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Abstract

With the increased use of cable bolts in mining and civil projects worldwide, it is important to understanding the performance
of these support structures in different scenarios. The axial load transfer mechanisms of six cable bolts were investigated
experimentally in this research study. A large-scale pull-out testing apparatus with a capacity of 1000 kN was designed and
manufactured as part of the investigation. A common commercial cementitious grout with a uniaxial compressive strength
of 60 MPa was used to encapsulate 300 mm length samples. Passive confinement encapsulated each sample to ensure the
concrete’s integrity during the testing. The encapsulated cable bolts were then subjected to axial loads using a hydraulic ram,
with the axial load and displacement measured using a load cell and LVDTs. Two scenarios were investigated: free rotation
and restricted rotation. The results demonstrated that the apparatus effectively recorded the behaviour of the cable during
pull-out and identified that the radial stiffness of the samples had a significant impact on the overall load of the system. The
results also indicated that rotation had a limited influence on the load behaviour of the samples tested.

Highlights

pull-out apparatus for newer cables,

Rotation investigation showed less adverse effect than
previously reported. It was concluded that a zero-rotation
test is not feasible as the rotation of the cable inside the
annulus is not uniform,

e Design and manufacturing of a high-capacity 1000 kN e Interaction of cable strands with grout ridges inside the

grout annulus creates relative movements and oscillations
in the post-peak loading zone, and

Failure is not uniformly distributed in the grout annulus,
with higher damage observed at the cable’s exit point and
minor damage toward the entry point.

e (Cable modifications such as surface indentation and bul-
bing significantly change the failure mode from strain
hardening or perfectly plastic to strain softening,
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cable bolts a versatile support choice. The first use of cable
bolts in mines can be traced back to the 1960s and by the
1970s (Clifford, 1974). The idea of “rock reinforcement”
proposed by Lang (1962) and later by Rabcewicz (1964)
provided the modern understanding of stabilisation where
the role of rock bolts and cable bolts is to help rocks support
themselves.

Fuller and Cox (1975) considered the effect of embed-
ment length, cable rusting, and cable indentation, and
designed a pull-out apparatus called the Split-Pipe Pull Test
(SSPT) which consisted of two fully grouted sections that
were tightly secured to mitigate rotation when pulled apart.
The SSPT has since been used in numerous studies (Cox and
Fuller 1977; Goris and Conway 1987; Mah 1994; Thomas
2012 and Farmer 1975). Cox and Fuller (1977) extended
Farmer’s study to measure the W:C ratio of the grout and
reported an increase in strength with a decrease in W:C.

Hutchins et al. (1990) proposed a pull-out apparatus iden-
tified as the Double Embedment Pull Test (DEPT) where,
unlike the SSPT, debonding could occur in either section of
the testing apparatus. The relative simplicity and lower cost
of this method compared to the SSPT led to its increased
adoption for pull-out testing (Renwick 1992; Satola and
Hakala 2001; Satola and Aromaa 2004; Satola 2007).
Hutchinson and Diederichs (1996) proposed an even sim-
pler design with only one encapsulated section. The design
was called the Single Embedment Pull Test (SEPT) in which
the embedded cable was pulled against a barrel and wedge.
A modified SSPT was developed by Reichert (1991) to be a
split push test instead of a split pull test.

Over the years, different confining media with variable
mechanical properties have been used to simulate the sur-
rounding rock. MacSporran (1993) designed a Modified
Hoek Cell (MHC) which enabled researchers to study the
effect of stiffness and pressure confinement during the
pull-out test. This cell was later used to study various axial
load-bearing capacity properties (Hyett et al. 1995, 1996;
Moosavi et al. 1996). Clifford et al. (2001) combined the
idea of DEPT and the MHC to propose the Laboratory Short
Encapsulation Pull Test (LSEPT). This method was later
used by Altounyan and Clifford (2001), Bigby and Reynolds
(2005), Martin (2012), and Thenevin et al. (2017) for various
experimental testing.

