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ABSTRACT 

In this thesis the behavior of fully grouted, untensioned 

cable bol ts and their application to the stabilization of 

underground openings are investigated. The study program 

undertaken involves field, laboratory and numerical studies 

which aim to improve understanding of the raIe of passive cable 

bol ting in rock mass support. The higher residual load carrying 

capacity of the cable and the grout-aggregate mix is compared 

with that of the conventional grout (cement+water). 

Based on the var iational approach, an analytical model has 

been developed to calculate the distribution of shear bond 

stress along the embedded length of a cable boIt. A parametric 

study is then undertaken to illustrate the support behavior 

of cable bolts with different grout compositions. 

A special finite element for the cable boIt was formulated 
and integrated into existing finite element code called MSAP2D, 

in order to allow the simulation of cable bol ts in underground 

excavations. 

A practical example is presented to demonstrate the effect 

of cable bolts on the stability of the opening. The simulation 

is carried out using the newly developed numerical model with 
cable boIt simulation capability. 
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RESUME 

Ce présente mémoire présente les résultats de recherches 

effectuées sur le comportement de système d'ancrages injectés 

(câble, coulis de scellement et roche) non tendus ainsi que 

leur application à la stabilisation des fouilles souterraines. 

Le programme dl'étude comprend des essais en chantier et en 

laboratoire ainsi qu'une analyse numérique afin de mieux 

comprendre le rôle des ancrages passifs dans le support d'un 

massif rocheux. L'augmentation de la charge résiduelle sup

portée par le système d'ancrage (câble, coulis-granulats et 

roche) a été comparée avec un coulis conventionnel (ciment+eau). 

En se basant sur l'approche variationnelle, un modèle 

analytique a été développé afin de calculer la distribution 

des contraintes d'adhérence le long d'un ancrage scellé. 

Ensuite, une étude paramétrique a été effectuée pour illustrer 

le comportement des ancrages utilisés comme support, en tenant 

compte de différents mélanges de coulis. 

Aussi, un type d'élement fini a été développé et intégré 

dans le système MSAP2D déjà en place, afin de permettre la 

simulation des ancrages dans les excavations souterraines. 

Un exemple pratique est présenté pour démontrer l'effet 

des ancrages sur la stabilité des fouilles. La simulation est 

réalisée en utilisant le nouveau modèle numérique ayant la 

possibilité de simuler les ancrages. 
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1.1 GENERAL 

CHAPTER 1 
INTRODUCTION 

Fully grouted cable bol ts have evol ved as a support system 

for reinforcement of surface and underground rock excavations 

during the past decade. It is possible to apply this type of 
support either in tension prior to grouting (active) or without 

any tensioning (passive). The cables can be installed in 

underground excavations with very low headroom, irrespective 

of the length of the support element. It is recognized that 

the elimination of the pre-tensioning makes the performance 
of this type of support systemmuch faster and more efficient. 

untensioned fully grouted cable bolts are installed in the 

roc~ mass weIl before stress relaxation and rock deformation 

take place. After stoping, relative displacement between the 

rock and the steel strands generates tension in the cable, 

especially where rock is primarily under high horizontal 
compressive stresses. In certain mining applications, such as 

the reinforcement of cut and fill stopes and ore or waste 

passes, cable bolts have shown their unique support capability 

[1]. The load carrying capacity of the cable boIt depends on 

characteristics of the three major elements in the support 
system: 
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- Shape, type and preparation of steel strands in the cable 

boIt. 

- Bonding element which in conventional grout consists of 
water and cement and additives if required. 

- Host medium which consists of geological material with 

inherent discontinuities at different stress regimes. 

The possible failure modes of a cable boIt are shown in Fig. 

1-1 and generally these can be c1assified as follows [2]: 

Failure within rock mass; 

Failure of the cable boIt; 

Failure of the rock-grout interface; 

Failure of the grout-cable interface. 

Only a few failures of cable bolting due ta breaking of 

steel strands have been reported. Most reported failures have 

been due to large blacks slipping off the cables; the strands 
tend ta be left with a curled and twisted shape and totally 

stripped off the grout. 

One of the principal problems in cable bolting is the 

transfer of the load from the rock mass to the cable elements 

through the shear bond interface. Therefore, the behavior of 

the bonding elernent between the two materials is one of the 

Most important parameters in cable bolting design. Further, 

the efficiency of grouted untensioned cable boIt reinforcement 

lies in the bonding preparations ta transfer the load from the 

rock mass te the reinforcing elements [3]. 
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interface 

Fig. 1-1 Possible failure modes of cable bolts 
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1.2 THESIS OUTUNE 

Since the bond strength in most cases is the weakest link 

between the cable and the surrounding matrix, the intuitive 

approach was to maximize the bond strength in order to increase 
the load carrying capacity of the cable bolt. Past atternpts 
to improve the load carrying capacity of the cable boIt have 

considered either 

increasing the number of standard cables in the borehole 

(generally 2 in a borehole), 

attaching friction cylinder, ("button"), to the cable, 

or 

changing the configuration of the standard cable to form 

Birdcage cable bolts. 

An investigation of the properties of grout material used 

in cable bolting has been conducted [4]. The modification of 

the grout material to contribute to the resistance of the cable 

boIt to failure or debonding has tended to be overlooked bath 

by researchers as t,Y'ell as the mining industry. The understanding 

of this phenomenon ls the key that will contribute to the 

development of a modified cable bolting support element. The 

author believes and will demonstrate that the mixture of 

conventional grout with aggregate has the potential to increase 

the friction and the mechanical interlocking between the cable 

and the surrounding rock masse Therefore, by variation of the 

constituents of the grout, a different cable bolting support 

element with different support capability can be engineered 

to meet the site support requirement [5,6]. 

4 



Bence, a comprehensive study to evaluate the behavior of 
cable boIt wi th conventional grout and grout-aggregate was 

initiated. 
The main body of the thesis is divided into 2 parts; first 

part experimental investigation, the second part analytical 
and numerical modelling for better understanding the influence 
of parameters and design procedure. In more detail, i t is 
divided into 9 chapters including general introduction and 

conclusions. A brief summary of each chapter follows. 

Chapter 1 presents a general introduction on cable bol ting, 

application and possible failure modes of cable boIt. The 

proposed program to study the behavior of cable boIt wi th grout 

and grout-aggregate material experimentally and analytically 

is also outlined. 

Chapter 2 gives a comprehensive literature search of aIl 

relevant information on cable bolting. The study extensively 

reviews laboratory, in situ testing technique. The available 

empirical and theoretical design methods of cable bolting are 

reconsidered. 

