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ABSTRACT 

Fully grouted cable bolts have been used in the mining industry for more than fifty 

years. However, failure of cable bolting systems still occurs in mine sites, as a result of 

insufficient load transfer between the rock mass and the cable bolt. 

Numerous research studies have been conducted to understand the load transfer 

mechanism of cable bolts in the laboratory. However, there are many shortcomings in 

previous methods. This thesis aims to propose a new approach to study the load transfer 

mechanism of cable bolts. 

As part of this research, a modified Laboratory Short Encapsulation Pull Test (LSEPT) 

facility was developed. It was mainly composed of two parts, namely the embedment 

section and the anchor section. The influence of termination methods, borehole 

roughness and pre-confinement on the performance of cable bolts was investigated. The 

results show that the pre-confinement has a significant effect on the performance of 

cable bolts. 

The load transfer behaviour of two types of cable bolts, the Superstrand cable and the 

MW9 cable, was studied. The influence of different parameters including the cable 

surface geometry, borehole size and confining medium strength was evaluated. The 

results show that bond failure of Superstrand cable bolting systems always occurred at 

the cable/grout interface. However, for the MW9 cable installed in a standard borehole, 

bond failure occurred at the grout/rock interface in the weak confining medium. 
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An analytical model was used to study the load transfer behaviour of cable bolts. 

Experimental results were adopted to validate this model. It was found that the 

cable/grout interface undergoes different stages in a pull-out test and the non-uniform 

shear stress distribution is more apparent in long embedment length. 

The shear performance of the Stratabinder grout in the constant normal stress and 

constant normal stiffness conditions was also studied. The results reveal that the low 

normal stiffness has little impact on the performance of the grout. 

FLAC2D software package was used to simulate the axial behaviour of cable bolts. The 

calibration process of samples and the pull-out performance of cable bolts were 

validated with experimental results. It was found that the modified surface geometry has 

an obvious influence on inducing more confining pressure in pull-out tests.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

A cable bolt, as shown in Figure 1 - 1, is a flexible tendon consisting of a number of 

wound wires that are often fully grouted in boreholes to provide ground reinforcement 

and support in civil and mining applications for rock slopes on the surface and in 

underground excavations (Hutchinson and Diederichs, 1996). Cable bolts were 

introduced into the mining industry in the 1960s, and since the early 1970s they have 

been used in both hard rock and coal mining operations (Thorne and Muller, 1964). 

Over the time, cable bolts have become increasingly favoured in highly stressed ground 

conditions due to their much higher load bearing capacity compared with rockbolts. 

 

Figure 1 - 1 Geometrical properties of a seven-wire cable bolt (Hutchinson and Diederichs, 
1996) 

Originally, cable bolts were only intended as a temporary means of rock reinforcement. 
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One reason is that many of the earlier cables were made from discarded steel ropes, 

having very poor load transfer properties. They lacked ribs, such as ones found on 

rockbolts. Over subsequent years, a number of modifications were made to basic plain 

cables, such as buttoned cables (Schmuck, 1979), double plain strands (Matthews et al., 

1983), epoxy-coated cables (Dorsten et al., 1984), fiberglass cables (Mah, 1994), 

birdcage cables (Hutchins et al., 1990), bulbed cables (Garford, 1990), and nutcage 

cable bolts (Hyett et al., 1993). These changes to the cable surface geometry were 

undertaken in an effort to improve the anchorage capacity, which resulted in the more 

widespread use of cable bolts for permanent ground reinforcement. 

Although cable bolts have been used in the industry for more than fifty years, failure of 

the cable bolting system still occurs. Different failure modes of the cable bolting system 

have been previously reported. It is most common to encounter the bond failure along 

the cable/grout or grout/rock interface, especially the former, as shown in Figure 1 - 2. 

Bond failure along the cable/grout interface usually occurs in strong rock applications 

while bond failure along the grout/rock interface can occur in weak rocks when 

modified cable bolts are used in rock reinforcement applications (Hutchinson and 

Diederichs, 1996). 

The load transfer is induced by differential movement within a rock mass such as bed 

separation or movement along joints. More importantly, the cementitious or resin grout 

column provides the mechanism for transferring force between the cable bolt and 

surrounding rock mass. 

To evaluate the load transfer performance of cable bolts, pull-out tests are used. The 
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load versus displacement relationship of the cable bolting system, especially the peak 

load, is used to indicate the load transfer efficiency. 

 

Figure 1 - 2 Bond failure along the cable/grout interface (Blanco Martín, 2012) 

Hartman and Hebblewhite (2003) stated that there are generally three sets of factors 

which have an impact on the load transfer of cable bolts: the reinforcing element, the 

rock mass and the loading conditions. Specifically, the parameters include: the cable 

bolt diameter, cable surface geometry, embedment length, borehole size, grout quality, 

confinement, termination methods, loading rate, tension, and rock strength. 

A great deal of research has been conducted to study the influence of those parameters 

on load transfer behaviour of cable bolts, such as by Fuller and Cox (1975), Stheeman 

(1982), Farah and Aref (1986b), Nguyen et al. (1986), Hassani and Rajaie (1990), 

Rajaie (1990), Goris (1991a), Reichert (1991), Hyett et al. (1992a), Renwick (1992), 
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Hyett and Bawden (1994), Pakalnis et al. (1994), Hyett et al. (1995a), Thompson and 

Windsor (1995), Moosavi et al. (1996), Moosavi (1997), Satola (1999), Clifford et al. 

(2001), Ito et al. (2001), Satola (2001), Aoki et al. (2002), Bigby (2004), Bigby and 

Reynolds (2005), Chen and Mitri (2005), Zhang et al. (2008), Mosse-Robinson and 

Sharrock (2010), Meikle et al. (2012), Blanco Martín et al. (2013), Faulkner et al. 

(2013), Thompson and Villaescusa (2013) and others. These research results have had a 

paramount impact on improving the understanding of the load transfer mechanism of 

fully grouted cable bolts. Nevertheless, there are still limitations involved in these 

previous methods which are discussed in Chapter two. 

1.2 Research objectives 

This research aims to use a new approach to study the load transfer mechanism of cable 

bolts, especially in weak rock conditions. To achieve this, a new test rig was developed 

for axial testing of various cable bolts including plain and modified. This test approach 

is able to overcome the shortcomings occurring in previous methods. 

Furthermore, the load transfer mechanism of fully grouted cable bolts was studied. 

Specifically, bearing capacity and failure modes of plain and modified cable bolts 

installed in weak artificial confining medium were evaluated. The effects of different 

parameters such as the confining medium strength, the cable surface geometry, the 

borehole size and the embedment length on the axial performance of cable bolts were 

analysed. 

Also, an analytical model was used to study the maximum load bearing capacity of 
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cable bolts with varying embedment length. The non-uniform shear stress distribution 

along the cable/grout interface when peak load reached was acquired. Also, the shear 

stress propagation in the pull-out process was studied. 

Additionally, the shear performance of a modified Portland cement grout under two 

different boundary conditions, namely constant normal stress and constant normal 

stiffness, was achieved. The influence of boundary condition on the shear failure 

envelope, cohesion and friction angle of the material was analysed. 

Lastly, the pull-out behaviour of cable bolts was simulated with the numerical code 

FLAC2D. The elastic and post-failure behaviour of the cable bolting system was 

simulated. The confining pressure when peak load occurred was acquired. 

1.3 Thesis outline 

Chapter One aims to provide the general introduction and research objectives. The 

structure of the thesis is also presented. 

Chapter Two provides a literature review on load transfer behaviour of cable bolts. The 

historic development of cable bolts, grouting materials, cable bolt installation methods, 

failure modes of cable bolting systems and load transfer mechanisms are included. 

Furthermore, the previous test approaches and their shortcomings are explained. The 

influence of different parameters on the performance of cable bolts is listed. Lastly, 

previous analytical modelling work on axial performance of cable bolts is presented. 

Chapter Three examines the mechanical properties of the cementitious grout used in this 

project. The results of Uniaxial Compressive Strength (UCS) and Brazilian tests were 
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provided. Important parameters including the UCS, Young’s Modulus, Poisson’s Ratio 

and tensile strength are acquired. 

Chapter Four provides the direct shear test results of a modified Portland cement grout 

in the constant normal stress and constant normal stiffness conditions. The influence of 

boundary condition on the shear performance of the grout material is discussed. 

Chapter Five presents the modified Laboratory Short Encapsulation Pull Test approach. 

The influence of confining medium size on the bond capacity of cable bolts is studied. 

The design process of the anchor tube is given. Furthermore, the anti-rotation devices 

including the locking key and nuts are explained. Preliminary tests are conducted to 

evaluate the influence of borehole roughness, pre-confinement and termination methods 

on performance of cable bolts. 

Chapter Six studies the influence of different parameters on the load transfer behaviour 

of cable bolts. Bearing capacity and failure modes of plain and modified cable bolts in 

weak confining medium are compared and analysed. Additionally, the influence of 

borehole size and confining medium strength on the performance of cable bolts is 

investigated.  

Chapter Seven uses an analytical model to study the maximum load bearing capacity of 

cable bolts with different embedment length. The shear stress distribution and 

propagation along the cable/grout interface are analysed. 

Chapter Eight explains using the numerical code FLAC2D to simulate the pull-out 

behaviour of cable bolts. The calibration process for the strong and weak samples is 
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illustrated. The important parameters including the UCS, Young’s Modulus and 

Poisson’s Ratio are compared and validated with experimental results. Then, the elastic 

and post-peak behaviour of cable bolts is simulated. 

Chapter Nine provides the conclusions and recommendations for future research. 

1.4 Publications associated with this thesis 

The papers published in association with this thesis are listed below: 

[1] Chen, J., Hagan, P. C. and Saydam, S., 2016. Load transfer behaviour of fully 
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[2] Chen, J., Hagan, P. C. and Saydam, S., 2016. Parametric study on the axial 

performance of a fully grouted cable bolt with a new pull-out test, International 

Journal of Mining Science and Technology, 26(1): 53-58. 

[3] Chen, J., Saydam, S. and Hagan, P. C., 2015. An analytical model of the load 

transfer behavior of fully grouted cable bolts, Construction and Building 

Materials, 101 (2015):1006-1015. 

[4] Chen, J., Hagan, P. C. and Saydam, S., 2015. Axial performance of a fully grouted 

modified cable bolt tested with a new laboratory short encapsulation pull test, 

International Conference on Ground Control in Mining, Morgantown, USA, 

pp. 1-8. 

[5] Hagan, P. C., Chen, J. and Saydam, S., 2015. A comparison of the anchorage 
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CHAPTER TWO 

LOAD TRANSFER BEHAVIOUR OF FULLY GROUTED 

CABLE BOLTS 

2.1 Introduction 

The stability of underground openings including chambers, drifts and stopes is of 

paramount importance in mining activities because instability issues can result in 

life-threatening injuries and property loss. After excavations are made underground, 

movement of the surrounding rock mass occurs until a stable equilibrium status is 

reached. Most mining openings need to be supported to maintain their integrity.  

Various rock support and rock reinforcement methods are used to maintain the stability 

of a rock mass. Generally, support methods can be classified as temporary or permanent. 

As indicated by Brady and Brown (1985), temporary support represents the approaches 

adopted to ensure a secure working environment during mining while permanent 

support is used where stable openings are required for an extended period of time such 

as rail tunnels and underground power stations. 

Although the terms support and reinforcement are usually used interchangeably, there 

are differences amongst them. According to Windsor and Thompson (1993), support 

indicates techniques and devices that are used at the face of an excavation, while 

reinforcement refers to all approaches or elements applied within rock masses. The rock 

reinforcement systems can be further classified as Continuously Mechanically Coupled 

(CMC) system, Continuously Frictionally Coupled (CFC) system, and Discretely 
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Mechanically or Frictionally Coupled (DMFC) system (Windsor, 1997). Later research 

showed that these group methods are also appropriate for the current reinforcing 

systems (Thompson et al., 2012). Based on this classification, fully grouted cable bolts 

belong to the CMC class. 

This chapter provides a review of the load transfer performance of fully grouted cable 

bolts. First, the historic development of cable bolts is given. Then, the cable bolt 

installation methods and its field applications are given. The failure modes and load 

transfer mechanism of fully grouted cable bolting system are then explained. 

Furthermore, laboratory axial and shear tests on cable bolts are reviewed. The 

theoretical background on rock tendons subjected to tensile load is summarised 

chronologically. Finally, the main research tasks of this thesis are presented. 

2.2 Development of cable bolts 

The first use of cable bolts in the mining industry was reported in the Free State Geduld 

Mines Ltd. in South Africa in the 1960s when Thorne and Muller (1964) used steel 

wires to maintain the stability of underground chambers. In the early 1970s, mine sites 

in Broken Hill, New South Wales, Australia started to use cable bolts to secure the 

integrity of rock masses. Later, this cable bolting technique was applied in reinforcing 

strata in a salt mine in Canada (Muir and Hedley, 1973). During the 1970s, there was a 

widespread application of cable bolts in the mining industry (Clifford, 1974; Gramoli, 

1975; Palmer et al., 1976; Davis, 1977; Hunt and Askew, 1977; Schmuck, 1979). 

In earlier years, cable bolts were often used as temporary reinforcement elements. One 
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reason for this was that initial cable bolts were sourced from discarded steel ropes. 

However they were subsequently found to have poor load transfer properties because of 

their smooth surface profile. Often these were plain cables constructed by winding 

seven steel wires to form a 15.2 mm diameter tendon. As they were relatively 

inexpensive, easy to install, and could be used in boreholes with lengths measured in 

tens of metres, cables were adopted for use in several underground mining systems such 

as overhand cut and fill.  

Gradually, in an effort to improve the mechanical interlock and friction between the 

cable bolt and grout column, steel discs or buttons were inserted within the standard 

strand. These were termed buttoned or swaged strand (Schmuck, 1979). The swaged 

cable increased the effective resistance to axial loads although it required a larger 

diameter borehole to accommodate the increased of the cable diameter. Another 

approach was to insert two strands in one borehole together with spacers to provide 

some separation between cables. These are referred as double-plain strand cables 

(Matthews et al., 1983). A common issue with these types of cable bolts was corrosion 

of the steel strands, which led to the development of epoxy-coated strands (Dorsten et 

al., 1984). This extended the service life but it was difficult to install with a faceplate 

near the outside of the borehole. 

A rapid development in cable bolt design began in the 1990s. The birdcaged strand was 

fabricated by unwinding the cable at regular intervals forming a suite of nodes and 

antinodes along the cable (Hutchins et al., 1990). Although this enhanced the carrying 

capacity, it also increased the difficulty of inserting the cable into a hole. Windsor (1990) 
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proposed the ferruled cable bolt by fixing metal ferrules along the strand, but this also 

brought in additional costs. The bulbed strand is another popular cable produced by 

compressing the cable axially to create a number of bulbs along the strand (Garford, 

1990). The advantage of this design is that the bulb diameter and spacing can be varied 

to suite particular rock mass conditions. Ferruled cable bolts were developed and 

reported to be superior to standard cables due to the enlarged cross-section (Renwick, 

1992). Another variant is the nutcaged strand produced by installing a hexagonal nut on 

the central or king wire of a standard cable and spinning peripheral six wires round the 

king wire. The big advantage of this design was that it doubled the capacity compared to 

plain cable bolts making it suited for support in highly fractured ground (Hyett et al., 

1993). A typical example of nutcaged cable bolts is the Megabolt strand which is 

commonly used in the Australian mining industry. As an alternative to the traditional 

steel cable, Mah (1994) proposed a cuttable strand made up of fiberglass. A graphical 

illustration of cable bolts mentioned above is shown in Figure 2 - 1 (Hutchinson and 

Diederichs, 1996). 

Tadolini et al. (2012) suggested the indented strand with indentations along each steel 

wire, as shown in Figure 2 - 2. This cable bolt has an enhanced mechanical interlock 

between cables and surrounding grout column, resulting in an 89% increase in the 

bearing capacity compared with the conventional cable. 

These products were generically termed modified cable bolts. The modified cable 

surface geometry improved the load transfer efficiency contributing to more widespread 

use of cable bolts for permanent reinforcement. 
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Figure 2 - 1 Cable bolt toolbox (Hutchinson and Diederichs, 1996) 



 

14 
 

 

Figure 2 - 2 Steel wires with indentations along the strand (Tadolini et al., 2012) 

2.3 Grout materials 

For fully grouted cable bolts, there are generally two different types of grouts in use. 

One is cementitious grout and the other is resin-based grout. 

2.3.1 Cementitious grout 

Cementitious grout is the primary bonding material in cable bolting practices. It is 

generally made from appropriate materials such as limestone and clay, heated together 

and pulverized to form a powder (Hutchinson and Diederichs, 1996). This thesis mainly 

focused on cement-based grout. 

Although various cement types exist in the market, most are based on Portland cement 

or its variants. The fundamental minerals are quite similar but with distinct differences 

in the proportions used in the mix. The properties of cementitious grout play a 

significant role in determining the performance of cable bolts and are usually controlled 

by varying the water-to-cement (w/c) ratio, which is defined as the ratio between the 

mass of water (mw) and the mass of cement powder (mc), as depicted in Equation (2 - 1): 
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 / w cw c m m=   (2 - 1) 

Hyett et al. (1992a) conducted comprehensive research in evaluating the influence of 

w/c ratio on the mechanical properties of Portland cement grout. The w/c ratio varied 

between 0.30 and 0.70. The influence of w/c ratio on the UCS is shown in Figure 2 - 3. 

The results showed that the grout UCS decreased with the w/c ratio. Nevertheless, a w/c 

ratio of 0.3 was not recommended, being too thick to be pumped. Furthermore, the 

scatter of strength results made a w/c ratio of 0.3 undesirable for field applications. 

 

Figure 2 - 3 Effect of w/c ratio on UCS of Portland cement grout (Hyett et al., 1992a) 

The influence of w/c ratio on the Young’s Modulus of Portland cement grout is shown 

in Figure 2 - 4. As can be seen, increasing the w/c ratio had a similar effect on the 

grout’s Young’s Modulus. And, it was recommended to use a w/c ratio ranging between 

0.35 and 0.40 (Hyett et al., 1992a). 

In cable bolting practices, admixtures may be added to the grout mixture to improve the 

grout pumpability. The grout admixtures are normally organic or inorganic chemical 
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substances in small amounts that physically alter the properties and behaviour of the 

cement paste (Hutchinson and Diederichs, 1996). Currently, there are a vast number of 

admixture types, such as plasticizers, retarders, accelerators, water retention admixtures 

and strength enhancing agents. Additionally, aggregates such as sands, gravels, crushed 

stones and slags may also be added to the grout mixture to increase the grout strength. 

Moosavi and Bawden (2003) designed a direct shear box (Figure 2 - 5) and conducted 

shear tests on Portland cement grout. The results showed that increasing the normal 

pressure had an apparent impact on improving the shear strength of cement-based grout. 

However, their research was only limited to the Constant Normal Load (CNL) 

condition. 

 

Figure 2 - 4 Effect of w/c ratio on Young’s Modulus of Portland cement grout (Hyett et al., 
1992a) 
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Figure 2 - 5 Direct shear box for cement-based samples (Moosavi and Bawden, 2003) 

2.3.2 Resin-based grout 

According to Tadolini (1994), resin-based grout was first used in cable bolting in the 

United States of America in 1992. Field practices showed that the resin-based grout was 

quite effective in weak rock masses and heavily loaded conditions (Campoli et al., 

1999). However, the resin-based grout has limited use in cable bolting practices, mainly 

due to the difficulty in spinning and installing cable bolts in boreholes filled with resin 

cartridges. Furthermore, using resin-based grout with cable bolts also increases the cost. 

2.4 Installation methods 

In practice, installation of cable bolts also has a significant impact on the in-situ 

mechanical behaviour (Hustrulid and Bullock, 2001). There are generally two different 

approaches to install cable bolts. One is the breather tube method and the other is the 

grout tube method. 

• Breather tube method: This method is also named as “Bottom-up grouting”. 

Specifically, after the cable bolt is inserted into the borehole, a breather tube is 
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pushed in the borehole until it is close to the borehole toe, as shown in 

Figure 2 - 6. Then, a plug is used to seal the borehole collar. The cementitious 

grout is pumped into the borehole via the grout pipe and the grout flows 

upwards from the bottom up to the top of the borehole. Meanwhile, the air is 

forced out from the borehole. It should be mentioned that this approach is 

mainly applicable to upholes and the w/c ratio usually ranges between 0.375 to 

0.450.  

 

Figure 2 - 6 Breather tube method for cable bolt installation (Hutchinson and Diederichs, 1996) 

• Grout tube method: It is also known as “Top-down grouting”. During installation, 

both the cable bolt and the grout tube are pushed to the back of the borehole and 

then the grout is pumped into the borehole, propagating from the top of the 

borehole to the borehole collar, as depicted in Figure 2 - 7. Although this 
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approach can be used for boreholes with any orientation, the grout mixed should 

be thick, having a w/c ratio ranging from 0.300 to 0.375. 

 

Figure 2 - 7 Grout tube method for cable bolt installation (Hutchinson and Diederichs, 1996) 

2.5 Field applications 

Fully grouted cable bolts are commonly installed in most excavations to reinforce the 

surrounding rock masses. The practical applications of cable bolts in the field are briefly 

described. 

2.5.1 Cut-and-fill applications 

In cut-and-fill mining activities, cable bolts are often used to reinforce the backs of 

stopes. For example, as shown in Figure 2 - 8, a number of fully grouted cable bolts are 

installed to maintain the stability of the crown of the cut-and-fill stope. The spacing 

between cable bolts is around 2 m. However, this interval can be varied dependent upon 
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the properties of the surrounding rock mass. Generally, cable bolts are fixed normal to 

the excavation surface. However, in circumstances where shear movement of rock mass 

along discontinuities should be restricted, cable bolts would be installed obliquely to 

those discontinuities. Additionally, cable bolts installed in the cut-and-fill stopes can be 

used to reinforce the hanging wall, as shown in Figure 2 - 9. 

 

Figure 2 - 8 Cable bolts are installed in cut-and-fill mining activities, after Brady and Brown 
(1985) 
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Figure 2 - 9 Reinforcement of the hangingwall with cable bolts (Bourchier et al., 1992) 

2.5.2 Open stope applications 

In open stopes, cable bolts can be installed to reinforce both the backs and hanging 

walls, as depicted in Figures 2 - 10 and 11 respectively. Successful applications of cable 

bolts in open stopes have been previously reported (Matthews et al., 1983; Donovan et 

al., 1984; Lappalainen and Antikainen, 1987; Thompson et al., 1987; Davidege et al., 

1988). Compared with cut-and-fill stopes, more surface areas are exposed in open 

stopes and slight reinforcement failures are tolerated. As for practical applications, it is 

recommended that the cable stiffness should be increased if the surrounding rock mass 

has low stresses. On the other hand, in extremely stressed rock mass, the cable bolt 

stiffness should be reduced to enable the rock mass to deform gradually (Khan, 1994). 
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Figure 2 - 10 Interlaced back reinforcement (Anwyll, 1996) 

 

Figure 2 - 11 Attempt of using cable bolts to reinforce the hanging wall (Davis, 1977) 

2.5.3 Drifts and intersections applications 

It is also common to use cable bolts to provide reinforcement for underground drifts and 

intersections, as shown in Figure 2 - 12. 
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Figure 2 - 12 Reinforcement of the drift and intersection points with cable bolts (Hutchinson 
and Diederichs, 1996) 

2.5.4 Pillar support 

As a consequence of underground high stress environment, pillars may fail. To decrease 

the amount of pillar deformation, fully grouted cable bolts can be installed to provide 

reinforcement to pillars (Brady and Brown, 1985). 

2.5.5 Drawpoint applications 

Drawpoints play a significant role in some of the underground mining systems. The 

rock mass quality around drawpoints may be poor and the drawpoint can be subjected to 

high stresses. Consequently, failure of the excavation brow can lead to full loss of 

control of the stope draw operation. In earlier times, plain cable bolts were always used 

to reinforce drawpoints. But this type of cable bolts often failed in mining process. Thus, 

as recommended by Stillborg (1986), modified cable bolts were selected and installed in 

drawpoints in different directions (Figure 2 - 13). 
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Figure 2 - 13 Drawpoint reinforcement with cable bolts (Stillborg, 1986) 

2.5.6 Rockburst control applications 

Cable bolts are also used for rockburst control. For example, as shown in Figure 2 - 14, 

the rock block could be ejected along the longitudinal direction of the cable bolts, 

reducing the consequence of after-effects of a rockburst accident. 

 

Figure 2 - 14 Slippage of a rock block along the cable bolt after rockburst, after Khan (1994) 

2.6 Failure modes of cable bolts 

For a fully grouted cable bolting system, there are basically four different mechanical 

Cable slips due to sudden load

Block needs to slip before detaching

Ejected loose
rock block

Steel cable
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components: the rock mass, the cable bolt element, the internal fixture and the external 

fixture, as shown in Figure 2 - 15. 

 

Figure 2 - 15 The major components involved in a bolt reinforcement system (Windsor and 
Thompson, 1993) 

Failure of a cable bolting system can occur in any of those components. Moreover, 

according to Jeremic and Delaire (1983), generally five possible failure modes are likely 

to occur: the cable bolt itself (A); cable/grout interface (B); grouting material (C); 

grout/rock interface (D); and rock mass surrounding the borehole (E), as depicted in 

Figure 2 - 16. 

Failure or rupture of the cable bolt is rarely observed, as a result of a shearing load 

along the grouted surface of the strand that is larger than the cable’s maximum tensile 

capacity. Potvin et al. (1989) stated that it is more likely that a cable bolt will fail at the 

cable/grout or grout/rock interface, especially the former, determined by the interface 

shear strengths. 
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Figure 2 - 16 Possible failure modes of the cable bolting system (Jeremic and Delaire, 1983) 

2.7 Load transfer mechanism 

The performance of cable bolt reinforcement systems is largely dependent on the ability 

of load transfer. The load transfer was initially defined by Fabjanczyk and Tarrant (1992) 

as the mechanism by which force is generated and sustained in a supporting tendon as a 

consequence of strata deformation. Later, Windsor and Thompson (1993) modified this 

concept and indicated that it was comprised three fundamental mechanisms: (I) rock 

movement, which induces the transfer of load from unstable rock mass to the 

reinforcing tendon, (II) transfer of load from unstable rock mass to interior stable rock 

mass by means of the reinforcing tendon, and (III) transfer of load from the reinforcing 

tendon to the interior stable rock mass, as shown in Figure 2 - 17. 

Based on the load transfer concept, the grout annulus which is either a cementitious or 

resin grout, provides the mechanism for transferring force between the rock mass and 

the cable bolt by means of shearing forces within the grout. Specifically, the shear 

stresses at the cable/grout and grout/rock mass interfaces are responsible for the load 
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transfer mechanism. However, due to the smaller contact area, the shear stresses at the 

cable/grout interface are generally larger than the grout/rock interface. Therefore, 

assuming the rock mass and grouts have similar levels of strength and the anchorage 

length is insufficient, failure is more likely to occur at the cable/grout interface. 

However, when the rock mass strength is relatively weak and modified cable bolts, such 

as birdcage cables, are used, failure is more likely to occur at the grout/rock interface. 

 

Figure 2 - 17 Load transfer concept of rock reinforcement systems (Windsor and Thompson, 
1993) 

To evaluate the load transfer efficiency, both peak shear stress capacity and system 

stiffness must be determined. The peak shear stress capacity is the average shear stress 

over a given encapsulation length at the maximum applied force (Fabjanczyk and 

Tarrant, 1992). And the system stiffness is the rate of shear stress produced. Although 

values for peak shear stress capacity and system stiffness can be analytically determined, 

most researchers prefer to rely on the load versus displacement relationship to analyse 
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and compare the load transfer characteristics of cable bolts obtained from laboratory and 

field tests. Additionally, Thomas (2012) proposed the Load Transfer Index (LTI) to 

evaluate the load transfer efficiency for cable bolts, as depicted in Equation (2 - 2). This 

formula indicates a larger LTI will be acquired if the peak load is large and the 

displacement at peak load is small. Furthermore, load transfer efficiency improves with 

LTI. 

 LTI = 
Peak load

 Displacement at peak load  (2 - 2) 

2.8 Axial tests on cable bolts 

2.8.1 Test approaches 

Although fully grouted cable bolts are used in mining, there is no common standard for 

testing cable bolts’ performance in the laboratory. Thus, researchers use various 

approaches to test cable bolts and the results can vary. 

The simplest test method is the Single Embedment Pull Test (SEPT), also known as the 

“gun-barrel” test. Specifically, a cable bolt with a specific length is embedded in a 

confining medium, usually a metal tube (Figure 2 - 18). Then, the barrel and wedge 

system is used to grip the cable bolt at one end and a hydraulic cylinder pulls or 

extrudes the cable bolt out from the confining medium. 

This test method has been widely used because of ease of handling (Farah and Aref, 

1986b; Hassani and Rajaie, 1990; Mirabile et al., 2010; Holden and Hagan, 2014). 

However, because of the special helical geometry, the cable bolt is likely to rotate 

during testing, which is not a true reflection of a cable bolting scenario in the field. As 
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indicated by Bawden et al. (1992), rotation behaviour cannot occur along the full 

encapsulation length, restricted by the surrounding confining medium (Figure 2 - 19). 

 

Figure 2 - 18 SEPT for cable bolts (Hutchinson and Diederichs, 1996) 

 

Figure 2 - 19 Scenario of a cable bolting system in the field (Bawden et al., 1992) 

Rotation of cable bolts is detrimental to performance in the SEPT because the peak load 

bearing capacity is much smaller than the cable bolt’s non-rotating performance, as 

shown in Figure 2 - 20. 

The pioneering work in non-rotating tests of cable bolts was conducted by Fuller and 

Cox (1975), in which a “Split-Pipe” Pull Test (SPPT) set up was proposed. The 
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apparatus is basically composed of two parts, namely the upper section (or anchor 

length) and the lower section (or embedment length), as shown in Figure 2 - 21. Tubes 

made up of mild steel or other materials are used to simulate the rock mass, confining 

the grouted cable bolts in the upper and lower sections individually. The embedment 

length is the most important part and usually has a range from 250 mm to 450 mm. A 

washer is installed in the middle of the two sections, representing the rock joint. A 

Linear Variable Differential Transformer (LVDT) is attached to measure the axial 

displacement and a load cell is used to monitor the pulling load. 

This equipment is effective in preventing cable bolts from rotating. Thus, the SPPT has 

been used many times by later researchers (Cox and Fuller, 1977; Nguyen et al., 1986; 

Goris and Conway, 1987; Goris, 1991b; Mah, 1994; Thompson and Villaescusa, 2013). 

It should be mentioned that most of the SPPTs were conducted under the Constant 

Normal Stiffness (CNS) environment because the stiffness of the confining pipe was 

invariable in the whole test process. Macsporran (1993) performed a number of SPPTs 

under the CNL condition by using a modified Hoek cell to confine the grouted cable 

bolt in the embedment length, as shown in Figure 2 - 22.  

Although the SPPT had long been accepted, Reichert (1991), mentioned that an extra 

confinement force may occur in the embedment length because of the gripping 

equipment at the unloaded end, which resulted in larger pulling load. To overcome this 

issue, a modified SPPT rig was developed by Reichert (1991), depicted in Figure 2 - 23. 

Compared with the conventional SPPT, the pulling head was fixed at the joint position 

and no extra confinement force was applied within the whole embedment section. Later, 
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the modified SPPT approach was adopted by many researchers such as Hyett et al. 

(1992b), Hyett et al. (1993), Hyett and Bawden (1994) and Hyett et al. (1995a). 

 

Figure 2 - 20 Comparison between rotating and non-rotating results, after Bawden et al. (1992) 

Another test method that is able to prevent cable bolts from rotating is the Double 

Embedment Pull Test (DEPT), which was initially developed by Hutchins et al. (1990). 

As shown in Figure 2 - 24, a cable bolt was installed two individual steel tubes with the 

same length, and a gap between the two pipes simulates the rock joint. This test 

approach has the advantage of evaluating the load transfer capacity of cable bolts on 

either side of the discontinuity. As a result, this method was widely adopted in cable bolt 

testing (Renwick, 1992; Satola, 2001; Satola and Hakala, 2001; Satola and Aromaa, 

2003; Satola and Aromaa, 2004; Satola, 2007). And the British Standards Institution 

adopted this approach to test the performance of birdcaged cable bolts (BS7861-2, 

2009). 

An issue common to both the SPPT and DEPT is the measured axial performance of the 
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cable bolts is much stiffer than the real behaviour. This is due to steel tubes being used 

to simulate the rock mass, confining the grouted cable bolt and the stress - strain 

relationship of the steel material is largely different from the rock material. Furthermore, 

the tubes used are always threaded internally. Consequently, the failure mode of shear 

slippage along the cable/grout interface is artificially induced. Furthermore, this design 

prevents studying failure along the grout/rock interface. 

 

Figure 2 - 21 SPPT apparatus for testing cable bolts, after Fuller and Cox (1975) 

To overcome this issue, Clifford et al. (2001) proposed the LSEPT, as shown in 

Figure 2 - 25. Specifically, a 142 mm diameter cylindrical sandstone confining medium 

is used to represent the rock material, confining the cable bolt with a length of 320 mm. 

Surrounding the sandstone core, a bi-axial cell is used to confine the cable bolt, grout 

and sandstone confining medium with a pressure of 10 MPa. The LSEPT has since been 

adopted as the preferred testing method for cable bolts (Altounyan and Clifford, 2001; 
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Kent and Bigby, 2001; Bigby, 2004; Bigby and Reynolds, 2005; Reynolds, 2006; 

Blanco Martín, 2012; Thomas, 2012). Furthermore, the LSEPT was later incorporated in 

the British Standard to especially test flexible bolts (BS7861-2, 2009). 