To simplify the LSEPT, the biaxial cell was later substi-
tuted by a thick pipe. Thomas (2012), Chen et al. (2015),
Hagan (2015), and Hagan and Li (2017) conducted studies
on the various characteristics of cable bolts using a Modified
Laboratory Short Encapsulation Pull Test MLSPET). Aziz
et al.(2016) and Li (2019) reported on a series of pull-out
tests on cable bolts using the Minova Axially Split Embed-
ment Apparatus (MASEA). This setup used the double
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embedment concept of SSPT with the unequal embedment
length concept of the LSEPT.

Table 1 summarises the development of the various test-
ing apparatus categorised by the two main differences: the
confinement condition and embedment condition. Embed-
ment ensures that debonding happens at the appropriate
location and can be used to minimise rotation. The confine-
ment material simulates the rock medium in which the cable
will be installed and embedded.

While various researchers have studied the axial load-
bearing capacity of cable bolts, there is a gap in the under-
standing of the role of rotation in axial load transfer mecha-
nisms. In addition, there is limited research on the pull-out
performance of recently developed cable bolts. This paper
reports on 12 tests of various cable bolts using a modified
single embedment pull-out apparatus. The new test appara-
tus in this paper makes use of the advantages of the previous
studies with efficiency and scalability in mind. The cable
bolts were all encapsulated using high-strength cementitious
grout. The two variables of rotation and radial stiffness were
investigated.

2 Experimental Design
2.1 Apparatus Design Presentation

The experiment in this study utilised a modified version of
the well-known large-scale double embedment test which
provides a comprehensive platform to study the cable, bond-
ing agent, and confining medium. The initial modification
was the introduction of an ungrouted cable section at the
bottom of the borehole. As the cable is pulled during the
test, the encapsulated length gets shorter. This means that
the load during the post-peak behaviour is compromised. To
address this problem, an ungrouted section was added to the
bottom of the samples which was fed steadily through the
grout annulus during the test. This was achieved by utilising
a tightly wrapped closed cell foam around the cable.

In the conventional double embedment test, a long anchor
tube is used to transfer the axial load to the cable and to
minimise rotation. As these anchor tubes are load bearing,
they need to be structurally capable of withstanding the axial
capacity of the cables, which in some cases can reach to up
to 1000 kN. Additionally, these tubes need to be replaced
for each experiment which makes procurement and machin-
ing of the hollow tubes very expensive. Consequently, the
second modification was the use of a barrel and wedge to
transfer the axial force to the cable instead of a long-grouted
anchor tube. The barrel and wedge arrangement was con-
sidered to be a better match for the tensile capacity of the
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Table 1 Summary of the development of various pull-out test apparatus

Test name Year Full name Embedment Confinement

SEPT 1975 Split-Pipe Pull Test Two tubes Rock/Concrete

DEPT 1990 Double Embedment Pull Test Two tubes Grout/Resin

SEPT 1996 Single Embedment Pull Test One tube Grout/Resin

MHC 1993 Modified Hoek Cell Pull Test Two tubes Grout/Resin — Biaxial cell
LSEPT 2001 Laboratory Short Encapsulation Pull Test Two tubes Rock/Concrete — Biaxial cell
MLSEPT 2015 Modified Laboratory Short Encapsulation Pull Test Two tubes Rock/Concrete

MASEA 2016 Minova Axially Split Embedment Apparatus Two tubes Grout/Resin

MSEPT 2021 Modified Single Embedment Pull Test One tube Rock/Concrete

cables, more affordable and could be readily replaced. This
meant that the anchor tubes could be considerably smaller
and only act in rotation mitigation.

As explained later, the design incorporated an anti-rota-
tion measure to minimise rotation of the anchor tubes during
the testing. In five of the tests, the anti-rotation setup was
not utilised, and free rotation was allowed to investigate the
effect of the rotation on the test results. Furthermore, the
concrete samples were passively confined using a large split
pipe which was joined using a series of high-grade bolts. It
is recognised that torque may not be directly related to radial
stiffness; however, as the radial load develops in the sample
prior to failure, the confinement bolts become axially loaded,
pushing the nut out of the bolt. The interaction of these loads
is related to the radial stiffness of the test. As shown later in
the paper, the torque values on the bolts can influence the
performance of the cable bolt. Figure 1 illustrates the final
testing apparatus design.