Chapter 3 describes the principal advantages and disad

vantages of cable bol ting. The grout-aggregate mix is introduced 

and the scope of the research is presented in this Chapter. 

Installation technique of cable boIt with grout-aggregate 

material is explained in Chapter 4. The results of the in situ 

pull-out test for different lengths and different curing times 
is also presented. 

A comprehensive laboratory investigation is considered to 

identify the physical characteristics and behavior of the cable 
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1 boIt with grout-aggregate and conventional grout mix. Chapter 
5 contains the testing procedure and the resul ts of this 
experimental study. 

To predict load carrying capacity of cable boIt, an ana
lytical approach based on the variational method is detailed 

in Chapter 6. A parametric study to improve the understanding 

of the behavior of cable boIt is also presented in this chapter 

Chapter 7 describes the formulation of the cable element 

based on the assumption that the grout material and slip 

occurring between the cable surface and the surrounding matrix 

can be simulated by a continuous tangential spring. When this 

is invoked into MSAP2D, a new numerical model called CAB (CABle 

stress analysis) evolves. Then the CAB syF.tem with aIl including 

its modules the mesh generator and aIl pre and post processors 

are described. 

Chapter 8 compares the load and shear bond distribution 

of a pull-out test with variational method and numerical model. 

To illustrate the use of the program a practical example is 

given in this chapter and aIl relative results are included. 

General comments and remarks are made in Chapter 9, relating 

to the factors which are not considered or ignored, and on the 

assumptions made for typical elastic analysis. 

6 
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f 
-1 

1.3 OBJECTIVES 

The following are the objectives of this study. 

1- To evaluate by appropriate field trials and testing 

a- The concept and feasibility of using grout-aggregate 

mix (aggregate+cement+water) instead of the normal 

grout (water+cement) as an alternative bonding 

material in cable bolting 

b- The pumpability of this mixture. 

c- The practicability of the installation technique as 

weIl as installed cable boIt support capability. 

2- To develop an appropriate grout-aggregate mix which 

would give the optimum banding resistance between the cable 

boIt surface and the surrounding matrix. This objective is te 

be met by a laboratery based testing program of pull-out tests 

on cylindrical segments of concrete with a central hole that 

hosts the cable and the grout-aggregate mixe The laboratory 

investigation is to cover a nurnber of important design 

parameters such as the specimen size, its length and the mix 

properties, e.g. water/cement ratio and aggregate/cement ratio. 

3- To develop an analytical model that is capable of 

calculating the shear bcmd stress distribution along the cable 

boIt surface. The variational methed is te be employed in the 

formulation of the analytical model. The model is to be verified 

using the test results from the laboratory. A parametric study 
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will then be undertaken for a better understanding of the 
support strength characteristic of cable bolts in the different 

mix properties. 

4- To develop a numerical model based on the finite element 
method which would have the capability of simulating cable 

bolts in underground excavations in rock. The finite element 

computer model called MSAP2D (Microcomputer Static Analysis 

program for two Dimensional problems) which has been developed 

at McGi11 for the design/analysis of underground openings in 

rock mass(es) ie to be further developed ta include the sim

ulation of cable bolts. A special cable boIt "element" is to 

be formulated and incorporated into the MSAP2D software. 

5- To demonstrate the simulation capability of the program. 

It is planned to undertake a study on a practical example to 

examine the effect of cable bolts on the stability of the mine 

stope. The simulations will be carried out using the above 

mentioned numerical model with the cable boIt simulation 

capability. 
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1 

2.1 INTRODUCTION 

CHAPTER2 
BACKGROUND 

Over the past two decades in the mining industry, due to 

safety requirements during operation and construction as weIl 
as the requirement for long term stability of excavations, a 
wide choice of support systems has been developed. Poor rock 

mass conditions, structural discontinuities and high stresses 

associated with underground excavation, as weIl as the demands 

for increased productivity and reduced costs have aIl played 

an important role in SUP90rt system selection [7]. 

There is a tendency for an opening in a rock mass to close 

once it has been excavated. The mechanism of this deformation 

involves movement of individual blocks and the dilation of 

joints. If no support is present then the opening will continue 

to close until a 3tate of stable equilibrium or instability 

is reached. Variation of the mechanical properties of the rock 

mass with time, the initial stresses and the type of support 

are sorne of the factors which affect the magnitude and the 

rate of the closure of the opening. However, of paramount 
importance is the knowledge of the stress state of the rock 

surrounding the excavation, which might be above or below rock 

strength [8]. 

In general, after development of an excavation, one of the 

following types of stability/instability can develop (see Fig. 
2-1a) [7]. 
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a) Stable ground exhibi ts rock deformabili ty below the y ield 

point, without development of rock fissuring and 

cracking. Under these conditions, if support is 

installed, the rock and support are stable during the 

service life of the excavation. 
b) Semi-stable ground exhibits rock deformability close to 

yielding fracture. Support which has a degree of stability 

greater than rock stabili ty is required. The maintenance 

of installed support is required and local rock falls 

are expected. The excavation has a potential for losing 

stability durinq its service life. 

c) Unstable qround exhibits rock deformability, which 

progress to rock fissuring and failure. Maintaining the 

excavation opening will require heavy support. 

An important factor for the strength of a rock mass is the 

degree of qeometrical interlocking of joint blacks and the 

roughness properties of the joint fractures. The degree of 

interlock will decrease with the relaxation of the rock mass 

and relative displacement of individu al blocks around the 

opening [9]. This will reduce the rock strength and increase 

the opportunity for rotational and toppling modes of failure. 

The induced rock movement due ta the excavation of the opening 

acts in two ways: firstly, to support the load, and secondly 

ta generate internaI bendinq moments and shear stress in an 

attempt ta be self supporting. Support systems are traditionally 

designed to resist stress-induced deformation and hence they 

May be overdesigned. In reali ty , the enqineer must !nake a 

judgement on the support requirements. The principal objective 

of any support design is to contribute ta the self supporting 

capability of the rock masse 

10 



1 2.2 ROCK-SUPPORT INTERACTION 

The concept of rock-support interaction described in detail 

by Deer et al. [10] and has since been used and discussed by 
Rabcewicz [Il], Daemen and Fairhurst [12], Ladanyi [13], Jukes 
[14], and Boek and Brown [15] in connection with underground 
openings. The rock-support interaction diagram Fig. 2 -lb shows 
two characteristic curves: the first (curve KLMN) represents 
the rock mass and the second (curve AB) represents the excavation 

support system. The ordinate of the rock characteristic curve 

represents the radial force required to maintain stability, 
in other words to arrest closure, after a given magnitude of 

radial displacement, as given by the abscissa. The radial 

component of the str.ess field prior to mining (the virgin 

stress field) is given by point K on the curve. Upon excavation 

of the tunnel this component is reduced to zero, thus indicating 

the removal of radial restraint and the freedom for the tunnel 

walls to strain inwards. 