 
Figure 2 - 22 Sketch of the modified Hoek cell: 1) cable bolt; 2) cement annulus; 3) pressure 
vessel endcap; 4) endcap; 5) PVC pipe for debonding; 6) pipe for overcoming end-effects; 7) 

bladder; 8) strain gauge arms; 9) feedthrough; 10) high pressure fitting; 11) pressure transducer 
(Macsporran, 1993) 

Nevertheless, there are still some problems involved in the current LSEPT. For example, 

as indicated by Khan (1994), the dimension of the bearing plate has an effect on the 

axial performance of the cable bolts. However, the standard LSEPT does not consider 

this bearing plate impact. Then, at times, the designed anchorage system is not able to 

provide reliable bond strength within the anchor length and in some cases, failure was 

found to occur in the anchor section (Reynolds, 2006). A constant confining pressure 

provided by the bi-axial cell is not a true reflection of the field stress which varies 

within the whole service life of cable bolts (Thomas, 2012). Moreover, plain strands 
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tested in the LSEPT were likely to unscrew from the sandstone core, which is not a 

typical representative of the underground situation (Corbett, 2013). Additionally, it is 

difficult to ensure uniform properties of sandstone cores extracted from the field, and 

this workability can contribute to significant differences in pull-out performance of the 

cable bolts (Brown et al., 2013). 

 

Figure 2 - 23 A comparison between the traditional SPPT and modified SPPT (Reichert, 1991) 
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Figure 2 - 24 DEPT for cable bolts, after Hutchins et al. (1990) 

 

Figure 2 - 25 LSEPT for rock tendons (Clifford et al., 2001) 

2.8.2 Performance of cable bolts 

Much research has been performed on the axial performance of fully grouted cable bolts 
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in the laboratory. The effect of various parameters on the load transfer behaviour of 

cable bolts is listed. 

2.8.2.1 Rock stiffness 

Reichert (1991) evaluated the effect of rock stiffness on traditional seven wire cable 

bolts. Cable bolts were grouted with a constant embedment length of 250 mm in three 

types of tubes, namely steel, aluminium and PVC, respectively, simulating strong, 

medium and weak rock mass. Additionally, one test was performed in a heatshrink 

sleeve which could provide little confinement to the grouted cable bolt for comparison. 

Three series of experiments were conducted with the w/c ratio ranging from 0.3 to 0.5. 

A typical test result is shown in Figure 2 - 26. The graph shows that the bearing capacity 

of cable bolts pulled from steel pipes was more than double that for PVC pipes, 

indicating that the rock stiffness has a significant effect on determining the performance 

of plain cable bolts. A similar conclusion was also confirmed later by Hassani et al. 

(1992). 

 

Figure 2 - 26 Load transfer performance of plain cable bolts under different confinement 
conditions (Reichert, 1991) 
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Reichert et al. (1992) conducted further research by conducting pull-out tests on same 

plain strands from granite, limestone and shale in the field and comparing the laboratory 

and field test results together. The confining medium stiffness was calculated. To 

calculate the pipe stiffness, the thick wall cylinder theory or Equation (2 - 3) was used: 

 ( ) ( )
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  (2 - 3) 

Where, Kr = the radial stiffness, N/m; E and v = the Young’s Modulus and the Poisson’s 

Ratio of the confining pipe respectively, Pa; do and di = the outside and inside diameter 

of the pipe, m. As for the cable bolt hole stiffness, Equation (2 - 4) was adopted: 
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c d

c

dK K
d

=
 

(2 - 4) 

Where, Kc = the cable bolt hole stiffness, N/m; Kd = the dilatometer hole stiffness and 

was measured by using a high pressure dilatometer, N/m; dd = the dilatometer hole 

diameter, m; and dc = the cable bolt hole diameter, m. 

With these experiments, the relationship between the maximum load bearing capacity of 

plain strands and confining medium stiffness was acquired. A typical example is 

depicted in Figure 2 - 27, which showed a good correlation between laboratory and field 

test results. 

Hyett et al. (1992b) analysed both laboratory and field test results, determining that the 

pull-out load versus displacement curves of cable bolts can be divided into four 

different stages, as shown in Figure 2 - 28. 

Stage 1: A linear relationship existed between the load and displacement, determined by 
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the cable bolt, grout material and cable/grout interface property. Three different 

components, namely cohesion, mechanical interlock and friction, contributed to the 

bond resistance along the cable/grout interface.  

Stage 2: Slippage along the cable/grout interface probably occurred when one of the 

following two conditions were satisfied: (1) radial splitting of the grout column; and (2) 

shear failure along the cable/grout interface. Either of those two different conditions 

would result in a reduction in the confinement of the surrounding medium. 

 

Figure 2 - 27 Comparison between laboratory and field test results. P = PVC; S = Steel; 
Sh = Shale; G = Granite; L = limestone (Reichert et al., 1992) 

Stage 3: The pull-out load acquired within this stage was mainly determined by two 

parts, namely the frictional resistance along the cable/grout interface and the residual 

strength of the grout column. Furthermore, two different failure mechanisms might 

occur. Specifically, if the confinement pressure was low, the surrounding rock mass 

would be split into wedges and the failure mechanism was radial movement of those 

wedges. However, once the confinement pressure was large, the failure would be the 

shear slippage of the cable tendon along the interface surface of the grout column. 
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Stage 4: The ultimate load bearing capacity of cable bolts was normally acquired when 

the pull-out displacement reached 40 or even 50 mm. In this stage, the geometric 

mismatch between cable bolts and grout column is maximal. After the peak load, the 

bearing capacity might decrease quickly, as a result of two causes: (1) a negative 

dilation angle of the cable/grout interface; and (2) ongoing cracking of the grout column. 

However, the tests and analysis mentioned above are only based on standard plain 

strands. The effect of radial stiffness on modified cable bolts was not studied in that 

period. 

Hyett and Bawden (1994) focused on the impact of rock mass stiffness on modified 

cable bolts. Three types of metal tubes, namely Sch. 40 - aluminium, Sch. 80 - steel and 

Sch. 80 - aluminium, were tested. A number of tests were conducted on 25 mm Garford 

bulb cable bolts. Typical pulling results obtained from aluminium pipes are shown in 

Figure 2 - 29. The results showed that the load versus displacement performance of 

cable bolts was quite similar and there was no apparent difference between peak loads. 

Thus, the rock stiffness had almost no influence on determining the load transfer 

capacity of bulbed cable bolts. As for the reason, it was explained that the natural 

confinement pressure created in pulling bulbed cable bolts, was less sensitive to the 

stiffness of the confining medium, due to the special bulb geometry. 
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Figure 2 - 28 Four plots for a pull-out test: A) stage location of a load versus displacement curve; 
B) grout failure process in each stage; C) rock mass failure process; D) distribution of shear 

stress along the cable/grout interface and axial stress along the cable bolt (Hyett et al., 1992b) 
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Figure 2 - 29 A comparison between results obtained from Sch. 40 and 80 aluminium pipes, 
after Hyett and Bawden (1994) 

2.8.2.2 Embedment length 

Fuller and Cox (1975) conducted a number of pull-out tests on 7 mm steel wires to 

study the influence of embedment length on the peak capacity of wires. The tested 

embedment length ranged from 100 mm to 700 mm. It was analysed that there was a 

linear relationship between peak load and embedment length. However, there is a large 

scatter of test results, reducing the credibility of this analysis. 

A vast number of experiments were performed by Stillborg (1984) to evaluate the 

influence of embedment length on performance of cable bolts. Cable bolts with a 

diameter of 38 mm were installed in cylindrical confining medium with the embedment 

length ranging from 76 mm to 266 mm. The test results showed that there was a 

proportional relationship between the maximum bearing capacity of the cable bolts and 

embedment length (Figure 2 - 30). Furthermore, the results showed that chemical 

adhesion along the cable/grout interface was removed easily after only a short 
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displacement of 0.2 mm, indicating that adhesive strength played only a minor role in 

determining the peak capacity. Nevertheless, the SEPT was used and cable bolts rotated 

in the pulling process, resulting in a low pulling capacity. 

 

Figure 2 - 30 Peak capacity of cable bolts with different embedment length, after Stillborg 
(1984) 

Since then, the relationship between the peak load and embedment length has been 

studied by many researchers and most have concluded that there was a linear 

relationship (Farah and Aref, 1986a; Goris, 1990; Rajaie, 1990; Benmokrane et al., 

1992; Hassani et al., 1992; Reynolds, 2006). However, all focused only on plain cable 

bolts. 

Mah et al. (1991) performed laboratory pull-out tests, attempting to find the critical 

embedment length which is defined as the encapsulation length of a pulling specimen 

required to induce cable bolt failure. Fibreglass Cable Bolts (FCB) were used and the 

embedment length ranged from 152 mm to 457 mm. The results showed that increasing 

the embedment length was beneficial to improving the bearing capacity of cable bolts. 

However, the critical embedment length was not ascertained. 
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Martin et al. (1996) did similar research to find the critical embedment length for 

standard cable bolts. The results showed that cable bolts ruptured at a pull-out load of 

258 kN when the embedment length reached 914 mm. However, the critical embedment 

length is affected by many factors, such as the grout quality and the property of 

surrounding rock mass. Thus, the critical embedment length of 914 mm is only 

applicable to the situation in their research. 

Chen and Mitri (2005) especially evaluated the effect of embedment length on bond 

strength, which is defined as the shear resistance to induce the shear slippage at the 

cable/grout interface along a unit contact area. Equation (2 - 5) was used to calculate the 

bond strength of the cable/grout interface: 

 ( )
P

c L s
τ =

−
 (2 - 5) 

Where, τ = the interfacial bond strength, Pa; P = the pull-out load, N; c = the perimeter 

of cable bolts, N; L = the embedment length, N; and s = the shear slippage, m. Test 

results showed that although there was a linear relationship between the pull-out load 

and embedment length, the bond strength of the cable/grout interface was not influenced 

by the embedment length. 

Thompson and Villaescusa (2013) conducted tests on plain cable bolts to evaluate the 

critical embedment length. It was found that within an embedment length of 1500 mm, 

failure occurred along the cable/grout interface. However, once the embedment length 

was longer than 2500 mm, the cable tendons ruptured. A non-linear extrapolation 

approach was used to determine the critical embedment length (Figure 2 - 31). 
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Figure 2 - 31 Predicting of critical embedment length for plain cable bolts (Thompson and 
Villaescusa, 2013) 

2.8.2.3 Cementitious grout property 

(1) w/c ratio 

Cox and Fuller (1977) studied the effect of w/c ratio on pull-out performance of single 

wires. Three different w/c ratios were used, having UCS ranging from 18.4 MPa to 

38.9 MPa. It was found that the lower the w/c ratio, the higher the grout strength, and as 

a consequence, the larger the peak load. However this research was only focused on 

steel wires and no test was attempted to evaluate the w/c ratio impact on cable bolts. 

Similar research was later performed by Stheeman (1982) that concentrated on cable 

bolts. Three different w/c ratios, namely 0.300, 0.375 and 0.450, were used. The results 

showed that decreasing the w/c ratio was beneficial to improving the peak capacity of 

cable bolts. This conclusion was later confirmed by many researchers (Farah and Aref, 

1986b; Goris, 1990; Mah et al., 1991; Hassani et al., 1992; Mah, 1994; Chen and Mitri, 

2005). However, all these tests were conducted under CNS environments. 
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Macsporran (1993) studied the effect of w/c ratio on performance of plain cable bolts 

under CNL conditions. The w/c ratio was varied from 0.3 to 0.5 and a comparison 

between test results is shown in Figure 2 - 32. It can be concluded that a lower w/c ratio 

and consequently stronger mortar was effective in increasing the bearing capacity of 

cable bolts. 

To investigate the influence of w/c ratio on load transfer performance of modified cable 

bolts, Hyett et al. (1993) tested nutcaged cable bolts with three different w/c ratios, 

namely 0.3, 0.4 and 0.5. It was found that nutcaged cable bolts could still sustain a large 

pulling load even when a high w/c ratio was used. Later, Hyett et al. (1995a) continued 

this research by testing w/c ratio effect on 25 mm Garfold bulb cable bolts. The results 

indicated that the w/c ratio had a little effect on determining the performance of bulbed 

cable bolts. Based on these two series of tests, it was recommended to use modified 

cable bolts in the field. 

Mosse-Robinson and Sharrock (2010) also studied the influence of w/c ratio on bulbed 

cable bolts installed in large boreholes ranging from 42 mm to 106 mm. The results 

showed that increasing the w/c ratio resulted in a marginal decrease of the peak capacity 

of the bulbed cable bolts. 
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Figure 2 - 32 Performance of cable bolts with different w/c ratios under CNL condition. a) 0.3 
w/c ratio (left); b) 0.4 w/c ratio (right), after Macsporran (1993) 

(2) Grout additives 

Hassani et al. (1992) tested high strength cement which was fabricated by adding silica 

powder into fresh cement on standard cable bolts. It was reported that the silica powder 

was beneficial to improving the bearing capacity of cable bolts not only in the peak 

stage but also in the residual range. 

Similar research was later performed by Benmokrane et al. (1995) to evaluate the 

influence of grout additives on the performance of cable bolts. Two types of grout, in 

which one was cement paste with aluminium powder and the other one was cement 

paste mixed with silica powder and superplasticizer, were made. Test results indicated 

that the aluminium additive increased the bearing capacity of the cable bolts. On the 

other hand, silica powder and superplasticizer had minimal influence on the 

performance of the cable bolts. It was also found that the friction between the cable bolt 

and grout was the most important part in determining the peak capacity of cable bolting 
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system, compared with mechanical interlock. However, one problem is that the mass of 

fresh cement was not identical, making the comparison of results difficult. 

(3) Grout aggregates 

Stheeman (1982) added sands to cement paste, aiming to study the influence of 

aggregate on load bearing capacity of the cable bolts. The test results showed that the 

sands reduced the peak capacity of cable bolts. However, the w/c ratio also decreased 

when adding sands into the grout. Thus, it may be not reasonable to conclude that 

adding sands by itself has an adverse impact on the performance of cable bolts. 

Farah and Aref (1986b) compared the performance of seven wire cable bolts pulled 

from fresh cement paste and aggregate-cement based grout which was made by mixing 

cement, sand and coarse aggregates. It was found that the bearing capacity of cable bolts 

pulled from aggregate-cement based grout decreased slowly after the peak capacity, as 

shown in Figure 2 - 33. Furthermore, adding aggregates in cement paste was beneficial 

to improving the maximum load bearing capacity of the cable bolts. However, this 

research was only limited to standard plain cable bolts. 

Hassani and Rajaie (1990) used shotcrete as aggregate and mixed it with cement paste, 

studying the effect of aggregate-to-cement ratio ranging from 0 to 4 on load transfer 

behaviour of cable bolts. Typical pull-out load versus displacement results of their study 

are shown in Figure 2 - 34. The results showed that the shotcrete aggregate had a 

significant effect on determining the residual performance of cable bolts. Specifically, 

cable bolts installed in aggregate-cement grout retained high residual load, which was 
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similar to peak load. Moreover, increasing the aggregate-to-cement ratio led to 

decreasing the bearing capacity of cable bolts. Finally in their study, an optimum 

aggregate-to-cement ratio of 2 was recommended for field practice. 

 

Figure 2 - 33 Load versus displacement curves of plain cable bolts pulled from two different 
types of grout (Farah and Aref, 1986b) 

Benmokrane et al. (1992) used two types of grout to bond cable bolts. One was fresh 

cement paste and the other one was sand-cement based grout. Test results showed that 

adding an amount of sand increased the initial stiffness and peak capacity of the cable 

bolting system. 
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Figure 2 - 34 Pull-out load versus displacement curves of cable bolts. GAC represents grout 
with agreegate-to-cement ratio of 2, 3, 4; GACF 2 indicates grout with cement and fine 

aggregate ratio of 2, after Hassani and Rajaie (1990) 

(4) Curing time 

Mah et al. (1991) studied the influence of grout curing time on performance of FCB. 

Portland cement type III was tested and the curing time was varied from 2 to 10 days. 

The results showed that increasing the curing time did not apparently improve the 

bearing capacity of the cable bolts. However, this conclusion is only applicable to a 

limited curing time up to 10 days. 

A different conclusion was derived by Hassani et al. (1992). It was found that the curing 

time has a significant influence on determining the load transfer performance of cable 

bolts. As shown in Figure 2 - 35, increasing the curing time improved not only the 

initial stiffness of cable bolting system but also the peak capacity of cable bolts. This 

conclusion was furthermore confirmed by later researchers (Chen and Mitri, 2005; 

Bigby et al., 2010; Mosse-Robinson and Sharrock, 2010). 
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Figure 2 - 35 Curing time effect on performance of plain cable bolts (Hassani et al., 1992) 

2.8.2.4 Resin-based grout property 

Kent and Bigby (2001) installed two series of Megabolt cable bolts in two different 

grout anchored systems, in which one was resin and the other was cement grout. After 

the tests, the performance of the Megabolt strands was compared, showing that the bond 

strength and initial stiffness of the cement grouted system was better than the resin 

anchored system.  

Meikle et al. (2012) found that increasing the curing time from 1 day to 28 days would 

only improve the peak capacity of cable bolts by a small extent. 

Faulkner et al. (2013) installed cable bolts in resin anchored systems with different 

installation methods. In one test, the cable bolt was rotated clockwise when installing 

and the other test used a counter-clockwise rotation method. The results showed that the 

counter-clockwise rotation of the cable bolts in resin reduced the bearing capacity of the 
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cable bolting system. It should be noted that the cable bolt strands were twisted in the 

clockwise direction. 

2.8.2.5 Modified geometry 

(1) Buttons 

Goris and Conway (1987) conducted pull-out tests on buttoned strands and plain cable 

bolts, finding that adding a button apparently improved the performance of the cable 

bolts. Furthermore, the button position relative to the joint had an effect on determining 

the peak capacity of cable bolts. Specifically, the greater the distance between the button 

and the joint in the embedment section, the greater the bearing capacity of the cable 

bolts. 

Later, more pull-out tests were performed on buttoned cable bolts by Goris (1991a) to 

find that if the distance between the button and joint was larger than 152.4 mm, the 

bearing capacity of buttoned cable bolts became stable. Thus, a minimum distance of 

111 mm was recommended. However, when installing buttoned cable bolts in field 

practices, it is rather difficult to determine the distance between the button and known 

joint. 

Martin et al. (1996) found that the stiffness of cable bolting systems could also be 

improved by adding buttons along the cable bolt. 

(2) Bulbs 

A number of pull-out tests were conducted by Strata Control (1990) to study the 

influence of bulbs on the bearing capacity of cable bolts. It was found that increasing 
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the bulb frequency along the cable length had a significant effect on improving the 

maximum load bearing capacity of cable bolts. This finding was later confirmed by 

other researchers (Hyett and Bawden, 1996; Mosse-Robinson and Sharrock, 2010). 

Hyett and Bawden (1994) evaluated the influence of bulb size on load transfer 

performance of bulbed cable bolts. The bulbs tested were from 25 mm to 40 mm in 

diameter. The results showed that increasing the bulb size resulted in twisting of the 

steel wires around the bulb structure, reducing the bearing capacity of the cable bolts. 

Finally, a standard bulb size of 25 mm was recommended. 

Pull-out tests on bulbed cable bolts under CNL conditions were performed by Moosavi 

et al. (1996). The results showed that the occurrence of bulb structure improved the 

performance of cable bolts to a great extent. Various other researchers used different 

confining materials to test bulbed cable bolts, and reached the same conclusion (Prasad, 

1997; Ito et al., 2001; Satola and Aromaa, 2003; Satola and Aromaa, 2004; Thomas, 

2012). 

(3) Birdcages 

Hutchins et al. (1990) evaluated the performance of birdcaged cable bolts, finding that 

the birdcage geometry improved the bearing capacity of the cable bolts (Figure 2 - 36). 

Renwick (1992), Clifford et al. (2001) and Thomas (2012) had the same result. It was 

also found that the position of the nodes and antinodes relative to the joint made no 

apparent difference on the load transfer performance of cable bolts when both of them 

were embedded in the grout column. 
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However, Goris (1991a) derived a different conclusion based on his experimental test 

results. Specifically, a quantity of birdcaged cable bolts were tested and it was found 

that the position of nodes and anti-nodes had a remarkable effect on deciding the 

performance of cable bolts. For this reason, it was assumed that antinodes acted like 

anchors, increasing the bearing capacity of cable bolts. Finally, it was recommended to 

use grout to fully submerge the antinodes in field practice. 

 

Figure 2 - 36 Comparison between birdcaged and standard cable bolts, after Hutchins et al. 
(1990) 

(4) Multi-strands 

Goris (1990) conducted pull-out tests on twin plain cable bolts, finding that the bearing 

capacity of twin plain strands was more than double of single plain cable bolt. Similar 

research was later performed on bulbed or birdcaged cable bolts by others such as, 

Strata Control (1990), Goris (1991a), Martin et al. (1996), Kent and Bigby (2001) and 

Thomas (2012), showing that the existences of the second strand could increase the 

bearing capacity of the cable bolts reach a high value. 
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(5) Fibreglass material 

Mah et al. (1991) conducted pull-out tests on cable bolts made up of fibreglass materials. 

It was reported that the FCB was far more superior to standard plain strands. Further 

tests showed that the w/c ratio, the encapsulation length and the reinforcement geometry 

were significant in deciding the performance of FCB (Pakalnis et al., 1994). 

(6) Coating materials 

Fuller and Cox (1975) studied the influence of rust on performance of steel wires. The 

results showed that compared with smooth wires, the rusted steel wires had a higher 

bearing capacity. It was determined that rust improved the mechanical interlock and 

friction between the wire and surrounding grout, which is beneficial to increasing the 

bearing capacity. This was further confirmed by Cox and Fuller (1977) with more 

experiments. 

The influence of epoxy coating material on the performance of cable bolts was studied 

by Dorsten et al. (1984), showing that the epoxy coating material is beneficial to 

improving the performance. This was later confirmed by Goris and Conway (1987), 

Goris (1991b), Nosé (1993), Satola (2001), Satola and Hakala (2001), Satola and 

Aromaa (2003) and Satola and Aromaa (2004). Furthermore, Satola (2007) found that 

galvanized material was also beneficial to increasing the capacity of cable bolts, as 

shown in Figure 2 - 37. 

Stillborg (1984) used a greasy substance as a coating material and painted it along the 

surface of plain cable bolts. A comparison was performed on pull-out tests on coated 
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cable bolts and plain strands. It was found that the greasy substance reduced the load 

transfer capacity of the cable bolts. Thus, it was recommended to make the cable bolt 

surface clean before installation. This conclusion was also confirmed by others, such as 

Hutchins et al. (1990) and Satola (1999). The only difference was that after adding 

painting materials, modified cable bolts still attained a high load but with a much lower 

stiffness. 

 

Figure 2 - 37 Comparison on performance of different bolts (Satola, 2007) 

Mah et al. (1991) tested the performance of uncoated and coated FCB. However, only a 

few experiments were performed and no definite conclusion was made. 

(7) Nutcases and ferrules 

Renwick (1992) conducted pull-out tests on the Ultrastrand cable bolts to study the 

influence of the ferrule on the performance of the cable bolts. The results showed that 
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the ferrule had a remarkable influence on improving the bearing capacity of the cable 

bolts. Furthermore, the Ultrastrand with a 5 mm ferrule had greater bond strength 

compared to a 2.5 mm ferrule configuration. However, the ferrule size was only varied 

in a small range in this research. 

Hyett et al. (1993) evaluated the pull-out behaviour of nutcaged cable bolts, finding that 

the nutcaged cable bolt had much better performance than plain cable bolts. Moreover, 

the optimal nutcase size should be limited to 12.7 mm. The superior performance of 

nutcaged cable bolts was also confirmed by Moosavi et al. (1996) and Moosavi (1997). 

A number of axial pull-out tests were performed by Kent and Bigby (2001) to study the 

influence of ferrules on performance of cable bolts. The results showed that adding a 

ferrule along the middle grout tube evidently improved the bearing capacity of the cable 

bolts, which was also agreed by Bigby (2004), Bigby and Reynolds (2005), Reynolds 

(2006), and Thomas (2012). 

(8) Indentations 

Fuller and Cox (1975) evaluated the influence of indentation position on performance of 

steel wires. It was revealed that although the indentation position had little influence on 

the peak capacity of steel wires, it greatly influenced the residual behaviour. 

Tadolini et al. (2012) compared the performance of smooth and indented PC strands, 

finding that the existences of indentations along the wire improved the anchorage 

capacity of the cable bolts (Figure 2 - 38), which was also determined by Thomas 

(2012). 
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Figure 2 - 38 Comparison among performance of plain strands and indented cable bolts. L, S 
and H represent different indentation depth (Tadolini et al., 2012) 

2.8.2.6 Borehole size 

The borehole size effect on the pull-out performance of cable bolts has been studied by 

a number of researchers. For example, Rajaie (1990) pulled plain cable bolts installed in 

concrete cylinders with different borehole diameters, finding that the borehole size had 

no influence on the performance of cable bolts, as shown in Figure 2 - 39. Mah (1994) 

used steel tubes to represent the rock and pulled FCB from tubes with different 

diameters, showing that the size of the borehole had minimal influence on the peak 

capacity of the cable bolts. The same conclusion was later confirmed by many 

researchers (Hutchinson and Diederichs, 1996; Martin et al., 1996; Chen and Mitri, 

2005; Mosse-Robinson and Sharrock, 2010). 

Recently, Thomas (2012) used LSEPT to study the borehole size effect on the bond 

strength of cable bolts, finding that increasing the borehole diameter reduced the 

bearing capacity of plain cable bolts. On the other hand, for bulbed and nutcaged cable 
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bolts, larger borehole size was beneficial to improving the performance of the cable 

bolts. But no explanation was given regarding this different influence. 

 

Figure 2 - 39 Effect of borehole size on performance of plain strands (Rajaie, 1990) 

2.8.2.7 Rotation 

Rotation of cable bolts was monitored by Stillborg (1984) when he pulled plain cable 

bolts from concrete cylinders. In those tests, many cable bolts unscrewed from the 

confining material. Furthermore, rotation partly reduced the bearing capacity of the 

cable bolts (Figure 2 - 40), which has been discussed and confirmed by later research 

(Bawden et al., 1992; Blanco Martín, 2012; Cao et al., 2012; Cao et al., 2013b). 

Moosavi (1997) conducted pull-out tests on bulbed cable bolts, finding that the 

modified surface geometry was effective in preventing cable bolts from rotating. This 

phenomenon was also observed by Ito et al. (2001). 

Zhang et al. (2008) compared the performance of plain strands and modified cable bolts, 
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saying that plain strands obviously rotated in axial tests while modified cable bolts only 

rotated a little bit in axial tests. 

 

Figure 2 - 40 Influence of rotation on performance of plain cable bolts (Blanco Martín, 2012) 

2.8.2.8 Pre-tensioning 

Thompson and Windsor (1995) studied the influence of pre-tension on the load transfer 

of cable bolts. It was found that the pre-tensioning was effective in improving the shear 

strength of the rock mass. However, it did not make a difference in determining the 

internal stiffness of cable bolts, which was also confirmed by Mirabile et al. (2010). 

Kent and Bigby (2001) conducted pull-out tests on pre-tensioned Megabolt cable bolts. 

The results showed that pre-tension was beneficial to enhancing the performance of 

cable bolting system especially under a low stiffness environment. However, pre-tension 

will also undoubtedly increase costs. 

2.8.2.9 Stress change 

Macsporran (1993) evaluated the influence of confining stress change on the bond 
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strength of cable bolts. A CNL environment was applied on the confining medium and 

the confining pressure varied from 2 MPa to 15 MPa. The results showed that the 

performance of cable bolts was critically determined by the confining pressure, as 

depicted in Figure 2 - 41. However, this conclusion was limited to plain cable bolts. 

 

Figure 2 - 41 Performance of plain strands under different confining stress, after Macsporran 
(1993) 

Nosé (1993) used the same approach to test coated cable bolts. He found that modified 

cable bolts could still retain high load transfer capacity when the confining stress 

changed, implying that the modified cable bolts were less sensitive to stress change. 

Later, Prasad (1997) tested bulbed cable bolts and determined the same conclusion. 

2.8.2.10 The breather tube 

Goris (1990) conducted pulling tests on both single and twin cable bolts to study the 

influence of the breather tube on the performance of cable bolts. The results showed that 
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the existences of the breather tube did not influence the bond strength of the cable bolt 

system if the breather tube was filled with grout. This was supported with later research 

(Reynolds, 2006). Furthermore, the diameter of the breather tube had no influence on 

the performance of the cable bolts. 

2.8.2.11 Loading rate 

The influence of loading rate was carefully studied by Farah and Aref (1986b). Three 

different loading rates were used, simulating rock mass movement from fast to slow. 

Two types of cement-based materials were used to bond the cable bolt with the 

confining medium. One was concrete while the other one was cement paste. Testing 

results showed that cable bolts grouted with concrete had more ductility and larger peak 

capacity, indicating that using concrete rather than cement paste was more effective 

under a dynamic loading environment.  

However, pull-out tests performed by Hassani et al. (1992) showed that for cable bolts 

installed with shotcrete bonding material, the loading rate had no influence on the axial 

performance. 

2.8.2.12 Confining medium size 

Rajaie (1990) studied the influence of cylindrical confining medium size on 

performance of standard cable bolts. The results showed that if the confining medium 

diameter was larger than 200 mm, the peak capacity of the cable bolts levelled off, as 

shown in Figure 2 - 42. However, this result is only applicable to plain cable bolts. 
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Figure 2 - 42 Size effect of the confining medium on peak capacity of cable bolts, after Rajaie 
(1990) 

Holden and Hagan (2014) used the same approach to study the size effect of test 

specimens on the load transfer performance of cable bolts with bulbs. The results 

showed that the bearing capacity of the cable bolts increased with confining medium 

diameter. 

2.8.2.13 Ambient temperature 

Goris (1990) found that increasing the curing temperature is beneficial to improving the 

performance of cable bolts. It was explained that higher temperature increased the 

hydration of the cement grout, reaching a larger UCS strength sooner. 

2.9 Shear tests on cable bolts 

It should be mentioned that although the purpose of this thesis is to study the load 

transfer performance of cable bolts subjected to tensile load, the shear behaviour of 

cable bolts is also reviewed. 
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2.9.1 Approaches for shear testing 

There are generally two types of setups for shear test on cable bolts, namely the single 

shear test and the double shear test. Specifically, the single shear test uses only one 

shear plane, as shown in Figure 2 - 43. The confining medium can be either concrete 

blocks or metal tubes. The single shear test is easy to perform and many researchers 

have used this approach to test cable bolts (Dight, 1982; Hutchins et al., 1990; Khan, 

1994; Miller and Ward, 1996). 

However, there is an issue in the single shear test in that the test block may rotate, as 

indicated by Mahony and Hagan (2006), requiring additional instruments to prevent 

blocks from rotation. Furthermore, as indicated by Aziz et al. (2014), when metal tubes 

are used to confine the grouted cable bolt, “guillotine” of cable bolts by surrounding 

metal tubes always occurs, which is not a true reflection of shear performance between 

cable bolts and the rock mass. 

Craig and Aziz (2010) designed a double shear test for modified cable bolts. 

Figure 2 - 44 shows that there are two shear planes in this apparatus. The double shear 

test is effective in preventing the test blocks from rotating (Aziz et al., 2011; Aziz et al., 

2014; Aziz et al., 2015b) 
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Figure 2 - 43 Single shear test on cable bolts (Goris et al., 1996) 

 

Figure 2 - 44 Double shear test on cable bolts (Craig and Aziz, 2010) 

2.9.2 Performance of cable bolts 

Dight (1982) studied the influence of embedment length and strand diameter on the 

performance of cable bolts. It was found that insufficient encapsulation length merely 

had an impact on the shear behaviour of cable bolt when large displacement occurred. 

As for the strand diameter, the larger the diameter was, the bigger the shear capacity the 

strand could provide. 
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Stillborg (1984) evaluated the influence of the inclination angle of the strands relative to 

the shear plane on the shear load transfer. The results showed that cable bolts installed 

with an inclination angle of 45° relative to the joint provided larger shear resistance than 

those installed of 90°, which was further confirmed by Windsor (1992) and Miller and 

Ward (1996). 

A few shear tests on FCB were performed by Mah (1994), indicating that the FCB had a 

mean shear strength of 63 kN when the shear load was vertical to the cable bolt axis. 

Hutchins et al. (1990) executed a number of shear tests on birdcaged cable bolts, 

finding that the shear capacity of the cable bolts was much lower than the axial rupture 

load. However, in some tests, the cable bolts were directly cut off by steel tubes. 

Khan (1994) used two steel tubes to confine cable bolts and tested the influence of joint 

spacing on the shear performance of plain cable bolts. The results showed that the shear 

performance of the cable bolting system was significantly affected by joint spacing. 

Specifically, larger joint spacing led to a reduction of the shear capacity, as shown in 

Figure 2 - 45. 

Bawden et al. (1994) designed a single shear test apparatus, as shown in Figure 2 - 46. 

This test rig was able to change the shear loading angle from 0 to 90°. Two types of 

cable bolts, namely plain strand and modified cable bolts, were evaluated. The results 

showed that with the pull angle increasing, the failure mode changed from bond failure 

to steel rupture, independent of cable type. Additionally, the peak load of modified cable 

bolts reduced with the pull angle increasing but this effect was opposite for plain cables. 
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Goris et al. (1996) conducted shear tests on concrete blocks with and without 

reinforcing cable bolts, showing that the shear resistance of rock joints reinforced by the 

cable bolt was double to those without cable bolts. Furthermore, the shear capacity of 

blocks grouted with cable bolts rose quickly at small displacements compared with 

blocks reinforced by cable bolts without grout materials. 

 

Figure 2 - 45 Joint spacing impact on bearing capacity of cable bolts (Khan, 1994) 

Two double shear tests were performed by Craig and Aziz (2010) on plain cable bolts. 

The study showed that both the shear load and axial load increased with shear 

displacement. Furthermore, after a displacement of 75 mm, the cable bolt failed by wire 

rupture, as shown in Figure 2 - 47. 

Aziz et al. (2015a) evaluated the shear performance of indented cable bolts. The shear 

load transfer of indented and plain strands was compared, showing that indentations 

along the steel wires were detrimental to the shear strength of the cable bolts. 
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Figure 2 - 46 Single shear test apparatus for cable bolts (Bawden et al., 1994) 

 

Figure 2 - 47 Rupture of steel wires in shear test (Craig and Aziz, 2010) 

The shear performance of hollow grouted cable bolts including both plain and indented 

cable bolts was reported by Aziz et al. (2015b), showing that the pre-tension load had 

an influence on the shear capacity of cable bolts. Moreover, the cable bolt rotation 

phenomenon was not monitored in the whole test process. 

The shear performance of various cable bolts was tested by Rasekh et al. (2015). It was 
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found that a large portion of shear load was used to overcome the frictional force 

between concrete joints, as shown in Figure 2 - 48. Furthermore, increasing the 

pre-tension load was beneficial to improving the frictional coefficient of joints.  

