires in the twin strand cable failed in
tensile mode. The ultimate shear load was 233 kN, approximately
60% of the tensile strength, with a shear displacement of 134 mm
(Fig. 13b).

4.5. Fibre glass bolt

A fibre glass bolt 22 mm in diameter was fully grouted with
cement mortar in a 45 mm diameter borehole. Under pull loading,
the bolt failed in the bolt shank at the joint. The ultimate pull load
was 380 kN and the maximum pull displacement was 37 mm
(Fig. 14a). Under shear load, the bolt failed too in the shank at the
joint, with the ultimate shear load of 140 kN and the total shear
displacement of 33 mm (Fig. 14b).

5. Static and dynamic tests of energy-absorbing rockbolts

5.1. Cone bolt

Invented in South Africa (Jager, 1992; Ortlepp, 1992), the cone
bolt was the first yield support device developed to combat rock-
burst problems in deep mines. The original cone bolt was designed
for cement grout. It consists of a smooth steel bar with a flattened
conical flaring forged on to the far end (Fig. 15a). The cone bolt was
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pull and shear loads. Symbols as Fig. 9 (Stjern, 1995).
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Fig. 12. Loadedisplacement behaviour of a 38-mm inflatable bolt under pull and shear loads. Symbols as Fig. 9 (Stjern, 1995).
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modified later for resin grout in Canada (Simser, 2001). The
modified cone bolt (MCB) is different from the cement version in
that a blade is added at the end of the cone for the purpose of resin
mixing. The bolt is designed so that rock dilation between the cone
and the face plate of the bolt induces a load on the latter, which
then pulls the conical end of the bolt through the grout to do work
and absorb energy released from the rock. A cone bolt can displace
for a considerable amount if it works in ploughing as intended.
Lindfors (2000) carried out a series of pull tests on cement-grouted
cone bolts in an underground mine in Sweden. The bolts displaced
up to 900 mm at a load level of approximately 170 kN. However,
whether the ploughing occurs or not is dependent upon not only
the shape and size of the cone, but also the strength of the hard-
ened grout. The static and dynamic tests on modified cone bolts
showed that the load capacity of the cone bolt varies in a wide
range (Fig. 15b and c). Fig. 15c shows the dynamic test results of 22-
mm cone bolts which were impacted with a kinetic energy input of
33 kJ. The ultimate dynamic load of the bolts was 150e175 kN for
the 40 MPa grout, but dropped to approximately 100 kN for the
20 MPa grout.

5.2. Garford solid bolt

Invented in Australia, the Garford solid bolt consists of a solid
steel bar, an anchor and a coarse-threaded steel sleeve at the far
end (Fig. 16a). This bolt is characterised by its engineered anchor,
the inner diameter of which is smaller than the diameter of the
solid bolt bar. The anchor is resin encapsulated in a borehole. When
the rock dilates, the solid bar is extruded through the hole in the
anchor at a predefined pull load. Fig. 16b shows the dynamic test
results of two 20-mm bolts loaded with a kinetic energy input of
33 kJ (Varden et al., 2008).

5.3. Roofex bolt

Roofex bolts are also composed of an engineered anchor and a
smooth bar (Fig. 17a) (Charette and Plouffe, 2007; Galler et al.,
2011), with the work principle similar to that of the Garford solid
bolt. The anchor is again resin encapsulated in a borehole, with the
smooth bar slipping through the anchor to accommodate rock
displacement. Laboratory test results for Roofex bolts are shown in
Fig. 17b and c.

5.4. D-Bolt

Invented in Norway, the D-Bolt comprises a smooth steel bar
and a number of integrated anchors along the bolt length (Fig. 18a)
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Doucet, 2012). (a) The bolt, (b) static pull test results of rockbolts, and (c) dynamic
test result.
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(Li, 2010). The bolt is either cement or resin encapsulated in a
borehole. The anchors are firmly fixed in the grout, while the
smooth bar sections between the anchors elongate upon rock
dilation. The bolt absorbs energy by fully mobilising the strength
and deformation capacity of the bolt steel. Static and dynamic
performance data for the D-Bolt are shown in Fig. 18b and c. Bolt
ultimate load is equal to the tensile strength of the steel, while bolt
ultimate displacement is approximately 15% of bolt length. Taking a
bolt section of f22 mm � 1500 mm as an example, the ultimate
static load and displacement are 260 kN and 165 mm, respectively,
and the ultimate dynamic load and displacement are 285 kN and
220 mm, respectively. The bolt section absorbs approximately 60 kJ
of energy prior to failure under dynamic loading. Every section of
the bolt works independently; the failure of one section does not
result in the loss of the entire bolt, with the remaining sections
continuing to provide rock reinforcement.