Initially, the close proximity of the excavation face will 

prevent the displacement of the walls from developing fully. 

However, as the face is advanced, and its supporting effect 

is reduced, then the walls will deforrn further into the opening 

(i.e. ~r increases). 

As this deformation proceeds then a greater proportion of 

the inherent rock strength is mobilized and more stress is 

redistributed around the opening. The process of stress 

redistribution is completed, if time-dependency effects are 

neglected, when the closure of the excavation walls is halted 

and equ~librium is restored to the system. 

In the case of strong and competent rock masses the stress 

redistribution may be accomplished with sufficient self

supporting strength being generated by the rock itself, in 

which case no additional support is required (curve KLP). 
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However, when either considerinq weaker incompetent rocks 

or larger openinq spans, then stress redistribution will almost 

certainly cause excessive deformation and failure of the opening 

walls. Equilibrium can only be achieved at the expense of large 

and usually unacceptable levels of radial displacement (curve 
KLN). The effect of gravit y loadinq of the excavating walls 

by detached roof blocks is to give the rock a rising charac

teristic curve (as shown by curve KLMN). The result of this 

"loosening pressure" is to ensure that equilibrium is only 

attainable through the use of additional support because the 

maximum rock strength (given by point M) is insufficient to 

haIt closure. 

There is no time lag fo1.' cable boIt support, because it 

is installed in the rock mass before blasting. However, the 

installation of pra-support (cable bolts) or installation of 

the support wi th time lag for example Ô, t which corresponds to 

radial yield displacement ô'r will have an effective influence 

on the stability of a rock excavation. Successful support 

installation will depend on the time lag. Installation time, 

particularly for external support, is an important factor 

because it will permit ground strength to develop fully. 

2.3 TYPE OF SUPPORT 

The most basic met:hod of support in hard rock mining consists 

of leaving ore behind to support the backs and walls of 

excavations. As the mining industry has been forced to become 

more competitive, support methods in underground openings have 

become more economical and cost effective. In general, support 

methods can be divided into two broad categories: InternaI and 
external support. 
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2.3.1 EXTERNAL SUPPORT 

External support in Most cases is passive, providing a 

restraining load on the rock face to prevent movement and 
failure of the rock mass. This takes the form of wood or steel 
sets and wood cribs which take load as the rock mass deforms 
onto the support. Shotcrete is an effective form of external 

support which has gained some application in rnining environ

ments. A cement, often mixed with various chernical additives 

or with steel or synthetic fibres, is sprayed onto the rock 

surface [16]. The shotcrete forms a lining on the rock face 

which can provide appreciable support, especially if the opening 

dimensions are favorable. Backfilling of an excavation is aiso 

a common effective method of providing support. 

Grouting treatments can be used which are injected into 

the rock mass, ahead of the excavation, to improve i ts strength 

characteristics. These treatments act to fill open joints and 

help bond the joint surface toç: .!ther to increase overall 

strength. Freezing of very weak ground before excavation is 

also used to provide short term strength to the rock mass until 

more permanent support can be installed. 

An extruded tunnel lin1ng system is éi ~upport rnethod which 

is similar to shotcrete in that it consists of a cernent bonded 

directly to the rock surface. Sorne degree of rock displacernent 

almost invariably occurs prior to the installation of the 

tunnel linings. Most tunnel 1inings offer support of a passive 

nature, in other words a build-up in support strength occurs 

with increasing distortion of the lining due to st rata loading. 

The build-up in support strength continues untii the supporting 

pressure exerted by the 1ining is equal ta that value required 

ta prevent further rock displacement. This value is indicated 

by point B in Fig. 2-1b and its attainment represents the 

restoratian of equilibrium. 
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1 2.3.2 INTERNAL SUPPORT 

InternaI support consists primariIy of rock reinforcement 

which acts to support the underground excavation, as weIl as 
knit the rock together to increase its overail strength. In 
general, two different concepts, passive and active support, 

are empIoyed for rock reinforcement [17]. The reinforcement 

elements which are pre-tensioned at the time of installation 

apply an active load to the surrounding matrix. The passive 

ones are not in tension at the time of installation and therefore 
do not play a role as a ground support system unless the mass 

moves and subsequently loads the reinforcement elements. Lang 

[ 17] compared the behavior of pre-stressed and reinforced 

concrete respectively, and developed the classical treatment 

of active reinforcement with particular reference to under

ground excavations. A number of available rock support systems 

are discussed by Scott [18], shown schematically in Fig. 2-2. 

InternaI rock reinforcement uses three main anchoring systems 

as foilows [19, 20]: 

a) Frictional support, providing the primary anchoring force 

in both swellex and split set bolts. The friction between 

the steel boIt and the rock mass provides the force 

resisting rock movement. 

b) Bonded or grouted rein forcement , which relies on the 

strength of the bond between the rock/grout/bolt system, 

as weIl as the frictional force between the components of 

the system after the bond has been broken. Either chemical 

or cement grouts are used with rebar or steel cable anchors. 

C) Mechanical anchors, which rely on a gripping mechanism 

whereby the boIt cuts into the rock providing a restraining 

or anchoring force. This provides point support at the 

anchor point and the boIt plate. 
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InternaI rock support systems are in a state of evolution. 

Mechanical point anchors have been the most widely used method 
of ground support. Recently, full column anchors with resin 
and cement have been replacing mechanical rock bolts in aIl 

types of ground conditions where they had not been suitable. 
The use of long, untensioned, grouted cables in underground 

mining has been a particularly important innovation, which has 
~f..,sulted in significant improvements in safety and mining costs 

in massive orebodies [21]. 