 

Figure 2 - 48 Comparison test results with and without joint friction (Rasekh, 2017) 

2.10 Theoretical background of rock tendons 

In theoretical analysis, the cable bolt is always assumed to be a round bar, which is 

similar to the theoretical analysis for rockbolts. Therefore, in this section, previous 

analytical modelling on both rockbolts and cable bolts subjected to axial load are 

reviewed. 

The pioneering work on rock tendons should be attributed to Hawkes and Evans (1951), 

who studied the load transfer mechanism between concrete blocks and steel bars. 

Equation (2 - 6) is the governing formula. 
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Where, d = the bar diameter, m; f = the bond stress at the free end, Pa; A = a constant; 

and l = the distance where the bond stress reduced to zero, m. 

Experimental programmes were used to validate this analytical model, showing that a 

good correlation between experimental and modelling results, as shown in Figure 2 - 49. 

However, this model assumed that there was a linear relationship between the bond 

stress and axial stress, which is only valid in the coupling stage. 

 

Figure 2 - 49 Bond stress distribution along the embedment length, after Hawkes and Evans 
(1951) 

Farmer (1975) especially studied the shear stress distribution along the rockbolt, 

proposing that the shear stress corresponded to Equation (2 - 7): 
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stress in the rockbolt at the loaded end, Pa; a = the radius of the rockbolt, m. Although 

pull-out test results acquired by Dunham (1976) confirmed the credibility of this 

analytical model, it is also limited to the coupling stage. 

Tao and Chen (1983) proposed a formula to estimate the load bearing capacity of 

rockbolts in the field. It was determined that the rock mass movement equalled 

Equation (2 - 8): 

 0
1

r
t

u A
r

=  (2 - 8) 

Where, ur = the movement of the rock mass at a radius of r, m; A0 = the coefficient; 

rt = the radius of the tunnel, m. However, this modelling process only considered 

circular tunnels and whether this model was valid to other type of tunnels was not 

discussed. 

Ballivy and Martin (1983) analysed the shear stress propagation process of a fully 

grouted rockbolt with a mechanical model. This model considered the elastic, 

elastic-softening, and elastic-softening-debonding stages. But in the debonding length, 

the shear stress along the interface was assumed to be zero, neglecting the residual 

frictional stress along the bolt/grout interface. 

John and Dillen (1983) assumed that the pull-out performance of rockbolts was mainly 

decided by the shear behaviour of the grout annulus. A constitutive model shown in 

Figure 2 - 50 was proposed to describe the shear behaviour of the grout annulus. 

Equation (2 - 9) was proposed to calculate the shear strength of the grout/rock interface: 
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 ( )2peak I BD t Qtpt  = +  (2 - 9) 

Where, τpeak = the shear strength of the grout/rock interface, Pa; D = the bolt diameter, 

m; t = the grout thickness, m; τI = the shear strength of the weaker material between the 

grout and the rock mass, Pa; and QB = bonding quality. However, this model assumed 

failure occurred along the grout/rock interface and the shear failure along the bolt/grout 

interface was not considered. 

  

Figure 2 - 50 Shear behaviour of grout annulus in rockbolting system (John and Dillen, 1983) 

Aydan et al. (1985) performed a comprehensive theoretical study on the performance of 

fully grouted rockbolts via a tri-linear model. Various parameters, including the strength 

of the rock mass and grout strength, were studied. However, the analytical results were 

not validated via experimental tests. 

Rajaie (1990) used a tri-linear model to study the shear stress distribution along the full 

embedment length of cable bolts. To validate this model, the peak capacity of cable 

bolts acquired from experiments and modelling was compared, as shown in 
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Figure 2 - 51. Later, this model was used to perform a parametric study on cable bolts 

(Mitri and Rajaie, 1990). However, this work only focused on plain cable bolts. 

A Bond Strength Model (BSM) was proposed by Yazici and Kaiser (1992) to study the 

load transfer of cable bolts. They assumed that the cable bolt had a rough surface 

geometry, as shown in Figure 2 - 52. 

 

Figure 2 - 51 Comparison between analytical and experimental results (Rajaie, 1990) 

The shear stress along the cable/grout interface was calculated by Equation (2 - 10): 

 0
lim

tan 1i
β

σt σ φ
σ

     = − +      
 (2 - 10) 

Where, i0 = the dilation angle, °; σ = the confining pressure on the cable/grout interface, 

Pa; σlim = grout compressive strength, Pa; β = the reduction coefficient of dilation angle; 

and Φ = the friction angle between the cable and grout, °. 

The BSM was basically composed of four parts, as shown in Figure 2 - 53. (1) The first 

quadrant illustrated the shear stress variation along the cable/grout interface with axial 
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displacement. This represented the load versus displacement curves in axial tests of 

cable bolts. (2) The second quadrant illustrated the relationship between the shear stress 

on the cable/grout and the interface pressure. (3) The third quadrant calculated the 

lateral and axial displacement at the cable/grout interface. (4) The fourth quadrant 

explained the dilation or the lateral displacement of the cable/grout interface. 

 

Figure 2 - 52 Zigzag geometry of a rough cable bolt (Yazici and Kaiser, 1992) 

The BSM was integrated by bringing in the dilation limit, which represented the 

maximum lateral displacement of grout along the cable/grout interface and was 

calculated by Equation (2 - 11): 
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 (2 - 11) 

Where, ulat = the lateral displacement, m; u0 = the maximum dilation, m; p1 = the 

confining pressure at the cable/grout interface, Pa; σCg = the grout compressive strength, 

Pa; and B = the constant. The credibility of the BSM was successfully validated by the 
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experimental pull-out tests on cable bolts. Later, the BSM was improved by Kaiser et al. 

(1992) and Diederichs et al. (1993) to evaluate the influence of stress change and 

rotation on performance of cable bolts (Figure 2 - 54). However, all this work was only 

applicable to plain cable bolts. 

 

Figure 2 - 53 Schematic diagram regarding the BSM (Yazici and Kaiser, 1992) 

Hyett et al. (1992b) proposed a conceptual model to study the shear stress distribution 

along the cable/grout interface. Specifically, around the unloaded end, the shear stress 

decreased exponentially. However, near the loaded end, the shear stress was uniform, 

equalling the interfacial residual shear stress. However, no proof was provided to 

validate this assumption. 

Hyett et al. (1995b) assumed that the bearing capacity of cable bolts was basically 

composed of two parts, namely the frictional force and the rotating force. 

Equation (2 - 12) was proposed to calculate the pull-out load: 
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Where, Fa = the pull-out load at the loaded end, N; A1 = the contact area in the frictional 

part, m2; Φ’ = the grout frictional angle, °; C = the cable bolt torsional stiffness, N/m; 

l = the cable bolt pitch length, m; ua = the axial displacement, m; and Lf = the free 

length of test section and anchor part, m. Although this analytical model was validated 

via experimental work under both CNL and CNS environments, it was not applicable to 

the entire pull-out process. 

 

Figure 2 - 54 The modified BSM to predict the performance of cable bolts under non-rotating 
(upper bound) and rotating (lower bound) conditions (Diederichs et al., 1993) 

Benmokrane et al. (1995) deduced a constitutive law for the cable/grout interface. This 

solution considered the elastic, softening and debonding behaviour of the interface, as 

shown in Figure 2 - 55. For cable bolts having long embedment length, the shear stress 

distribution along the cable/grout interface was not considered. 

Hyett et al. (1996) focused on the load distribution along cable bolts with long 

embedment length. An analytical model was put forward to calculate the load in the 

cable tendon after the rock mass moved, as shown in Figure 2 - 56. It indicated that 
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when the cable bolt had a long embedment length, an apparent load variation occurred. 

Later, this model was extended to conduct parametric study on cable bolts by Moosavi 

et al. (2002). Nevertheless, the model was only limited to the coupling period. 

 

Figure 2 - 55 A tri-linear model for the cable/grout interface (Benmokrane et al., 1995) 

Li and Stillborg (1999) proposed an analytical model for rockbolts and the shear stress 

distribution in this model was shown in Figure 2 - 57. The shear stresses for sections 

from the left to the right are calculated with Equations (2 - 13) to (2 - 16): 

 (x) 0bτ =  (2 - 13) 

 (x)b rsτ =  (2 - 14) 
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Where, τb(x) = the shear stress along the embedment length, Pa; sr = the residual 

strength, Pa; ω = the ratio between the residual and peak shear strength; α = the 



 

77 
 

coefficient; and db = the bolt diameter, m. Although this model considered the 

decoupling behaviour of the bolt/grout interface and was validated by experimental 

results, no attempt was conduct to predict the load transfer performance of rockbolts. 

 

Figure 2 - 56 Load distribution along the full length of cable bolts (Hyett et al., 1996) 

Moosavi (1999) proposed an analytical solution to study the pull-out load versus 

displacement relationships of fully grouted cable bolts. The peak capacity the 

cable/grout interface was obtained with Equation (2 - 17): 

 1 2
amu

peak C e Cτ −= +  (2 - 17) 

Where, C1 and C2 = grout property parameters, Pa; ua = pull-out displacement; and 

m = an empirical parameter. However, this model assumed a uniform shear stress 

distribution along the cable/grout interface, which is not valid when a long embedment 

length was used. 

Ruest and Martin (2002) used the cable bolt structural element in Fast Lagrangian 

Analysis of Continua (FLAC) to study the load distribution along the embedment length. 
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In this simulation, the cable/grout interface was treated as the spring-slider system, as 

shown in Figure 2 - 58. However, an elastic-perfectly plastic model was used in this 

analysis, neglecting the softening behaviour in pull-out tests. 

 

Figure 2 - 57 Shear stress distribution along the bolt/grout interface (Li and Stillborg, 1999) 

Cai et al. (2004a) studied the load transfer performance of rockbolts used in soft rock 

mass. The bolt/grout interfacial property was depicted in Figure 2 - 59. The shear 

strength of the interface was defined with Equation (2 - 18): 

 tanpeak i nb ict σ φ= +  (2 - 18) 

Where, ci =cohesive strength of the grout medium, Pa; Φi = friction angle of the grout 

medium; and σnb = the normal stress applied on the rockbolt. This model was applied to 

evaluate the performance of rockbolts installed in a jointed rock mass, showing that the 

stability of the jointed rock mass around an excavation was significantly improved by 

rockbolting (Cai et al., 2004b). However, this model had to the softening process. 

Xiao and Chen (2008) used a tri-linear model to simulate the pull-out behaviour of an 

anchor from soil materials. A schematic diagram of the pull-out anchor is shown in 
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Figure 2 - 60. This model was generally composed of three parts, namely elastic, 

elasto-plastic and residual segments. However, Cao (2012) indicated that the equation in 

the elasto-plastic part was a transcendental formula and treated as a closed form. 

 

Figure 2 - 58 Shear model of fully reinforced system (Ruest and Martin, 2002) 

 

Figure 2 - 59 Shear stress model for the cable/grout interface (Cai et al., 2004a) 
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Ren et al. (2010) modified the model proposed by Yuan et al. (2007), using a tri-linear 

model to study the load transfer behaviour of fully grouted rockbolts. Based on the 

analytical solution, the bolt/grout interface experienced five different stages, namely 

elastic, elastic-softening, elastic-softening-debonding softening-debonding and 

debonding, as shown in Figure 2 - 61. However, the user had to pre-define the different 

pull-out stages artificially.  

 

Figure 2 - 60 Schematic diagram of a pull-out model (Xiao and Chen, 2008) 

The tri-linear model was also adopted by Blanco Martín et al. (2010) to simulate the 

pull-out load versus displacement behaviour of rockbolts. The innovation of their 

research was solving the pull-out performance of rockbolts independent of the boundary 

condition at the loaded end. 

A load distribution model was put forward by Jalalifar (2011) to evaluate the 

performance of rockbolts in an elasto-plastic rock mass. The results showed that the 
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axial load along rockbolts increased with higher initial stress. However, this work is 

limited to the coupling period. 

Zhao and Yang (2011) studied the axial performance of imperfectly bonded rockbolts 

subjected to tensile loads. This solution was confirmed with numerical modelling results. 

No laboratory or in-situ tests were used to validate this theoretical model. 

An analytical study was performed by Cao et al. (2013a) to study the bolt profile, 

especially the rib face angle (Figure 2 - 62) on performance of rockbolts. The rib face 

angle is the angle between the rib inclination and the long axis of a rock bolt (Cao et al., 

2013a). It was recommended to use rockbolts with smaller face angles in hard rock 

mines and rockbolts with large rib face angles for soft rock environments. 

Blanco Martín et al. (2013) analysed the shear stress propagation process for a 

bolt/grout interface, indicating that a pure softening stage could occur if the embedment 

length was not long enough. However, no experimental work was performed to validate 

the shear stress assumption. 

Ma et al. (2013) introduced the slip distribution equation proposed by Zhou et al. (2010) 

to study the bond-slip performance of the bolt/grout interface. The slippage along the 

bolt/grout interface was determined by the Equation (2 - 19): 
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Where, s(x) = the slip of the bolt/grout interface at a position of x, m; a, b and 

x0 = coefficients. Later, this model was improved to analyse the performance of 

rockbolts reaching free end slip and simulate the failure propagation of the bolt/grout 



 

82 
 

interface (Ma et al., 2014b; Nemcik et al., 2014; Ma et al., 2015). However, this model 

cannot be used to predict the influence of factors such as grout quality and rock mass 

strength on the load transfer performance of rock tendons. 

Ma et al. (2014a) used the bolt structure in FLAC to study the interaction between 

rockbolts and the rock mass in a stope. Laboratory push tests were used to acquire the 

interface bond-slip performance and the interfacial shear stress was computed with the 

Equation (2 - 20): 

 
_
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=  (2 - 20) 

Where, cs_scoh = the cohesive strength, Pa. The simulation results showed that the 

maximum axial stress occurred at the rock joint position and might lead to rockbolt 

rupture. 
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Figure 2 - 61 Shear stress propagation process along the embedment length. (a, b) elastic stage; 
(c, d) elastic-softening stage; (e, f) elastic-softening-debonding stage; (g) softening-debonding 

stage; (h, i) debonding stage (Ren et al., 2010) 

 

Figure 2 - 62 Bolt profile configuration (Cao et al., 2013a) 
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2.11 Summary 

Fully grouted cable bolts have been used in the underground mining industry for more 

than fifty years, becoming more popular in rock reinforcement design. The main 

purpose of cable bolting is to increase the stability of the rock mass surrounding 

excavations, thus providing a safe working environment. 

Generally, two types of cable bolts, namely plain strands and modified cable bolts, are 

commonly used. Standard plain strands have a smooth surface and a small axial load 

bearing capacity. Consequently, they are usually used for temporary reinforcement. On 

the other hand, modified cable bolts have more superior performance and are commonly 

installed for permanent reinforcement. 

Both cementitious and resin-based grouts are used as bonding materials. Nevertheless, 

cementitious grout is more widely used in cable bolting due to its low cost and 

convenient installation. Furthermore, cable bolts grouted with cement-based grout are 

being used in most underground excavations, such as cut-and-fill stopes, open stopes 

and drawpoints. 

In the field, there are basically five different failure modes for cable bolts. Among them, 

failure along the cable/grout interface is more frequent, determined by the interface 

shear strengths. The load transfer of cable bolts mainly relies on the shear resistance at 

the cable/grout interface, which is composed of three parts, namely chemical adhesion, 

mechanical interlock and friction. However, chemical adhesion plays a minor role in the 

determination of the interfacial shear strength. Mechanical interlock and friction are 
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more important, especially the friction, playing a paramount role in determining the 

pull-out capacity of cable bolts. 

Much research has been undertaken on the axial performance of cable bolts. Since there 

is no common test standard, various approaches have been used, with differing results. 

Compared with the SEPT, SPPT and DEPT, the LSEPT is a better procedure to study 

the performance of cable bolts subjected to tensile load since it can overcome the 

problems occurring in previous test methods. Nevertheless, there are still some 

problems with the current LSEPT, especially in testing high performance modified cable 

bolts. Therefore it is necessary to propose a new test approach to evaluate the 

performance of cable bolts. 

The influence of many diverse parameters on load transfer of cable bolts was studied. 

The results showed that the bearing capacity of cable bolts can be improved by various 

methods, such as installation of buttons along the strand, and adding epoxy coated 

materials. These experiments were beneficial to better understanding the cable bolting 

mechanism. However, most of them focused on performance of cable bolts under strong 

rock environments by using steel, aluminium or concrete blocks with high strength to 

simulate the rock. Moreover, little research has been performed on the axial 

performance of cable bolts in weak rock mass conditions. 

Since the shear strength of cement grout has a significant effect on deciding the load 

transfer behaviour of cable bolts, the shear behaviour of cement grout under CNL 

condition has been studied. However, no research has been performed on the shear 

performance of cement grout under CNS environment. 
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Numerous analytical works have been executed on rock tendons. It is commonly 

accepted that there is shear failure propagation along the bolt/grout interface in a 

pull-out process, which is especially apparent for cable bolts with long embedment 

length. Consequently, the shear stress along the bolt/grout interface is non-uniform. 

However, most constitutive laws for cable bolts assumed a uniform shear stress 

distribution along the interface, which is only appropriate for short embedment length 

condition. A few analytical models evaluated the pull-out performance of cable bolts 

with long embedment length but are limited to only the coupling period and plain 

strands. Thus, it is valuable to propose a new analytical model to study the load transfer 

mechanism of both plain and modified cable bolts with different embedment lengths. 

Finally, the load transfer mechanism of fully grouted cable bolts has not been fully 

understood. In this thesis, a new experimental approach is proposed for axial testing 

cable bolts. Furthermore, with the designed test apparatus, the load transfer behaviour of 

both plain and modified cable bolts is studied under weak rock conditions. The shear 

behaviour of the Stratabinder grout which is used in cable bolt tests is investigated via 

the direct shear test. Based on the experimental results, a new analytical model is put 

forward to study the peak capacity and shear stress propagation along the cable/grout 

interface in the full pull-out process.  
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CHAPTER THREE 

MECHANICAL PROPERTIES OF CEMENT-BASED 

GROUT 

3.1 Introduction 

Two types of cement-based grout were used in the test programme. This included bulk 

material and a packaged material. The bulk material was mixed and delivered by cement 

mixer and poured directly into casings used to cast the confining medium. The rock 

materials were not used in this study because it is difficult to guarantee the consistence 

of the rock material sourced from the field, especially in coal. Therefore, packaged 

material was used to bond the cable bolt and the confining medium together. 

To simulate rocks with different strength, three different mixes of material were used, as 

being grout mixtures. Strength tests were conducted on these materials. Following the 

current standards recommended by the International Society for Rock Mechanics 

(ISRM), to determine the UCS, Young’s Modulus and Poisson’s Ratio, cylindrical test 

specimens were used. Cubic test specimens were also prepared for strength tests as used 

in the determination of the mechanical properties of cement-based materials in the 

mining industry in Australia. 

The product used was Stratabinder supplied by Orica Australia Pty. Ltd.. A 

cement-based material having low viscosity and high flow was used for grouting the 

cable bolt in the confining medium. A number of UCS tests were conducted on 

specimens with different w/c ratios to evaluate the influence of w/c ratio on the UCS of 
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Stratabinder grout. Both cylindrical and cubic specimens were tested and the results 

were compared. Furthermore, several Brazilian tensile tests were conducted to measure 

the tensile strength of Stratabinder grout at two different w/c ratios. 

3.2 Properties of the Hanson grout 

3.2.1 Components of Hanson grout 

Three types of Hanson grout, namely the GS32250 grout, the YN1.5MPA grout and the 

GS40250 grout, were tested in this study. The components of each grout are shown in 

Table 3 - 1. 

Table 3 - 1 Components of three types of cement-based grout 

Materials Source Unit GS32250 YN1.5MPA GS40250 
Cement ex CA Goliath kg/m3 650 365 455 
Flyash ex CA Mt Piper kg/m3 150 - 195 

Man. sand ex Kulnura kg/m3 - - 514 
Fine sand ex Maroota kg/m3 1025 1000 701 
Admixture WRDAPN20(WR) ex Grace ml/m3 1600 - 1300 
Admixture AEA(AEA) ex Grace ml/m3 - 1000 - 
Admixture ADVA-650(HWR) ex Grace ml/m3 3520 - 2600 

Water Water l/m3 300 400 300 

3.2.2 UCS tests with GS32250 grout 

3.2.2.1 Tests on cylindrical specimens 

Based on the current ISMR standard, cylindrical specimens were prepared (ISRM, 

2014). To prepare the casting moulds, PVC pipes with a diameter of 54 mm were cut 

into sections with a length of 135 mm. The casting mould was glued into a cardboard 

base, using silicon material, as shown in Figure 3 - 1. 

After GS32250 grout was mixed uniformly, it was poured into the moulds. After the 
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grout set for 24 hours, the plastic mould was removed. And the sample was placed in a 

water bath to cure for 28 days. Five specimens were cast at the same time, as shown in 

Figure 3 - 2. 

  

Figure 3 - 1 The casting mould preparation. a) Lateral view (left), and b) vertical view (right) 

 

Figure 3 - 2 Preparation of cylindrical specimens 

After the specimens fully cured, all specimens were ground to ensure flat surfaces of the 

top and bottom ends. Then, the dimensions of each specimen were measured, including 

the length (L) and the diameter (D). The MTS machine was used to apply axial load on 

the specimen at a constant displacement speed of 0.003 mm/s. A load cell was installed 

in the lower platen to measure the axial load, as shown in Figure 3 - 3. The Young’s 

Modulus (E) was calculated based on the axial stress - strain curve and it equals the 

slope of the linear portion of the stress - strain curve.  
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Figure 3 - 3 UCS test on the cylindrical specimen 

To acquire the Poisson’s Ratio (v), two transducers were attached in the middle of the 

specimen. The axial transducer measured the vertical deformation of the specimen with 

a length of 25 mm and the circular transducer measured the perimeter deformation of 

the specimen. Therefore, v can be acquired with Equation (3 - 1). 

 1

2

Ev
E

= −
 

(3 - 1) 

Where, v = Poisson’s Ratio; E1 = slope of axial stress - strain curve measured with the 

axial strain gauge, Pa; and E2 = slope of diametric stress - strain curve measured with 

the circular transducer, Pa. 

The results of each specimen test are tabulated in Table 3 - 2 and the stress versus strain 

relationship is shown in Figure 3 - 4. In the fifth test, the axial transducer failed to 
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record the axial deformation of the specimen and the Poisson’s Ratio was not acquired. 

Nevertheless, the test results were still consistent. 

Table 3 - 2 UCS test results of cylindrical specimens 

List L (mm) D (mm) L/D UCS (MPa) E (GPa) v 
1 131.6 53.9 2.4 62.3 11.6 0.26 
2 131.4 54.0 2.4 63.4 12.0 0.24 
3 134.1 54.1 2.5 62.3 11.9 0.27 
4 127.6 53.4 2.4 64.7 12.5 0.31 
5 134.5 54.0 2.5 61.1 12.1 - 

Mean 131.8 53.9 2.4 62.7 12.0 0.27 

 

Figure 3 - 4 The stress - strain relationship of cylindrical specimens 

The fourth test had the highest UCS while the fifth test had the smallest UCS value. 

These two test results were ignored and the remaining three were reserved as the final 

results. Therefore, the UCS values of cylindrical specimens are shown in Table 3 - 3 and 

Figure 3 - 5. The results show that the cylindrical specimens had an average UCS of 

62.7 MPa, Young’s Modulus of 11.8 GPa and Poisson’s Ratio of 0.26. This processing 

method was always used in the following tests and only the average of the results was 

given. 
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The failure mode of cylindrical specimens was dominated by the shear failure in the 

specimen, as shown in Figure 3 - 6. 

Table 3 - 3 UCS results of cylindrical specimens 

No. L (mm) D (mm) L/D  UCS (MPa) E (GPa) v 
1 131.6 53.9 2.4 62.3 11.6 0.26 
2 131.4 54.0 2.4 63.4 12.0 0.24 
3 134.1 54.1 2.5 62.3 11.9 0.27 

Mean 132.3 54 2.4 62.7 11.8 0.26 

 

Figure 3 - 5 The stress - strain relationship of cylindrical specimens 

 

Figure 3 - 6 Failure modes of cylindrical specimens. a) Specimen 1, and b) Specimen 2 
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3.2.2.2 Tests on cubic specimens 

Cubic specimens with an edge length of 50 mm were also cast and prepared, following 

the current Australian Standards (Standard Australia, 2014). The cubic mould was 

provided by the Jennmar Australia Pty. Ltd., as shown in Figure 3 - 7. 

 

Figure 3 - 7 The cubic mould 

GS32250 grout was poured into the cubic moulds. After setting for 24 hours, the test 

specimens were removed from the moulds, as show in Figure 3 - 8. Then all cubic 

specimens were put into a water basin to cure for 28 days.  

 

Figure 3 - 8 Preparation of cubic specimens 

UCS tests were performed, as shown in Figure 3 - 9. The test results are shown in 

Table 3 - 4 and Figure 3 - 10. The results show that the cubic specimens had an average 
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UCS of 68.5 MPa. The failure mode of a cubic specimen is shown in Figure 3 - 11. The 

results show that failure occurred along a horizontal plane in each test specimen. 

 

Figure 3 - 9 UCS test on the cubic specimen 

Table 3 - 4 UCS results of cubic specimens 

No. L (mm) W (mm) H (mm) UCS (MPa) 
1 50.0 49.9 50.0 71.3 
2 50.3 50.0 50.1 67.2 
3 50.2 50.0 50.2 66.9 

Mean 50.2 50.0 50.1 68.5 
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Figure 3 - 10 The stress - strain relationship of cubic specimens 

 

Figure 3 - 11 Failure mode of the cubic specimen 

3.2.2.3 Result comparison between cylindrical and cubic specimens 

The UCS test results based on cylindrical and cubic specimens were compared, as 

shown in Figure 3 - 12. The UCS of cylindrical specimens was 62.7 MPa and the UCS 

of cubic specimens was 68.5 MPa, indicating that the shape of the specimen had an 

effect on determination of the UCS of the material. And the UCS of the cubic specimen 

was relatively higher than cylindrical specimens. Furthermore, the strain of cylindrical 
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specimens where peak stress occurred was apparently smaller than cubic specimens, 

indicating that cylindrical specimens were more brittle than cubic specimens. As 

GS32250 grout was found to have the highest strength, it was selected to cast the 

confining medium in cable bolt pull-out tests, simulating strong rock. 

 

Figure 3 - 12 Comparison between UCS test results 

3.2.3 UCS tests with YN1.5MPA grout 

3.2.3.1 Tests on cylindrical specimens 

UCS tests were conducted on cylindrical specimens cast with YN1.5MPA grout, as 

shown in Figure 3 - 13. The test results acquired from cylindrical specimens are shown 

in Table 3 - 5 and Figure 3 - 14. The table shows that the cylindrical specimens cast with 

YN1.5MPA grout had an average UCS of 8.8 MPa, Young’s Modulus of 3.2 GPa and 

Poisson’s Ratio of 0.10. A typical shear failure mode in the test specimen is shown in 

Figure 3 - 15. 
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Figure 3 - 13 UCS test on the cylindrical specimen 

Table 3 - 5 UCS results of cylindrical specimens 

No. L (mm) D (mm) L/D  UCS (MPa) E (GPa) v 
1 131.1  53.2  2.5  8.9  3.4  0.08 
2 133.5  53.8  2.5  8.7  3.2  0.11 
3 130.6  53.7  2.4  8.9  3.0  0.12 

Mean 131.7 53.6 2.5 8.8 3.2 0.10 

 

Figure 3 - 14 The stress - strain relationship of cylindrical specimens 
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Figure 3 - 15 Shear failure in the specimen 

3.2.3.2 Tests on cubic specimens 

Cubic specimens were also prepared and tested, as shown in Figure 3 - 16. The UCS 

results of cubic specimens are shown in Table 3 - 6 and Figure 3 - 17. The results show 

that the cubic specimens had a UCS of 11.5 MPa. 

 

Figure 3 - 16 UCS test on the cubic specimen 
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Table 3 - 6 UCS results of the cubic specimens 

No. L (mm) W (mm) H (mm) UCS (MPa) 
1 49.8  50.3  50.2  11.5  
2 49.9  50.3  49.8  11.8  
3 50.3  50.2  50.2  11.3  

Mean 50.0 50.3 50.1 11.5 

 

Figure 3 - 17 The stress - strain relationship of cubic specimens 

The failure mode of the cubic specimens cast with YN1.5MPA material is shown in 

Figure 3 - 18. Clearly, a horizontal failure plane occurred along the middle of the 

specimen.  

 
Figure 3 - 18 Failure mode of the cubic specimen 
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3.2.3.3 Result comparison between cylindrical and cubic specimens 

The comparison between UCS results tested with cubic and cylindrical specimens is 

depicted in Figure 3 - 19. The results show that the UCS of cubic specimens was 

relatively higher than cylindrical specimens, which is consistent with the above findings. 

Generally, YN1.5MPA grout had a UCS around 10 MPa and this material was selected 

to cast the confining medium in cable bolt pull-out tests, simulating the weak rock. 

 

Figure 3 - 19 Comparison between UCS test results 

3.2.4 UCS tests with GS40250 grout 

3.2.4.1 Tests on cylindrical specimens 

Cylindrical specimens were cast and prepared with GS40250 grout and UCS tests were 

conducted. The test results of cylindrical specimens are shown in Table 3 - 7 and 

Figure 3 - 20. The results show that cylindrical specimens had an average UCS of 

22.5 MPa and Young’s Modulus of 7.9 GPa. 
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Figure 3 - 20 The stress - strain relationship of cylindrical specimens 

Table 3 - 7 UCS results of cylindrical specimens 

No. L (mm) D (mm) L/D  UCS (MPa) E (GPa) 
1 141.8 53.9 2.6 22.7 8.2 
2 143.0 53.9 2.7 22.0 7.7 
3 143.6 53.9 2.7 22.8 7.8 

Mean 142.8 53.9 2.7 22.5 7.9 

3.2.4.2 Tests on cubic specimens 

UCS tests were also conducted on cubic specimens and the test results are shown in 

Table 3 - 8 and Figure 3 - 21. The results show that the cubic specimens had a UCS of 

27.1 MPa. 

Table 3 - 8 UCS results of GS40250 grout tested with cubic specimens 

No. L (mm) W (mm) H (mm) UCS (MPa) 
1 50.1 50.1 50.1 27.7 
2 50.2 50.1 50.5 26.9 
3 50.3 50.1 50.3 26.6 

Mean 50.2 50.1 50.3 27.1 
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Figure 3 - 21 The stress - strain relationship of cubic specimens 

3.2.4.3 Result comparison between cylindrical and cubic specimens 

The UCS test results conducted on cubic and cylindrical specimens were compared 

together, as shown in Figure 3 - 22. The results show that the UCS of cubic specimens 

was generally larger than cylindrical specimens. Also, the cubic specimens behaved 

more ductile than cylindrical specimens. 

 

Figure 3 - 22 Comparison between UCS test results 
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3.3 Properties of the Orica grout 

Stratabinder grout provided by Orica Australia Pty. Ltd. is widely used in the 

underground mining industry in Australia. A number of UCS and Brazilian tests were 

conducted to better understand the mechanical properties of this grout. 

3.3.1 UCS tests 

In the field, the grout poured into the borehole usually has a UCS close to 60 MPa. To 

be consistent with this, Stratabinder grout used in the laboratory should also have a UCS 

around 60 MPa. A number of UCS tests were conducted on specimens to evaluate the 

influence of w/c ratio on the UCS of Stratabinder grout. 

3.3.1.1 Tests on cylindrical specimens 

Four different w/c ratios, namely 0.35, 0.38, 0.42 and 0.45, were tested. The test 

specimens are shown in Figure 3 - 23. Both the Young’s Modulus and Poisson’s Ratio 

were measured in the test, as shown in Figure 3 - 24. 

 

Figure 3 - 23 Specimens prepared with Stratabinder grout 
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Figure 3 - 24 UCS test on a cylindrical specimen 

The UCS results of cylindrical specimens with a w/c ratio of 0.35 are shown in 

Table 3 - 9 and Figure 3 - 25. The results show that when a low w/c ratio of 0.35 was 

used, cylindrical specimens had a mean UCS of 63.1 MPa. When a w/c ratio of 0.38 

was used, the stress versus strain relationship of cylindrical specimens is shown in 

Figure 3 - 26 and Table 3 - 10. When the w/c ratio was increased to 0.42, the UCS, 

Young’s Modulus and Poisson’s Ratio are shown in Table 3 - 11 and Figure 3 - 27. Last, 

when the w/c ratio was further increased to 0.45, the stress versus strain relationship of 

cylindrical specimens is shown in Table 3 - 12 and Figure 3 - 28. 

Then, the performance of cylindrical specimens with four different w/c ratios was 

compared, as shown in Table 3 - 13 and Figure 3 - 29. The results show that the w/c 

ratio had an apparent influence on deciding the UCS of the specimens. Increasing the 

w/c ratio resulted in a reduction of both the UCS and the Young’s Modulus. 
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Figure 3 - 25 The stress - strain relationship of cylindrical specimens with a w/c ratio of 0.35 

Table 3 - 9 UCS results of cylindrical specimens with a w/c ratio of 0.35 

No. L (mm) D (mm) L/D  UCS (MPa) E (GPa) v 
1 141.0 53.3 2.6 65.1 12.0 0.20 
2 141.1 53.3 2.6 62.8 11.4 0.23 
3 141.4 53.7 2.6 61.4 12.1 0.25 

Mean 141.2 53.4 2.6 63.1 11.8 0.23 

Table 3 - 10 UCS results of cylindrical specimens with a w/c ratio of 0.38 

No. L (mm) D (mm) L/D  UCS (MPa) E (GPa) v 
1 141.8  53.2  2.7  58.5  11.6  0.14 
2 140.9  53.3  2.6  52.9  10.0  0.23 
3 141.2  53.6  2.6  64.6  11.0  0.24 

Mean 141.3 53.4 2.6 58.6 10.8 0.20 

Table 3 - 11 UCS results of cylindrical specimens with a w/c ratio of 0.42 

No. L (mm) D (mm) L/D UCS (MPa) E (GPa) v 
1 139.3 53.3 2.6 53.9 9.4 0.18 
2 138.9 53.2 2.6 55.4 10.4 0.28 
3 139.7 53.3 2.6 53.5 10.0 0.18 

Mean 139.3 53.3 2.6 54.3 9.9 0.21 

Table 3 - 12 UCS results of cylindrical specimens with a w/c ratio of 0.45 

No. L (mm) D (mm) L/D UCS (MPa) E (GPa) v 
1 141.0 53.9 2.6 42.2 8.5 0.38 
2 139.6 53.3 2.6 41.7 9.2 0.26 
3 141.1 53.9 2.6 46.4 8.5 0.37 

Mean 140.6 53.7 2.6 43.4 8.7 0.34 
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Figure 3 - 26 The stress - strain relationship of cylindrical specimens with a w/c ratio of 0.38 

 

Figure 3 - 27 The stress - strain relationship of cylindrical specimens with a w/c ratio of 0.42 

The failure modes of cylindrical specimens with different w/c ratios are shown in 

Figure 3 - 30. The results show that cylindrical specimens always failed along an 

inclined plane regardless of w/c ratios. 