2.2 Rotation Mitigation

As cable bolts consist of multiple metal strands wound
together in a spiral pattern, they rotate naturally when pulled
out. The rotational movement consists of an unscrewing and
untwisting phenomena (Martin 2012). The former is similar
to the unscrewing motion of a fastener bolt and nut assembly
where the bolt represents the cable, and the nut represents
the confining medium. The untwisting stems from the ten-
dency of the individual strands of the cable to straighten
under high axial load. Regardless of origin or type, it was
identified that any rotation may negatively impact the axial
load, and so, significant effort was made to mitigate any
unnecessary rotation during the laboratory tests.

In the apparatus designed for this study, two 300 mm-long
internally rifled anchor tubes were bonded to the cable bolt
with high-strength grout. These tubes were then welded with
a 50 mm-long key, 5 mm wide. This key could slide inside
an internally slotted 300 mm-long hollow tube welded to a
32 mm-thick circular base plate that sat on top of the concrete

sample (Fig. 2). This base plate assembly distributed the ver-
tical load evenly, and more importantly, transferred the rota-
tion from the cable to the external confinement.

2.3 External Confinement

The concrete cylinders were grouted into an external con-
finement split pipe of 330 mm diameter, 12.7 mm thick, and
500 mm length that provided confinement of the concrete. Six
high-grade bolts securing the split pipe were torqued before the
experiment to understand the impact of different torque values
on the results. The difference between the 300 mm diameter
concrete samples and 330 mm inside diameter of the external
confinement meant that a 15 mm space was available around
the concrete samples. This space was filled with grout prior
to the tests to avoid stress concentration and to bond the con-
crete and the external confinement. The external confinement
had 50 mm-deep slits on both sides of the pipe to lock in the
anti-rotation plate wings and therefore mitigate the rotational
movement of the whole assembly (Fig. 3).

2.4 Cable Bolts

Cable bolts come in a variety of shapes and configurations.
In this study, six cable bolts commonly used in the Austral-
ian mining industry were tested. These cable bolts are used
in soft and hard rock applications and their specifications
are detailed in Table 2. The study used three full-core plain
cables (Superstrand, indented Superstrand, and Goliath) and
three stranded hollow-core bulbed cables (Sumo 9, 10, and
12 strand) with a metal central grout tube. In this study, the
term bulbed was used as opposed to plain, and the term
indented (ID) as opposed to smooth. The bulbed cables were
custom-made by Jennmar Australia with the bulbs ranging
between 100 and 200 mm in length with their centre located
250 mm from the end of the cable. This meant that the bulbs
were encapsulated 100 mm from the bottom and 200 mm
from the top in the grout annulus (encapsulation length was
300 mm). Figure 4 illustrates the cables’ cross-section.
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Fig. 1 Apparatus schematic and various testing components’ mid-test

2.5 Concrete Samples

In this study, the rock behaviour was simulated by concrete
for ease of use and repeatability. PVC column formwork
moulds with an internal diameter of 300 mm and length
of 450 mm were used as concrete moulds. To create the
borehole, PVC pipes based on the manufacturer’s recom-
mended borehole size for each cable were utilised and cut
into 500 mm lengths. To replicate the effect of rifling on the
borehole surface, the pipes were wrapped with a 5 mm eth-
ernet cable with a 25 mm spacing (Fig. 5). Rifling replicates
the drill pattern and is necessary in the lab experiments to
minimise grout/rock interface failure.

Finally, the boreholes were fixed into the middle of the
concrete moulds, and then, a commercial 40 MPa con-
crete mix with 150 mm slump was cast. The samples were
hydrated and covered with plastic bags for 28 days of curing.
After the extraction of the PVC pipes, the internal ether-
net cables were pulled out and a rifled borehole was cre-
ated to anchor the cable bolts. Figures 6 and 7 illustrate the
compression testing of the concrete sample cores (200 mm
length samples).
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2.6 Grouting

Before grouting the cables into the borehole in the con-
crete sample, the first 150 mm of the cable bolts were first
wrapped with a non-porous foam to keep this section of the
cable ungrouted (Fig. 8). The cable bolts were then inserted
into their corresponding concrete samples, and a grout mix
of 0.3 water-to-grout (W:G) ratio was poured inside the
rifled boreholes. The cables were then agitated to ensure
full encapsulation of the cables, bulbs, and the rifled crevices
on the borehole surface.