2.4 CABLE BOLTING 

Cable bolts consist of several steel strands which are fixed 

into a borehole by grout. When the grout hardens, then the 

resul tant cohesion and interlocking between cable and sur

rounding matrix will transfer the load of the rock mass to the 

steel strands. After the borehole is drilled then installation 

of the cable boIt and grouting can be undertaken. Cable bolts 

are used in applications and lengths ranging from relatively 

short 5 m lengths, to 20 - 35 m lengths to support large ground 

masses around various types of underground openings. Experience 

has proved that the cable must be clean and especially with 

no grease, which may compromise the bond between cable and 

surrounding matrix [ 6]. Currently, there are three common 

methods employed for installing cable bolts as follows [22]: 

METHOD I: The clean cable is pre-eut, and a spring steel 

star is fitted to the end button with a nut and used as the 

end holding device. The breather tube is fastened to the end 

of the cable, which is then manually or with a simple raller 

assembly pushed into the end of the hale. Once the cable boIt 

is inserted, cotton waste or a plug is packed firmly around 
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the collar to create a grout seal. On long holes (20 - 35 m) 
the cotton waste May need to be soaked in a thick grout mix 

before placement. The grout tube provides a conduit through 

which grout is pumped into the hole. The grout tube usually 

has al. 25 cm internaI diameter and should be taped to the 
cable about 40 cm from the collar end as is shown in Fig. 2-3. 

Grout is pumped into the hole until air stops coming out of 

the breather tube. In this method the water-cement ratio is 

between 0.40 and 0.50. 

METHOD II: The cable is fastened with the grout tube and 

the complete set ia pushed into the bottom of the hole. In 

this method there is no need for the plug or cotton. The grout 

is pumped and the hale ia filled from the toe to the collar. 

It can be seen clearly in Fig. 2-4, there is no need for a 

breather tube in this Methode This method is practised 

underground in up-holes where the grout is sufficiently viscous 

(i.e. water to cement ratio is 0.3). 

METHOD III: A third method is used in mechanized cable 

bolting, such as applied by the Tamrock Cabolt machine [22]. 

In this method the hole is drilled, a grout hose is fed ta the 

bot tom of the hole and grout is pumped from the toe of the 

hole to the collar as the grout hose is withdrawn. The syn

chronization of pumping and pulling of the gr out hase can be 

adjusted to control the amount of grout in the hole (see Fig. 

2-5) • 
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2.5 HISTORY OF CABLE BOL TING 

It is not known exactly when internaI reinforcement was 
first used. According to Litteljohn [23], bars were employed 
in rocks to secure the roof in the Mir Mine, located in Upper 
Silesia, poland, in 1918. In 1926, grouted bars in a fan pattern 

were used to secure a rock mass against caving in Chustenice 
shale in Czechoslovakia. The earliest example in the field of 

Civil engineering is the use of reinforcing cables in the 

Cheufes Dam in 1943. 

This type of support has improved to such a degree in the 

last three decades that it has become one of the most popular 

support techniques against ground movement, and prevention of 

rock falls in underground and surface excavations. 
Historically, cable boIt support was introduced to the 

mining industry about 20 years ago in Australia and several 

years later it was applied in Canada. Gramoli [24] reported 

that the first Canadian cable bol ting experiment was conducted 
at the Noranda Geco Division in Manitowadge, Ontario, to 
reinforce the backs and walls of large open stopes. Hoist and 

slusher rope anè high tensile strength wires were installed 

to act as pretension cables and were termed Il cable bol ts". The 

technique involved two stages of grouting. Firstly, a short 

length of grout extending approximately 900 mm at the top of 

the borehole ~.,as installed. The cable was then inserted into 

the borehole and grouted section before it had set, in order 

to fOrIn an anchor. The cable was tensioned up to approximately 

350 kN force. The second stage involved grouting the rest of 

the cable length seven days later. Thus the pretension cable 

system developed an active reaction. The method was successful 

and economical in controlling both the overloading and the 

dilation in the stope. This approach was applied in several 
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mines and it was reported that back conditions were signifi
cantly improved, even when the cables were not pretensioned 

[25, 26). 

Long tensioned anchors reaching far above the natural arch 
zone above an underground excavation develop very large loads. 

Since these loads are point support from excavation surface, 

they prevented the ability for arching action to develop and 
provide an irregular strain pattern contrary to the ideal 

natural arch conditions. On the other hand in surface mining 

the natural arch does not exist and consequently, the utili

zation of active reinforcement is not only fairly harmless but 
also beneficial enough by creating an artificial arch or 

structural member. 
The direct measurement of cable performance conducted by 

Fuller (1) in Australian mines showed that pretensioning is 

not required in the majority of cut and fill stoping situations. 

In regions where the lateral pressure on the cable boIt i6 

low, e.g. in shallow stopes, pretensioning May be necessary 

to provide additional confinement in the rock mass. However, 

elimination of pretensioning in steel strands improves the 

efficiency of cable bolting in cut and fill mining. 

In recent years the use of long untensioned, grouted cables 

(20 to 35 m) in unde=ground mining has gained considerable 

popularity due to significant improvements, offered in safety 

and mining costs in massive ore bodies. Since 1977, the Aus

tralian and recent1y the Canadian and Swedish mining industries 

have tried to use this type of support system in open stopes 

[3]. One of the difficulties in employing cable bolting in 

open stopes is poor access for installation. The other problem 
relates to the larger spans experieneed in open stopes eompared 

to eut and fill stope. The stress distribution due to frequent 

blasting is also accumulated to a greater extent. 
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Productivity can be improved with cable bolting in a number 
of ways. Such support can allow an increase in the width of 
the stope by pre-reinforcing the opening. The stope height and 
hence the hel.ght of the exposed hanging wall can also be 
increased with pre-reinforcing. Also, by taking advantage of 
the high shear bond strength ~etween cable and surrounding 
matrix the length of the bol ts in the stope can be increased. 
This can give additional cuts before the next bolting cycle 
is required. 

In open stoping or sublevel stoping, the stresses in the 

surrounding rock generally concentrate on the hanging wall 

side, stope floor, stope back and ends of the orebody. AlI of 
taese critical areas can be pre-reinforced with cable bol ting. 

Depending on the application, the cable bolting can he done 

from within the orebody itself or from outside the orebody. 

The Geco Mine employed the installation technique used for 

cut and fill stopes because the top sill was opened to the 

total planned stope are a and acc~ss for the installation of 

cables was available. In wider stopes, where different multiple 

strike drifts were driven from a crosscut, then cable arrays 

in vertical fanned upholes provided a reasonably even density 

of cables above the back. Close to the back, relatively large 

spans remain unsupported. Often this difficulty can be overcome 

if a crown pillar is formed above the stope and aCCêSS is 

available above the crown from previous workinqs [27]. 
Different patterns of cable bolting have been devised in 

order to overcome the difficulty of installation and requirement 

to increase stability, as shown in Fig. 2-6. 

Cable bolts can be used to improve two key areas in typical 

room and pillar mining: roofs and pillars. Cable bolts that 
are both longer and better quality than conventional bolts 

will allow the distance between pillars te be increased. If 

required, cables can aIse be used for trussing. 
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In many areas, cable bolting is combined with other types 

of support such as resin rebars, strapping, and swellex bolts. 