5.5. Yield-Lok bolt

The Yield-Lok bolt consists of a 17.2 mm round steel bar
(Fig. 19a). The anchor, or Upset, of the bolt is encapsulated in an
engineered polymer coating. The bolt is grouted in the borehole,
with the Upset ploughing in the polymer coating when the bolt
load exceeds the predefined load level. Static and dynamic perfor-
mance data for the bolt are shown in Fig. 19b and c. The dynamic
load is in general lower than the static load.

6. Discussion

6.1. On the conventional rockbolts

The load capacity of a mechanical rockbolt is mainly dependent
upon the strength of the face plate and bolt thread, as well as the
tightness of the expansion shell. As a result, the load and defor-
mation capacities of this type of rockbolt may vary in a large range.
Two-point anchored bolts often lose their support function due to
failure of the face plate or thread when subjected to pull loading
(Fig. 9a). Under shear loading, the bolt shank can be locked by the
friction between the shank and the rock, with failure occurring in
the bolt steel (Fig. 9b).

The load capacity of fully-grouted rebar bolts is the highest of
the conventional rockbolts, with failure taking place in the bolt
shank under both pull and shear loading. This type of bolt is
characterised by high load capacity and small displacement
(Fig. 10). In other words, fully-grouted rockbolts are strong but stiff.



Fig. 19. Yield-Lok bolt and test results, redrawn after Wu et al. (2010). (a) The bolt, (b)
static pull test results of rockbolts, and (c) dynamic test result.
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Frictional bolts are anchored in the rock mass through the
friction between bolt and rock, with frictional resistance depen-
dent upon the contact stress and the contact condition at the
bolterock interface. The pull load capacity of Split set is low
because of the low contact stress at the interface (Fig. 11a). The
shear load capacity of Split set is higher than its pull load capacity
because of the mechanical locking of the tube (Fig. 11b). In addi-
tion to frictional resistance, mechanical interlocking at the bolte
rock interface also contributes significantly to the pull load ca-
pacity of this type of bolt. The pull load capacity of an inflatable
bolt is larger than that of Split set because of the superposition of
the friction resistance and the mechanical locking at the bolterock
interface (Fig. 12a). Similar to Split set, inflatable bolt fails in the
tube steel under shear loading and its shear load capacity is larger
than the pull load capacity.

Although the pull load capacity of a fibre glass bolt is
approximately two times the strength of a rebar bolt, its shear
load capacity is low (Fig. 14). Furthermore, fibre glass bolts are
stiff and they accommodate only a very small displacement prior
to failure.
6.2. On the critical embedment length for frictional and cable bolts

Although both frictional bolts and twin strand cables slide under
pull loading (Figs. 12 and 13), this slippage is not an intrinsic
characteristic as its occurrence depends on embedment length.
Every bolt/cable of this type has a critical embedment length, with
slippage taking place only when the embedment length of the bolt
is shorter than this critical length. The critical embedment length
(Lc) is determined by the tensile strength (T) of the bolt/cable shank
and the frictional strength (R) of the bolterock interface:

Lc ¼ T/R (1)

where Lc is measured in metres, T in kN and R in kN/m. As the
embedment length of the bolts/cables tested was 0.95 m, back-
calculation produces a frictional strength value of R ¼ 121 kN/
0.95 m ¼ 127 kN/m for the inflatable bolt (Fig. 12a). The tensile
strength of an inflatable bolt 38 mm in diameter is typically 190 kN,
with the critical embedment length obtained from the above
equation thus (190/127) ¼ 1.5 m. The tensile strength of the twin-
strand cable tested is 380 kN. According to Fig. 13a, its frictional
strength is R ¼ 170 kN/0.95 m ¼ 179 kN/m and the critical
embedment length thus (380/179) ¼ 2.1 m. Both the inflatable bolt
and the twin strand cable slipped because their embedment
lengths (both 0.95 m) were shorter than their critical embedment
lengths (1.5 m for the inflatable bolt and 2.1 m for the cable).
Slippage would not occur if their embedment lengths were longer
than their critical lengths.
6.3. Energy-absorbing rockbolts

All the studied energy-absorbing rockbolts with the exception of
the D-Bolt deform based on mechanisms involving bolt shank
slippage either in the grout (the cone bolt and the Yield-Lok) or
through the anchor (Garford and Roofex bolts). A common char-
acteristic of the slippage-based bolts is that their ultimate dynamic
loads are smaller than their static loads (Figs.17 and 19). In contrast,
the D-Bolt absorbs energy through fully mobilising the strength
and deformation capacities of the bolt steel. The static and dynamic
load capacities of the D-Bolt are fairly similar (Fig. 18).