A similar 0.3 W:G Stratabinder grout mix was used to
grout the upper cable section in the anchor. The anchor tubes
utilised were 300 mm long with a 50 mm internal diameter
and a 4.5 mm wall thickness. The inside of the tubes was
rifled with a 5 mm pitch and 1 mm depth to reduce slippage.
The tubes also had an anti-rotation sliding key welded to
their outside to minimise rotation (Fig. 1). A non-porous
foam was used to centre the cable bolts in the anchor tubes
and to stop the grout from seeping from the bottom of the
tube. Finally, the anchor tubes were grouted with the same
grout as the boreholes and then both were cured for 28 days.
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Fig.2 a Base plate and guiding slot, b inside view of rifled anchor tubes, and ¢ anchor tubes with guiding knobs in the bottom—the guiding
ridge (c¢) slides into the guiding slot (a)

Fig. 3 External confinement: a the slot for base plate wings, b reinforcing gussets, ¢ flanges, and d holes for the bolts
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Table 2 Specifications of the cables (Jennmar Australia 2020)

Cable type Cable diam-  Breaking point @  Breaking point Steel area  Elongation at Bulb diam- Borehole

eter (mm) Strands (kN) @B&W (kN) (mm?) failure (%) eter (mm) diameter
(mm)

Goliath 28.6 970 > 800 532 5-7 28.6 55

12 strand SUMO 31 705 640 - 5-7 36 55

10 strand SUMO 31 705 640 - 5-7 36 55

9 strand SUMO 28 635 540 - 5-7 35 55

Indented Superstrand 21.8 590 520 313 6-7 - 42

Superstrand 21.8 570 450 313 6-7 - 42

Fig.4 Cable cross-sections: a superstrand, b indented Superstrand, ¢ Goliath, d 9-strand SUMO, e 10-strand SUMO, and f 12-strand SUMO

Timber blocks were placed under the tubes to elevate
them 100 mm higher than the concrete. The gap between
the anchor tube and the concrete surface, while not optimal,
was necessary to facilitate manoeuvrability for the heavy
assembled samples and to create space for the large hollow
ram and loadcell on the top. However, having a naked sec-
tion of the cable creates a higher untwisting potential than
a zero-gap setup.

The last part of grouting was completed prior to the tests.
The samples were placed inside the external confinement
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pipes with the bolts torqued to the specific values before
each test. A mix of 6.5 L of 0.4 W:G grout was used to fill
the space between the external confinement and the concrete
sample. This mix ensured an easy flow of grout around the
large surface area of the concrete samples and provided a
minimum of 35 MPa UCS after 48 h.

Figure 9 illustrates sample preparation for uniaxial com-
pression test on the grout samples according to the British
Standard (50X 50 %50 mm samples), and Fig. 10 exhibits
the UCS results. Four samples were representative of the
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Fig. 7 Uniaxial compression test of concrete samples after 28 days

concrete embedment length and anchor tubes with 0.3 W:G
after 28 days of curing. Two samples were from the external
confinement grouting with 0.4 W:G after 72 h of curing. As
shown in Fig. 10, the longer curing time increased both the
ultimate load and the stiffness of the grout.

Fig.8 Process of using closed
cell foam to create an ungrouted
section and centre the cable dur-
ing the grouting—the red circle
is the centralizer foam
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3 Testing Procedure

To test the impact of the rotation constraint, the experi-
ments were undertaken in pairs, one sample with rotation
constrained and the other with rotation allowed. As seen in
Fig. 1, the externally confined samples were assembled as
follows:

e First, the base plate with the anti-rotation plate was
placed over the concrete surface with the external wings
inserted in the slots in the external confinement. The
welded key on the anchor tube was free to slide verti-
cally inside the slotted guide of the base plate,

A 100-tonne hollow ram jack was placed around the slot-
ted guide and on top of the base plate,