Successful operation with cable bolting support systems have 

been reported in open pit mines (tensioned multicable bolts) 

and in underground mines (tensioned and untensioned bol ts) and 

sorne histories are giveu below. 

A one inch diameter, degreased hoisting cable was used in 

the cable bolting program in Falconbridge mines to obtain 

regional support in blast hole stopes and to prevent wall 

slaughing and 1ùinlmize dilution [25]. Based on experience, the 

cable boIt pattern of 1.8 m x 1.8 m was employed above the 

cave profile. The design was based on three factors: 

rock mass structure with Rock Quality Designation (RQD) 

values of ranging from 40 to 50 percent; 

modeling using a finite element program to predict 

stresses generated by different mining sequences; 

cable bol ts were designed to be compatible wi th the block 

size; typical joint spacing varied from 1 to 3 m. 

The support system in cut and fill stopes has contributed 

to safe and productive mining in deteriorating ground conditions 

without significant alteration to the basic mining method [28]. 

At the Cone Mine in the North West Territories the cable 

bolting method has proven to be an efficient and cost-effective 

way to resist ground movement and also to carry large rock 

blacks. In this case, 22 m long cable bolts were installed 

into 57 mm diameter holes, through the stope back and extending 

at least 4.6 m into the projected hanging wall. The hales were 

drilled to a 2.4 m square spacing and were inclined at an angle 

of 75 degrees. One additional row of cable bolts was inserted 

after each lift from the footwall, to cover any newly exposed 

ground. The cables were constructed from 16 mm diameter stranded 
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steel cable with an ultimate tensile load of about 270 kN [8]. 

Similarly at the Number 12 Mine of Brunswick Mining and 

Smelting Ltd., cable bolting has .been shown to be a practical 

means of ground support and has been increasingly used in the 

production cycle [29]. 

2-6 THE MECHANISM OF CABLE BOLTING 

The most successful support systems are those that are 

installed immediately after excavation has occurred [15]. 

untensioned fully grouted cable bolts are deployed in the rock 

mass before stress relaxation and rock deformation. After 

stoping, relative displacement between the rock and the steel 

st rands generates tension in the cable, especially where rock 

is primarily under high horizontal compressive stresses. Thus, 

cable bolts act as a means of passive resistance ta rock mass 

movement. 

Fuller [1] carried out extensive monitoring of cable bol ts, 

examining the effect of length, studding, gr id pattern and 

blasting. It was shawn that the cables were in tension up to 

5 ID ab ove the back at the time of blasting and sudden re

adjustments of strain could occur up to 2 hours after the 

blasting. In a few cases re-adjustments due to initial blasting 

represented dynamic loading which have led to failure of the 

bondbetweenthecableandsurroundingmatrix. The investigation 

confirmed that a fully grouted untensioned cable support system 

with a grid pattern of 2 m stabilized the rock mass even 

immediately after the blasts. 

According ta potvin [3] only a small proportion of cable 

bolting failures take place due ta the breakage of the steel 

strands; most failures are due ta large blocks slipping off 

cables, the strands tending to be left with a curled and twisted 
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shape and totally stripped of grout. The critical feature of 
a cable boIt support system is the bond strength between the 
steel strands and grout. 

Fundamental investigations of the behavior of passive 
reinforcing in a discontinuous rock mass were made by Dight 
[30]. The results indicated that the maximum resistance to 
joint shear appeared when the cable (diameter 30 mm) made an 
angle between 15 to 30 degrees with the intersection of a 

joint, when strands were placed in tension by the shear movement. 

2.7 DESIGN OF CABLE BOlT SUPPORT SYSTEM 

The design of rock boIt and the cable boIt support systems 

has traditionally been restricted to the following: 

a) Empirical design rules developed fronl field practice and 
exper ience [ 8 ] • 

b) Empirical formulae developed from laboratory physical 
modeling and analysls [32, 33, 34]. 

c) Empirical support design guidelines related to rock mass 
classification studies [3J. 

2.7.1 EMPIRICAl DESIGN RUlES DEVElOPED IN PRACTICE 

The evaluation of the rock mass to be supported is the 

most important and also the most difficult parameter to be 

calculated for the design of cable boIt support systems. Owing 

to the number of unknown parameters, both geological and 

physical, many assumptions have to be made. These usually only 

pertain to local conditions and therefore will vary from mine 
ta mine. The empirical method of design relates practical 

experience gained on previous experience ta the conditions 

anticipated at a proposed site. However, based on the obser-
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vation and assumption of uniform patterns in geological 
structures, the formation of an equilibrium arch above the 
stope back has been considered by sorne engineers [31]. The 

arch is often approximated using parabolic or elliptical 
geometry, where the horizontal axis depends on the length of 
the stope span and the vertical axis depends upon the stiffness 

of the rock mass and initial stresses. 

The adequate embedded length of cable boIt depends upon 

the mechanical properties of the bonding element between the 

cable and borehole' s wall, the mechanical properties and 

geological structure of the rock mass, the angle of the cable 

bolts to the horizontal and density of the cable bolts per 

unit area. Based on experience at Con Mine, Cassidy [8] reported 

a simple equation for calculating cable boIt spacing as follows. 

where 

s= NxUxV 
T X SF X (sin (1)3 

S = spacing between cable bolts (ft) 

N = number of cables per hole 

U = ultimate tensile strength of the cable (ton) 

V = specifie volume of rock mass (cubic ft 1 ton) 

T = Max. thickness of rock mass to be supported 

cr = angle that the cable makes with horizontal 
SF = safety factor 

29 

(2 - l ) 



2.7.2 LABORATORY-BASED EMPIRICAL FORMULAE 

Ballivy [32] proposed a design procedure to determine the 

embedded length of passive anchors in the rock mass. The 

procedure is based on the equation first developed by Hawks 
and Evans [33] and then modified by Philips [68). The method 

was established for hard rock environments in which rupture 

of the anchor occurs at the grout-steel interface. However, 

application of this method in design of cable bolts is not 

ver.i.fied in the mine. 

Brian [34] reported on a method devised by Fuller for 

different design procedures accounting for the geometry and 

rock mass conditions, as weIl as the support specification for 

each cable boIt failure mode. The behavior of the cable for 

different properties of rock mass and grout is evaluated based 

on the laboratory pull-out test and analytical approach. The 

implementation of this design technique has met sorne problems 

regarding the identifications and definition of field data 

required. The design chart is shown in Fig. 2-7 and Fig. 2-8. 