Sometimes, failure also occurred near the top section of cylindrical specimens and the 

grout in that area was ejected, as shown in Figure 3 - 31. However, this is probably due 

to the fact that the surface on one side of specimens was not smooth and stress 
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concentration existed within unsmooth area in the loading process. Consequently, this 

stress concentration broke the grout in the top region. 

 

Figure 3 - 28 The stress - strain relationship of cylindrical specimens with a w/c ratio of 0.45 

Table 3 - 13 Impact of w/c ratio on performance of cylindrical specimens 

List w/c ratio UCS (MPa) E (GPa) v 
1 0.35 63.1 11.8 0.23 
2 0.38 58.6 10.8 0.20 
3 0.42 54.3 9.9 0.21 
4 0.45 43.4 8.7 0.34 

 

Figure 3 - 29 Influence of w/c ratio on stress - strain performance of cylindrical specimens 
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Figure 3 - 30 Failure modes of cylindrical specimens with different w/c ratios 

 

Figure 3 - 31 Failure around the top section of cylindrical specimens 

3.3.1.2 Tests on cubic specimens 

UCS tests were also performed on cubic specimens of Stratabinder grout. The results of 

cubic specimens with the w/c ratio ranging from 0.35 to 0.45 are tabulated in 

Table 3 - 14, Table 3 - 15, Table 3 - 16 and Table 3 - 17. The stress versus strain 



 

109 
 

relationship of the cubic specimens with the w/c ratio increasing from 0.35 to 0.45 are 

depicted in Figure 3 - 32, Figure 3 - 33, Figure 3 - 34 and Figure 3 - 35 separately. 

The UCS results of cubic specimens are compared together, as shown in Figure 3 - 36. 

The results show that decreasing the w/c ratio was beneficial to improving the UCS of 

specimens. 

Table 3 - 14 UCS results of cubic specimens with a w/c ratio of 0.35 

No. L (mm) W (mm) H (mm) UCS (MPa) 
1 50.3 49.9 49.9 71.5 
2 50.5 50.1 50.0 69.6 
3 50.3 50.2 50.3 64.7 

Mean 50.4 50.1 50.1 68.6 

Table 3 - 15 UCS results of cubic specimens with a w/c ratio of 0.38 

No. L (mm) W (mm) H (mm) UCS (MPa) 
1 50.4  50.3  50.4  60.7  
2 50.3  50.3  50.2  63.9  
3 50.2  50.2  50.1  67.8  

Mean 50.3 50.3 50.2 64.1 

Table 3 - 16 UCS results of cubic specimens with a w/c ratio of 0.42 

No. L (mm) W (mm) H (mm) UCS (MPa) 
1 50.4  50.1  50.3  63.6  
2 50.3  50.3  50.2  56.7  
3 50.5  50.2  50.2  60.3  

Mean 50.4 50.2 50.2 60.2 

Table 3 - 17 UCS results of cubic specimens with a w/c ratio of 0.45 

No. L (mm) W (mm) H (mm) UCS (MPa) 
1 50.4  50.1  50.3  52.7  
2 50.3  50.2  50.2  50.1  
3 50.5  50.2  50.2  46.7 

Mean 50.4 50.2 50.2 49.8 



 

110 
 

 

Figure 3 - 32 The stress - strain relationship of cubic specimens with a w/c ratio of 0.35 

 

Figure 3 - 33 The stress - strain relationship of cubic specimens with a w/c ratio of 0.38 

Typical failure modes are shown in Figure 3 - 37. It is clear to see that a horizontal 

failure plane occurred in the middle of the specimens and that thus was the dominant 

failure mode. The shear failure along an inclined plane was also found, as shown in 

Figure 3 - 38. However, this type of failure behaviour was less frequent. 
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Figure 3 - 34 The stress - strain relationship of cubic specimens with a w/c ratio of 0.42 

 

Figure 3 - 35 The stress - strain relationship of cubic specimens with a w/c ratio of 0.45 
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Figure 3 - 36 Influence of w/c ratio on axial performance of cubic specimens 

 

Figure 3 - 37 Failure along a horizontal plane in cubic specimens 

 

Figure 3 - 38 Shear failure of cubic specimens along an inclined plane 
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3.3.1.3 Result comparison between cylindrical and cubic specimens 

The influence of specimen shape on axial performance of Stratabinder grout is shown in 

Figure 3 - 39, Figure 3 - 40, Figure 3 - 41 and Figure 3 - 42. The results show that in 

different w/c ratio conditions, cubic specimens were more ductile than cylindrical 

specimens. Furthermore, the UCS of cubic specimens was always higher than 

cylindrical specimens. 

The influence of w/c ratio on the UCS of Stratabinder grout is shown in Table 3 - 18 and 

Figure 3 - 43. As would be expected, the w/c ratio had a significant effect on 

determining the strength of the grout and decreasing the w/c ratio effectively increased 

the UCS of Stratabinder grout. It was also found that when a w/c ratio of 0.42 was used, 

the UCS of Stratabinder grout was close to 60 MPa. Thus, the w/c ratio of 0.42 was 

always used for the embedment section in the cable bolt pull-out tests. Furthermore, to 

prevent the bond failure in the anchor section and make sure the bond strength in the 

anchor section was higher than the embedment section, the w/c ratio of 0.35 was used to 

bond the cable bolt and the anchor tube together, which will be illustrated in detail in the 

next chapter. 
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Figure 3 - 39 Comparison between UCS test results with a w/c ratio of 0.35 

 

Figure 3 - 40 Comparison between UCS test results with a w/c ratio of 0.38 
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Figure 3 - 41 Comparison between UCS test results with a w/c ratio of 0.42 

 

Figure 3 - 42 Comparison between UCS test results with a w/c ratio of 0.45 

Table 3 - 18 UCS of Stratabinder grout tested with cylindrical and cubic specimens 

List w/c ratio UCS of cylindrical specimens (MPa) UCS of cubic specimens (MPa) 
1 0.35 63.1 68.6 
2 0.38 58.6 64.1 
3 0.42 54.3 60.2 
4 0.45 43.4 49.8 



 

116 
 

 

Figure 3 - 43 Influence of w/c ratio on UCS of cylindrical and cubic specimens 

3.3.2 Brazilian tests 

Brazilian tests were conducted to evaluate the tensile strength of Stratabinder grout in 

different w/c ratio conditions. Two w/c ratios, namely 0.35 and 0.42, were tested. When 

the w/c ratio of 0.35 was used, a photo of specimens is shown in Figure 3 - 44. 

The MTS machine was used to conduct the Brazilian test and the test process is 

depicted in Figure 3 - 45. A tensile failure mode in the specimen is shown in 

Figure 3 - 46. 

 

Figure 3 - 44 Test specimen preparation for Brazilian testing 

The bearing capacity was recorded during the test. The dimensions of specimens 

including the specimen thickness (T) and results are tabulated in Table 3 - 19. The 
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results show that when the w/c ratio of 0.35 was used, the specimens had a tensile 

strength of 1.9 MPa. 

 

Figure 3 - 45 Brazilian test on the specimen 

 

Figure 3 - 46 Tensile failure in the specimen 

Brazilian tests were also conducted on specimens cast with a w/c ratio of 0.42 and the 

results are shown in Table 3 - 20. The results show that when the w/c ratio increased to 
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0.42, the tensile strength decreased to 1.5 MPa, indicating that the w/c ratio had an 

impact on the tensile strength of the grout. However, this impact was less sensitive. 

Table 3 - 19 Test results of specimens cast with a w/c ratio of 0.35 

List T (mm) D (mm) Load (kN) Stress (MPa) 
1 24.4  42.3  2.6  1.6  
2 25.6  41.0  3.5  2.1  
3 24.3  41.5  3.0  1.9  

Mean 24.8 41.6 3.0 1.9 

Table 3 - 20 Test results of specimens cast with a w/c ratio of 0.42 

List T (mm) D (mm) Load (kN) Stress (MPa) 
1 25.0 42.1 3.0 1.8 
2 24.9 41.9 2.2 1.3 
3 25.1 42.1 2.3 1.4 

Mean 25.0 42.0 2.5 1.5 

3.4 Summary 

Two types of cement-based grout of which one is Hanson grout and the other is Orica 

grout were tested. Hanson grout is used to cast the confining medium in the cable bolt 

pull-out tests, simulating rocks with different strength. UCS tests were conducted on 

three different materials, namely GS32250 grout, YN1.5MPa grout and GS40250 grout. 

Both cylindrical and cubic specimens were prepared and tested. It was found that the 

cubic specimens always had a higher UCS than cylindrical specimens. Also, cubic 

specimens showed ductile behaviour while cylindrical specimens displayed brittle 

behaviour. Furthermore, when the cubic specimens were tested, failure occurred along a 

horizontal plane in the specimen or an inclined plane. However, for cylindrical 

specimens, shear failure along an inclined plane always occurred. In the following 

chapters, the mechanical properties of the grout were analysed based on cylindrical 

specimen testing results. 
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GS32250 grout had a UCS of 62.7 MPa, Young’s Modulus of 11.8 GPa and Poisson’s 

Ratio of 0.26. This material had high strength and was selected to simulate strong rock 

in cable bolt pull-out tests. YN1.5MPA grout had a much lower UCS of 8.8 MPa, 

Young’s Modulus of 3.2 GPa and Poisson’s Ratio of 0.10. And this grout was used to 

represent weak rock. As for GS40250 grout, it had a medium UCS of 22.5 MPa and 

Young’s Modulus of 7.9 GPa. 

Stratabinder grout supplied by Orica Australia Pty. Ltd. was selected as the cable 

bonding material. A number of UCS tests were conducted on both cylindrical and cubic 

specimens to evaluate the influence of w/c ratio on axial performance of the grout. It 

was found that when cylindrical specimens were tested, the UCS of Stratabinder grout 

decreased from 63.1 MPa to 43.4 MPa with the w/c ratio increasing from 0.35 to 0.45. 

Meanwhile, increasing the w/c ratio had an adverse impact on the Young’s Modulus of 

the grout which decreased from 11.8 GPa to 8.7 GPa. Two w/c ratios were selected in 

the following cable bolt pull-out tests. Specifically, the w/c ratio of 0.42 was used in the 

embedment section and the w/c ratio of 0.35 was used in the anchor section. 

Brazilian tests were performed on Stratabinder grout with two w/c ratios, namely 0.35 

and 0.42. It was found that when the w/c ratio of 0.35 was used, Stratabinder grout had 

a tensile strength of 1.9 MPa. When the w/c ratio was increased to 0.42, the tensile 

strength decreased to 1.5 MPa.  



 

120 
 

CHAPTER FOUR 

THE SHEAR BEHAVIOUR OF THE PORTLAND CEMENT 

GROUT WITH DIRECT SHEAR TEST 

4.1 Introduction 

The shear behaviour of the cement-based materials can be evaluated via either a tri-axial 

test or direct shear test. However, the shear failure in tri-axial tests always occurs on an 

arbitrary plane. It is not a true reflection of the cable bolting failure mode because bond 

failure usually occurs along a pre-defined plane or the cable/grout interface, as proved 

by Thomas (2012), Blanco Martín et al. (2011), Cao et al. (2012) and Ma (2014). 

Therefore, the direct shear test which can induce the shear failure along a 

pre-determined plane can better reflect the shear performance of the grout used in cable 

bolt applications. Furthermore, Moosavi and Bawden (2003) compared the tri-axial test 

and direct shear test results on Type 10 Portland cement, finding tri-axial tests were 

more likely to overestimate the shear strength, as shown in Figure 4 - 1. 

The shear behaviour of the Stratabinder grout was studied with direct shear tests. Intact 

cubic samples with an edge length of 100 mm were cast with a w/c ratio of 0.42. After 

fully cured, all samples were ground to ensure that they had flat surfaces. A direct shear 

box test machine with a maximum shear capacity of 300 kN was used. Two different 

boundary conditions, namely constant normal stress and constant normal stiffness, were 

applied on the samples. In each boundary condition, five different normal stresses, 

namely 0.1 MPa, 0.5 MPa, 1.5 MPa, 3 MPa and 6 MPa, were applied. Furthermore, in 
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the constant normal stiffness condition, a low stiffness of 10 kN/mm was applied. The 

shear stress, dilation and shear displacement were recorded. After testing, the shear 

strength failure envelope of the grout was acquired. A Mohr - Coulomb model was used 

to fit the shear strength failure envelope to determine the cohesive strength and the 

internal friction angle. Finally, the shear behaviour of the grout in the constant normal 

stress and constant normal stiffness conditions was compared.  

 

Figure 4 - 1 Comparison between results acquired from tri-axial tests and direct shear tests on 
Type 10 Portland cement with a w/c ratio of 0.4, after Moosavi and Bawden (2003) 

4.2 Direct shear test preparation 

4.2.1 The direct shear box test machine 

The direct shear box RDS-300 manufactured by Geotechnical Consulting and Testing 

Systems (GCTS) was used. The front view of the direct shear box is shown in 

Figure 4 - 2. The direct shear box is a servo control machine, mainly composed of two 

parts, namely the shear loading section and the normal loading section. The shear 

loading actuator can provide a maximum shear capacity of 300 kN and the normal 

loading actuator can provide a maximum normal load of 500 kN. Two different 
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boundary conditions, namely the constant normal stress and constant normal stiffness, 

can be applied. Additionally, since the sample mould can be regarded as rigid, the 

boundary between the sample and the mould is identical with the boundary between the 

mould and the shear box. During testing, the GCTS software package automatically 

calculates shear stress, normal deformation and shear deformation. Different 

components of the direct shear box are shown in Figure 4 - 3.  

 

Figure 4 - 2 The outline of the direct shear box (GCTS, 2010) 
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Figure 4 - 3 Main components of the direct shear box 

4.2.2 Sample preparation 

Currently, there is no standard in specifying the geometry and dimensions of samples 

for shear tests of cement grout. The ISRM recommends using cubic samples for the 

direct shear test (ISRM, 2007). However, it is mainly applicable to tests for jointed rock 

masses. Although little work was conducted on the shear behaviour of the cement paste 

via direct shear test, more work has been done on the direct shear tests of concrete 

materials, such as by Sonnenberg et al. (2003), and Wong et al. (2007), and cubic 

samples were always used, as shown in Figure 4 - 4. 

Thus, cubic samples were cast and used in this study. First, a plastic mould was 

prepared, as shown in Figure 4 - 5. Then, the grout was mixed and poured into the 
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mould. A w/c ratio of 0.42 was selected because this w/c ratio was used in the 

embedment section of the following cable bolt pull-out tests. After setting for 24 hours, 

the plastic mould was removed. The samples were put into the water basin, curing for at 

least 28 days. Then the samples were ground to ensure that they have flat parallel 

surfaces. 

 

Figure 4 - 4 Cubic samples used in direct shear tests on concrete materials, after Wong et al. 
(2007) 

 

Figure 4 - 5 Cubic sample mould preparation 
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4.3 Shear behaviour of the grout in the constant normal stress 

condition 

4.3.1 Direct shear test process in the constant normal stress condition 

The first series of tests was conducted in the constant normal stress condition. 

Specifically, the bottom shear box was pulled out before testing. Then the assembled 

sample and sample holder were installed in the bottom of the shear box, as shown in 

Figure 4 - 6. 

The top sample holder was installed, as shown in Figure 4 - 7. The top shear box was 

moved down until a low normal force of 0.5 kN was applied on the sample. The relative 

position of the top and bottom of shear boxes is shown in Figure 4 - 8. 

 

Figure 4 - 6 Sample installation in the direct shear box 
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Figure 4 - 7 Making the sample holder in line with the shear box 

 

Figure 4 - 8 Relative positioning of the shear boxes before testing 
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To acquire the shear strength envelope of the grout, a series of different normal stresses 

should be applied. Furthermore, the normal stresses should be larger than zero and 

smaller than the UCS of the sample. Therefore, in the first series of tests, a low normal 

stress of 0.1 MPa was applied on the sample. The feedback of the normal actuator was 

set as stress control. After the normal load cell was able to record a stable stress of 

0.1 MPa, the normal actuator was set up accordingly. 

Then, the connector between the shear load cell and the bottom shear box was tightened, 

as shown in Figure 4 - 9. After the load cell and displacement transducers were zeroed, 

the shear specimen was ready for testing. 

In the direct shear test, the shearing speed can be chosen within the range between 0 and 

1 mm/min (ISRM, 2007). Thus, a constant shearing speed of 0.5 mm/min was applied 

on the sample, as shown in Figure 4 - 10. During testing, the dilation or normal 

displacement, shear stress and displacement were recorded. The shear stress versus 

displacement relationship of the sample is shown in Figure 4 - 11. The results show that 

there was no variation of the shear stress until a shear displacement of 1.4 mm. The 

reason is that there was a small gap between the sample and the mould after the sample 

was installed. In the initial loading stage, the gap was squeezed. And after the side of the 

sample fully contacted with the mould, the shear stress started to increase apparently. At 

a shear displacement of 6.7 mm, the shear stress reached a peak value to 12.2 MPa. 

Meanwhile, the dilation reached a maximum value of 0.7 mm. After the peak, there was 

a sudden drop of the shear stress, which was the result of the brittle failure of the grout. 
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Figure 4 - 9 Tightening the connector between the load cell and the bottom shear box 

After the test, the connector was released and the top shear box was lifted up, as shown 

in Figure 4 - 12 and Figure 4 - 13. Then, the sample holders were removed to check the 

failure mode, as shown in Figure 4 - 14. An apparent shear failure plane occurred in the 

middle of the sample. Also, it was found that the shear failure plane was not perfectly 

horizontal. This uneven shear failure plane resulted in dilation during the shear loading 

process. 

 

Figure 4 - 10 Constant shearing speed configuration in the software 
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Figure 4 - 11 Shear stress variation of the sample with displacement 

 

Figure 4 - 12 The connector was released after testing 
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Figure 4 - 13 The top shear box was lifted up to remove the sample 

 

Figure 4 - 14 Shear failure in the middle of the sample 

4.3.2 Test results in the constant normal stress condition 

Each test was replicated three times. After the results were acquired, two tests that have 

close results were regarded as the best. As for the third one, it was discarded. The best 

two were averaged as final results. With a normal stress of 0.1 MPa, the relationship 
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between the shear stress and displacement is shown in Figure 4 - 15 and Table 4 - 1. The 

results show that at a shear displacement of 3.8 mm, the shear stress of the Sample 2 

decreased momentarily and then the shear stress increased again. This is because an 

initial crack occurred in the sample after a small shear displacement. With the shear 

displacement increasing, the mechanical interlocking was enhanced and the shear stress 

increased again until the peak. 

 

Figure 4 - 15 Shear behaviour of the grout with a normal stress of 0.1 MPa 

Table 4 - 1 Selected test results of the grout with a normal stress of 0.1 MPa 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

1 100.1 99.1 12.2 0.7 
2 99.3 99.3 11.4 0.6 

Mean 99.7 99.2 11.8 0.6 

Then the normal stress was increased to 0.5 MPa, the relationship between the shear 

stress and displacement is shown in Figure 4 - 16 and Table 4 - 2. 
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Figure 4 - 16 Shear behaviour of the grout with a normal stress of 0.5 MPa 

Table 4 - 2 Selected test results of the grout with a normal stress of 0.5 MPa 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

2 99.7 99.6 13.3 0.7  
3 99.2 98.8 13.4 0.7  

Mean 99.4 99.2 13.4 0.7 

When the normal stress was increased to 1.5 MPa, the relationship between the shear 

stress and displacement is shown in Figure 4 - 17 and Table 4 - 3. 

 

Figure 4 - 17 Shear behaviour of the grout with a normal stress of 1.5 MPa 
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Table 4 - 3 Selected test results of the grout with a normal stress of 1.5 MPa 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

2 99.8 98.9 13.8 0.4  
3 99.0 98.8 14.4 0.6  

Mean 99.4 98.9 14.1 0.5 

With a normal stress of 3 MPa, the relationship between the shear stress and 

displacement is shown in Figure 4 - 18 and Table 4 - 4. 

 

Figure 4 - 18 Shear behaviour of the grout with a normal stress of 3 MPa 

Table 4 - 4 Selected test results of the grout with a normal stress of 3 MPa 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

2 99.5 99.1 15.1 0.6  
3 98.9 98.6 15.0 0.7  

Mean 99.2 98.9 15.1 0.6 

Finally, the normal stress was increased up to 6 MPa, the relationship between the shear 

stress and displacement is shown in Figure 4 - 19 and Table 4 - 5. 

The shear performance of the grout in different normal stress conditions is shown in 

Figure 4 - 20 and Table 4 - 6. The results show that the shear strength of the grout 

increased with the normal stress. The shear displacement where shear strength occurred 

also increased with the normal stress. The influence of normal stress on the dilation of 
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the grout is shown in Figure 4 - 21, which shows that the dilation limit was less 

sensitive to the different normal stresses. 

 

Figure 4 - 19 Shear behaviour of the grout with a normal stress of 6 MPa 

Table 4 - 5 Selected test results of the grout with a normal stress of 6 MPa 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

2 99.6 98.8 18.2 0.7  
3 99.6 99.1 17.3 0.6  

Mean 99.6 98.9 17.7 0.6 

The shear strength failure envelope of the grout in the constant normal stress condition 

is shown in Figure 4 - 22. A linear Mohr - Coulomb model was used to fit the shear 

strength failure envelope, as shown in Equation (4 - 1). Then cohesion and the friction 

angle, which are 12.4 MPa and 42.3°, were acquired, as tabulated in Table 4 - 7. 

 12.4 0.91τ σ= +  (4 - 1) 

Where, τ = shear strength of the material, Pa; and σ = normal stress, Pa. 
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Figure 4 - 20 Shear stress variation of the grout in different normal stress conditions 

 

Figure 4 - 21 Dilation variation of the grout in different normal stress conditions 

Table 4 - 6 Shear performance of the grout in the constant normal stress condition 

List number Normal stress (MPa) Shear strength (MPa) Dilation limit (mm) 

1 0.1 11.8 0.6 
2 0.5 13.4 0.7 
3 1.5 14.1 0.5 
4 3.0 15.1 0.6 
5 6.0 17.7 0.6 
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Figure 4 - 22 Shear strength failure envelope of the grout in the constant normal stress condition 

Table 4 - 7 Cohesion and friction angle of the grout 

Grout type w/c ratio Boundary condition Cohesion (MPa) Friction angle (°) 
Stratabinder 0.42 constant normal stress 12.4 42.3 

4.4 Shear behaviour of the grout in constant normal stiffness condition 

4.4.1 Direct shear test process in constant normal stiffness condition  

Since no research has been conducted on the shear behaviour of the grout under a 

constant normal stiffness condition, the second series of tests was conducted in the 

constant normal stiffness environment. The test process was generally consistent with 

the previous process except the normal actuator was set as stiffness control and a normal 

stiffness of 10 kN/mm was applied, as shown in Figure 4 - 23. In the constant normal 

stiffness condition, the normal stress applied on the sample was variable, yielding to 

Equation (4 - 2). 
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Figure 4 - 23 Constant normal stiffness configuration 

 0n n n
s

dk
A

ss = +  (4 - 2) 

Where, σn0 = initial normal stress applied on the sample, Pa; kn = normal stiffness, N/m; 

d = dilation in the test process, m; and As = shearing area of the sample, m2. 

4.4.2 Direct shear test results in the constant normal stiffness condition 

When the initial normal stress was 0.1 MPa, the relationship between the shear stress 

and displacement is shown in Figure 4 - 24 and Table 4 - 8. The shear failure mode for 

the sample is shown in Figure 4 - 25. 
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Figure 4 - 24 Shear behaviour of the grout with an initial normal stress of 0.1 MPa in the 
constant normal stiffness condition 

Table 4 - 8 Selected test results of the grout with an initial normal stress of 0.1 MPa in the 
constant normal stiffness condition 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

1 99.5 98.7 12.6 0.6  
3 99.2 98.9 13.0 0.7  

Mean 99.3 98.8 12.8 0.7 

 

Figure 4 - 25 Shear failure in the middle of the sample 

When the initial normal stress was increased to 0.5 MPa, and the relationship between 

the shear stress and displacement is shown in Figure 4 - 26 and Table 4 - 9. 
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Figure 4 - 26 Shear behaviour of the grout with an initial normal stress of 0.5 MPa in the 
constant normal stiffness condition 

Table 4 - 9 Selected test results of the grout with an initial normal stress of 0.5 MPa in the 
constant normal stiffness condition 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

1 99.6 98.9 13.4 0.7  
3 99.3 99.2 14.0 0.7  

Mean 99.5 99.0 13.7 0.7 

As the initial normal stress was increased to 1.5 MPa, the relationship between the shear 

stress and displacement is shown in Figure 4 - 27 and Table 4 - 10. 

 

Figure 4 - 27 Shear behaviour of the grout with an initial normal stress of 1.5 MPa in the 
constant normal stiffness condition 
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Table 4 - 10 Selected test results of the grout with an initial normal stress of 1.5 MPa in the 
constant normal stiffness condition 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

1 99.2 99.0 15.4 0.6  
3 99.8 99.5 14.6 0.6  

Mean 99.5 99.2 15.0 0.6 

With an initial normal stress of 3 MPa, the relationship between the shear stress and 

displacement is shown in Figure 4 - 28 and Table 4 - 11. 

 

Figure 4 - 28 Shear behaviour of the grout with an initial normal stress of 3 MPa in the constant 
normal stiffness condition 

Table 4 - 11 Test results of the grout with an initial normal stress of 3 MPa in the constant 
normal stiffness condition 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

2 99.5 98.7 16.3 0.7  
3 100.0 98.2 16.9 0.6  

Mean 99.7 98.5 16.6 0.6 

Finally, the initial normal stress was increased up to 6 MPa, the relationship between the 

shear stress and displacement is shown in Figure 4 - 29 and Table 4 - 12. 
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Figure 4 - 29 Shear behaviour of the grout with an initial normal stress of 6 MPa in the constant 
normal stiffness condition 

Table 4 - 12 Test results of the grout with an initial normal stress of 6 MPa in the constant 
normal stiffness condition 

Sample number Length (mm) Width (mm) Shear strength (MPa) Dilation limit (mm) 

2 99.1 99.5 19.9 0.6  
3 99.9 99.3 18.9 0.8  

Mean 99.5 99.4 19.4 0.7 

The shear performance of the grout in constant normal stiffness condition is shown in 

Figure 4 - 30 and Table 4 - 13. The results show that with the initial normal stress 

increasing, shear strength of the grout and shear displacement where peak occurred 

increased. This was consistent with shear behaviour of the grout under constant normal 

stress condition. The influence of the normal stress on the dilation of the grout is shown 

in Figure 4 - 31. The results show that the different normal stress condition had little 

effect on determining the dilation limit. 
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Figure 4 - 30 Shear stress variation of the grout in the constant normal stiffness condition 

 

Figure 4 - 31 Dilation variation of the grout in the constant normal stiffness condition 

Table 4 - 13 Shear performance of the grout in the constant normal stiffness condition 

List number Initial normal stress (MPa) Shear strength (MPa) Dilation limit (mm) 

1 0.1 12.8 0.7 
2 0.5 13.7 0.7 
3 1.5 15.0 0.6 
4 3.0 16.6 0.6 
5 6.0 19.4 0.7 

The shear strength failure envelope of the grout in the constant normal stiffness 

condition is shown in Figure 4 - 32. The Mohr - Coulomb model was used to fit the 
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shear strength failure envelope, as shown in Equation (4 - 3). Then, the cohesion and the 

friction angle were acquired, which are 13.1 MPa and 47.5°, as tabulated in 

Table 4 - 14.  

 

Figure 4 - 32 Shear strength failure envelope of the grout in the constant normal stiffness 
condition 

 13.1 1.09τ σ= +  (4 - 3) 

Table 4 - 14 Cohesion and friction angle of the grout 

Grout type w/c ratio Boundary condition Cohesion (MPa) Friction angle (°) 
Stratabinder 0.42 constant normal stiffness 13.1 47.5 

4.5 Comparison between the shear behaviour of the grout in the 

constant normal stress and constant normal stiffness conditions 

The shear behaviour of the Stratabinder grout in the constant normal stress and constant 

normal stiffness conditions was compared, as shown in Figure 4 - 33. It is found that the 

shear strength of the grout in the constant normal stiffness condition was slightly larger 

than constant normal stress condition, as a result of the different boundary condition. 

Specifically, in the constant normal stiffness condition, the normal stress increased 

gradually because of the sample dilation.  



 

144 
 

However, it is also found that the difference between the shear strength in constant 

normal stress and constant normal stiffness conditions was negligible. This was due to 

the fact that a low stiffness was applied on the boundary. Consequently, during the test, 

there was a small difference of the normal stress under the constant normal stress and 

constant normal stiffness conditions. 

 

Figure 4 - 33 Shear behaviour of the grout in the constant normal stress and constant normal 
stiffness conditions 

The influence of boundary condition on the shear performance of the grout was 

analysed. As shown in Table 4 - 15, the low stiffness boundary condition had little effect 

on improving the cohesion of the grout. On the other hand, the friction angle of the 

grout in the constant normal stiffness condition was slightly higher than the constant 

normal stress condition. 

Table 4 - 15 Comparison of the cohesion and friction angle of the grout in different boundary 
conditions 

Grout type w/c ratio Boundary condition Cohesion (MPa) Friction angle (°) 

Stratabinder 0.42 
constant normal stress 12.4 42.3 

constant normal stiffness 13.1 47.5 
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4.6 Summary 

A number of direct shear tests were conducted on the Stratabinder grout to determine 

the material properties of Portland cement subjected to shear. This understanding is 

important as this material can often fail in shear either at the cable/grout or grout/rock 

interface when it is used to grout a cable bolt into the borehole. Furthermore, the 

mechanical properties of the Stratabinder grout acquired from the direct shear test will 

be used in the numerical simulation work in Chapter Eight. 

Intact cubic samples with an edge length of 100 mm were prepared. The direct shear 

tests were performed under constant normal stress and constant normal stiffness 

conditions. In the constant normal stress condition, five different normal stresses, 

0.1 MPa, 0.5 MPa, 1.5 MPa, 3 MPa and 6 MPa, were applied, and in the constant 

normal stiffness condition, an additional normal stiffness of 10 kN/mm was applied. 

The results show that the shear strength of the grout and the displacement where peak 

shear strength occurred increased with the normal stress in both the constant normal 

stress and constant normal stiffness conditions. In the post-failure stage, there was a 

sudden drop of the shear stress with no residual shear stress, indicating that the 

Stratabinder grout mixed with a w/c ratio of 0.42 was brittle. Furthermore, the dilation 

limit was less sensitive to the normal stress. It should also be noted that apparent shear 

failure in the middle of the sample occurred in each test. 

The shear strength failure envelope of the grout was acquired in both the constant 

normal stress and constant normal stiffness conditions. The results show that the shear 
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strength in constant normal stiffness was relatively higher than in the constant normal 

stress condition. This was a result of higher normal stress in constant normal stiffness 

condition. However, since the applied stiffness was small, the difference between the 

shear strengths in the constant normal stress and constant normal stiffness was not 

apparent. 

The Mohr - Coulomb model was used to fit the shear strength failure envelopes of the 

grout. The results show that the cohesion of the grout was 12.4 MPa and the friction 

angle was 42.3° in the constant normal stress condition. As for the constant normal 

stiffness condition, the cohesion was 13.1 MPa and the friction angle was 47.5°. This 

indicates that the low stiffness boundary condition had little effect on improving the 

cohesion of the grout material.  
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CHAPTER FIVE 

A NEW LABORATORY SHORT ENCAPSULATION PULL 

TEST APPARATUS DESIGN 

5.1 Introduction 

In the field, a grouted cable bolt can be divided into two parts, namely the pick-up or 

embedment length and the anchor length, as shown in Figure 5 - 1. Conceptually, these 

two different segments are separated by the rock joint. 

 

Figure 5 - 1 The load transfer concept of cable bolts, after Hutchinson and Diederichs (1996) 

To be consistent with this scenario, a new LSEPT rig was developed, which is outlined 

in this chapter. The apparatus is fundamentally composed of two parts, namely the 

embedment section and anchor section. For the embedment section, the influence of 

confining medium diameter on the bond capacity of cable bolts was studied. In the 

anchor length, an internally threaded anchor tube was designed to confine the cable bolt. 

Embedment section

Anchor section

Joint
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The method of using a locking key and two locking nuts to prevent the cable bolt from 

rotating was used. 

5.2 LSEPT apparatus design 

5.2.1 Components of the test rig 

The axis of the equipment is vertically aligned as shown in Figure 5 - 2.  

 

Figure 5 - 2 Test rig configuration. a) Front view showing the new LSEPT facility (left), and b) 
side view illustrating dimensions of the various components (right) 

The test unit is comprised of the followings elements: embedment section, bearing plate, 

and anchor section. A double-acting hollow cylinder with a capacity of 931 kN and 

specially designed electrically actuated hydraulic power pack with the frequency ranged 

from 0 to 50 Hz are used to apply a load near the mid-point of the embedded cable bolt 

adjacent to the bearing plate. A load cell with a capacity of 1000 kN measures the actual 

32
0 10
59

.8
 m

m
45

0
10

0

40
.2

40

45
.1

34
4

40
.5

60
9.