A 1000 kN load cell mounted on a 32 mm base plate was
then placed on the hydraulic jack’s saddle,

e Another circular 32 mm top plate was placed on top of
the load cell to transfer the load,

e The testing apparatus was closed off with a barrel and
wedge which was fixed firmly in place with the assistance
of a hammer to avoid initial slippage.
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Fig.9 Grout mixing stages and
a 5050 50 mm sample after
the test
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Fig. 10 Stress—strain behaviour of Stratabinder 50 mm cube samples
under uniaxial compressive strength testing

A 225 mm stroke Linear Variable Differential Trans-
former (LVDT) was installed on the body of the hydraulic
jack to measure the ram stroke, and a 10 mm stroke LVDT
was mounted on the top section of the load cell to measure
the relative movement of the barrel against the cable. The
two LVDTs and load cell fed the signal to a data logger at
a rate of 10 Hz. The loading was performed using a slow-
speed hydraulic pump. Each test was run to at least 120 mm
of ram stroke at a rate of approximately 6 mm/min. Fig-
ure 11 illustrates the typical outputs of the experiment from
all three channels of data logger over the duration of the

test. Displacement over time. After each test, the external
confinements were opened and cleaned for the next test, and
the concrete cylinder was broken apart to investigate the
failure (Fig. 12).

4 Results

Table 3 summarises the overall results from the experi-
ments. The maximum recorded load indicates the highest
load, which did not necessarily occur at the first peak (for
instance, Sumo 12 strand cable). The torque values reported
in the table are the torque values applied to the confinement
bolts before the test. The rotation column indicates whether
the anti-rotation assembly was used in the test. The rotation
amount is an approximate value of the observed rotation
during or after the test.

An initial observation from the tests was that smooth
cables (Superstrand and Goliath) generally possessed a
strain hardening behaviour without significant failure in
the concrete cylinder. However, the bulbed and indented
cables showed multiple failures in the post-peak section.
The bulbed cables also split the concrete with at least two
large radial cracks, whereas the indented cable did not show
radial cracking. The Goliath, a smooth unbulbed cable with
a relatively large diameter, showed a combined behaviour
with a minimal load drop at the first peak followed by a high
residual load resulting in radial cracks in the sample.

As suggested by Figs. 13, 14, and 15, the effect of rotation
on the cable pull-out load was relatively small and similar

@ Springer
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Fig. 11 Typical barrel and 140 1
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to the findings of Li (2019). This was more evident in the
larger diameter cables compared to the smaller cable such
as the Superstrand cable. However, in the case of the Super-
strand cable, the rotated sample resulted in a slightly higher
load value. More importantly, for all the cases, the overall
trends were very similar. In the case of the Goliath cable,
although initially the non-rotational sample had a slightly
higher load, the overall maximum values for both cases were
almost identical.

Figures 16 and 17 report the impact of load due to dif-
ferent torque values of the external confinement bolts. It is
evident that an increase in the bolt torques has a relationship

Fig. 12 Example of a broken sample for Sumo 10 strand cable show-
ing the external confinement case, filler grout, rifling, end foam and
the pulled bulb are shown (Pull direction to the right)
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to radial stiffness and significantly changed the ultimate pull-
out load. Figure 17 illustrates the combined effect of con-
finement and rotation which reduced the ultimate load and
stiffness of the system.

Finally, Fig. 18 highlights the effect of indentation on the
performance of the cable. The presence of indentation on the
surface of the cable resulted in an almost threefold increase
in load and changed the post-peak behaviour from strain
hardening to softening with a residual value. It is postulated
that the indentation effect stems from increased friction and
increased surface area. The angle of the indentations (as seen
in Fig. 19) significantly inhibits both the vertical movement
and radial rotational movement of the cable (unscrewing).