2.7.3 EMPIRICAL GUIDELINES BASED ON ROCK MASS CLASSIFICATION 

Rock mass classification forms the backbone of most 

empirical design approaches [9]. In order ta establish a 

relationship between RMR (Geomecnanics Classification of Rock 

Mass Rating System) value and reinforcing density, trials were 

completed by Choquet [35]. It was shown that there was no 

correlation between boIt design pattern and rock mass quality. 

The Golder Method was proposed by Matthews et al. [36] in 

which selected geotechnical factors have been combined as a 

stability number (N) and plotted against a shape factor (F) 

to assess empirically the stability of the surface boundary 

of an open stope. The stability nurnber accounts for rock mass 
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quality, state of stress and orientation of exposed surfaces. 
The shape factor takes into consideration the shape and size 

of opening. Thus a high stability number and low shape factor 
should reflect stable exposures while the opposite should 
reflect instability. The stability number is briefly outlined 

below. 

(N)=Q'xAXBXC (2 - 2) 

Where 

Q' = Modified NGI Rock mass rating 

A = stress factor 

B = rock orientation factor 

C = design surface orientation factor 

The stability graph method was modified by potvin [3] to 

develop design guidelines, based on a study of 66 case histories 

collected in Canadian open stopes. The key parameters char

acterizing the rock mass and stress conditions are quantified 

in order to determine optimum stope dimensions. The modified 

stability numbers and hydraulic radii calculated for aIl case 

studies are shown in Fig. 2-9. The conditions in which cable 

bol t systems are capable of stabilizing open stopes are def ined 

on the graphe It is reasonable to assume that the intensity 

of bolting should increase as a case plots closer to the dashed 

line. 

The modified Barton Classification Q' is adjusted for the 

relative intensity of support as shown in Fig. 2-10. It is 

necessary to mention that the technique is applicable to areas 

with uniform bolting patterns and should be used in cases sllch 

as hanging walls, where support is only applied, for example 
at sublevel access points. 
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1 The length of cable bolts must be designed in order to 
provide a proper anchor. Sorne form of relationship is expected 
to exist between the hydraulic radius of the stope surfaces 
and the length of cable boIt. These two parameters were plotted 
by potvin [3] and are shown in Fig. 2-11 for the case of 
supported backs in the data base, and the following observations 

can be made. 

The data is scattered, indicating the lack of guidelines 

for support design and the trial and error process 
employed. 

The use of cable bolts in very large open stopes has had 

little success. 

The minimum stope plane dimension in which cable bolts 

have been installed has a hydraulic radius of approxi
mately three meters. 

Th0 ~inimum cable bolt length in the data base was three 

meters. This was decided arbitrarily prior to the data 
collection in order to differentiate cable boIt action 

and other kinds of shorter rock anchors. 

A conservative guideline is derived from the plot of 
cable boIt length and hydraulic radius. 

Although the popularity of cable bolting has increased 
during this past decade, it seems that there is still no 

reliable design method. 
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2.8 THE NATURE OF SHEAR BOND STRESS 

Since cable bolling with grout is used in the vast majority 
of cases, the bond strength between the two materials is of 
considerable interest. Bond stress may be defined as the sh~ar 
force per unit length, which acta parallel t~ the cable axis 
at the grout-steel interface. The force in the cable is 

transmitted to the grout by the bond, and vice versa, [37, 

38]. Thus the bond stress can modify the cable stress. Another 
measure of the bond stress is the rate of change of stress in 

th,! cabl6 boIt. There is no bond stress unless the cable stress 

changes, and there can be no change in the cable stress without 

change in the bond stress. 

In the case of smooth bars, the bond between steel and 
grout is attributed to friction and chemical cohesion between 

the two materials. Bond failure in specimens reinforced with 

slnooth bars can be characterized by the extraction of the bar 

from the grouted specimen. Cable bolts, however, depend pri

marily on mechanical interlocking. This does not Mean that 

friction and chemical cohesion do not exist, but that they are 

of secondary importance. 

In bond-type specimen testing, e.g. by pull-out testing, 

with deformed reinforcing bars, most bond failures are seen 

to be splitting failures of the surrounding matrix. Strictly 

speaking, splittinq is not the sarne thing as bond failure. 

Splitting generally results from the wedging action of the 

lugs against the grout. Splitting failures are basically a 

tensional phenomenon, but the data availab]e is too scarce, 

in respect to the strength and deformation properties of the 

grout in tension, to permit a separate analysis of the splitting 

phenomenon. Presently, splitting must be analyzed together 
with the shear stress phenomenon. Progressive splitting i5 
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usually the primary evidence of bond distress in a pull-out 
specimen. It can progress to the outside, resulting in a final 

=ollapse of the bond. 

2.9 THE BOND-SLIP MECHANISM 

Since bond conditions at a rib differ significantly from 

those at locations between the ribs, i t is impossible to obtain 
a bond-stress distribution which is applicable to aIl points 

on cable bolts. The average bond resistance increases as the 

slip progresses until the ribs begin to crush the surrounding 

matrix. Therefore, for strands wi th higher yield stresses, 

cracking becomes one of the most important factors in the 

pull-out test [39]. For this reason, extensive studies on crack 

formation within the grout adjacent to the deformed reinforcing 

bars have been carried out by researchers. Lutz [40] studied 

the fundamental mechanics of bond transfer between the bar and 

the grout. He established experimentally t!1at slips resul t 

from deterioration of the grout, which crushed under high 

bearing pressures and shearing stresses from the bar ribs. 

Breoms [41] and Iater Goto [42] devised ingenious techniques 

to study the internaI crack formations in the pull-out test. 

Breoms [41 J injected colored resin near the bar ribs of 

pull-out specimens which were reinforced with a single steel 

bar to study the location, width and extent of internaI cracks. 

Goto [42] replaced the resin by red ink, and his specimens 

were then sawed to examine the crack pattern. Numerous internaI 

cracks were found to have formed around the deformed bar. These 

cracks formed cones with apexes near the bar lugs and with 

bases generally directed towards the nearest primary crack or 

towards the end of the specimen. According to Goco [42] the 

formation of internaI cracks usually starts at low stresses 
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in steel and is influenced by the surface deformation of the 

reinforcing bars. He indicated that cohesion between steel and 
grout can be lost in some parts of the bar, and that therefore 
the bond between the deformed bar and the matrix àepends on 
the mechanical resistance of the lugs and the frictj onal 
resistance between steel and matrix. The bearing pressure \..hat 

develops at the lug interface can be resol ved into two components 

(Fig. 2-12): 

l) A component parallel to the bar concentric with its 

ribs, which is due to shearing stress in the cylinder 

of the matrix. 