The performance of an energy-absorbing bolt is characterised
by its energy absorption and displacement capacity. When
absorbing the same amount of energy, the bolt exhibiting the
least displacement is preferred since it is more efficient in
restraining rock movement. Table 1 lists the energy absorption,
displacement capacity and average dynamic load capacity of
selected energy-absorbing rockbolts. Note that the average dy-
namic load of the listed bolt devices is calculated from the energy
absorption and ultimate displacement of the bolts, with the
exception of those marked by stars. Energy absorption refers to
the total energy absorbed by the bolt prior to failure. For the
dynamic test facilities described in Section 3.2, energy absorption
is calculated as the sum of the kinetic energy input and an extra
amount of energy associated with the displacement of the
bolt. The average load is calculated by either of the expressions
below:

Pave ¼ Etot
d

or Pave ¼ Ek
d
þmg (2)

where Pave represents the average dynamic load, Etot the total en-
ergy absorbed (i.e. the energy absorption), Ek the kinetic energy
input, d the displacement of the bolt,m the weight of the dropmass
and g the gravity acceleration.

It can be seen from Table 1 that the average dynamic load of
cone bolts varies in a large range from 50 kN to 216 kN. This large
spread in values is possibly due to the different displacement
mechanisms involved (ploughing, steel stretch or a combination of
the two). The average load varies between 120 kN and 156 kN for
the Garford solid bolt and between 81 kN and 99 kN for the Yield-
Lok. In contrast, the average load of the D-Bolt is considerably more
consistent at around 280 kN.



Table 1
Energy absorption, ultimate displacement and average load of energy-absorbing rockbolts under dynamic loading.

Bolt type Diameter
(mm)

Kinetic
energy (kJ)

Absorbed
energy (kJ)

Drop
mass (kg)

Ultimate
displacement (mm)

Average
load (kN)

References

Cone bolt 22 33.0 190 174a Varden et al. (2008)
33.0 190 150a

33.0 320 100a

Cone bolt MCB33 new 17.2 26.3 1184 640 53 Cai and Champaigne (2010)
26.3 1184 520 62
32.8 2229 465 92
16.4 1115 420 50
16.4 1115 335 60
16.4 1115 280 70

Cone bolt MCB33 old 17.2 16.4 1115 245 78
16.4 1115 170 107
16.4 1115 80 216

Garford solid bolt 33.0 270 140a Varden et al. (2008)
33.0 270 120a

21.0 170 124 Player et al. (2008), Hadjigeorgiou
and Potvin (2011)28.0 180 156

27.0 195 138
53.0 425 125

Roofex Rx20 16.0 893 182 98 Galler et al. (2011)
32.0 1783 412 100
43.0 2229 592 95
43.0 2897 703 94
51.0 2897 785 103
57.0 2897 840 108

D-Bolt (0.9-m section) 22 26.0 2452 140 281 Li and Doucet (2012)
D-Bolt (1.5-m section) 22 56.0 2897 225 277
Yield-Lok 17.2 16.4 1115 175e230 99e81 Wu et al. (2010)

Note: a Readings on loadedisplacement curves.
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Frictional bolts, i.e. Split sets and inflatable bolts, are still
employed to deal with stress-induced instability problems in a
number of underground projects at present. Their energy ab-
sorption, displacement and dynamic load capacity are listed in
Table 2. The average dynamic load of Split sets and inflatable bolts
varies at 5e55 kN and 31e128 kN, respectively. In general, the
dynamic load of a frictional bolt is smaller than its static load.
According to the test results by Player et al. (2009), the average
dynamic load of a friction rock stabiliser is approximately 50% of
its static load.

6.4. Conventional rockbolts versus energy-absorbing rockbolts

The performances of conventional and energy-absorbing rock-
bolts are summarised in Fig. 20. Conventional rockbolts are
Table 2
Energy absorption, ultimate displacement and average load of frictional rockbolts
under dynamic loading (Player et al., 2009; Hadjigeorgiou and Potvin, 2011).