5 Discussion

From the results, it is evident that confining stiffness influ-
ences the final load values. This effect is more noticeable
in the bulbed cables compared to the plain (non-bulbed)
cables. To slip axially, a bulb needs to damage a relatively
large section of the grout column. The dilation causes
radial cracks to travel to the weakest point in the confining
medium, which was a small gap where the external split
pipe flanges join. The large radial forces that were generated
caused the external confinement bolts to lock and become
extremely difficult to open after each test (Fig. 20). The
increased radial forces made it difficult to apply more than
80 Nm of torque to the confinement bolts, as opening the
bolts after the tests would result in stripping of the bolt’s
head or damage to the tools.

Another key finding from the test results was the effect
of rotation. The results suggest that the tests which allowed
rotation were very similar to those in which the rotation had



Axial Performance of Cementitious Grouted Cable Bolts Under Rotation Constraint Scenarios 5783

Table 3 Summary of experimental tests and results

Cable/test Max load (kN) Displacement at Torque (N.m) Rotation Rotation (°) Comment
max load (mm)
Goliath (1)# 310 110 80 Allowed 80 Multiple failures after the first failure
Goliath (2) 310 118 80 Not Allowed 80 Multiple failures after the first failure
12 strand (1)# 460 52 80 Allowed 55 Multiple failures after the first failure
12 strand (2) 460 112 80 Not Allowed 45 Multiple failures after the first failure
10 strand (1) 350 50 60 Not Allowed 15 Multiple failures after the first failure
10 strand (2) 500 30 80 Not Allowed 25 Multiple failures after the first failure
9 strand (1)# 410 54 60 Allowed 50 Multiple failures after the first failure
9 strand (2) 510 42 80 Not Allowed 60 Multiple failures after the first failure
Superstrand (1)# 130 120 60 Allowed 105 Strain hardening even at max dis-
placement
Superstrand (2) 118 100 60 Not Allowed 95 Strain hardening even at max dis-
placement
Indented Superstrand (1)# 300 10 60 Allowed 90 Peak of 300 kN followed by a residual
value of 200 kN
Indented Superstrand (2) 200 10 60 Not Allowed — Cable snapped at a weld—Incomplete
test
Superstrand 12 Strand
140 1 500 1 125UMO# 125UMO
120 Super# y
» 400 - , / / , ) 7
Z 80 g 30 Y ‘ | ‘/
3 3 J
g 60 & 200 | U ’
40 ‘, ) J
20 100 A ,‘f
—Super# Super / —125UMO# 125UMO
° 0 I 2Io ‘ 4‘0 I 6I0 I slo ‘ 1;)0 l 1;0 0 / j J i " i ! " J " " j '
0 20 40 60 80 100 120

Displacement (mm)

Fig. 13 Rotation effect on axial load for Superstrand cable (#=rota-
tion allowed)

been constrained. It is also worth noting that even in the
tests where rotation was constrained, a sudden rotation was
observed when the base plate was released after the test.
This suggests that, although the cable was not physically
rotated at the anchor tube during the experiment, it actually
had been rotating (unscrewing and untwisting) relative to
itself, resulting in stored energy.

It is important to note that cables are not a single unit,
but many elements wound together. Therefore, the rota-
tion at the entry point (bottom of the concrete samples)
and exit point (top of the concrete sample) can vary sig-
nificantly. More interestingly, the amount of rotation for
the tests with unconstrained rotation was very similar to
those with constrained rotation during the test. The only

Displacement (mm)

Fig. 14 Rotation effect on axial load for 12 strand cable (#=rotation
allowed)

difference was that in one case the rotation occurred gradu-
ally throughout the experiment, whereas in the other sam-
ples, it occurred as one sudden movement once the sample
was disassembled.

After the experiment, the samples were broken open to
further investigate the failure mechanism. The condition of
the ridges (imprints of the cable surface on the grout) is
a good indicator of the damage during the test. Again, no
visual differences between the two rotation scenarios were
observed, as evidenced in Fig. 22.

The broken samples showed that the damage on the
annulus was non-uniformly distributed, with the more ridge
damage toward the top of the sample and less ridge damage
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Nm, respectively
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Fig. 17 Combination effect of rotation and confinement on 9-strand
SUMO cable at 60 and 80 Nm (#=rotation allowed)
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Fig. 18 Effect of indentation for the superstrand cables (#=rotation
allowed). The superstrand cable with indentation (ID#) achieved a
significantly higher load—both cables had rotation allowed

further down the hole. This suggests that the exit point of
the cable at the very top section of the borehole had greater
untwisting and unscrewing tendencies, while the entry
point was probably free to rotate inside the annulus. This
would have not happened in a pull-out test of rock bolts,
since a rock bolt is one coherent structural unit that shears
off the annulus on its way out and has minimal rotational
tendencies.