2) A radial component which tends to split the surrounding 

matrixi a phenomenon similar to bursting pressure in a 

pipe. 

As mentioned earlier, internaI cracks have a great influence 

on the bond mechanism. A pattern in Fig. 2-12 shows the teeth 

of the grout which are deformed by the compressive forces 

transmitted through the ribs of the bar as the tensile force 

in the steel is increased. Goto [42] noted that after internaI 

cracks have been formed, the complete relaxation of the external 

tensile on the steel bar never reaches zero again. From this 

observation he concluded that if the pattern as in Fig. 2-12 

is formed and undergoes plastic deformation, then it does not 

return to its former state as prior to loading, even where the 

tensile force in steel is relaxed; this is due to interlocking 

friction at the surfaces of the internaI cracks. 

To verify the analysis of the slip given by Lutz [40J and 

other investigators, Houde [43] tested sixt Y two concentric 

tensile specimens, each reinforced with only one central bar. 

Thirteen of the tests were conducted on specimens reinforced 

with special bars which where internally instrumented. After 
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testing t five of them were sawn parallel to the bar axis to 
expose the imprint of the bar. The examination of the sliced 
specimens revealed that the bar deformations were sharply 
stamped into concrete. Upon examination, Boude [43] did not 
detect any powdery areas, due to crushing under the rib pressure, 
nor polished surfaces due to sliding of the bar. Boude [43] 
concluded that the slip at the steel-concrete interface can 
be described as the internaI cracking of the first layer of 
concrete that surrounds the reinforcing bar and as bending of 

the small concrete teeth, see Fig. 2-12. 

radial pressure 

Fig. 2-12 Deformation of matrix around a bar [42] 

2.10 ELEMENTS OF A CABLE BOlT SUPPORT SYSTEM 

Due to the complex nature of the phenomena acting between 

the cable bolt and the grout, bond strength depends on a number 

of parameters. There is a general agreement among the majority 

of researchers as to the characteristics of grout which can 
influence bond strength, but it is difficult to estimate 

correctly their quantitative influence because of the diversity 
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of testing methods and the difficulty of interpreting the 

results. According to others, it is not easy to show separately 
the influence of the grout and rock characteristics on the 
bond, either because they act against the bond or directly 
against each oth~r. Nevertheless, the load carrying capacity 
of the cable boIt depends upon several factors which May be 

categorized into three major elements, such as summarized in 

Table 2-1. 

Support element cable consists of different shapes and 
boIt types of steel strand 

Bonding element grout consists of cement + water and 
additives 

host medium rock mass consists of geological materiai 

with inherent discontinuities at 
different stress regimes. 

Table 2-1 Major components of cable bolts 

These elements could have their own unique properties and 

behavior and most importantly, when integrated to comprise a 

support system, their interaction governs the total performance 

of the reinforcement and resul tant stabili ty. The support 

element and the bonding element are controllable, meaning that 

they can be engineered to meet the support requirement of the 

excavation. The host element or rock mass is a variable and 

site specific, and therefore is an uncontrollable element. It 

is important to bear in mind that the properties and bepavior 
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of a rock mass together with its stress regime and excavation 
configuration plays an important part in the final design of 

excavation support. 

2.10.1 CABLE BOL T 

The strength of cable with respect to the axial load is 
determined by conducting appropriate laboratory tensile tests. 

The important physical properties are yield stress, axial and 

radial elongation, and modulus of elasticity. Based on the 

failure mode of cable 1 which in most cases is due to the 

weakness of the bond element between the cable and the borehole' s 
wall, the surface properties of the cable are an important 

factor in design. In the following subsections the important 

parameters which affect the improvement of the bond element 

are reviewed: 

al The surface condition effect: The bond characteristics of 

cable bolts do not appear to be adversely affected by varying 

degrees of surface rust of the ordinary mild steel. On the 

contrary, it can actually be beneficial to the bond, and it 

is practical to assume that cable bolts with rust or sc ale are 

satisfactory [44]. Provided that a cleaned piece of bar meets 

the minimum requirements of the standard specifications. This 

conclusion was drawn by Kemp [45] after an extensive series 

of bond tests with deformed bars where varying amounts of rust 

and mill scale were the controlled variable. These have also 

found that it is not necessary to clean or wipe the bar surface 

before the bar is placed in the grout. It has been observed 

that in a given rust causing environment, the thickness of the 

rust will be about the same for aIl bar sizes. Therefore, the 

cable bolts of larger diameter, which and higher ribs, will 
be less affected by rust. 
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According to Stillborg [4] the surface properties of the 
cable have a significant effect on the bond strength. For a 

given grout under fixed curing conditions, a clean and rough 

surface of wires will improve the bond strength. The opposite 

is true if the wire surface is smooth and greasy. He also 

concluded that the increase in the bond strength, or in the 

load carrying capacity of the cable, is not proportional to 

the increase in the embedded length of the cable. 

Fuller [44] examined the bond strength between cable and 

grout by pull-out tests. He explained that any protrusion in 

the surface of a cable significantly enhance the load transfer 

whereas indentations produce only minor improvement (see Fig. 

2-13). Rust on an initially smooth surface is helpful in terms 

of load transfer but the achievement is much less marked with 

a rougher shape. They concluded that the steel-grout bond 

(cohesion) failed with small displacement between the wire and 

grout interface. Also, where the bond failure had occurred, 

friction between the failed surfaces contributed to the pull-out 

resistance. 

bl The effect of profile of cable boIt: The cable profile 

effect is a more important parameter than the surface condition 

of the bar. Clark [45, 46] conducted some pull-out tests to 

determine the resistance to slip in concrete of seventeen 

different designs of deformed reinforcing bars (7/8 inch 

diameter) cast in the horizontal position. It can be deduced 

from his experiments that the height of deformation appears 

as an important factor when the concrete settlement is con

cerned. The pattern of deformation does not seem to be of any 

importance in determining the bond resistance, but the slope 

of the lugs appears to be a critical factor. 
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Wilhelm [ 47] proposed a study of the comparative bond 
efficiency of reinforcing bars with heights and spacings of 

ribs differing from the ASTM specifications. The purpose of 

the study was to determine if the height of the deformation 

could be lowered a relatively reduced spacing without adversely 
affecting the bond strength. It was found that changes in the 