Bolt type Absorbed
energy (kJ)

Ultimate
displacement (mm)

Average yield
load (kN)

Split set SS46 (Galvanised) 11.0 205 54
11.0 410 27
11.0 950 12
5.0 1000 5

Split set SS46 (Nongalvanised) 15.0 280 54
12.5 300 42
16.0 500 32
16.0 600 27
29.0 1020 28

Inflatable bolt (Omega) 23.0 180 128
32.5 1000 33
23.0 200 115
30.0 280 107
32.0 1020 31
characterised by their load capacity (i.e. rebar) or ductility (i.e.
frictional bolts). The area under the loadedisplacement curve of a
rockbolt represents the energy absorption of the bolt. All conven-
tional rockbolts have low energy-absorbing capacities. According
to Kaiser et al. (1996), the dynamic energy absorption of a
19-mm resin-grouted rebar bolt and a 16-mm mechanical bolt is
only 1e4 kJ and 2e4 kJ, respectively. In contrast, energy-absorbing
rockbolts are characterised by their high load and displacement
capacities, with energy absorption usually significantly larger than
that of conventional rockbolts.
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Stillborg (1994).



C.C. Li et al. / Journal of Rock Mechanics and Geotechnical Engineering 6 (2014) 315e327326
6.5. Interpretation of the pull test results with the loading models

The pull test results can be easily interpreted with the help of
the rockbolt loading models presented in Section 2. For a me-
chanical bolt (Fig. 1), the axial load is identical at every cross-sec-
tion of the bolt shank. Failure occurs at the weakest point of the
bolt. The thread of the bolt is usually weaker than the shank. Thus
failure usually occurs at the thread of the mechanical bolt or at the
face plate if the latter is even weaker.

For a fully encapsulated rebar bolt, the maximum axial load
occurs at the position where the pull load is applied (Fig. 2). The
axial load decreases with distance from that position because of the
shear stress at the boltegrout interface. The shear stress on the bolt
surface is related to the extent of de-bonding, completely de-
bonding leading to a zero shear stress and partially de-bonding to
a shear stress less than the ultimate one. The ultimate displacement
of the rebar bolt is proportional to the de-bonding length which is
usually quite short (approximately 15 cm). Therefore the rebar bolt
fails after a very small displacement.

Similar to a rebar bolt, a frictional bolt has its maximum axial
load at the position where the axial load is applied, but different
from the former, and the latter has a constant shear stress in the
“de-bonding” slippage section (Fig. 4). The frictional bolt slips and
can accommodate large rock deformations when the bolt length is
shorter than the critical embedment length of the bolt, but slippage
will not occur and bolt shank will fail if the bolt length is longer
than the critical embedment length. The critical embedment length
of Split set is very long because of the low shear strength at the
bolterock interface. Thus Split set always slips to accommodate
rock dilationwith its length used in practice (max. 3m long, Fig.11).
As mentioned above, the critical embedment length of the inflat-
able bolts is approximately 1.5 m. An inflatable bolt would not slip
and fail in rupture of the bolt tube if its embedment length is longer
than 1.5 m.

7. Concluding remarks

The static and dynamic performances of conventional and
energy-absorbing rockbolts are reviewed in this paper based on the
results of laboratory tests carried out in the Rock Mechanics Lab-
oratory at NTNU, as well as data reported in published literature. It
is shown that mechanical bolts often fail at the plate, thread or
inner anchor point, and are especially vulnerable to external dis-
turbances such as vibrations. Anchoring reliability is also an issue
for this type of rockbolt. Although a fully encapsulated rebar bolt
can carry a high load, its displacement capacity is small. The
advantage of this type of bolt is its reliable anchoring because of the
full encapsulation. A frictional bolt can accommodate significant
rock deformation, but can carry only a relatively small load. As the
energy absorption of all conventional rockbolts is small, they are
not appropriate for use as support devices in high rock stress
conditions.

Energy-absorbing rockbolt is a new type of support device that
has been attracted significant attention in recent years. An energy-
absorbing bolt can both carry a high load and accommodate large
rock displacement, and thus possesses a high energy-absorbing
capacity. Such bolts are therefore desirable support devices in
high rock stress conditions. The current energy-absorbing rockbolts
absorb energy either through ploughing/slippage at predefined
load levels or through stretching of the bolt steel. The dynamic load
capacity of an energy-absorbing bolt with a ploughing/slippage-
based displacement mechanism is usually smaller than its static
load capacity.
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