As for confinement stiffness, the comparison between 60
and 80 Nm of torque values on the Sumo 10 Strand cables in
Fig. 22 shows that the surface of the grout/cable interface in
the higher torque experiments showed more damage than the
lower torque samples. This was expected due to the higher
loads of the system (i.e., higher radial stiffness). Further-
more, the same observation from Fig. 21 was witnessed in
Fig. 22, where there was greater damage to the ridges on the
top of the sample and relatively little damage at the entry
point on the bottom.

6 Conclusions

This study is part of a more extensive research program
investigating the axial behaviour of cable bolts used in the
Australian mining industry. In this paper, a new large-scale
high-capacity pull-out apparatus was designed based on the
experience of previous researchers. The design enabled a
1000 kN testing capacity to accommodate the testing of the
newer and stronger tendons. A total of six commonly used
cable types in the Australian mining industry, each repre-
senting a unique characteristic, were tested using the testing
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Fig. 19 Indentation imprint on
the grout column after opening
the superstrand indented cable
sample. The indentation inhibits
the vertical movement and
increases the resistance. The
spiral rifling of the cable is also
visible

Fig.20 Left: absence of radial
crack in superstrand cable, and
right: radial crack in 9 strand
cable

apparatus. The two parameters of confining stiffness and
rotation were investigated during 12 experiments.

The results suggested that the confining medium is of
paramount importance in the axial study of cable bolts. This
appeared to be more significant in bulbed cables due to the
increased dilation forces as the result of bulb mobilisation.
It can also be inferred that the impact of rotation on the
behaviour and performance of cable bolts may not be as
significant as previously identified in studies such as Bawden
et al. (1992). Most importantly, the cables all experienced
rotational movement regardless of the anti-rotation meas-
ures put in place. Unlike rock bolts which can be considered
to be a single integrated element, cable bolts consist of a

complex structure of multiple elements interacting with one
another with minimum unifying constraints. This means that
to conduct an absolute zero-rotation test in the laboratory is
virtually impossible. Each section of the cable, regardless of
being naked or embedded, can rotate relative to the adjacent
sections.

Based on the results reported, cable modifications, such
as surface indentation or bulbing, increase the ultimate load
of the system. Moreover, the diameter of the cable seems
to change the behaviour of the cable from strain harden-
ing to softening even when modifications are not present
(i.e., Goliath cable). Based on the results, it can be inferred
that bulbed cables are in a separate class regardless of their

@ Springer
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Fig.21 Top: opened 12 strand
cable with rotation allowed, and
bottom: opened 12 strand sam-
ple with restricted rotation—
borehole collar on right

Fig.22 Top: grout condition
after 10-strand test with 60
Nm torque, and bottom: grout
condition after 10-strand cable
test with 80 Nm torque—collar
on the right

other properties. In these cables, the bulb will significantly
influence the behaviour of the cable under loading. By
comparison, the plain smooth cables yielded comparable
results when their diameters were similar. Larger diameter
cables were more likely to have radial cracking behaviour,
not unlike the bulb cable; however, the overall pull-out load

@ Springer

behaviour was closer to a smooth plain cable than a bulbed
cable. Indentation of the cable appears to create a strain-
softening response similar to bulbed cables but with no
radial cracking.

It is recommended that the impact of the cable diameter,
surface, and structural modifications be studied in more depth
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in newer cables. Moreover, a systematic study of the effect
of confining stiffness may be beneficial in quantifying this
parameter. The study also recognised that the understanding
of rotation in cable bolts is more complex than previously
expected, and further studies are recommended to evaluate
the positive or negative effects of rotation under axial load.
This study can also be further extended to investigate the
scale effects on the axial bearing capacity of grout encapsu-
lated cable bolts for further geotechnical implementations.
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