8

Reaction plate

Distribution plate

Piston

Bearing plate

Sample holder tube

Abutment plate

Load cell

Test sample

Borehole

Locking nuts
Locking key

Anchor tube

Double acting cylinder

300

Em
be

dm
en

t l
en

gt
h

A
nc

ho
r l

en
gt

h

Threads

Lifting plate

Lifting eye bolt

bolts and nuts

Bonding material

Up port
Bottom port



 

149 
 

load and three displacement transducers measure displacement. More detailed 

information regarding the parts of this rig is given in the following sections. 

5.2.2 Test confining medium 

In cable bolt tests, the cylindrical confining medium made up of cement-based or 

concrete material were commonly used to simulate the rock. Since there is no common 

standard in the size of the confining medium, some researchers used different confining 

medium diameters, varying from 142 mm to 300 mm (Stillborg, 1984; Farah and Aref, 

1986b; Farah and Aref, 1986a; Hassani and Rajaie, 1990; Benmokrane et al., 1995; 

Altounyan and Clifford, 2001; Bigby, 2004; Bigby and Reynolds, 2005; Blanco Martín, 

2012). The variation in confining medium size made it difficult to compare the 

performance of different cable bolt tests. 

To provide a stable bond capacity, Rajaie (1990) recommended a confining medium 

diameter of 200 mm for cable bolt testing. However, only plain strands were tested in 

his research. Little research has been reported regarding the influence of confining 

medium size on bond capacity of modified cable bolts. To evaluate this effect, a number 

of pull-out tests were performed as part of this study. 

A Sumo strand, which is a modified cable bolt design manufactured by Jennmar 

Australia was selected, because it is one of the largest load capacity cable bolts used in 

Australian underground coal mining and represents the worst cases in terms of stresses 

induced in the rock during a pull-out test (Brown et al., 2013). Therefore, when lower 

load transfer cable bolts are used, the optimised confining medium diameter can also be 



 

150 
 

applicable. The Sumo cable bolt has a diameter of 28.5 mm and a bulbed section with a 

diameter of 35 mm. The full length of the strand is 900 mm, in which the section of 

280 mm was fully embedded in the borehole of the test confining medium. The bulb 

with a diameter of 36.5 mm was located mid-way in the borehole. The cement confining 

medium used had different diameters ranging from 150 mm to 508 mm, as shown in 

Figure 5 - 3. 

 

Figure 5 - 3 The confining medium with different diameters ranging from 150 mm to 508 mm 

The approach of SEPT test was adopted. Specifically, a bearing plate was mounted on 

the top surface of the confining medium. Then, a hollow cylinder with a maximum 

bearing capacity of 900 kN was placed over the cable bolt. The top of the cable bolt was 

gripped and fixed by the barrel and wedge system. A load cell was used to measure the 

pull-out load and an LVDT recorded axial displacement. Each test was replicated three 

times. 

Two series of tests were conducted. In the initial series, all confining media were 

unconfined. While in the second series of tests, holder tubes with a thickness of 10 mm 

were used to restrict the confining medium to provide a constant normal stiffness 

boundary. During testing, the pull-out load and displacement were recorded. 
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After testing, the resultant variation in bond capacity versus confining medium diameter 

at the two different boundary conditions is shown in Figure 5 - 4. The figure shows that 

the confining medium size has an apparent influence on determining bond capacity. A 

bi-linear relationship was adopted to illustrate the relationship between bond capacity 

and confining medium size in unconfined condition. Specifically, as the confining 

medium diameter increased from 150 mm up to approximately 360 mm, the bond 

capacity increased linearly from 30 kN to 100 kN. Above 360 mm, there was little 

further change in bond capacity with confining medium diameter.  

A similar relationship between bond capacity and confining medium size was found in 

the confined confining medium, however, bond capacity became stable slightly higher 

at 112 kN, once a confining medium diameter of approximately 300 mm was reached. 

This indicates a threshold level of confining medium size beyond which diameter no 

longer influences the bond capacity in confined conditions. 

Furthermore, the bond capacity in the confined condition was always larger than the 

unconfined environment. This is assumed to be a result of the bulbed geometry under 

load causing distinct dilation at the cable/grout interface. When the confining medium 

was enclosed by the steel tube, it increased the effective strength of the confining 

medium and the dilation was partly suppressed, generating more confining pressure on 

the confining medium and resulting in a larger bond capacity. To minimise the influence 

of confining medium size, all subsequent confining media were prepared with a 

diameter of 300 mm. 
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Figure 5 - 4 Comparison between bond capacity in different boundary conditions 

5.2.3 Confinement tube 

In the field, the cable bolt is typically confined within an infinite rock mass. To simulate 

this confinement effect, previous research had either a CNL or a Constant Normal 

Stiffness (CNS) boundary condition. The CNL is achieved by using a bi-axial cell to 

apply a level of confinement stress to the confining medium (Altounyan and Clifford, 

2001). However, in field situation, the confinement in a rock mass is variable during 

cable bolts’ service life, which is not reflected in the CNL condition. It is felt that the 

CNS better simulates field conditions (Clifford et al., 2001; Kent and Bigby, 2001; 

Reynolds, 2006; Thomas, 2012).  

In this study, a CNS condition is used. Specifically, a cylindrical steel tube with a 

thickness of 10 mm is used to contain the confining medium in the embedment section, 

as shown in Figure 5 - 5. To ensure that the confining medium can be removed easily 

after testing, this confining medium holder tube is split in the middle. During 

installation, bolts and nuts are secured to assemble the pair of steel tubes together. 
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Figure 5 - 5 a) The schematic diagram of the confinement tube (left), and b) A pair of the 
confining medium holder tubes in practice (right) 

5.2.4 Anchor tube 

An anchor tube with a length of 608 mm was used to secure the free-end of the cable 

bolt. The anchor tube grips the cable bolt, preventing it from rotating during the pull-out 

process. The anchor tube has an internal diameter of 50 mm, which is sufficient to 

contain all types of cable bolts. In addition, the very steady Stratabinder grout with low 

w/c ratio is used to fill the annulus between the internal surface of the anchor tube and 

the cable bolt. It should be noted that the internal surface of this anchor tube is threaded 

with a pitch of 2 mm and a depth of 1 mm to ensure good bonding contact between the 

anchor tube and the cable bolt, as depicted in Figure 5 - 6. 
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Figure 5 - 6 End view of internal section of the threaded anchor tube 

5.2.5 Bearing plate 

The bearing plate is an important element in the test unit. Its purpose is to evenly 

distribute the axial pull-out load from the hydraulic cylinder across the full surface of 

the confining medium. Importantly, the borehole size in the middle of the bearing plate 

has a crucial role in determining the failure mode of this cable bolting system. It is not 

uncommon to see in some tests that the internal diameter of the bearing plate is of a 

similar size as the rock tendon outsider diameter (Blanco Martín et al., 2011; Blanco 

Martín, 2012). As a result, the grout annulus within the borehole is constrained by the 

bearing plate and failure must occur at the bolt/grout interface. This does not simulate 

reality where there is no confinement around the cable bolt at the surface of a 

discontinuity when the ground separates, as indicated by Thomas (2012). Hence the 

bearing plate used in the laboratory should have a larger internal hole diameter as 

compared to the borehole size. 

On the other hand, Khan (1994) had earlier suggested that if the internal hole of the 
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bearing plate was too large (over 100 mm bigger than the cable bolt diameter), it would 

have an adverse impact on the results as shown in Figure 5 - 7. 

 

Figure 5 - 7 Effect of hole diameter in the bearing plate on pull-out load, after Khan (1994) 

Considering these problems, a bearing plate with an internal diameter of 70.4 mm is 

used, as shown in Figure 5 - 8. Since the largest borehole within all tests is limited to 

52 mm, there is a minimum difference of 18 mm between the borehole diameter and the 

internal hole diameter of the bearing plate, allowing the grout column and confining 

medium material surrounding the borehole to be liberated. By this means, the different 

failure modes of the cable bolting system that commonly occur in the field can be 

studied, as suggested by Jeremic and Delaire (1983). 
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Figure 5 - 8 a) Front view of the bearing plate (left), and b) side view showing the dimension 
(right) 

5.2.6 Anti-rotation devices 

Manufacturing of a cable bolt involves the winding of individual wires around each 

other, except for some specific non-rotating cables. Hence, there is a tendency for cable 

bolts to unwind when stretched. However, in the field, a fully grouted cable is 

constrained from rotation by its surrounding rock mass. In some previous test designs, 

there was no provision made for anti-rotation, which had an adverse impact on the 

performance of some cable bolts. In other test designs, there has been provision made to 

prevent unscrewing of the cable bolt at the joint during loading. For example, in DEPT, 

cylindrical steel rods were welded to pipes to constrain movement only in the pull-out 

direction (Satola, 2007). When it comes to LSEPT, little information is provided in 

relation to cable rotation behaviour within the current British Standard (BS7861-1, 

2007). In the work conducted by Blanco Martín et al. (2013), round metal pins were 

inserted into the confining medium, connecting it with the biaxial cell upper piston and 
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preventing any relative rotation from occurring. However, whether the inserted pin 

would be harmful to the integrity of the confining medium was not discussed. 

Based on this, a new approach was developed (Figure 5 - 9). In detail, a key slot was 

machined in the lower end of the anchor tube and in the internal hole of the bearing 

plate. A longitudinal steel key was used to lock them together. Two locking nuts were 

used to couple the bearing plate and the confining medium holder tube together. This 

design allowed for axial movement during the pull-out process and prevented any 

rotation. The locking key assembly enabled a pull-out displacement of 100 mm, and 

hence was able to study of the post-failure behaviour of cable bolts. 

 

Figure 5 - 9 Locking key and nuts were used to couple the anchor tube, the bearing plate and 
confinement tube 

Locking nut

Sample holder tube

Anchor tube

Locking keyBearing plate
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5.2.7 Hydraulic control 

Both load control and displacement control can be used to provide axial pulling force. 

However, a displacement control was used in this study, because it has been 

successfully used in previous research, such as Hyett et al. (1992b), Reichert et al. 

(1992), Hyett et al. (1993) and Hyett and Bawden (1994), and it is the simpler of the 

two options. 

A constant displacement rate of 0.26 mm/s was applied in each test so that failure 

should occur within an approximately 15 minute period. To achieve this, a constant 

displacement pump and controller unit is used, as shown in Figure 5 - 10. 

 

Figure 5 - 10 Constant displacement hydraulic powerpack and controller 

5.2.8 Monitoring system 

After the test specimen, confining medium holder tube, bearing plate and the anchor 

tube were installed together, a double acting hydraulic cylinder was seated on the 

bearing plate, followed by the distribution plate, load cell, abutment plate and finally the 

reaction plate, as shown in Figure 5 - 11. The load cell was used to record the variation 

in pull-out load. 
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Figure 5 - 11 Front view of the test rig showing the monitoring system 

Three displacement transducers were adopted to monitor the pull-out displacement. 

Specifically, a Micro Pulse transducer was installed on the test frame to measure the 

displacement of the anchor tube relative to the ground, as shown in Figure 5 - 11. 

Meanwhile, a laser radiation instrument was attached on the top of the frame, recording 

the relative displacement between the cable bolt and the ground. Therefore, if there was 

no bond failure between the anchor tube and the cable bolt, the displacement recorded 
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by the laser transducer should equal the value monitored by the Micro Pulse. A  LVDT 

fixed on the hydraulic cylinder was used to monitor the movement of the piston for 

backup purpose. Dimensions of the LSEPT apparatus is shown in Table 5 - 1.  

Table 5 - 1 Technical data about the test rig 

Component Dimension Value 

Confining medium holder tube 
length 450 mm 

thickness 10 mm 
internal diameter 330 mm 

Confining medium 

length 450 mm 
diameter 300 mm 

borehole length 320 mm 
borehole diameter variable 

Bearing plate 
outside diameter 300 mm 
internal diameter 70 mm 

thickness 100 mm 

Anchor tube 

length 608 mm 
thickness 10 mm 

internal diameter 50 mm 
internal groove 1 mm in depth and 2 mm in pitch 

Locking key 
length 70 mm 
width 19.8 mm 

thickness 8 mm 

Hydraulic ram jack 
stroke 153 mm 

max. capacity 950 kN 
Load cell capacity 1000 kN 

Abutment plate height 40 mm 
Reaction plate height 40 mm 

LVDT stroke 100 mm 
Micro Pulse stroke 160 mm 

Laser transducer stroke 200 mm 

5.3 Test specimen preparation and installation 

5.3.1 Cementitious confining medium casting and curing 

Cardboard cylinders were used as moulds to prepare the confining medium. Each 

cylinder had a length of 450 mm and an outside diameter of 310 mm, as shown in 
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Figure 5 - 12. The thickness of the cardboard is 5 mm, providing sufficient stiffness to 

resist deformation of the moulds in confining medium casting. 

 

Figure 5 - 12 a) Profile of a cardboard mould (left), and b) vertical view of the mould (right) 

The cylinder was glued to a wooden base plate using silicon to provide a waterproof 

seal. The board also provided a flat surface during testing for the bearing plate. In the 

centre of each cylinder, a hollow plastic pipe was placed. It should be mentioned that a 

plastic tube with an outside diameter of 5 mm and a pitch of 20 mm was wound around 

the middle pipe, creating a rifled borehole within the confining medium as shown in 

Figure 5 - 13. 

 

Figure 5 - 13 a) Plastic tube wound around outside of the plastic pipe (left), and b) 
corresponding rifled borehole (right) 

A foam mix was used to fill the internal space of the tube as shown in Figure 5 - 14 and 
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fasten the tube to the base plate. The fully assembled casting mould with rifling tube can 

be seen in Figure 5 - 15. 

 

Figure 5 - 14 Fill & fix foam material within the rifling tube 

 

Figure 5 - 15 Profile of the fully assembled casting mould prior to pouring 

A 5 m3 mixer or truck was used to cast all confining media, as shown in Figure 5 - 16. 

Two batches of cement-based mortar, in which one was the YN1.5MPA grout, 

simulating weak rock and the other was the GS32250 grout, representing strong rock, 

were used. 
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Figure 5 - 16 Pouring the pre-mixed cement based mortar into casting moulds 

The confining medium were placed on a pallet and moved to an area to set, as shown in 

Figure 5 - 17. 

 

Figure 5 - 17 Newly casted confining media 

Figure 5 - 18 a) shows a picture of all casted confining media. After curing for 24 hours, 

the rifling tube was extracted from each confining medium. The outer casing cardboard 
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was also removed and each confining medium was placed in a large plastic bag filled 

with untreated tap water to cure for 28 days, as shown in Figure 5 - 18 b). Full 

immersion in water ensures a more consistent level of cement hydration during the 

curing process and consistent material properties between each confining medium. 

 
Figure 5 - 18 a) Confining media after mass pouring, and b) confining media in plastic bags 

filled with water for curing 

As the rifling tube was fixed to the base plate during casting of the confining medium, 

the rifling borehole consequently extended for the full height of each confining medium. 

After the rifling tube was extracted, the borehole was back-filled using General Purpose 

Cement, having similar strength to the confining medium material, to reduce it to the 

pre-determined embedment length of 320 mm for cable bolt testing as shown in 

Figure 5 - 19 a). To ensure that the rifling spirals in the upper section of the borehole 

were not filled during the pouring process, the cement was poured down via a plastic 

tube that was lowered into the borehole. During the backfilling, the borehole length was 

measured to confirm that sufficient cement had been added to achieve the required 

borehole length as shown in Figure 5 - 19 b). 
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Figure 5 - 19 a) Backfilling of a rifled borehole with cement paste, and b) confirming the level 
of backfilling has achieved the required embedment length 

5.3.2 Cable bolt and anchor tube installation 

After all confining media were fully cured, they were placed together for cable bolt 

installation, as shown in Figure 5 - 20. 

 

Figure 5 - 20 Fully cured confining media 

Two types of cable bolts, namely an MW9, a modified cable bolt and a Superstrand, 
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which is a plain cable bolt, were tested. The MW9 cable bolt is a flexible rock tendon 

with a diameter of 28.5 mm, manufactured by twisting nine spirally indented steel wires 

together with a nut added (Megabolt, 2012). And the Superstrand cable bolt is a plain 

cable tendon, having a diameter of 21.8 mm. It is fabricated by twisting nine steel 

smooth wires together (Jennmar, 2014). It should be mentioned that for all cable bolts 

tested, a special bulb was manufactured in the anchor section to improve the bond 

capacity between the cable bolt and the anchor tube. 

Prior to cable bolt installation, the top surface was checked to confirm that it was flat 

level, as shown in Figure 5 - 21. 

 

Figure 5 - 21 Using a digital level checker to adjust the position of the confining medium 

The Stratabinder grout having a w/c ratio of 0.42 was poured into the borehole close to 

the top section, as shown in Figure 5 - 22. Then the cable bolt was inserted into the 

borehole and rotated to mix and ensure good coverage between the cable bolt, grout and 

confining medium, as shown in Figure 5 - 23. 
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Figure 5 - 22 Borehole filled with Stratabinder grout prior to insertion of the cable bolt 

 

Figure 5 - 23 Cable bolt installation in the confining medium 

After the cable bolt was installed, a special clamp made of angle iron welded to a heavy 

base was added to clamp the cable bolt and ensure the cable remained in the middle of 

the borehole during curing as shown in Figure 5 - 24. After the Stratabinder grout had 

set for 12 hours, the clamps were removed. 
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Figure 5 - 24 A pair of clamps designed to ensure alignment of the cable bolt 

The anchor tube was installed over the exposed cable bolt after the Stratabinder grout 

had set for at least 24 hours. The top section of the anchor tube was wrapped with a 

plastic tape to prevent the threads around the top of the anchor tube being fouled by the 

grout as shown in Figure 5 - 25. To prevent bond failure occurring in the anchor length, 

the w/c ratio of the Stratabinder grout poured into the anchor tube was slightly reduced 

to 0.38 to increase grout strength. 

 

Figure 5 - 25 Pouring Stratabinder grout into top section of the anchor tube 

Similar to the method of securing the cable bolt in the confining medium, clamps were 
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used to secure the anchor tube and ensure alignment parallel to the borehole axis, as 

illustrated in Figure 5 - 26. 

 

Figure 5 - 26 Clamps were used to keep the anchor tube straight 

It should be noted that the MW9 cable bolt has a hollow tube in the middle as shown in 

Figure 5 - 27. Considering that the middle tube is always filled with grout in field 

applications, the Stratabinder grout with the same w/c ratio of 0.42 used in the 

embedment section was poured into the middle hollow tube through a funnel as shown 

in Figure 5 - 28. It should also be noted that the Superstrand cable bolts have no middle 

tube and no additional treatment was required. 

After the grout was poured into the anchor tube, the assembled specimens were left for 

28 days to fully cure as shown in Figure 5 - 29. 
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Figure 5 - 27 Hollow middle tube of the MW9 cable bolt 

 

Figure 5 - 28 Filling the middle tube with a funnel 
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Figure 5 - 29 Fully assembled test specimens 

5.4 Preliminary tests 

5.4.1 Test with a MW9 cable bolt 

To confirm the workability of the newly established apparatus, a test was conducted on 

a specimen installed with a MW9 cable bolt. After the test, the pull-out load versus 

displacement curve measured by the LVDT is shown in Figure 5 - 30. It can be seen that 

the pull-out load increased quickly up to 378 kN within a small displacement of 9 mm. 

Then, there is a reduction of the pulling load. After 50 mm of pull-out displacement, the 

residual load of the MW9 cable bolt reached 295 kN and stably decreased. 

To further check the failure mode of this cable bolting system, the confining medium 

holder tube was removed and the confining medium was split in two, in which one 

piece is shown in Figure 5 - 31. The results show that there was even contact between 

the cable and grout and between the grout and confining medium. The grout column had 
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firmly adhered to the confining medium and slippage was evident along the cable/grout 

interface. 

 
Figure 5 - 30 Load/displacement relationship of the MW9 cable bolt recorded by the LDVT 

 

Figure 5 - 31 Shear failure along the cable/grout interface 

Figure 5 - 32 and Figure 5 - 33 depict the load versus displacement relationship of the 

MW9 cable bolt recorded by the Micro Pulse and Laser transducer respectively. 

A comparison between the results acquired by the LVDT, Micro Pulse and Laser 

transducer is shown in Figure 5 - 34. The results show that there was reasonable 

correlation among the three displacement measurement systems. However, since the 

LVDT was fixed on the hydraulic cylinder and because of vibration of the cylinder, 
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more noise occurred in the result recorded by the LVDT. Although there was less 

vibration in the signal with the Micro Pulse, like the LVDT, it was physically tied to the 

apparatus, which limited its measurement range. The Laser being a non-contact unit was 

both unaffected by vibration and also had a much larger measurement range, making it 

more suited in this application. Therefore, in subsequent tests, the results measured by 

the laser transducer were used. 

 

Figure 5 - 32 Load/displacement relationship of the MW9 cable bolt recorded by the Micro 
Pulse 

 

Figure 5 - 33 Load/displacement relationship of the MW9 cable bolt recorded by the Laser 
transducer 
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Figure 5 - 34 Comparison in resolution between the LVDT, Micro Pulse and Laser transducer 

Also, the consistency between the results obtained from Micro Pulse and Laser 

transducer indicated that there was no relative movement between the anchor tube and 

the cable bolt. This can also be seen from Figure 5 - 35, showing that there was good 

bond contact between the MW9 cable bolt and the anchor tube. 

 

Figure 5 - 35 The relative position of the MW9 cable bolt, grout and anchor tube after testing 

5.4.2 Test with a Superstrand cable bolt 

The other test was performed on a Superstrand cable bolt. The pull-out load versus 

displacement relationship of the Superstrand cable is shown in Figure 5 - 36. It can be 
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seen that within the initial 3 mm displacement, the pull-out force rapidly increased to 

120 kN. After that, there was a small decrease of the pull-out load, due to a crack 

induced within the confining medium. Then, load increased with displacement until a 

peak value of 158 kN at a displacement of 64.7 mm. Beyond the maximum value, the 

pull-out force decreased gradually to 130 kN at 100 mm. 

After the test, the bearing plate was removed and it was found that the whole cable bolt 

was pulled from the grout column, as shown in Figure 5 - 37, indicating that shear 

failure occurred at the cable/grout interface. 

During this test, the anchor tube performed well with no slippage. As seen in 

Figure 5 - 38, there is a no relative movement between the anchor tube, grout column 

and the Superstrand cable bolt. 

 

Figure 5 - 36 Load/displacement relationship of the Superstrand cable bolt 
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Figure 5 - 37 The Superstrand cable bolt was extracted leaving a column 
of grout material fixed to the confining medium 

 

Figure 5 - 38 View of cable bolt at top of anchor tube after testing 

5.4.3 Influence of borehole roughness 

The effect of borehole roughness on the performance of rock tendons was evaluated by 

Blanco Martín (2012), using the confining medium with a UCS strength of 60 MPa. The 

effect though in weaker rock types such as coal is unclear. Therefore, several weak 

confining media made of the YN1.5MPA grout with rifled and smooth boreholes were 

tested, using both the modified (MW9) and the plain (Superstrand) cable bolts. 

The performance of MW9 cable bolts pulled from rifled and smooth boreholes is 
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compared in Figure 5 - 39 and Table 5 - 2. Surprisingly, roughening of the borehole had 

little impact on the maximum pull-out load. In the post failure region, the smooth 

borehole provided more consistent results whereas load fell away quickly in the rifled 

borehole. 

With respect to the failure mode, although shear slippage was evident at the grout/rock 

interface in both cases, as shown in Figure 5 - 40 and Figure 5 - 41, the failure process 

was different. In the rifled borehole, the material between the grout ribs was detached 

(Figure 5 - 40). This reduced the resistance between the detached and surrounding 

medium. In the case of the smooth boreholes, no material was detached and shear 

slippage occurred along the grout/rock interface. 

 

Figure 5 - 39 Borehole roughness effect on performance of MW9 cable bolts 
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Figure 5 - 40 Failure of the MW9 cable bolt in a rifled borehole 

 

Figure 5 - 41 Failure of the MW9 cable bolt in a smooth borehole 

Table 5 - 2 Peak load of MW9 cable bolts pulled from rifled and smooth boreholes 

Cable name Borehole roughness Peak load (kN) Averaged load (kN) 

MW9 

Rifled 

208 

208 210 

206 

Smooth 
206 

202 210 
190 

The influence of borehole roughness on performance of plain strands is shown in 

Figure 5 - 42 and Table 5 - 3. As seen, there is no apparent difference between them. 

On the other hand, with the Superstrand, different failure modes occurred. As shown in 

Figure 5 - 43 and Figure 5 - 44, failure always occurred at the cable/grout interface 

independent of borehole roughness. Also, the load transfer capacity of Superstrand bolts 

installed in those two borehole roughness conditions was almost identical. 
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Figure 5 - 42 Borehole roughness effect on performance of the Superstrand cable bolt 

Table 5 - 3 Peak load of Superstrand cable bolts pulled from rifled and smooth boreholes 

Cable name Borehole roughness Peak load (kN) Averaged load (kN) 

Superstrand 

Rifled 

109 

112 118 

110 

Smooth 
110 

111 116 
107 

 

Figure 5 - 43 Failure of the Superstrand cable bolt in a rifled borehole 

 

Figure 5 - 44 Failure of the Superstrand cable bolt in a smooth borehole 
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It was determined that the borehole roughness can influence the load transfer 

performance of cable bolts particularly when failure occurs at the grout/rock interface. 

Furthermore, when bond failure occurs along the grout/rock interface, the borehole 

roughness has an influence on the post-peak performance of cable bolts. To be 

consistent with spiral boreholes in the field, rifled boreholes were used in all tests. 

5.4.4 Influence of pre-confinement of the confining medium 

The steel cylinder was adopted as a means of providing passive confinement to the 

confining medium. The cylinder is formed by bolting together a pair of cylinder plates. 

Before each test, a foam pad was inserted between the face plates of each half cylinder 

to create a flexible gap of approximately 5 mm thickness. The confining medium was 

placed within the assembled cylinder and grout was added to fill the small annulus 

between the confining medium and cylinder. After the grout cured, the bolts were 

tightened using a torque wrench to a predetermined fixed level of torque. This 

effectively provided confinement to the confining medium as shown in Figure 5 - 45. 

The level of confinement is a function of the torque applied. This ensured a consistent 

level of contact between the confining medium and cylinder.  

To study the effect of this pre-confinement on the pull-out behaviour of cable bolts, a 

number of tests were undertaken with torque ranging from 0 to 200 N·m on MW9 cable 

bolts reinforced in strong confining media. The pull-out load versus displacement 

characteristics was recorded and compared as shown in Figure 5 - 46 and Table 5 - 4. 

The graph shows that the pre-confinement torque had little or no impact on the initial 

stiffness of the grouted cable bolting system but does influence the peak load of cable 
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bolts. To illustrate this effect, the peak loads for each level of torque are shown in 

Figure 5 - 47. 

 

Figure 5 - 45 Tightening the bolts joining the two halves of the steel cylinder to a constant 
torque ensures a consistent level of confinement 

 

Figure 5 - 46 Pull-out performance of MW9 cable bolts at different levels of torque 

The graph shows that the maximum pull-out load increased with the pre-confinement 

torque rising up to approximately 150 N·m beyond which there was little further change. 

The likely reason for this is that the grout bonding the confining medium and the 

confinement tube yielded and underwent plastic deformation. 
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Table 5 - 4 Pull-out results of MW9 cable bolts with different levels of torque 

Test number Pre-confinement torque (N·m) Peak load (kN) 

1 0 218 
2 40 381 
3 80 439 
4 135 514 
5 200 507 

 

Figure 5 - 47 Peak load of MW9 cable bolts at different levels of torque 

Hence pre-confinement has an appreciable effect on the load transfer capacity of cable 

bolts. To ensure a constant test environment and minimise any potential of cable bolt 

rupture, a lower level of pre-confinement torque of 40 N·m was always used in the 

following tests. Low torque was desired to minimise the impact of confinement that 

might otherwise have a different impact with different cable bolt types on pull-out 

performance. 

5.4.5 Further study of cable termination methods 

In previous LSEPT, end fittings, such as the barrel and wedge system (Figure 5 - 48), 

were used to prevent slippage in the anchor section (Reynolds, 2006; Thomas, 2012). 
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However, different termination fittings are currently used for cable bolts in the market. 

For example, Figure 5 - 49 shows a termination plate used in MW9 cable bolts. 

To minimise the impact of different end fittings on pull-out behaviour of cable bolts, the 

designed anchor tube aims at eliminating reliance on end fittings. Several pull-out tests 

were performed on MW9 cable bolts installed in strong confining media with three 

different termination methods, namely no termination device, the barrel and wedge 

system and the termination plate, were used. When a pre-confinement torque of 40 N·m 

was applied, the results are shown in Figure 5 - 50, indicating that different termination 

methods had little effect on the cable bolts’ performance. 

 

Figure 5 - 48 System of cable termination using barrel and wedge (Megabolt, 2012) 

 

Figure 5 - 49 The termination plate for Megabolt cable bolts 

Based on the test results, it is further confirmed that the designed internally threaded 

anchor tube works just as effectively in firmly gripping the cable bolt as any of the other 
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termination devices. Therefore, in the following tests, no termination device was applied 

on the end of the anchor tube. 

 

Figure 5 - 50 Comparison between different termination methods 

5.5  Summary 

A new design of an axial test rig based on the original LSEPT was developed. To reflect 

the load transfer situation of reinforcement tendons in the field, this apparatus 

incorporates two sections, namely the embedment and the anchor sections. In the 

embedment section, the confining medium was confined by a split-tube. As for the 

anchor section, the bearing plate, anchor tube, hydraulic cylinder, distribution plate, 

load cell, abutment plate and finally the reaction plate were installed in sequence. 

A number of pull-out tests were conducted to evaluate the influence of confining 

medium size on the bond capacity of cable bolts. The diameter of the confining medium 

ranged from 150 mm to 508 mm and a high capacity cable bolt that would induce the 

largest stress in the confining medium as a result of load transfer from the cable bolt 

was used. Two different boundary conditions, unconfined and confined, were applied. It 
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was found that the bond capacity varied significantly with confining medium diameter. 

Furthermore, the peak load of cable bolts in confined situation is always higher than 

unconfined. An embedment section diameter of 300 mm was used in following tests to 

ensure consistent confinement conditions, eliminating any effect of confining medium 

size on performance. 

A locking key and two locking nuts were designed to couple the confinement tube, 

bearing plate and anchor tube together. These were effective in preventing the cable 

bolts from rotating over a large axial displacement range up to 100 mm so that both the 

peak and residual behaviour of cable bolts could be studied. 

Two types of confining media, in which one was made of the YN1.5MPA grout, 

simulating weak rock, while the other was mixed with GS32250 grout, representing 

strong rock, were cast. Stratabinder grout was used to bond the cable bolt with the 

surrounding confining medium. In the embedment section, a w/c ratio of 0.42 was used 

and in the anchor section, a lower w/c ratio of 0.38 was adopted. 

Three displacement transducers were used to monitor the movement of the cable bolt. A 

consistent result occurred between all three of transducers: the LVDT, Micro Pulse and 

Laser. However, the results acquired by the LVDT were apparently influenced by the 

vibration of the hydraulic cylinder. The non-contact Laser instrument could record a 

smooth result and then in following tests, the displacement result obtained by the Laser 

transducer was always used. 

Initially, two pull-out tests with the new apparatus were performed on modified and 
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plain cable bolts. The results show that there was no bond failure occurring in the 

anchor tube, indicating that the designed anchor tube can bear the capacity of cable 

bolts. 

The influence of borehole roughness on performance of modified and plain cable bolts 

installed in the weak confining medium was studied. Both smooth and rifled boreholes 

were tested. The results show that the borehole roughness has little effect on 

determining the peak capacity of cable bolts. However, the borehole roughness makes a 

difference in deciding the residual behaviour of cable bolts only when failure occurs 

along the grout/rock interface. 

Several pull-out tests were conducted on modified cable bolts with the pre-confinement 

torque varying from 0 to 200 N·m. The results show that the pre-confinement torque has 

almost no influence on determining the initial stiffness of the cable bolting system. 

However, with the pre-confinement torque increasing, the peak load of cable bolts 

increased. To ensure a uniform test environment, a pre-confinement torque of 40 N·m 

was used in all subsequent tests. 

Three different termination methods, namely no termination device, a barrel and wedge 

system and the special termination plate, were used on modified cable bolts to test the 

impact of the termination method on the behaviour of the cable bolts. The results show 

that the performance of cable bolts is independent of the different termination methods, 

further proving that the designed anchor tube is able to bear the load capacity of the 

cable bolts. Therefore, in all following tests, no termination device is applied on the end 

of the anchor tube.  
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CHAPTER SIX 

LOAD TRANSFER BEHAVIOUR OF FULLY GROUTED 

CABLE BOLTS 

6.1 Introduction 

Two types of fully grouted cable bolts, namely plain cable bolts and modified cable 

bolts, are currently used in the mining industry. Plain cable bolts were first introduced to 

complement rigid rockbolts in rock reinforcement applications. Their inherent flexibility 

offered the advantage that they could be anchored much deeper into a rock mass than 

rigid steel rockbolts. They also have an axial strength comparable to rockbolts 

(Thompson et al., 2012). Over recent decades, modifications have been made to the 

design and construction of the cable bolt to improve its strength and load transfer 

capacity. This chapter reports on a study comparing the performance of two cable bolts 

representative of both types of cable bolts. Specifically, MW9 and Superstrand cable 

bolts, which are widely used in the Australian underground coal mining industry, were 

selected. 

Considering that the grout poured into the borehole usually has a UCS around 60 MPa 

in field applications, the Stratabinder grout with a w/c ratio of 0.42 and a measured 

strength of 54.3 MPa was used. 

The influence of different parameters on the load transfer behaviour of cable bolts was 

studied. Specifically, to study the performance of cable bolts in the weak rock condition, 

YN1.5MPA grout with a UCS of 8.8 MPa was used to prepare the confining medium in 
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which the cable bolts were anchored. Both MW9 and Superstrand cable bolts were 

pulled from the weak confining medium to check their workability. Two types of 

bearing plates, in which one is the standard bearing plate with a normal hole diameter of 

70.3 mm and the other one has a larger hole with a diameter of 140 mm, were used. By 

comparing the results of cable bolts in those two conditions, the influence of bearing 

plate dimension on load transfer behaviour of both modified and plain cable bolts was 

analysed. 

The borehole size effect on the performance of fully grouted cable bolts installed in the 

weak confining medium was studied. Two types of borehole diameters were tested. In 

detail, the diameter recommended by the cable bolt manufacturer is termed as the 

“standard” borehole size while an oversized hole diameter is called as the “larger” 

boreholes. For example, in the case of the MW9 cable bolt, the hole diameter of 42 mm, 

recommended by manufacturers, was used as the standard size and compared against 

the performance in an oversized hole with a diameter of 52 mm. During the test, the 

failure mode, peak and residual load bearing capacity were evaluated and compared. 

To investigate the influence of confining medium strength on the performance of cable 

bolts, GS32250 grout with a UCS of 62.7 MPa was used to cast the strong confining 

medium. Pull-out tests were conducted on both MW9 and Superstrand cable bolts 

embedded in these strong confining media. 

The impact of embedment length on axial behaviour of the modified cable bolts was 

also studied. Specifically, the MW9 cable bolts were tested and the embedment length 

increased from 320 mm to 380 mm. 
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Finally, the cable surface geometry influence was investigated. The performance of 

MW9 and Superstrand cable bolts embedded in the same condition was compared.  

6.2 Load transfer of modified cable bolts 

6.2.1 Dimensions of MW9 cable bolts 

To enhance the mechanical interlock between the cable bolt and the grout column, the 

nutcage geometry with a diameter of 37.9 mm was fabricated along the cable bolt, as 

shown in Figure 6 - 1. The full length of the cable bolt used in tests was 1180 mm, in 

which 320 mm was encapsulated in the confining medium. It should be mentioned that 

the nutcage geometry was contained in the anchor length to increase the bond strength 

of anchor section. The dimensions of the MW9 cable bolt is tabulated in Table 6 - 1. 

 

Figure 6 - 1 MW9 cable bolt geometry 

Table 6 - 1 MW9 cable bolt dimensions 

Cable type Wires 
Length 
(mm) 

Diameter 
(mm) 

Perimeter 
(mm) 

Nutcage geometry 
Length (mm) Diameter (mm) 

MW9 cable bolt 9 1180 28.5 125.5 180 37.9 

6.2.2 Bearing plate effect 

The first series of pull-out tests was conducted in the weak confining medium. 

YN1.5MPA grout with a UCS of 8.8 MPa was used to cast the confining medium. A 

standard borehole diameter of 42 mm was prepared. After the confining medium fully 

cured for 28 days, pull-out tests were conducted. During the test, it was found that the 
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cable bolt and the grout column were extruded from the confining medium, as shown in 

Figure 6 - 2. 

 

Figure 6 - 2 The cable bolt and the grout column that were pulled from the confining medium 

The pull-out load and displacement were recorded, as shown in Figure 6 - 3. Apparent 

brittle behaviour was exhibited by the MW9 cable bolt. Pull-out load increased linearly 

to a peak value of 205 kN when displacement reached 4.8 mm. Then the pull-out load 

rapidly reduced to 100 kN. When the pull-out displacement reached 50 mm, the MW9 

cable bolt displayed a residual load of approximately 43 kN. 

After the test, the confining medium was split to observe the failure mode, as seen in 

Figure 6 - 4. Shear slippage occurred at the grout/rock interface. In detail, the confining 

medium material between the spiral “grout ribs” was sheared off, as shown in 

Figure 6 - 5. The reason is that the confining medium material had much lower strength 

compared to the Stratabinder grout. During testing, the shear strength of cable/grout 

interface increased because of the cable’s special nutcage geometry. 
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Figure 6 - 3 Performance of the MW9 cable bolt tested with a standard bearing plate 

 

Figure 6 - 4 Failure at the grout/rock interface 

 

Figure 6 - 5 The material between rifled ribs was cut off. 

It is also found that near the “joint”, a crater failure at the surface of the borehole collar 

occurred. However the size of this crater was likely to be limited by the hole diameter in 

the bearing plate. To further confirm this, a second bearing plate with an internal hole 
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diameter of 140 mm (termed the larger bearing plate) was designed and used, as shown 

in Figure 6 - 6. 

 

Figure 6 - 6 The MW9 cable bolt was tested with a larger bearing plate. 

As shown in Figure 6 - 7, when this plate was used, the crater was much larger than the 

previous one. To determine the crater size, plaster material was poured into the cone. It 

was found that the crater had a depth of 43 mm and inclination close to 45 degrees 

(Figure 6 - 8). 

 

Figure 6 - 7 The crater geometry 
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Figure 6 - 8 Inclination angle of the crater geometry 

A comparison between the performance of MW9 cable bolts with normal and larger 

bearing plates is shown in Figure 6 - 9, indicating that the bearing plate has a marked 

impact on the peak capacity, as depicted in Table 6 - 2. 

 

Figure 6 - 9 Influence of bearing plate hole size on performance of MW9 cable bolts 

Table 6 - 2 Peak and residual capacities of MW9 cable bolts 

Performance 
Bearing plate hole size 

Peak load (kN) Residual load (kN) 

Normal plate hole 206 43  
Larger plate hole 146 43 
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The performance of MW9 cable bolts with two bearing plates is primarily determined 

by different failure modes. Specifically, when a normal bearing plate was used, the main 

part of the confining medium was compressed. Failure was restricted to shear slippage 

along the grout/rock interface for the full embedment length of 320 mm. By contrast, 

with the larger plate hole, tensile failure of the confining medium took place and shear 

slippage occurred along grout/rock interface over a smaller embedment length of 

277 mm, as shown in Figure 6 - 10. 

 

Figure 6 - 10 Cone structure was removed on the top of the confining medium. 

To study the bond performance of MW9 cable bolts, the bearing plate with a standard 

hole was used in the following tests. The performance of MW9 cable bolts installed in 

weak the confining medium is tabulated in Table 6 - 3. 
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Table 6 - 3 Results of MW9 pulled from the weak confining medium 

No. Borehole size (mm) Peak load (kN) Residual load (kN) 
1 42 208 136 
2 42 210 144 
3 42 206 43 

Mean 208 108 

6.2.3 Borehole size effect 

Although the cable bolt manufacturer always recommends a particular borehole size for 

cable bolt products, operators prefer to use larger boreholes in the field because it is 

easier to install the cable bolts. However, the influence of increasing borehole size on 

the performance of cable bolts in the weak confining medium has not been studied. 

Thus, a relatively larger borehole diameter of 52 mm was used to evaluate the borehole 

size effect on load transfer behaviour of modified cable bolts. The confining medium 

was still cast with YN1.5MPA grout. During the test, the MW9 cable bolt was pulled 

from the confining medium, as shown in Figure 6 - 11. 

The test was replicated five times (Figure 6 - 12). During the test, the pull-out load and 

displacement were recorded. It should be mentioned that when the third test was 

conducted, the data logging system failed to record the results because of a power 

failure. Nevertheless, the results obtained from the remaining four tests were consistent. 

The second, fourth and fifth tests were selected as the final results. The first test result 

was not selected because its residual load was apparently much higher than the other 

tests. The method of selecting best three results from five tests was always used in 

following tests. 
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Figure 6 - 11 The cable bolt was pulled from the larger borehole. 

 

Figure 6 - 12 Replication tests of MW9 cable bolts 

The load transfer behaviour of MW9 cable bolts installed in larger boreholes is shown 

in Figure 6 - 13 and Table 6 - 4. The results show that after a short pull-out displacement 

of 5 mm, the bearing capacity of this cable bolting system reached a peak load of 

250 kN. The residual load was approximately 167 kN at a pull-out displacement of 

50 mm. 
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Figure 6 - 13 Performance of MW9 cable bolts pulled from larger boreholes 

Table 6 - 4 Results of MW9 cable bolts pulled from larger boreholes 

No. Borehole size (mm) Peak load (kN) Residual load (kN) 
1 52 257 170 
2 52 252 180 
3 52 242 152 

Mean 250 167 

After the test, the confining medium was split to check the failure mode. Figure 6 - 14 

shows that shear failure occurred along the cable/grout interface. After a short pull-out 

displacement of only 5 mm, the chemical adhesion was damaged. Further checking the 

failure status showed that the grout material close to the bulb location was almost 

removed, indicating that the mechanical interlock around the cable bolt nutcage 

geometry was broken. At this point, the MW9 had achieved its maximum load bearing 

capacity. However, at a pull-out displacement of 12 mm, the nutcage geometry 

re-engaged with the intact grout ridges and resistance of MW9 began to rise again. At 

18 mm the grout ridges were sheared and the bearing capacity of MW9 dropped off 

once again. This cyclic phenomenon was maintained until a pull-out displacement of 

60 mm, at which point the nutcage was only 10 mm extracted from the borehole. This is 
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described as the slip-lock mechanism as the cable bolt slips along the cable/grout 

interface before re-gripping. After a pull-out displacement of 60 mm, the load transfer 

capacity of the MW9 decreased linearly, being a function of pure friction between the 

cable and the grout annulus. 

 

Figure 6 - 14 Shear failure at the cable/grout interface showing a) view of the modified cable 
bolt (top), and b) borehole surface condition (bottom) 

In the weak confining medium, the influence of the oversized borehole diameter on 

MW9 cable bolts is shown in Figure 6 - 15. The borehole size has a significant effect on 

deciding the performance of MW9 cable bolts. Both the peak and residual load were 

significantly improved, as shown in Table 6 - 5. 
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Figure 6 - 15 The effect of increasing borehole size on performance of MW9 cable bolts 

Table 6 - 5 Bearing capacities of MW9 cable bolts in different boreholes 

          Load 
Borehole size 

Peak load (kN) Residual load (kN) 

Standard borehole 206 108 
Larger borehole 250 167 

Percentage change +21.4% 54.6% 

6.2.4 Confining medium strength effect 

The GS32250 grout was used to cast the strong confining medium. A standard borehole 

of 42 mm was used. During the test, it was found that the cable bolt was extruded from 

the grout column, as shown in Figure 6 - 16. 

After the test, the load transfer performance of MW9 cable bolts is shown in 

Figure 6 - 17 and Table 6 - 6. The strong material provided a higher level of resistance, 

resulting in a stiff tendon having a large pull-out load of nearly 380 kN after a 

displacement of only 10 mm. After the peak load, the load bearing capacity in the 

post-failure region fell quickly. After 100 mm displacement, the capacity of the cable 

bolt reduced to less than 80 kN. 
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Figure 6 - 16 The MW9 cable bolt which was pulled from the grout column 

 

Figure 6 - 17 Performance of MW9 cable bolts pulled from the strong confining medium 

Table 6 - 6 Results of MW9 cable bolts pulled from the strong confining medium 

No. Borehole size (mm) Peak load (kN) Residual load (kN) 
1 42 381 234 
2 42 379 296 
3 42 381 263 

Mean 380 264 

The failure mode in the embedment section is shown in Figure 6 - 18 and Figure 6 - 19 

respectively. These indicated good contact at the grout/rock interface. During the 
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pull-out process, failure initially occurred at the loaded end of the cable/grout interface. 

Then it propagated to the far end when the whole cable/grout interface was broken. 

 

Figure 6 - 18 The MW9 cable bolt after testing 

 
Figure 6 - 19 Shear failure at the cable/grout interface 

The slip-lock phenomenon occurred within a short displacement between 13 to 60 mm 

for the MW9 cable bolt in the strong confining medium, as highlighted in Figure 6 - 20. 

Beyond this zone there was a uniform reduction of load. 

 

Figure 6 - 20 Typical performance of a MW9 cable bolt pulled from the strong confining 
medium 
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The load transfer performance of MW9 cable bolts installed in weak and strong 

confining media is compared, as shown in Figure 6 - 21. The confining medium strength 

had an obvious influence on the performance of the MW9 cable bolts. In the weak 

confining medium, shear failure occurred at the grout/rock interface. Consequently, 

after the peak load, the bearing capacity of the modified cable bolting system dropped 

gradually. However, when the MW9 cable bolt was pulled from the strong confining 

medium, failure occurred at the cable/grout interface. The nutcage geometry re-engaged 

with the confining grout column periodically, resulting in oscillation of the pull-out load. 

Furthermore, both the peak load and residual load of MW9 cable bolts installed in the 

strong confining medium were much higher than when installed in the weak confining 

medium, as shown in Table 6 - 7. 

 

Figure 6 - 21 The effect of confining medium strength on performance of MW9 cable bolts 

Table 6 - 7 Bearing capacities of MW9 cables pulled from different confining media 

          Load 
Confining medium strength 

Peak load (kN) Residual load (kN) 

Weak 208 108 
Strong 380 264 
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6.2.5 Embedment length effect 

In the field, the embedment length can be varied depending on joint intervals. To study 

the influence of embedment length on the performance of modified cable bolts, MW9 

cable bolts were installed in the strong confining medium with different embedment 

lengths: 340 mm, 360 mm and 380 mm. 

MW9 cable bolts with the same configuration were used. Sketches of the tests are 

shown in Figure 6 - 22, Figure 6 - 23 and Figure 6 - 24. It is clear that the distance 

between the lower end of the nutcage geometry and the bottom of the borehole was 

constant at 70 mm. And, the distance between the upper section of the nutcage geometry 

and the borehole collar increased from 90 mm to 130 mm. 

After testing, all failure occurred along the cable/grout interface in the embedment 

section. No bond failure was observed between the cable bolt, the grout column and the 

anchor tube. This further certified that the designed anchor tube is able to bear the 

capacity of cable bolts with longer embedment length. 

The load performance of MW9 cable bolts with the embedment length ranging from 

320 mm to 380 mm is shown in Figure 6 - 25. The trend of the load-displacement 

curves were consistent and different embedment length had almost no impact on 

deciding the initial stiffness of the cable bolting system. However, increasing the 

embedment length was beneficial to improving both the peak and residual bearing 

capacity of the cable bolts. Furthermore, the slip-lock phenomenon is more apparent 

when a longer embedment length was used.  
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Figure 6 - 22 An embedment length of 340 mm 
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Figure 6 - 23 An embedment length of 360 mm 
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Figure 6 - 24 An embedment length of 380 mm 

The relationship between the peak capacity of MW9 cable bolts and the embedment 

length is shown in Figure 6 - 26. There was almost a linear relationship between the 

peak capacity of MW9 cable bolts and embedment length within a short range of 

360 mm. However, once the embedment length is longer than that, the maximum 

bearing capacity of the cable bolts was still rising but with a much lower slope. The 
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reason for this is when the embedment length was short enough (less than 12.6 times of 

the cable diameter), the shear stress along the MW9 cable/grout interface could be 

regarded uniform. However, once the embedment length was longer than that, a 

non-uniform shear stress variation was more apparent, resulting in the bearing capacity 

increasing non-linearly. 

 
Figure 6 - 25 The effect of embedment length on performance of MW9 cable bolts 

 

Figure 6 - 26 Effect of embedment length on peak capacity of MW9 cable bolts 
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6.3 Load transfer of plain cable bolts 

6.3.1 Dimensions of Superstrand cable bolts 

The full length of the Superstrand used in this study was 1180 mm, of which 320 mm 

was embedded in the confining medium. To ensure that the bond strength in the anchor 

section was higher than the embedment section, a special bulb geometry was placed in 

the anchor section, as shown in Figure 6 - 27. The dimension of the Superstrand is 

tabulated in Table 6 - 8. 

 

Figure 6 - 27 Superstrand cable bolt geometry 

Table 6 - 8 Superstrand cable bolt dimensions 

Cable name Type Wires Length (mm) Diameter (mm) Perimeter (mm) 
Superstrand Plain 9 1180 21.8 96 

6.3.2 Bearing plate effect 

The first series of pull-out tests was conducted on Superstrand cable bolts installed in 

the weak confining medium. YN1.5MPA grout was used to cast the confining medium 

and a borehole diameter of 27 mm used. Two different bearing plates, namely a standard 

bearing plate with an internal hole of 70.4 mm and a second bearing plate with an 

internal hole of 140 mm, were tested. The load transfer performance of Superstrand 

cable bolts tested with these two bearing plates is shown in Figure 6 - 28. The size of 

the bearing plate in this instance had almost no significant influence on performance of 

the plain cable bolts, which is largely different from the influence of bearing plate size 

on behaviour of modified cable bolts in the weak confining medium. 
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Figure 6 - 28 Performance of Superstrand cable bolts pulled from the weak confining medium 

Further checking the failure mode displays that the crater outline was more discernible 

when the larger bearing plate was used, as shown in Figure 6 - 29. Nevertheless, the 

crater depth in both cases was quite small (less than 2 mm). Failure of the Superstrand 

was dominated by shear slippage along the cable/grout interface within the entire 

encapsulation length, as shown in Figure 6 - 30 a). Also, Figure 6 - 30 b) indicates that 

the entire length of the Superstrand cable in the embedment section was extruded from 

the grout column. To better study the bond failure of cable bolting systems, the standard 

bearing plate was used in all subsequent tests with the Superstrand cable bolts. 

The load transfer behaviour of Superstrand cable bolts installed in the weak confining 

medium is provided in Figure 6 - 31 and Table 6 - 9. The results show that the 

Superstrand cable bolts behaved in an elastic, perfectly-plastic behaviour. Specifically, 

there was a linear relationship between the pull-out load and displacement when the 

displacement was less than 3 mm. Then, the bearing capacity of Superstrand cable bolts 

decreased a little. This is probably due to the bond failure between the cable bolt and the 
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grout column near the borehole collar. With the pull-out displacement increasing, the 

bearing capacity rose again. The peak load was achieved at a large pull-out 

displacement around 30 mm. In the residual period, the bearing capacity of Superstrand 

cable bolts remained largely unchanged at a high level around 100 kN. 

 

Figure 6 - 29 Confining medium status. a) standard bearing plate with an internal hole diameter 
of 70.4 mm (left), and b) a second bearing plate with an internal hole diameter of 140 mm 

(right) 

 

Figure 6 - 30 Shear slippage along the cable/grout interface for Superstrand cable bolts showing 
a) view of cable bolt (top), and b) borehole surface condition (bottom) 
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Figure 6 - 31 Performance of Superstrand cable bolts pulled from the weak confining medium 

Table 6 - 9 Results of Superstrand cable bolts pulled from the weak confining medium 

No. Borehole size (mm) Peak load (kN) Residual load (kN) 
1 27 109 103 
2 27 118 96 
3 27 110 108 

Mean 112 102 

 

6.3.3 Borehole size effect 

To study the influence of borehole size on load transfer performance of plain cables in 

the weak confining medium, pull-out tests were conducted on Superstrand cable bolts 

installed in larger boreholes with a diameter of 37 mm. The confining medium was cast 

using the weak YN1.5MPA grout. 

The axial performance of Superstrand cable bolts installed in larger boreholes in the 

weak confining medium is shown in Figure 6 - 32. The average peak and residual loads 

are tabulated in Table 6 - 10. In the test, the Superstrand was directly pulled from the 

confining medium, as shown in Figure 6 - 33. Apparently, shear failure occurred along 

the cable/grout interface, as shown in Figure 6 - 34. 
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The borehole size had almost no effect on the load versus displacement trend of 

Superstrand cable bolts and the failure mode. However, it did make a difference in the 

bearing capacity of Superstrand cable bolts in the weak confining medium. A 

comparison between the load transfer performance of Superstrand cable bolts installed 

in different boreholes is shown in Figure 6 - 35 and Table 6 - 11. These indicate that 

increasing the borehole diameter was beneficial to improving both the peak and residual 

bearing capacities of Superstrand cable bolts with the weak confining medium. 

 

Figure 6 - 32 Performance of Superstrand cable bolts pulled from larger boreholes 

Table 6 - 10 Results of Superstrand cable bolts pulled from larger boreholes 

No. Borehole size (mm) Peak load (kN) Residual load (kN) 
1 37 159 157 
2 37 154 148 
3 37 144 140 

Mean 152 148 
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Figure 6 - 33 The cable was pulled from the confining medium. 

 

Figure 6 - 34 Shear failure along the cable/grout interface in a larger borehole 

 

Figure 6 - 35 The effect of increasing borehole size on the performance of Superstrand cable 
bolts 

It should be mentioned that the borehole size effect on the performance of cable bolts 

installed in the strong confining medium has been previously studied. For example, 
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Rajaie (1990) conducted pull-out tests on plain cable bolts installed in concrete blocks 

with higher strength than 30 MPa, finding that the borehole size had almost no influence 

on load transfer performance of cable bolts. This was later confirmed by Martin et al. 

(1996), Chen and Mitri (2005) and Mosse-Robinson and Sharrock (2010). As for the 

cause of this different performance, it is likely that in the weak confining medium, the 

confinement provided by the surrounding medium including both the grout annulus and 

confining medium material was limited. When the borehole size was increased, the 

larger diameter for the same size cable bolt meant that the annulus of the high strength 

grout was larger, effectively increasing its stiffness. This provided more confinement on 

the cable bolt. Hence when mining activities encounter the weak confining medium, it is 

recommended to use relatively larger boreholes to improve the performance of fully 

grouted cable bolts. 

Table 6 - 11 Bearing capacities of Superstrand cable bolts in different boreholes 

          Load 
Borehole size 

Peak load (kN) Residual load (kN) 

Standard borehole 112 102 
Larger borehole 152 148 

Percentage change +35.7% +45.1% 

6.3.4 Confining medium strength effect 

To study the influence of confining medium strength on the performance of plain cable 

bolts, GS32250 grout was used to cast the confining medium. A standard borehole 

diameter of 27 mm was used. The performance of Superstrand cable bolts installed in 

the strong confining medium is shown in Figure 6 - 36 and Table 6 - 12. These show 

that the pull-out load increased linearly with the displacement when the displacement 
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was less than 3 mm. Then, the pull-out load still increased but with a decreasing slope. 

When the pull-out displacement increased to 35 mm, the bearing capacity arrived at the 

peak value of 265 kN. Failure of the Superstrand cable bolting system occurred along 

the cable/grout interface, as shown in Figure 6 - 37 and Figure 6 - 38. 

 

Figure 6 - 36 Performance of Superstrand cable bolts pulled from the strong confining medium 

Table 6 - 12 Results of Superstrand cable bolts pulled from the strong confining medium 

No. Borehole size (mm) Peak load (kN) Residual load (kN) 
1 27 275 269 
2 27 258 245 
3 27 262 257 

Mean 265 257 

The influence of confining medium strength on the load transfer performance of 

Superstrand cable bolts was evaluated, as shown in Figure 6 - 39 and Table 6 - 13. The 

results show that the confining medium strength had a significant effect on deciding the 

load bearing capacity of Superstrand cable bolts. With the confining medium strength 

increasing from 8.8 MPa to 62.7 MPa, the peak capacity of Superstrand cable bolts rose 

from 112 kN to 265 kN. As for the residual behaviour, Superstrand cable bolts installed 

in the weak confining medium maintained a pull-out load of 102 kN within a large 
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pull-out displacement of 100 mm. However, when the strong confining medium were 

used, after the peak capacity, the bearing capacity of Superstrand cable bolts decreased 

gradually. 

 

Figure 6 - 37 The Superstrand cable bolt was pulled from the grout column. 

 

Figure 6 - 38 Shear failure along the cable/grout interface 

Table 6 - 13 Bearing capacities of Superstrand cable bolts with different confining medium 
strength 

          Load 
Confining medium strength 

Peak load (kN) Residual load (kN) 

Weak 112 102 
Strong 265 257 
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Figure 6 - 39 The effect of confining medium strength on performance of Superstrand cable 
bolts 

6.4 Comparison between two types of cable bolts 

6.4.1 Cable surface geometry effect in the weak confining medium 

To evaluate the impact of cable surface geometry on the load transfer performance of 

cable bolts in the weak confining medium, the load versus displacement curves of the 

Superstrand and MW9 cable bolt were compared, as presented in Figure 6 - 40. The 

results show that in the weak confining medium, the MW9 cable bolt had much higher 

peak capacity than the Superstrand cable bolt, as depicted in Table 6 - 14, indicating that 

the nutcage geometry was quite effective in improving the maximum load bearing 

capacity of cable bolts. 

However, after the peak load, there was a sudden drop of the load bearing capacity of 

the MW9 cable bolt. As for the Superstrand cable bolt, the bearing capacity almost 

levelled off within a large pull-out displacement of 100 mm. It is apparent that the 

residual load of the Superstrand cable bolt was higher than the MW9 cable bolt, 
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indicating that the Superstrand is more appropriate for the situation where large 

displacement of rock mass can occur. 

 

Figure 6 - 40 Comparison of Superstrand and MW9 cable bolts pulled from the weak confining 
medium 

Table 6 - 14 Bearing capacities of Superstrand and MW9 cable bolts pulled from the weak 
confining medium 

          Load 
Confining medium strength 

Peak load (kN) Residual load (kN) 

Superstrand 112 102 
MW9 208 108 

The cable surface geometry also had an impact on the failure mode of the cable bolting 

systems in the weak confining medium. As shown in Figure 6 - 41 a), when the MW9 

cable bolt was tested, apparent shear failure occurred along the grout/rock interface. 

However, when the Superstrand cable bolt was tested, bond failure occurred along the 

cable/grout interface, as shown in Figure 6 - 41 b). This difference was mainly a result 

of the modified or nutcage geometry. Specifically, when the MW9 cable bolt was pulled 

from the weak confining medium, the mechanical interlock and friction between the 

cable bolt and grout column was enhanced. Since the confining medium had a low 
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strength, the shear strength of the grout/rock interface was lower than the cable/grout 

interface. Consequently, bond failure occurred along the grout/rock interface.  

 

Figure 6 - 41 A comparison between cable bolting failure modes in the weak confining medium. 
a) MW9 cable (left), and b) Superstrand cable (right) 

6.4.2 Cable surface geometry effect in the strong confining medium 

The influence of cable surface geometry on axial performance of cable bolts in the 

strong confining medium is shown in Figure 6 - 42. The figure demonstrates that the 

peak capacity of the MW9 cable bolt was still much higher than the Superstrand cable 

bolt, as depicted in Table 6 - 15. However, the displacement where peak load occurred 

was much different. For the MW9 cable bolt, after a short pull-out displacement of 

8 mm, the bearing capacity reached the peak value of 380 kN while for the Superstrand 

cable bolt, the peak capacity of 257 kN occurred when the pull-out displacement arrived 

at 38 mm. 

After the peak load, there was a sudden drop of the bearing capacity of the MW9 cable 

bolt. Furthermore, an oscillation of the pull-out load occurred within a pull-out 

displacement range from 13 mm to 60 mm. As for the Superstrand, the bearing capacity 

maintained within a large pull-out displacement up to 100 mm. 
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Figure 6 - 42 A Comparison of Superstrand and MW9 cable bolts pulled from the strong 
confining medium 

Table 6 - 15 Bearing capacities of Superstrand and MW9 cable bolts pulled from the strong 
confining medium 

          Load 
Confining medium strength 

Peak load (kN) Residual load (kN) 

Superstrand 265 257 
MW9 380 264 

It was also found that the cable surface geometry had no influence on deciding the 

failure mode of cable bolting systems in the strong confining medium. As shown in 

Figure 6 - 43, shear failure always occurred along the cable/grout interface, independent 

of the cable type.  

 

Figure 6 - 43 A comparison between failure modes of cable bolting systems pulled from the 
strong confining medium. a) MW9 cable bolt (left), and b) Superstrand cable bolt (right) 
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6.5 Post-failure behaviour 

6.5.1 MW9 cable bolt 

In earlier test work reported by Thomas (2012), measurements were truncated soon after 

the peak load was reached. This was typically within a total displacement of 15 mm. 

Little post-failure behaviour of the cable bolts was measured in each case. 

Significantly, with this new test facility, the post-failure behaviour of the MW9 cable 

bolt could be determined well beyond the peak load. As shown in Figure 6 - 44, the 

post-failure behaviour over a displacement range of 100 mm was consistently achieved. 

 

Figure 6 - 44 Performance of MW9 cable bolts pulled from strong and weak confining media 

There was evidence of slip-lock mechanism with the MW9 cable bolt. This was 

observed when the strong confining medium was used. Furthermore, beyond a 

displacement of about 30 mm to 40 mm, there was a near-uniform reduction in load 

with displacement signifying little effective bond strength or resistance between the 

cable and grout. When the weak confining medium was used, the slip-lock phenomenon 

was only observed when MW9 cable bolts were pulled from large boreholes. 
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6.5.2 Superstrand cable bolt 

For the Superstrand cable bolt, there was some appreciable and sustained level of load 

bearing capacity after the maximum load was achieved as shown in Figure 6 - 45. After 

100 mm displacement, the cable bolt could still maintain a load bearing capacity of 

nearly 80 kN in the weak confining medium. Interestingly, the post-failure load was 

consistently maintained over the full range of controlled displacement in the weak 

confining medium. However, in the strong confining medium, there was a near 25% 

reduction in load bearing capacity over the final 60 mm displacement to 100 mm. Even 

so, the load bearing capacity after 100 mm displacement in the strong confining 

medium was nearly 200 kN. 

 

Figure 6 - 45 Performance of Superstrand cable bolts pulled from strong and weak confining 
media 

6.6 Summary 

Pull-out tests were conducted on two types of cable bolts, namely the MW9 cable bolt 

which is a modified cable bolt and the Superstrand cable bolt that is a plain cable. 

For the MW9 modified cable bolt, it was found that: 
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 When the cable bolt was pulled from the weak confining medium, bond failure 

occurred along the grout/rock interface. Furthermore, the dimension of the 

bearing plate had a significant effect on deciding the performance of cable bolts. 

When the bearing plate with a larger hole was used, the surrounding confining 

medium material was also pulled out and a combination of bond failure with 

crater failure occurred. In contrast, when the bearing plate with a hole size 

comparable to the borehole diameter was used, failure only occurred along the 

grout/rock interface. The effect of the bearing plate with the smaller hole was to 

constrain the material surrounding the cable bolt and grout, increasing its 

strength and resistance to failure. The peak capacity of the cable bolt pulled from 

the bearing plate with a larger hole was smaller than the plate with a standard 

hole. 

 Increasing the borehole size had a significant effect on improving the 

performance of cable bolts in the weak confining medium. Both the peak load 

and residual load were higher when a larger borehole was used. This is assumed 

to be due to the fact that the grout column in the borehole had a much higher 

strength than the confining medium and when larger boreholes were used, more 

confinement could be provided by the confining medium, resulting in larger 

pulling load. Furthermore, when the cable bolt was pulled from larger boreholes, 

bond failure occurred along the cable/grout interface. 

 The strength of the confining medium had a significant effect on the load 

transfer performance of the cable bolting system. In the strong confining 
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medium, bond failure only occurred at the cable/grout interface whereas in the 

weaker confining medium, failure was more likely to occur at the grout/rock 

interface. Furthermore, the peak and residual load of cable bolts installed in the 

strong confining medium were much higher than those installed in the weak 

confining medium. 

 Several pull-out tests were conducted on cable bolts installed in the strong 

confining medium. Within an embedment length of less than 360 mm, there was 

a linear relationship between the embedment length and peak capacity. Beyond 

this value, the bearing capacity increased but with a much lower slope. This was 

assumed to be the non-uniform shear stress distribution along the cable/grout 

interface, especially when long embedment length was used. 

For the Superstrand or plain cable bolt, it was found that: 

 Failure of the cable bolting system always occurred along the cable/grout 

interface independent of the confining medium strength. 

 The dimension of the bearing plate had little effect on deciding the performance 

of the cable bolts. There was no crater failure of the cable bolting system when 

the bearing plate with the larger hole was used. 

 Increasing the borehole size was beneficial to improving the peak and residual 

capacity of cable bolts installed in the weak confining medium. 

 Strength of the confining medium had an influence on cable bolt performance. 

When the cable was pulled from the strong confining medium, there was 
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apparent reduction in the bearing capacity in the residual stage. However, when 

the weak confining medium was tested, the bearing capacity of the cable bolt 

maintained throughout a large pull-out displacement of 100 mm. 

The influence of cable surface geometry on load transfer performance of cable bolts was 

analysed. The cable surface geometry influenced the failure modes of cable bolts when 

installed in the weak confining medium. Specifically, the modified surface geometry 

resulted in bond failure occurring along the grout/rock interface when the weak 

confining medium was used. For cable bolts installed in the strong confining medium, 

bond failure always occurred along the cable/grout interface, independent on the cable 

surface geometry. Nevertheless, the cable surface geometry had a significant effect on 

deciding the peak capacity. With the modified geometry, the peak capacity of cable bolts 

more than doubled. As for the residual load, the modified cable bolts decreased quickly 

with displacement. However, for plain cable bolts, the residual load could be maintained 

over a large displacement. 

The post-failure behaviour of modified cable bolts was largely different from plain 

cable bolts. When the modified cable bolts were pulled from the confining medium and 

failure occurred along the cable/grout interface, oscillation of the pull-out load occurred, 

which was a result of the re-engagement of the modified cable surface geometry and the 

grout column. However, for plain cable bolts, after the peak load, there was a steady 

reduction of the bearing capacity of cable bolts with the pull-out displacement.  
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CHAPTER SEVEN 

AN ANALYTICAL MODEL TO STUDY LOAD TRANSFER 

BEHAVIOUR OF FULLY GROUTED CABLE BOLTS  

7.1 Introduction 

An analytical model was proposed to study the load transfer mechanism of fully grouted 

cable bolts with particular focus on maximum load bearing capacity. This model 

assumed that the cable bolting system was composed of three parts, namely the cable 

bolt, the grout column and the cylindrical confining medium. Considering that the shear 

slip along the cable/grout interface is the major failure mode in cable bolting 

applications, this model focused on the bond failure at the cable/grout interface. The 

mechanical equilibrium equation was established to determine the relationship between 

the axial stress in the cable bolt and shear stress along the cable/grout interface. The 

shear slip of the cable/grout interface was expressed in terms of the axial movement of 

the cable bolt and the confining medium. A tri-linear relationship was adopted to model 

the behaviour between the shear stress and shear slip of the cable/grout interface. The 

shear stress propagation was analysed in different pull-out stages including: the elastic, 

elastic-softening, elastic-softening-debonding, softening-debonding, pure softening and 

debonding. This analytical model was used to predict the maximum load bearing 

capacity of cable bolting systems with different embedment length. Specifically, the 

peak capacity of standard cable bolts with the embedment length ranging between 

150 mm and 700 mm was analysed. For the modified cable bolts, the embedment length 
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ranged from 320 mm to 380 mm. Laboratory pull-out tests using these two types of 

cable bolts were used to validate this analytical model, which resulted in a good 

correlation between analytical modelling and laboratory test results. The shear stress 

distribution state of cable bolts when peak capacity reached was also analysed. Finally, 

the analytical model was used to evaluate the shear stress propagation process in the full 

pull-out process of cable bolts. 

7.2 Analytical modelling of the fully grouted cable bolts 

7.2.1 Governing equation 

The fully grouted cable bolting system in the embedment section is mainly composed of 

three parts, namely the cable bolt with a diameter of D, the grout column having an 

annulus thickness of t and the confining medium with a thickness of b. This creates two 

interfaces, namely the cable/grout interface and the grout/confining medium interface, 

as shown in Figure 7 - 1. In this study, the shear failure along the cable/grout interface 

was studied as this is the most commonly encountered failure mode in both laboratory 

and field tests (Cao et al., 2013b; Ma et al., 2013; Wang et al., 2015). Therefore, when 

the cable bolt is subjected to axial load, shear stress along the cable/grout interface is 

induced as a result of the differential axial stress. 

During the pull-out process, the resultant force on the bolt should equal the shear 

resistance induced along the bolt/grout interface (Blanco Martín et al., 2011; Ma et al., 

2014b):  
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 ( ) ( ) ( ) ( )( )
2

4b b b
Dx Ddx x d x x πτ π σ σ σ= + −  (7 - 1) 

Therefore, the relationship between the axial stress and shear stress can be expressed as: 

 ( ) ( )
4

bd xDx
dx
σ

τ =  (7 - 2) 

Where, τ (x) = the shear stress along the cable/grout interface at a longitudinal position x, 

Pa; and σb (x) = the axial stress of the cable bolt, Pa.  

 

Figure 7 - 1 a) Stress state within an elementary length dx, and b) geometry of a cable bolting 
system 

As shown in Figure 7 - 2, the shear stress along the diametrical direction in the grout 

column at a radius of r can be calculated (Cai et al., 2004a): 

 

Figure 7 - 2 Shear stress distribution within the cable bolting system 
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 ( )
2r
D x
r

τ τ=  (7 - 3) 

In most instances, performance of the cable bolting system is primarily dependent on 

the properties of the cable/grout interface whereas the grout and confining medium are 

essential in providing confinement. Hence the grout and confining medium are treated 

as elastic materials. If the thickness of the grout column t is thin, the shear stress in the 

grout can be calculated with the material shear modulus G (Farmer, 1975; Dunham, 

1976): 

 r
duG
dr

τ = −  (7 - 4) 

Where, u = the longitudinal displacement of the grout, m. Since G can be calculated via 

the grout Young’s Modulus Eg and Poisson’s Ratio vg, τr can be further expressed as: 

 ( )2 1
g

r
g

E du
drv

τ = −
+

 (7 - 5) 

Then the displacement of grout at the radius of r can be acquired by substituting 

Equation (7 - 3) into Equation (7 - 5) and integrating it from the cable/grout interface to 

the grout/medium interface: 

 
( )

0

1
ln

2
g

r
g

D v Du u
E r

τ +
= +  (7 - 6) 

Where, u0 = axial displacement of the cable/grout interface, m. Then, the displacement 

of the grout/medium interface um can be obtained by substituting r = t + D/2 into 

Equation (7 - 6): 
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( )

0

1
ln

2
g

m
g

D v Du u
E D t

t +
= +

+
 (7 - 7) 

On the condition that ub represents axial displacement of the cable, the shear slip of the 

cable/grout interface δ can be calculated from the equation of δ = ub - u0. Through 

substituting δ into Equation (7 - 7), the interface slip is: 

 
( )1

ln
2

g
b m

g

D v Du u
E D t

t
δ

+
= − +

+
 (7 - 8) 

Equations (7 - 2) and (7 - 8) can be solved once the relationship between τ and δ is 

determined. In the following context, the method of using a tri-linear model to evaluate 

mechanical properties of fiber-reinforced plastic (FRP) proposed by Wu et al. (2010) 

was adopted as appropriate to describe the axial loading behaviour of fully grouted 

cable bolts. However, they only considered three stages. In this study, the tri-linear 

model is extended to analyse the load transfer behaviour of cable bolts within the full 

pull-out stages. 

7.2.2 The tri-linear model of the cable/grout interface 

A tri-linear model is basically composed of three segments as shown in Figure 7 - 3: (I) 

a linear elastic section from the origin to peak load, Point (δ1, τp); (II) a stress softening 

section until the Point (δ2, τf); and, (III) a residual load section. It should be mentioned 

that Wu et al. (2010) assumed a perfect bonding between the confining medium (in their 

case a steel tube) and the grout. This assumption is also applicable to cable bolts, 

because the medium/grout interface usually remains intact during the pull-out process. 
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Figure 7 - 3 A tri-linear law with characteristic parameters, after Wu et al. (2010) 

The shear stress along the cable/grout interface can be calculated based on the following 

equations: 

 ( )10kτ δ δ δ= ≤ ≤  (7 - 9a) 

 ( )2 1
1 2

2 1 2 1

p f p fτ δ τ δ τ τ
τ δ δ δ δ

δ δ δ δ
− −

= − < ≤
− −

 (7 - 9b) 

 ( )2fτ τ δ δ= >  (7 - 9c) 

Where, δ = the interface shear slip, m; k = the stiffness in elastic stage, Pa/m; τp = the 

interfacial shear strength, Pa, and τf = the interfacial frictional or residual strength, Pa. 

7.2.3 Pull-out stages of cable bolts 

Under an axial loading condition, the fully grouted rock tendon may undergo different 

stages including elastic, elastic-softening, elastic-softening-debonding, 

softening-debonding and debonding (Ballivy and Martin, 1983; Nemcik et al., 2014). 

Blanco Martín et al. (2013) indicated that pure softening rather than 

elastic-softening-debonding may occur, if the embedment length is not long enough. 

This study analyses the load transfer performance of cable bolts under the two scenarios. 

δ1 δ2

τ f

τ p

δ

τ

1

k
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To validate this analytical model, the modelling peak load was compared with 

laboratory test results. Considering peak load can only occur in either the 

elastic-softening or elastic-softening-debonding stages, the maximum pull-out load is 

derived from those two stages (Ren et al., 2010). 

7.2.3.1 Elastic stage 

When an axial load is applied at one end of a fully grouted cable bolt, the cable/grout 

interface first deforms elastically, and the shear stress along the interface can be 

calculated by combining Equation (7 - 9a) with (7 - 8): 

 ( )
( )21 ln

g
b m

g g

kE
u uD tE Dk v

D

t = −
+

+ +
 (7 - 10) 

Through differentiating Equation (7 - 10) with regard to x, the following equation can 

be obtained: 

 ( ) 21 ln

g b m

b m
g g

kEd
D tdx E EE Dk v

D

σ σt  
= − +  + +

 (7 - 11) 

Where, Eb = the Young’s Modulus of cable bolts, Pa, and Em = the Young’s Modulus of 

the confining medium, Pa. Based on the mechanical equilibrium in the longitudinal 

direction, the axial stress on the confining medium σm can be expressed as: 

 ( )
2

4b 2m b
D

D b t
σ σ= −

+ +
 (7 - 12) 

Substituting Equations (7 - 2) and (7 - 12) into Equation (7 - 11) results in: 
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 ( ) ( )
2 2

2 24 4 21 ln

gb b b

b m
g g

kEdD D
D tdx E b D b t EE Dk v

D

σ σ σ 
= + + + + + +

 (7 - 13) 

Since only σb is unknown, Equation (7 - 13) can be further expressed as: 

 ( ) ( )
2 2

2

4 1
2 4 21 ln

0

gb
b

b m
g g

kEd D
D tdx E b D b t ED E Dk v

D

σ σ
 

− + + + +   + + 
 

=

 (7 - 14) 

Therefore, the following equation can be obtained: 

 
2

2
2 0b

b
d
dx
σ α σ− =  (7 - 15) 

Where, 

 ( ) ( )
2

2 4 1
2 4 21 ln

g

b m
g g

kE D
D t E E b D b tD E Dk v

D

α
 

= + + + +   + + 
 

 (7 - 16) 

In this state, for a fully grouted cable bolt with an embedment length of L, assuming the 

axial load at the loaded end is F, the boundary conditions are: 

 ( )0 0b xσ = =  (7 - 17) 

 ( ) 2

4
b

Fx L
D

σ
π

= =  (7 - 18) 

Through substituting Equations (7 - 17) and (7 - 18) into Equation (7 - 15), σb (x) and 

τ (x) can be acquired: 

 ( ) 2

4 x x

b L L

F e ex
D e e

α α

α ασ
π

−

−

−
=

−
 (7 - 19) 

 ( )
x x

L L

F e ex
D e e

α α

α α

ατ
π

−

−

+
=

−
 (7 - 20) 



 

234 
 

With the pull-out load increasing, the shear stress at the loaded end, or τl, gradually 

reaches the interfacial shear strength. In this state, the pulling force is defined as the 

initial cracking load and can be calculated as: 

 
L L

p
ini L L

D e eF
e e

α α

α α

τ p
α

−

−

−
=

+
 (7 - 21) 

In the elastic stage, F is always less than or equal to Fini. Therefore, the domain for F is 

0,
L L

p
L L

D e e
e e

α α

α α

τ p
α

−

−

 −
 + 

. 

7.2.3.2 Elastic-softening stage 

Once the pull-out load is larger than Fini, the cable/grout interface at the loaded end 

(right side in Figure 7 - 4) starts softening and a softening length, as, occurs from the 

loaded end. 

 

Figure 7 - 4 Softening length propagation along the cable/grout interface 

Within the range 0 ≤ x ≤ L - as, the interface still remains elastic. And the shear stress at 

the position x = L - as equals the interfacial shear strength, i. e., 

 ( )s px L aτ τ= − =  (7 - 22) 

L

xo

Softening length

σb

σm

σm
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The σb and τ can be acquired by solving Equation (7 - 15) with conditions of 

Equations (7 - 17) and (7 - 22). 

 ( ) ( ) ( )

4
s s

x x
p

b L a L a
e ex

D e e

aa

aa

τ
s

a

−

− − −

−
=

+
 (7 - 23) 

 ( ) ( ) ( )s s

x x

p L a L a
e ex

e e

aa

aa τ τ
−

− − −

+
=

+
 (7 - 24) 

In this stage, as is always smaller than L. Thus, the domain for as is (0, L). As for the 

range L - as < x ≤ L, the interface softens. Through combining Equations (7 - 9b) and 

(7 - 8) together, τ can be obtained as: 

 

( )
( ) ( )( )

( )

( )
( ) ( )( )

2 1

2 1

2 1

1 ln
2

1 ln
2

g p f
b m

g p f g

g p f

g p f g

E
u uDE D v

D t
E

DE D v
D t

tt
t

δ δ tt

t δ t δ

δ δ tt

−
= − − +

− + − +
+

−

− + − +
+

 (7 - 25) 

Differentiating τ with regard to x can get: 

 
( )

( ) ( )( )2 1 1 ln
2

g p f b m

b m
g p f g

Ed
Ddx E EE D v

D t

tt  σ σt

ddtt  

−  
= − − 

 − + − +
+

 (7 - 26) 

Substituting Equations (7 - 2), (7 - 12) into (7 - 26) yields: 

 
2

2
2 0b

b
d
dx
σ ω σ+ =  (7 - 27) 

Where, 
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( )
( ) ( )( )

( )

2

2
2 1

2

4

1 ln
2

1
4 b 2

g p f

g p f g

b m

E
DDE D v

D t
D

E E b D t

tt
ω

δ δ tt

−
=

− + − +
+

 
+ + + 

 (7 - 28) 

Considering σb and τ should be continuous at the position x = L - as, σb and τ can be 

expressed as: 

 

( )
( )( ) ( )( )

( )( )
( )

( )( ) ( )( )

( )( )
( )

4
tanh cos

cos
4

sin

4
tanh sin

sin
4

cos

p
s s

b
p

s

p
s s

p
s

L a L a
Dx x

L a
D

L a L a
D x

L a
D

t
a ω

as ω
t

ω
ω

t
a ω

a ω
t

ω
ω

 
− − − 

 = +
 

−  
 

− − + 
 
 

−  

 (7 - 29) 
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( )( ) ( )( )

( )( )
( )

( )( ) ( )( )
( )( )

( )

tanh cos
sin

sin

tanh sin
cos

cos

s s
p

s

s s
p

s

L a L a
x x

L a

L a L a
x

L a

ω a ω
att  ω

ω

ω a ω
at ω

ω

 − − − = − + 
−  

 − − + 
 

−  

 (7 - 30) 

Substituting the boundary condition of Equation (7 - 18) into Equation (7 - 29), the 

pull-out load F can be expressed as: 

 
 ( )( ) ( ) ( )tanh cos sinp p

s s s

D D
F L a a a

tptp  
a ω ω

a ω
= − +  (7 - 31) 

Through solving dF/das = 0, the critical softening length asc can be acquired. Then, the 

maximum load transfer capacity can be calculated by substituting asc into 

Equation (7 - 31). In this state, τl can be acquired by substituting as = asc and x = L into 

Equation (7 - 30): 
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 ( ) ( )( ) ( )cos tanh sinp
l p sc sc sca L a a

t ω
tt  ω a ω

a
= − −  (7 - 32) 

In Equation (7 - 32), τl should always be larger than or equal to τf. However, if the 

calculated τl is smaller than τf, debonding occurs and the interface proceeds into 

elastic-softening-debonding stage. 

7.2.3.3 Elastic-softening-debonding stage 

It should be mentioned that after the elastic-softening stage, pure softening can also 

occur. Nevertheless, the elastic-softening-debonding stage is analysed ahead, because 

the maximum pull-out load, which is calculated and compared with physical test results, 

occurs in this period. In this stage, a frictional length af develops from the loaded end, as 

depicted in Figure 7 - 5. 

 

Figure 7 - 5 Softening length and frictional length propagation along the cable/grout interface 

For the range 0 ≤ x ≤ L - as - af, the cable/grout interface remains elastic. At the position 

x = L - as - af, the shear stress equals the interfacial shear strength: 

 ( )s f px L a aτ τ= − − =
 (7 - 33) 

The σb and τ can be acquired by calculating Equations (7 - 15) , (7 - 17) and (7 - 33): 

x
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 ( ) ( ) ( )

4
s f s f

x x
p

b L a a L a a
e ex

D e e

aa

aa

τ
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a

−

− − − − −

−
=

+
 (7 - 34) 

 
 ( ) ( ) ( )s f s f

x x

p L a a L a a
e ex

e e

aa

aa τ τ
−

− − − − −

+
=

+
 (7 - 35) 

When it comes to the range L - as - af < x ≤ L - af, σb and τ can be solved by calculating 

Equation (7 - 27) with the continuity conditions of σb and τ at the position x = L - as - af. 
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 (7 - 36) 
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 − − − − + 
 

− −  

 (7 - 37) 

Then, for the frictional range L - af < x ≤ L, τ keeps a constant value of τf, i. e., 

 ( ) fxτ τ=  (7 - 38) 

As for σb, it can be acquired by solving Equation (7 - 2) with the continuity condition of 

σb at x = L - af. 

 
 

( ) ( )( ) ( )

( ) ( )

4 4
tanh cos

4 4
sin

f p
b s f s

p f
s f

x x L a a a
D D

a L a
D D

tt
sa  ω

a
tt

ω
ω

= + − − +

− −
 (7 - 39) 

Through substituting Equation (7 - 18) into (7 - 39), F is derived in terms of as and af: 
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( )( ) ( )

( )

tanh cos

sin

p
f f s f s

p
s

D
F Da L a a a

D
a

tp
tpa   ω

a
tp

ω
ω

= + − − +
 (7 - 40) 

The maximum load transfer capacity can be calculated once the relationship between as 

and af is determined. By substituting the condition τ (x = L - af) = τf into 

Equation (7 - 37), the subsequent equation can be derived: 
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Combining Equations (7 - 40) and (7 - 41) together, and solving for dF / das = 0, asc can 

be obtained. According to Equation (7 - 41), the critical debonding length afc can also be 

acquired. Substituting asc and afc into Equation (7 - 40), the maximum load transfer 

capacity can be obtained. 

7.2.3.4 Pure softening stage 

The pure softening behaviour occurs when the as in the elastic-softening stage increases 

up to the full embedment length, i. e., as = L and τl is still larger than τf. In this case, the 

full cable/grout interface experiences softening behaviour, as shown in Figure 7 - 6. 

For the range 0 ≤ x ≤ L, assuming that the shear stress at the unloaded end is τu, τ can be 

solved by calculating Equation (7 - 27) with the boundary conditions of (7 - 17) and 

τ (x = 0) = τu. 

 ( ) ( )cosux xτ τ ω=  (7 - 42) 

In Equation (7 - 42), τu mobilises in the pull-out process. However, it is possible to 

determine the proper range in which τu is involved. When the pure softening stage starts, 
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τu reaches the maximum value, equalling τp. Then τu decreases gradually until the τl 

drops to τf. Meanwhile, τu reaches the minimum value in this stage, which can be solved 

by substituting τ (x = L) = τf into Equation (7 - 42): 

 ( )min cos
f

u L
τ

τ
ω

=  (7 - 43) 

Therefore, the domain for τu is [
τf

 cos(ωL) ,τp]. 

 

Figure 7 - 6 Softening along the full length of the cable/grout interface 

7.2.3.5 Softening-debonding stage 

As the pull-out process continues, both the elastic-softening-debonding and pure 

softening stages will proceed into the softening-debonding period. In this phase, the full 

embedment length is divided into two parts, namely a softening length as and a 

debonding length af, as shown in Figure 7 - 7. 

The shear stress at the junction point equals τf: 

 
 

( )s fx aτ τ= =  (7 - 44) 

xo

Pure softening length

σb

σm

σm

as = L
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Figure 7 - 7 Softening-debonding stage 

Within the range 0 ≤ x ≤ as, τ can be solved by calculating Equation (7 - 27) with 

boundary conditions (7 - 17) and (7 - 44): 

 ( ) ( )
( )

cos
cosf

s

x
x

a
ω

τ τ
ω

=  (7 - 45) 

In the above equation, as is flexible but can be determined within a proper range. Since 

the softening-debonding stage following the elastic-softening-debonding stage (TypeⅠ) 

and the softening-debonding stage following pure softening stage (Type Ⅱ) have 

different boundary conditions, these two cases were analysed separately. 

For Type Ⅰ, when as equals the maximum softening length asmax, τu equals τp. 

Substituting τu = τp into Equation (7 - 45), asmax can be derived: 
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While for Type Ⅱ, asmax equals the full length L and the domain for as is (0, L).  
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As for the τ in the debonding range as ≤ x ≤ L, it always equals τf, i. e., 

 
 

( ) fxτ τ=  (7 - 47) 

7.2.3.6 Debonding stage 

Finally, the debonding stage occurs when τu decreases to τf. And the full interface length 

experiences debonding, which is shown in Figure 7 - 8. 

 

Figure 7 - 8 Debonding propagates along the full cable/grout interface 

Within this period, the shear stress along the full embedment length equals τf, namely: 

 
 

( ) fxτ τ=  (7 - 48) 

7.3 Validation of the analytical model 

A number of pull-out test results were undertaken to validate this analytical model. Both 

plain cables and modified cable bolts were tested. The maximum pull-out load in axial 

tests of the cable bolts was calculated using this model and compared with laboratory 

test results. Specifically, Equations (7 - 16) and (7 - 28) were used to calculate the 

parameters including α and ω. Then Equation (7 - 32) was used to calculate τl. If τl was 

larger than τf, the peak load occurred in the elastic-softening stage and it could be 

calculated with Equation (7 - 31). Otherwise, the maximum load transfer capacity 

a f = L

xo
σb

σm

σm

Debonding length
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occurred in the elastic-softening-debonding stage and it could be computed with 

Equation (7 - 40). 

7.3.1 Pull-out tests on plain cable bolts 

Rajaie (1990) performed a vast array of SEPT using conventional plain cable bolts with 

a diameter of 15.2 mm. Concrete cylinders with a UCS of 35 MPa were used as the 

confining medium. A plain cementitious grout with a w/c ratio of 0.3 was selected when 

installing the cable bolts. The embedment length was varied from 150 mm to 700 mm. 

Detailed information regarding relevant parameters are listed in Table 7 - 1. 

Table 7 - 1 Technical data of relevant parameters (Rajaie, 1990) 

No. D (mm) t (mm) b (mm) L (mm) Eg (GPa) vg Eb (GPa) Em (GPa) 

1 15.2 17.9 99.5 150 21.2 0.19 194 19 
2 15.2 17.9 99.5 200 21.2 0.19 194 19 
3 15.2 17.9 99.5 300 21.2 0.19 194 19 
4 15.2 17.9 99.5 400 21.2 0.19 194 19 
5 15.2 17.9 99.5 500 21.2 0.19 194 19 
6 15.2 17.9 99.5 600 21.2 0.19 194 19 
7 15.2 17.9 99.5 700 21.2 0.19 194 19 

Pull tests using cable bolts with a short embedment length of 200 mm were used to 

determine the interfacial shear properties. Corresponding values of the tri-linear model 

are shown in Table 7 - 2. 

Table 7 - 2 Shear properties of the cable/grout interface 

δ1 (mm) ip (MPa) k (MPa/mm) δ2 (mm) if (MPa) 

9.9  5.84  0.6  19.9  2.81  

Substituting these parameters into the analytical model, the maximum load transfer 

capacity of cable bolts with different embedment length can be determined. The 

analytical modelling results for Famax were compared with the test results Ftmax, as 
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shown in Table 7 - 3. The relationship between the peak capacity and embedment length 

in physical tests and analytical modelling is shown in Figure 7 - 9. It can be seen that 

there is little significant difference between the modelling results and the test results, 

indicating that the analytical solution is able to reasonably predict the maximum load 

transfer capacity of plain cable bolts. 

Table 7 - 3 Comparison between laboratory test results and modelling results 

No. 1 2 3 4 5 6 7 

Ftmax (kN) 43.4 55.8 85.2 115.6 145.6 168.6 187.2 
Famax (kN) 41.8 55.7 83.2 110.4 137.3 163.6 189.3 

(Famax - Ftmax)/ Ftmax -3.8% -0.3% -2.4% -4.5% -5.7% -3.0% 1.1% 

 

Figure 7 - 9 Comparison between analytical and physical results 

Reichert (1991) conducted split-pipe pull tests on plain cable bolts. A PVC pipe with a 

Young’s Modulus of 3 GPa was used to simulate weak rock. A plain cable bolt with a 

short embedment length of 250 mm was tested. Detailed information regarding 

parameters is tabulated in Table 7 - 4. 
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Table 7 - 4 Technical data of relevant parameters (Reichert, 1991) 

No. D (mm) t (mm) b (mm) L (mm) Eg (MPa) vg Eb (MPa) Em (MPa) 

1 15.9 20.55 6.6 250 9600 0.18 196000 3000 

A tri-linear model was used to represent the interfacial shear behaviour and the 

corresponding parameters are listed in Table 7 - 5. 

Table 7 - 5 Shear properties of the cable/grout interface (after Reichert, 1991) 

δ1 (mm) ip (MPa) k (MPa/mm) δ2 (mm) if (MPa) 

2.6  2.82 1.1 3.4 2.11 

With parameters listed in Table 7 - 4 and Table 7 - 5, a modelling peak load of 31.5 kN 

was obtained. Compared with the test result of 35.2 kN, there was only an error of -10.5% 

between analytical results and laboratory results, further confirming the usefulness of 

this analytical solution. 

7.3.2 Pull-out tests on modified cable bolts 

Modified cable bolts were also tested to verify this analytical model. A number of 

pull-out tests were conducted on MW9 cable bolts. During these tests, cable bolts were 

installed in boreholes with a diameter of 42 mm. Stratabinder grout with a UCS of 

54 MPa was used as the bonding agent. More information about relevant parameters is 

given in Table 7 - 6. 

Pull-out tests on cable bolts with a short length of 320 mm were used to measure the 

shear performance of the cable/grout interface, and a tri-linear model was used to 

describe the bond-slip performance of the cable/grout interface. Corresponding values 

such as peak shear strength and residual shear strength are given in Table 7 - 7. 

Using the analytical model, the maximum load bearing capacity of cable bolts with 
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embedment lengths varying from 320 mm to 380 mm were acquired. These bearing 

capacities were compared with laboratory test results, depicted in Table 7 - 8 and 

Figure 7 - 10. The results show that the modelling results were consistent with the test 

results. Thus, this analytical solution appears to also be applicable to modified cable 

bolts. 

Table 7 - 6 Parameter data of the LSEPTs 

No. D (mm) t (mm) b (mm) L (mm) Eg (GPa) vg Eb (GPa) Em (GPa) 

1 28.5 6.75 154 320 9.94 0.21 201 11.82 
2 28.5 6.75 154 340 9.94 0.21 201 11.82 
3 28.5 6.75 154 360 9.94 0.21 201 11.82 
4 28.5 6.75 154 380 9.94 0.21 201 11.82 

Table 7 - 7 Shear properties of the cable/grout interface 

δ1 (mm) ip (MPa) k (MPa/mm) δ2 (mm) if (MPa) 

5.0  13.50  2.7  12.0  11.00  

Table 7 - 8 Comparison between laboratory test results and modelling results 

No. 1 2 3 4 

Ftmax (kN) 381.3  432.9  462.6  479.1  
Famax (kN) 385.0  408.8  432.6  456.3  

(Famax - Ftmax)/ Ftmax 1.0% -5.6% -6.5% -4.8% 

 

Figure 7 - 10 Peak load of MW9 cable bolts with varying embedment length 
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7.4 Shear stress distribution of the cable/grout interface in the peak 

load state 

This analytical model is able to analyse the shear stress distribution along the full length 

when peak load occurs. For plain cable bolts, as the results are summarised in 

Figure 7 - 11, peak load occurred in the elastic-softening stage. Equations (7 - 24) and 

(7 - 30) were used to calculate the shear stress distribution shown in Figure 7 - 11. It can 

be seen that when the embedment length was short enough (less than 200 mm); there 

was no obvious shear stress variation along the full length. In this case, the interfacial 

shear stress could be assumed uniform. However, as the embedment length increased, 

the non-uniform shear stress distribution became more apparent. 

 

Figure 7 - 11 Shear stress distribution along cable bolts 

In cable bolts confined with a PVC pipe, peak load occurred in the 

elastic-softening-debonding stage, as shown in Figure 7 - 12. Thus, Equations (7 - 35), 
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(7 - 37) and (7 - 38) were used to evaluate the shear stress distribution. The results show 

that when peak load occurred, debonding started to propagate from the loaded end. 

 

Figure 7 - 12 Shear stress distribution along a plain cable 

7.5 Interfacial shear stress propagation with pull-out stages 

This analytical model can also be adopted to evaluate the shear stress propagation in the 

pull-out process. For the plain cables listed in Table 7 - 1, the interface shear stress 

successively experienced five different stages. Specifically, Equation (7 - 20) was used 

to illustrate the shear stress distribution in the elastic stage and Equations (7 - 24) and 

(7 - 30) were adopted to evaluate the shear stress state in elastic-softening stage. As for 

pure softening, Equation (7 - 42) was used. Then in the softening-debonding stage, 

Equations (7 - 45) and (7 - 47) were selected. Lastly, in the debonding stage, 

Equation (7 - 48) was used. The shear stress distribution for a plain cable bolt with an 

embedment length of 700 mm is shown in Figure 7 - 13. 
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Figure 7 - 13 Shear stress propagation of the 700 mm cable bolt in the pull-out test 

In the elastic stage, the shear stress decreased exponentially from the loaded end along 

the full embedment length. Then, the peak shear stress propagated towards the direction 

of the unloaded end until the shear stress at the unloaded end reached interfacial shear 

strength. In the pure softening stage, the shear stress decreased gradually from the 

unloaded end to the loaded end. When the shear stress at the loaded end decreased to the 

interfacial residual strength, a debonding length started to propagate. As the debonding 

length occupied the full embedment length, the debonding stage started. 

As for the cable bolt shown in Table 7 - 4, there are also five stages within the whole 

pull-out process. The difference is that the elastic-softening-debonding rather than the 

pure softening occurred. And Equations (7 - 35), (7 - 37) and (7 - 38) were used to 

analyse the shear stress distribution in the elastic-softening-debonding period. The shear 

stress propagation process of a cable bolt with an embedment length of 250 mm is 

shown in Figure 7 - 14. After the elastic stage, the elastic-softening stage occurred. Then, 

the elastic-softening-debonding stage started to work, followed by the 
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softening-debonding stage. Lastly, debonding occurred along the whole cable/grout 

interface. 

 

Figure 7 - 14 Shear stress propagation in a full pull-out process 

7.6 Summary 

To better understand the behaviour of the load transfer mechanism of fully grouted 

cable bolts in axial loading condition, an analytical model was developed. A tri-linear 

model that best models the shear behaviour of the cable/grout interface was selected. 

Mechanical properties of various cable bolts, grout and confining medium were 

employed in the model. Laboratory test results for both plain cable bolts and modified 

cable bolts were used to verify this analytical model. There was a consistent correlation 

between laboratory test values and modelling results. 

With this analytical model, the shear stress distribution at peak load state was studied on 

plain cable bolts. The results show that when the embedment length was short, the 

variation of the shear stress along the embedment length was small. However, as 
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embedment length increased, the non-uniform shear stress distribution became more 

apparent. Furthermore, the maximum load transfer capacity could occur in the 

elastic-softening or elastic-softening-debonding stage, dependent on the mechanical 

properties of the confining medium.  

The shear stress propagation process was also analysed. In a pull-out process, there 

were five different stages in a pull-out process: elastic, elastic-softening, 

elastic-softening-debonding, softening-debonding and debonding. In some cases, a pure 

softening stage may occur after the elastic-softening stage. 

However, in both of these situations, the interfacial shear stress from the loaded to the 

unloaded end gradually reached the interfacial shear strength. The benefit of this 

analytical model is its capability to predict the maximum load transfer capacity of cable 

bolts of differing embedment lengths.  
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CHAPTER EIGHT 

NUMERICAL SIMULATION OF THE PULL-OUT 

BEHAVIOUR OF FULLY GROUTED CABLE BOLTS  

8.1 Introduction 

The pull-out behaviour of fully grouted cable bolts was simulated with the numerical 

code FLAC2D. The FLAC2D software package was used because it is an effective 

modelling technique for geotechnical problems (Gale et al., 2004; Mark et al., 2007; 

Liu et al., 2008; Carranza-Torres, 2009; Hsiao et al., 2009; Ma, 2014; Nemcik et al., 

2014; Ma et al., 2015). Furthermore, the structural elements embedded in FLAC2D are 

commonly used in modelling ground support tools, such as rockbolts, cable bolts and 

tiebacks. First, the performance of cable bolt and rockbolt elements was compared. 

Then the LSEPT was simulated using FLAC2D. A strain-softening model was used to 

simulate the cement-based confining medium. Specifically, the UCS, Young’s Modulus 

and Poisson’s Ratio were compared and validated with the experimental test results. The 

pull-out behaviour of MW9 cable bolts illustrated in Chapter Six was simulated in 

different conditions confined by weak and strong confining media. The cohesive 

strength between the cable bolt and the grout, the cohesive strength between the grout 

and the confining medium, and the strain-softening behaviour were analysed. The 

confining pressure when the maximum pull-out load occurred was determined. 

Furthermore, the pull-out performance of the Superstrand cable bolts was simulated. All 

numerical pull-out results were compared and validated with experimental results. 
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8.2 Structural element selection 

There are different structural elements in FLAC2D to be used in modelling of different 

support elements. The cable bolt and rockbolt elements are always used to simulate the 

reinforcement such as rockbolts, cable bolts and tiebacks (Itasca, 2000). 

The cable bolt element is divided into a number of segments, and nodal points are 

located at each segment end (Li et al., 2012). The axial behaviour of the rock tendon 

(either a bar or a cable) is simulated by a one-dimensional constitutive law, as displayed 

in Equation (8 - 1). Specifically, the axial stiffness of the rock tendon is represented by 

the reinforcement cross-sectional area and Young’s Modulus. 

 
EAF u
L

∆ = − ∆  (8 - 1) 

Where, △F = the incremental force in the rock tendon along the tangential or axial 

direction, N; E = Young’s Modulus of the rock tendon, Pa; A = cross-sectional area of 

the rock tendon, m2; L = embedment length, m; and △u = the relative displacement, m. 

The shear behaviour of the grout annulus is the most important part in the cable bolt 

element, determining the bearing capacity and failure modes of the rock reinforcement 

system. The shear behaviour of the grout annulus is represented by a spring-slider 

system. Shear failure can occur along either the bolt/grout or the grout/rock interface. 

The shear force in the grout annulus is calculated from the grout shear stiffness and the 

shear displacement, as displayed in Equation (8 - 2). 

 ( )s
bond c m

F K u u
L
= −  (8 - 2) 
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Where, Fs = shear force in the grout annulus, N; Kbond = grout shear stiffness, can be 

acquired from the laboratory pull-out tests, N/m/m; uc = axial displacement of the rock 

tendon, m; and um = axial displacement of the medium (soil or rock mass), m. 

The maximum shear force that the grout annulus can provide is determined by the 

interfacial cohesive strength and the frictional resistance, as shown in Figure 8 - 1. 

Furthermore, Equation (8 - 3) is used to calculate the maximum shear force.  

 

Figure 8 - 1 The mechanical behaviour of the grout annulus. a) shear strength criteria; b) 
relationship between the shear force and shear displacement (Itasca, 2000) 

 
max

' tans
bond c b

F S c
L

s ϕ= + × ×  (8 - 3) 

Where, max
sF  = the maximum shear force, N; Sbond = cohesive strength, N/m; '

cσ  = mean 

effective confining stress normal to the element, Pa; φ = friction angle, °; and 

cb = exposed perimeter, m. 

When bond failure occurs along the cable/grout interface, Sbond can be calculated with 

Equation (8 - 4). 

 BcQbondS Dπ=  (8 - 4) 

Where, D = the diameter of the rock tendon, m; c = cohesion of the grout annulus and if 
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such information is not available, one-half of the UCS can be used, Pa; and QB = bond 

quality (QB = 1 for perfect bonding).  

For some cases, bond failure may occur at the grout/rock interface. This means that the 

expression D in Equation (8 - 4) should be replaced by (D+2t), in which t is the 

thickness of the grout annulus. 

The rockbolt element uses the same constitutive laws for the rock tendon and grout 

annlus as the cable bolt element before the peak load occurs. However, the rockbolt 

element is able to simulate the strain-softening behaviour. To better reflect the pull-out 

behaviour, the rockbolt element was selected. Furthermore, the rockbolt element does 

not include the rotation behaviour of rock tendons, which is consistent with the 

laboratory scenario where the rotation of cable bolts was prevented. 

8.3 Calibration of confining medium material 

There are two different types of confining media, namely the strong and weak confining 

media. The important parameters such as the UCS, Young’s Modulus and Poisson’s 

Ratio were numerically calibrated. 

8.3.1 Calibration of the weak confining medium material 

In the laboratory, tests were conducted to measure the UCS, Young’s Modulus and 

Poisson’s Ratio. Specifically, an axial transducer was used to record the vertical 

deformation of the specimen with a length of 25 mm, as shown in Figure 8 - 2. And a 

circular transducer recorded the circular deformation of the specimen with a vertical 

height of 10 mm. 
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Figure 8 - 2 Axial and circular transducers attached to measure the Poisson’s Ratio 

To calibrate the parameters, a numerical model was established in FLAC2D. This model 

had a width of 54 mm and height of 134 mm, as shown in Figure 8 - 3, being consistent 

with the specimen dimensions used in the laboratory. 

The bottom grid points were fixed in X and Y directions. Furthermore, the initial 

velocity of the bottom grid points was set to zero. This is used to simulate the scenario 

that the bottom surface of the specimen was fixed by the platen and no movement of the 

bottom surface was allowed in the loading process. To simulate the compressive process, 

an initial vertical velocity of 3.3×10-7 meter per step was applied on the top grid points. 

A Fish function was compiled to record the vertical stress as part of FLAC2D modelling 

process. Specifically, during the loading process, the vertical stresses of bottom zones 

were summed and averaged in each step, as shown in Equation (8 - 5), being regarded 

as the vertical stress of this numerical model. 
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σ ==

∑
 

(8 - 5) 

Where, i = zone number; n = number of zones in the bottom; σi = vertical stress in the 

zone, Pa; and σ = vertical stress of the numerical model, Pa. 

The vertical displacement of the top grid point was recorded. Through dividing the 

vertical displacement by the length of the specimen, the vertical strain of this numerical 

model was acquired, as shown in Equation (8 - 6). 

 dy
l

ε =  (8 - 6) 

Where, yd = vertical displacement of the grid point in the top, m; l = length of the 

specimen, m; and ε = vertical strain of the specimen. 

The Poisson’s Ratio is the most difficult parameter to acquire in the modelling process. 

First, the vertical strain in the centre with a length of 26.8 mm was monitored and 

calculated. Specifically, the vertical displacement of grid points A and B in Figure 8 - 3 

was measured. The relative difference between them is: 

 A By y y∆ = −  (8 - 7) 

Where, △y = deformation of the specimen, m; yA = vertical displacement of the grid 

point A, m; and yB = vertical displacement of the grid point B, m. 

Then, the axial strain within the middle section can be calculated with Equation (8 - 8): 

 y
AB

y
l

ε ∆
=  (8 - 8) 
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Where, lAB = length between grid points A and B, m; and εy = vertical strain. 

 

Figure 8 - 3 Establishing the numerical model for the UCS test 

The circular strain of the specimen can be calculated with Equation (8 - 9): 

 x
p
p

ε ∆
=  (8 - 9) 

Where, p = the perimeter of the cylindrical specimen, equalling 2πr; r = radius of the 

specimen, m; and εx = circular strain of the specimen. 

Then, εx can be further expressed as: 
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 x
r

r
ε ∆

=  (8 - 10) 

Therefore, the horizontal displacement of grid points C, D and E was summed and 

averaged as the circular deformation of the specimen in the middle section with a length 

of 13.4 mm, as shown in Equation (8 - 11). 

 
3

dC dD dE
d

x x xx + +
=  (8 - 11) 

Where, xdC, xdD, and xdE = horizontal displacement of grid points C, D and E, m; and 

xd = horizontal displacement of the specimen centre, m. 

Then, the circular strain of the specimen was calculated with Equation (8 - 12). 

 d
x

x
r

ε =  (8 - 12) 

Finally, the Poisson’s Ratio can be calculated with Equation (8 - 13). 

 y

x

v
ε
ε

= −  (8 - 13) 

A strain softening model was used, because it is able to simulate the post-peak 

behaviour of materials. The input parameters are tabulated in Table 8 - 1. 

During the loading process, the vertical velocity contour in the specimen is shown in 

Figure 8 - 4. Apparently, the vertical velocity in the specimen was not uniform. 

Specifically, the vertical velocity of the specimen in the top was higher, equalling the 

loading speed, while the vertical velocity of the specimen in the bottom equalled zero. 

This was consistent with the loading condition in the laboratory environment. 
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Table 8 - 1 Input parameters for the weak material 

Parameters K (GPa) G (GPa) c (MPa) φ (°) σT (MPa) ρ (kg/m3) 
Values 1.1 1.2 3.42 13.8 1 2100 

Where, K = bulk modulus, equalling 
( )3 1 2

E
v−

, Pa; G = shear modulus, equalling 

( )2 1
E

v+
, Pa; c = cohesion, Pa; σT = tensile strength, Pa; and ρ = density of the 

material, kg/m3. 

The relationship between the vertical stress and strain is shown in Figure 8 - 5. As seen, 

there is almost a linear relationship between the vertical stress and strain before the peak. 

At a vertical strain of 0.34%, the vertical stress reached a UCS of 8.9 MPa. Then, the 

vertical stress decreased, because of the softening behaviour. A linear line was drawn to 

fit with the linear portion, as shown in Figure 8 - 5, and the slope of the linear line was 

regarded as the Young’s Modulus, which is 3.0 GPa. 

At a step of 1400, the numerical model reached the peak capacity and the plastic state is 

shown in Figure 8 - 6. Plastic deformation occurred in most zones and a shear failure 

occurred in the model. 

The axial and circular stress - strain relationships are shown in Figure 8 - 7. The results 

show that at the same stress state, the diametrical strain was much smaller than the axial 

strain. Linear lines were drawn to fit with the linear portions in the curve. Therefore, the 

Poisson’s Ratio can be acquired: 

 
2.7 0.10
26.8

v = − =  (8 - 14) 
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Figure 8 - 4 Vertical velocity contour in the loading process 

 

Figure 8 - 5 Stress versus strain relationship of the numerical model for the weak material in 
FLAC2D 
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Figure 8 - 6 Elastic and plastic zones in the numerical model when the UCS was reached for the 
weak material 

The comparison between numerical simulation and laboratory test results is shown in 

Figure 8 - 8 and Table 8 - 2. The results show that there was a good correlation between 

them. Consequently, the input parameters were appropriate to simulate the behaviour of 

the weak material. 
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Figure 8 - 7 Axial and circular stress - strain relationships for the weak material 

 

Figure 8 - 8 Comparison between numerical simulation and laboratory test results for the weak 
material 

Table 8 - 2 Comparison between the UCS, Young’s Modulus and Poisson’s Ratio for the weak 
material 

Approach UCS (MPa) Young’s Modulus (GPa) Poisson’s Ratio 
FLAC2D simulation 8.9 3.0 0.10 

Lab. test 8.8 3.2 0.10 

8.3.2 Calibration of the strong confining medium material 

The calibration process was also conducted on the strong material. The input parameters 

are tabulated in Table 8 - 3. 
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Table 8 - 3 Input parameters for the strong material 

Parameters K (GPa) G (GPa) c (MPa) φ (°) σT (MPa) ρ (kg/m3) 
Values 5.4 3.7 24.5 15.0 2 2300 

The stress versus strain relationship of the numerical model is shown in Figure 8 - 9. 

Apparent brittle behaviour occurred. After an axial strain of 0.67%, the numerical model 

reached the UCS of 62.9 MPa. Meanwhile, the plastic state in the numerical model is 

shown in Figure 8 - 10. Then, there was a sudden drop of the bearing capacity. The 

Young’s Modulus of the numerical confining medium was 10.6 GPa. 

The axial and circular stress versus strain relationships are shown in Figure 8 - 11. 

Furthermore, the Poisson’s Ratio can be acquired, which was 0.27. 

The comparison between laboratory test and numerical modelling results is shown in 

Figure 8 - 12 and Table 8 - 4. There is good correlation between the modelling and 

laboratory test results. 

 

Figure 8 - 9 Stress versus strain relationship of the numerical model for the strong material 
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Figure 8 - 10 Elastic and plastic zones in the numerical model when the UCS was reached for 
the strong material 

 

Figure 8 - 11 Axial and circular stress - strain relationships for the strong material 
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Figure 8 - 12 Comparison between numerical simulation and laboratory test results for the 

strong material 

Table 8 - 4 Comparison between the UCS, Young’s Modulus and Poisson’s Ratio for the strong 
material 

Approach UCS (MPa) Young’s Modulus (GPa) Poisson’s Ratio 
FLAC2D simulation 62.9 10.6 0.27 

Lab. test 62.7 11.8 0.26 

8.4 Simulation of the pull-out behaviour of Superstrand cable bolts 

8.4.1 Simulation of Superstrand cables pulled from the weak confining medium 

with normal borehole 

The pull-out behaviour of Superstrand cable bolts was simulated. Specifically, the 

middle cross section was selected and the geometry of the numerical model is shown 

Figure 8 - 13. The confining medium had a width of 300 mm and height of 450 mm, 

being consistent with the dimensions of the confining medium used in the laboratory. 

The top grid points were fixed in the Y direction. The structural element with an 

embedment length of 320 mm was installed in the confining medium. A free length of 

10 mm was left above the confining medium and a constant pulling velocity of 

1.0×10-6 meter per step was applied at the loaded end. 
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Figure 8 - 13 Geometry of the numerical model for pulling test on the Superstrand 

The confining medium was simulated with the strain softening model and the input 

parameters were acquired through calibration. The input parameters for the Superstrand 

cable bolt including the Young’s Modulus, tensile strength and radius are shown in 

Table 8 - 5. 

Table 8 - 5 Input parameters for the Superstrand cable bolt (Jennmar, 2014) 

Cable bolt name E (GPa) Yield (kN) Radius (mm) 
Superstrand 194.2 525 10.9 

As for the grout column, the cohesive strength and friction angle are shown in 

Table 8 - 6, which were acquired from the direct shear test. 
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Table 8 - 6 Input parameters for the grout column 

Grout name Cohesion (MPa) Friction angle (°) 
Stratabinder 12.4 42.3 

Considering that the laboratory test results showed that bond failure occurred along the 

cable/grout interface, Equation (8 - 4) was used to calculate the cohesive strength of the 

cable/grout interface. QB is an empirical factor, dependent on the geometry of the cable 

and grout property. Hutchinson and Diederichs (1996) indicated that the bond strength 

between the regular carbon steel and cement grout ranged from 1 to 3 MPa, with the w/c 

ratio varying from 0.35 to 0.5. Macsporran (1993) tested the bond strength of the 

cable/grout interface. The Type 10 Portland cement mixed with a w/c ratio of 0.4, 

having a UCS of 58.4 MPa was used. His results showed that the bond strength of the 

cable/grout interface was around 3.2 MPa, as shown in Figure 8 - 14. 

 

Figure 8 - 14 Bond strength of the cable/grout interface under different confining pressure 
conditions, after Macsporran (1993) 

Since the Stratabinder grout mixed with a w/c ratio of 0.42, having a UCS of 54.3 MPa, 

was consistent with the grout properties used by Macsporran (1993), a bond quality of 
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0.27 was used. Therefore, the bond strength between the Superstrand and the grout was: 

0.27×12.4 = 3.348 MPa. The Sbond can be calculated as: 

 33.348 0.0218 3.14 10 229bondS = × × × =  (8 - 15) 

The perimeter where bond failure occurred was calculated by: 

 3.14 21.8 68.5p = × =  (8 - 16) 

In FLAC2D, a normal coupling spring which is used to account for the shear behaviour 

of the rock tendons, was involved in the rockbolt structural element. Considering that 

this simulation only focused on the axial behaviour of rock tendons, the input 

parameters of the normal coupling spring were left blank.  

A Fish function was created to record the pull-out force. Specifically, the vertical 

unbalanced force along the pull-out direction at each top grid point was summed, which 

was consistent with using a load cell to record the reaction force in the laboratory 

environment. 

The displacement was recorded with two different approaches. In the first approach, the 

pull-out displacement was acquired by multiplying the pulling velocity with the time 

step and this was realised by the Fish function. With the second approach, the axial 

displacement of the loaded end in Figure 8 - 13 was recorded. A comparison was 

conducted on the results. As shown in Figure 8 - 15, the displacement recorded with 

those two different approaches is the same. Therefore, the approach of using the Fish 

function was selected to record the pull-out displacement of cable bolts. 
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Figure 8 - 15 Displacement recording with two different approaches 

During the loading process, confining pressure was applied on the confining medium, as 

shown in Figure 8 - 13. The confining pressure was calibrated until the maximum 

pull-out load in numerical simulation was consistent with the peak capacity in the 

laboratory tests. It was found that when a confining pressure of 2 MPa was applied, the 

Superstrand cable bolting system in FLAC2D had a peak capacity of 111 kN, which was 

consistent with the peak capacity recorded in the laboratory tests. It should be 

mentioned that the peak load occurred when the pull-out displacement reached 32 mm. 

Before the peak capacity, there was a reduction of the cable bolting system stiffness. 

And this was realised by decreasing the function of cs_sstiff, which determines the 

shear stiffness of the grout column in FLAC2D. 

The post-peak behaviour was simulated through the strain softening model. Specifically, 

two functions, namely “cs_scohesion” and “cs_sfriction”, were used to depict the 

reduction of the cohesive strength and friction after the peak load. The input parameters 

for those two functions were calibrated until the bearing capacity in the post-peak stage 
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was consistent with the laboratory test results. A comparison between the numerical and 

experimental test results is shown in Figure 8 - 16. There was good correlation between 

the numerical simulation and laboratory test results. 

 
Figure 8 - 16 Comparison between numerical and laboratory test results on Superstrand cable 

bolts installed in the weak confining medium 

When the pull-out displacement reached 60 mm, the displacement vector of the 

numerical confining medium is shown in Figure 8 - 17. With the cable bolt being pulled 

out, the confining medium had a tendency to move vertically. However, at the top of the 

confining medium, since the grid points were fixed in the Y direction, there was no 

vertical movement. 

Figure 8 - 17 also showed that there was no lateral deformation of confining medium 

and the structural element in the middle. Therefore, it is assumed that leaving the input 

parameters of the normal coupling spring blank had no effect on the pull-out results. To 

validate this assumption, a pull-out simulation was conducted with the input parameters 

of the normal coupling spring involved. 
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Figure 8 - 17 Displacement vector distribution in the numerical confining medium 

Equation (8 - 17) was used to calculate the second moment of area or i, which is 

1.1×10-8 m4. 

 40.25i rπ=  (8 - 17) 

The stiffness, cohesive strength and friction angle of the normal coupling spring were 

acquired from the handbook, as tabulated in Table 8 - 7. 

A comparison between the numerical simulation results is shown in Figure 8 - 18. The 
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normal coupling spring had no effect on the result in the axial loading condition. 

Therefore, the input parameters of the normal coupling spring were all left blank in the 

following simulation. 

Table 8 - 7 Input parameters for the normal coupling spring (Itasca, 2000) 

Bolt type cs_nstiff (N/m/m) cs_ncoh (N/m) Friction angle (°) 
Cable bolt 1×1010 2×106 45 

 

Figure 8 - 18 Numerical simulation results in the condition of normal coupling spring involved 
and normal coupling spring removed 

8.4.2 Simulation of Superstrand cables pulled from the weak confining medium 

with larger borehole 

When the Superstrand cable bolt was installed in the larger borehole, the pull-out 

behaviour was also numerically simulated. The laboratory test results showed that bond 

failure still occurred along the cable/grout interface. By using FLAC2D, it was found 

that when the confinement was increased to 4.5 MPa, there was a good correlation 

between numerical simulation and laboratory test results, as shown in Figure 8 - 19. 
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Figure 8 - 19 Comparison between numerical and laboratory test results on Superstrand cable 
bolts installed in larger boreholes in the weak confining medium 

8.4.3 Simulation of Superstrand cables pulled from the strong confining medium 

When the cable bolt was installed in the strong confining medium, the laboratory test 

results showed that bond failure occurred along the cable/grout interface. The input 

parameters for the strong confining medium were acquired from the calibration, which 

has been described above. The simulation results show that when the confinement was 

9.8 MPa, the Superstrand cable bolting system had a peak capacity of 264 kN. The 

comparison between the numerical simulation and laboratory test results is shown in 

Figure 8 - 20. 
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Figure 8 - 20 Comparison between numerical and laboratory test results on Superstrand cable 
bolts installed in the strong confining medium 

8.5 Simulation of the pull-out behaviour of MW9 cable bolts 

8.5.1 Simulation of MW9 cables pulled from the weak confining medium with 

normal borehole 

The pull-out behaviour of MW9 cable bolts installed in boreholes with a normal 

diameter of 42 mm in the weak confining medium was simulated. 

The laboratory test results showed that bond failure of the modified cable bolting 

system occurred along the grout/rock interface. The cohesive strength between the grout 

and the confining medium was calculated with Equation (8 - 18): 

 
8.80.4 3.14 0.042 232
2bondS = × × × =  (8 - 18) 

The perimeter where bond failure occurred was calculated by: 

 3.14 42 131.9p = × =  (8 - 19) 

The input parameters for the MW9 cable bolt are shown in Table 8 - 8. 
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Table 8 - 8 Input parameters for the MW9 cable bolt 

Cable bolt name E (GPa) Yield (kN) Radius (mm) 
MW9 201 620 28.5 

It was found that when the confinement was 3.7 MPa, the MW9 cable bolting system 

had a maximum bearing capacity of 208 kN, which is consistent with the laboratory test 

results. A comparison between the numerical simulation and laboratory test results is 

shown in Figure 8 - 21. 

 

Figure 8 - 21 Comparison between numerical and laboratory test results on MW9 cable bolts 
installed in the weak confining medium 

8.5.2 Simulation of MW9 cables pulled from the weak confining medium with 

larger borehole 

When the MW9 cable bolt was installed in a larger borehole of 52 mm in the weak 

confining medium, laboratory test results showed that the bond failure transferred from 

the grout/rock interface to the cable/grout interface. The cohesive strength between the 

cable bolt and the grout was calculated with Equation (8 - 20): 

 30.32 12.4 0.0285 3.14 10 355bondS = × × × × =  (8 - 20) 
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The perimeter where bond failure occurred was calculated by: 

 3.14 28.5 89.5p = × =  (8 - 21) 

It was found that when the confinement was 5.8 MPa, the MW9 cable bolting system 

had a maximum load bearing capacity of 258 kN, being consistent with the laboratory 

test results. The load versus displacement relationships of the MW9 cable bolting 

system in simulation and laboratory test are shown in Figure 8 - 22. 

 

Figure 8 - 22 Comparison between numerical and laboratory test results on MW9 cable bolts 
installed in the weak confining medium with larger borehole 

8.5.3 Simulation of MW9 cables pulled from the strong confining medium 

The load transfer behaviour of MW9 cable bolts installed in the strong confining 

medium was also tested in the laboratory. The results showed that the MW9 cable 

bolting system had a maximum load bearing capacity of 381 kN when the strong 

confining medium was used. Numerical simulation was conducted and the input 

parameters for the strong confining medium were acquired from calibration. The results 

showed that when the confinement was set as 10.5 MPa, the MW9 cable bolting system 

had a maximum load bearing capacity of 381 kN, which was consistent with laboratory 
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test results. The comparison between the numerical simulation and the laboratory test 

results is shown in Figure 8 - 23. 

 

Figure 8 - 23 Comparison between numerical and laboratory test results on MW9 cable bolts 
installed in the strong confining medium 

8.6 Summary 

FLAC2D was used to simulate the pull-out behaviour of cable bolts. Both the cable bolt 

and rockbolt structural elements can be used to represent the rock tendon. However, the 

comparison showed that the cable bolt element used an elastic-perfectly plastic law to 

account for the axial behaviour of the bolting system. On the other hand, the rockbolt 

element can simulate the strain-softening behaviour of rock tendons. Therefore, the 

rockbolt element was selected. 

The confining media were calibrated to make sure that the numerical confining media 

were consistent with the laboratory material. UCS tests were conducted using FLAC2D 

and the strain softening model was used to depict the compressive behaviour of the 

material. Important parameters including UCS and Young’s Modulus were acquired. 

The numerical simulation results were validated with the experimental results.  
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After the calibration process, it was found that the input parameters for the weak 

confining medium were: K = 1.1 GPa, G = 1.2 GPa, c = 3.42 MPa, φ = 13.8°, 

σT = 1 MPa and ρ = 2100 kg/m3. Also, the input parameters for the strong confining 

medium were: K = 5.4 GPa, G = 3.7 GPa, c = 24.5 MPa, φ = 15.0°, σT = 2 MPa and 

ρ = 2300 kg/m3. 

The parameters calibrated from the UCS tests were used in the cable bolt pull-out 

simulation. The numerical model had a width of 300 mm and height of 450 mm, being 

consistent with the dimensions in the laboratory test. Fish functions were used to record 

the pull-out load and the displacement. Two different types of cable bolts, namely the 

Superstrand and the MW9 cable bolts, were simulated. The cohesive strength between 

the cable bolt and the grout, the cohesive strength between the grout and the confining 

medium, the interfacial friction angle and the confinement provided by the confining 

medium were considered and analysed. The numerical simulation results were validated 

with the experimental pull-out programme. The results showed that when the 

Superstrand cable bolt was pulled out from the weak confining medium, a confinement 

of 2 MPa was provided by the confining medium. However, when the strong confining 

medium was used, a high confinement of 9.8 MPa can be provided by the confining 

medium. As for the MW9 cable bolts, a low confinement pressure of 3.7 MPa was 

acquired when the cable bolt was pulled out from the weak confining medium. The 

confinement pressure was increased to 10.5 MPa when the strong confining medium 

was used to confine the MW9 cable bolt.  
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CHAPTER NINE 

CONCLUSIONS AND RECOMMENDATIONS 

9.1 Conclusions 

This thesis focuses on studying the load transfer mechanism of fully grouted cable bolts. 

Initially, a literature review was conducted on the methods used in axial testing of cable 

bolts. It was concluded that the axial tests can be classified as either rotating or 

non-rotating tests. The rotating tests have a problem that cable bolts always untwist or 

unscrew during the test, which is not a true reflection of the cable bolt behaviour in the 

field. The Laboratory Short Encapsulation Pull Test incorporated in the current British 

Standard is the latest development in the cable bolt testing area. Recent work reported 

several deficiencies in this test design. For example, unwinding of a cable bolt during 

the pull-out process has an adverse impact on performance. The use of sandstone cores 

as a confining medium limits understanding of the behaviour in different rock types. 

Also, as the confining medium diameter is only 142 mm, it can directly impact the 

performance of a cable bolt, especially with high load transfer cable bolts.  

A new modified cable bolt testing facility that is capable of testing the various kinds of 

fully grouted cable bolts used in the Australian underground coal mining industry under 

different test conditions was designed and constructed, with the goal of overcoming the 

shortcomings of the LSEPT in the current British Standard. 

A number of tests were undertaken to confirm various test design parameters. In most 

designs, there are two main sections, an embedment section and an anchor section.  
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In the embedment section, cementitious-based material was used to prepare the 

confining medium having uniform material properties. To determine the optimum 

confining medium dimension, a number of pull tests were conducted using the 

cylindrical confining medium having outside diameters ranging between 150 mm and 

508 mm. A Sumo cable bolt was used in the tests as it is a modified bulbed cable bolt 

with a large load transfer capacity. The tests showed that the maximum load transfer 

capacity of the Sumo cable bolt increased with the confining medium diameter.  

The tests were undertaken with the confining medium in an unconfined condition. Over 

the range of confining medium diameters examined, there was no apparent minimum 

threshold diameter above which there was no change in load transfer capacity. A repeat 

series of tests with the confining medium radially confined showed that the peak 

capacity of the Sumo cable bolt still initially varied with confining medium diameter. 

However, above a diameter of 300 mm, the maximum load transfer capacity of the 

Sumo cable bolt was unchanged. This result emphasises the sensitivity of anchor 

performance to confining medium size and radial confinement. As a result, a confining 

medium diameter of 300 mm was recommended for use in the embedment section.  

A further modification from the LSEPT design has been the incorporation of a split steel 

cylinder rather than a bi-axial cell. As opposed to the biaxial cell, the split steel cylinder 

does not create any significant prestress condition to the confining medium. However, it 

does react to any radial stress induced as a result of the cable bolt bring extruded from 

the confining medium. The steel cylinder in effect simulates the confinement afforded 

by a rock mass. A secondary function of the steel cylinder is that it prevents any relative 
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rotation between the cable bolt and confining medium that can be induced during 

loading of some cable bolts. 

As for the anchor section of the test design, an internally threaded steel anchor tube with 

a length of 608 mm was used to be used to grip the cable bolt. The threads enhanced the 

bond contact and mechanical interlock between the cable bolt and tube. To prevent the 

anchor tube from rotating during the pull-out process, a key slot couples the anchor tube 

to the bearing plate. The key slot can accommodate axial displacements up to 100 mm, 

preventing any rotation between the confining medium and anchor tube. 

A bearing plate with an internal diameter of 70 mm provides an interface between the 

confining medium and anchor tube to transfer and distribute the load. The hole in the 

bearing plate is larger than the borehole diameter in the confining medium. Because of 

this, the top surface of the confining medium surrounding the borehole is unconfined 

allowing different failure modes of a cable bolt, including shear slippage along the 

cable/grout interface, relative movement along grout/rock interface and failure within 

the surrounding material. 

The steel cylinder confining medium holder is comprised of two halve cylinders that are 

bolted together. The effect of tightening the bolts to torque values ranging between 0 

and 200 N·m on load transfer performance was examined. It was found that peak load of 

the cable bolt varied with torque up to 135 N·m with little change thereafter. To ensure a 

consistent level of contact between the confining medium and steel cylinder, it is 

recommended that the bolts should be tightened to a relatively low torque value of 

40 N·m prior to each test to ensure a consistent confinement condition. 
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To ensure a consistent level of borehole roughness, a technique was developed to 

manufacture a rifled borehole in the confining medium. To gauge the effect of borehole 

roughness on the behaviour of cable bolts, pull-out tests were conducted in smooth and 

rifled boreholes. Two types of cable bolts, namely a plain cable and a modified cable 

bolt, were used. The results showed that borehole roughness had different effects with 

the two cable bolts. When the plain cable bolt was tested, borehole roughness had little 

impact on failure at the cable/grout interface. Even in a smooth borehole there was 

sufficient bond strength along the grout/rock interface to resist the grout column from 

slipping. However, with the modified cable bolt, the contact between the cable and 

grout was enhanced and as a consequence, failure occurred along the grout/rock 

interface. As the effect can differ with the type of cable bolt, it is recommended that the 

test design incorporates a rifled borehole in the confining medium. 

The effect of different cable termination mechanisms, namely, using a barrel and wedge 

system, a special termination plate or no special termination mechanism, was studied. In 

the end, a slight redesign of the anchor tube without any cable termination mechanism 

was found to be effective, with no failure in the anchor section even at the highest load 

of modified cable bolt.  

Results of the preliminary investigation showed that the new laboratory-scale 

axial-loading cable bolt testing facility has the capability of determining the post-failure 

behaviour of a wide range of cable bolt types over a wide range of displacement up to 

100 mm. 

Two cable bolts, namely the Superstrand, a plain cable, and the MW9, a high capacity 
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modified cable bolt, were tested under controlled conditions in terms of the confining 

medium strength and borehole diameter. The tests were undertaken with a manufactured 

rifled borehole and a Stratabinder grout strength of 54 MPa. 

The confining media were cast with two different types of cementitious grout. UCS tests 

were conducted on both cylindrical and cubic specimens to determine the strength of the 

grout materials. It was found that the cubic specimens always had a higher UCS than 

cylindrical specimens. Based on the ISRM standard, it was concluded that the weak 

confining medium had a UCS of 8.8 MPa while the strong confining medium had a 

UCS of 62.7 MPa. 

The failure modes of cable bolting systems were carefully studied. It was found that 

bond failure of cable bolts always occurred along the cable/grout interface with a strong 

confining medium, independent of the cable type. However, with a weak confining 

medium, bond failure of the modified cable bolts occurred along the grout/rock 

interface, which was a result of the low shear strength of the grout/rock interface. The 

maximum pull-out load in a weak confining medium with the Superstrand cable was 

112 kN or nearly half that of the MW9 of 208 kN, a difference of 86%.  

By contrast, with an increase in strength of the confining medium to 62.7 MPa, the 

maximum load of the Superstrand was 265 kN, representing an increase of 137% 

compared to that achieved in the weak confining medium. For the MW9 cable bolt, the 

maximum load was 380 kN, which was an increase of only 83%. Overall, the difference 

between the strength of the two cable bolts reduced to just 43%. Hence, the Superstrand 

cable bolt was found to be more sensitive to changes in confining medium strength. 
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The standard length of embedment in the LSEPT is 320 mm. Tests at longer embedment 

lengths of 340, 360 and 380 mm found that pull-out load increased from 380 kN at 

320 mm to 440 kN and 480 kN at 340 mm and 360 mm respectively. Beyond 360 mm 

there was no apparent increase in pull-out load capacity. The phenomenon termed 

slip-lock was particularly evident with the MW9 cable bolt. It tended to increase with 

embedment length but at a lower rate. 

There were distinct changes in the stiffness of the cable bolts before and after the 

maximum pull-out load. For both cables, the initial stiffness was similar at 

approximately 51 kN/mm and 69 kN/mm in the weak and strong confining media 

respectively. However, with the Superstrand, stiffness began to reduce once the load 

reached around 100 kN requiring a further displacement of 30 mm to achieve maximum 

load. In the case of the MW9 cable, stiffness remained constant up to the peak load 

within a displacement of only 7 mm, hence it is a much stiffer system. 

Post-failure, the Superstrand cable bolt showed very little reduction in load bearing 

capacity over the measured displacement range of 100 mm, especially in weak material. 

Specifically, there was only a 25% reduction from the peak load of 265 kN to a load of 

200 kN, with a stiffness of -1.1 kN/mm. In the weak material, failure occurred at the 

grout/rock interface, resulting in a “plug” of grout and cable being extruded from the 

borehole. For the MW9 cable, the slip/lock behaviour was activated for up to a total 

30 - 40 mm displacement in both the weak and strong confining medium. Beyond this, 

there was a similar stiffness measured in both the weak and strong materials. 

An increase in borehole diameter above the recommended standard borehole diameter 
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of 10 mm was found to have a beneficial effect with both cable bolt types with a weak 

confining medium. It was determined that the Stratabinder grout had a much higher 

UCS than the weak confining medium. Therefore, increasing the borehole diameter in 

the weak confining medium provided more confinement on the cable bolt, resulting in 

larger pull-out load. 

An analytical model was developed to study the load transfer performance of fully 

grouted cable bolts. A tri-linear model was used to depict the bond strength variation in 

relation to the shear slippage. The elastic, softening and debonding behaviour of the 

cable/grout interface was analysed in this model. It was assumed that when the 

embedment length was short enough, there was a uniform shear stress distribution along 

the cable/grout interface. However, when the embedment length was relatively longer, 

the non-uniform shear stress distribution was apparent. Pull-out stages, namely the 

elastic, elastic-softening, elastic-softening-debonding, pure softening, 

softening-debonding and debonding, were analysed. Based on this analytical model, the 

maximum pull-out load was calculated. The shear stress propagation along the 

cable/grout interface was analysed. Experimental pull-out tests on plain and modified 

cable bolts were used to validate this analytical model, ultimately showing that there 

was a good correlation between the analytical and experimental pull-out results. 

Numerical simulation was conducted with FLAC to evaluate the pull-out behaviour of 

cable bolts. The rockbolt structural element was selected because it is able to simulate 

the strain-softening behaviour of rock tendons. Two different confining media, namely 

the strong confining medium and the weak confining medium, were used. Calibration 



 

287 
 

work was conducted on those two materials to acquire the parameters such as the bulk 

modulus, shear modulus, cohesion and friction angle. The properties of the grout 

column including the cohesive strength and friction angle were acquired from the direct 

shear test. Pull-out simulation was conducted on the Superstrand cable bolt. It was 

found that when the weak confining medium was used, the confining pressure when the 

peak load was reached was 2 MPa. However, when the strong confining medium was 

used, the confining pressure increased up to 9.8 MPa. The pull-out behaviour of the 

MW9 cable bolts was also simulated. The results show that when the weak confining 

medium was used, the confinement provided by the confining medium was 3.7 MPa. A 

much higher confining pressure of 10.5 MPa was acquired when the strong confining 

medium was used. 

9.2 Recommendations for future work 

The load transfer mechanism of fully grouted cable bolts has a significant effect on 

determining the safety of mining operations. However, this mechanism has not been 

fully understood. The following is some recommendations for further work. 

• The load transfer performance of modified cable bolts under dynamic loading 

condition. Most of the previous research has focused on the performance of 

cable bolts in a slow loading rate condition. However, in field applications, the 

cable bolt may be subjected to a dynamic loading rate induced by the rock burst. 

Farah and Aref (1986b) and Hassani et al. (1992) studied the influence of 

loading rate on the performance of cable bolts. However, they only tested plain 

cable bolts. No research has been conducted on the influence of loading rate on 
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modified cable bolts. Therefore, it would be valuable to increase the loading rate 

to high values and evaluate the performance of modified cable bolts. 

• Confining medium size effect on bond strength of cable bolts under constant 

normal load condition. Rajaie (1990) studied the influence of confining medium 

size on the performance of cable bolts in the unconfined condition. This thesis 

used a constant normal stiffness boundary to confine the confining medium. 

However, no research has been conducted on the confining medium size effect 

under constant normal load condition. 

• Load transfer performance of twin-strands and triple-strands in the weak 

confining medium. The axial performance of multi-strands installed in the strong 

confining medium has been studied before, such as by Bigby (2004) and 

Reynolds (2006). However, little research has been focused on the performance 

of multi-strands with weak confining medium condition. 

• Advanced numerical simulation of fully grouted cable bolts. Little research has 

been focused on modelling the geometry of fully grouted cable bolts, especially 

the modified cable bolts. It is recommended to use the finite element method to 

model the three dimensional geometry of cable bolts and study the influence of 

surface geometry on the bond contact between the cable bolt and the grout 

column.  
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