deformation height do not affect the bond strength signifi

cantly, provided the total bearing area per unit length of the 

bar is the !:Jarne. 
The work of the pa st few years leads to the conclusion 

that the exposed surface area per unit length of the bar is 

probably the critical bond strength parameter for deformations 

of the reinforcing bar where the requirement is imposed that 

the face angle be not less than 45°. The height and spacing 

of deformations are important in the case of specimens with 

bottom case bars only, insofar as they affect the bearing are a . 
The behavior of several manufactured configurations of 

cables bolts have been experimentally demonstrated by Goris 

[48]. The objectives of the study conducted on grouted cable 

with conventional cable bolts, epoxy coated strands, birdcage 

strands and cables with buttons were to determine the basic 

quali ties, influence and performance of the strands under 

various support conditions. The button is made of a heavy gauge 

annular piece of steel which is attached ta the cable. It is 

shown that the different configurations of cable with embedded 

length 254 mm have a load capacity at least 77.8 KN. The 

behavior of birdcage strands and cables with buttons is 

influenced by many factors, the important one being the locdtion 

of the nodes in birdcage cable and buttons in button cable 

bolts. 

The manufacturing process of birdcage cable allows for a 

wide variety of configurations and capacity up to 500 kN. 
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l Cornbination of a standard cable and a birdcage pattern allows 

for both improved load transfer and means for securing surface 

hardware [49]. 

Jeremic [50] also experimentally demonstrated the behavior 

of cable with buttons. It increases the bond stress by providing 

a greater shear stress resistance between two metal surfaces 

than would be obtained within the grout-cable interface, while 

transferring this additional resistance into the grout, 50 

that the compressive strength ta the grout may withstand it. 

If the button succeeds in increasing the strength of the system, 

then the manner in which it does so also creates a situation 

where cable stretch will be exaggerated between the butten and 

the applied load. If the cable i5 forced to stretch more because 

the system can tolerate a greater load, then the lateral 

deformation or reduction in diameter of the cable will also 

be greater. This will bring more rapid destruction of the bond 

at the grout-cable interface forcing the button to carry a 

greater portion of the load. 

cl The cable boIt diameter effect: In the are a of reinforced 

concrete many authors have used either pull-out tests or beam 

tests te study the influence of the bar diameter on the bond 

strength. In sorne tests, the embedment length i5 held constant 

while the diameter of the bar varies; in others ~he ratio of 

the embedment length to the bar diameter is constant. The 

resul ts differ greatly among the authors. Bernander [ 51] 

concluded from the pull-out tests performed on the deformed 

bars that, practically, the bar diameter does not have any 

influence on the bond strength. According to Jonsson [52], in 

the majerity of cases the bond strength values decrease with 

the increase in the bar diameter for a given length te diameter 

ratio. This decrease is smaller for plain bars than for deformed 

bars. However, there is no unanimi ty as to the general validi ty 
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of the conclusion of Ferguson [53] who showed that the slips 

of large bars were somewhat greater than those of smaller bars. 

He also concluded that it appeared to be a reasonable 

approximation that the loaded-end slip of large bars increased 

roughly in proportion to the diameters of the bars. 

Fuller and Cox [44] reported that friction between the 

cable boIt and the grout interface is very sensitive to even 

small variations in the diameter of the wires along its length. 

2.10.2 BONDING ELEMENT OR GROUT 

since grout is the bonding agent between the cable and the 

surrounding rock mass its properties are important. Grout may 

be defined as the injection of suitable materials under pressure 

into the borehole in order to fix the cable boIt in place. One 

of the most popular types of grout is a mixture of water and 

Portland cement, because it is readily available with relatively 

low cost. For special purposes, additives or various chemical 

solutions as weIl as a number of other materials such as 

aggregate may be used in the mixture. In the following sections 

important parameters which affect the grout are reviewed: 

a) The effect of water/cement ratio: It is one of the 

main factors in the grout mixe The chemical action in the 

formation of cement by hydration requires an optimum water

cement ratio of less than 0.3 [54]. From the practical point 

of view, the grout must have the properties that allow 

transportation and pumping into the borehole with a reasonable 

amount of work and cost. These depend upon the pumping facility 

performance and in the case of the presence of aggregate, then 

its shape, amount and size distribution will also affect ta 

the amount of water-cement ratio. 
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Excess water results in bleeding of the mix and low strength, 

as weIl as greater shrinkage and lower durability of the 
hardened grout. The composition and type of Portland cement 

also affect the properties of the grout. Additives may be put 
in the grout mixture in order to increase its workability, so 

that the value of water-cement ratio may be decreased. It is 

necessary to ensure that the use of additives for one purpose 

do not affect the other properties of the grout. 
In Fig. 2-14 the shear bond stress of cable versus the 

compressive stress of the grout are shown for various water 

to cement, cement to sand and additive ratios [50]. As can be 

seen the parameters which increase the compressive strength 

of the grout material can increase the shear bond stress of 

cable. It is shown that there is no straight relationship 

between compressive stress and shear bond stress. 

bl The strength of the grout: This is assumed to be of 

primary importance in the development of the bond resistance 

and has received considerable attention from Many researchers 

in the field of reinforcement concrete. It has been generally 

agreed that the slip resistance of steel reinforcement increases 

with the concrete strength for both plain and deformed bars, 

and for any type of bond test. Davis [55J attributed this 

increase in slip resistance to the compressive strength of 

concrete. Jonsson and Osterman [52] and others suggested 

different equations for this ultimate bond strength: they 

represent it as a function of the strength of concrete. In 

Europe the following linear variation has been most commonly 
proposed: 

(2- 3) 
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1: m ' f 'c represent the bond strength and the concrete com

pressive strength respectively, k l' k7 are ernpirical coef

ficients which depend on the type of bar, the diameter, embedment 

length and the type of test. 

Based on this data, Ferguson [53] established that the 

bond resistance varied approximately with the square root of 

the compressive strength and proposed the following equation: 

(2- 4) 

Pull-out tests with different types of cable bolts sealed 

by cement grout with or without additives were conducted by 

Stillborg [4]. In general it has been found that there is no 

correlation between the compressive or tensile strength of the 

grout in standard tests and the bond strength in pull-out 

tests. 

cl The cement effect: The type of cement used in bond 

stress has received little attention from the researchers, but 

based on the work of Muline and strova [56], the following 

conclusions can be drawn: 

i) For plain bars, Portland pozzolan cement and rnodified 

Portland cernent reduces the bond from 25 to 75 percent, 

as compared ta ordinary Portland cernent. The type of 

aggregate is not important but by decreasing the 

water-cement ratio then the bond strength can be improved. 

ii) For deformed bars, the bond varies significantly with 

the quality of cement and the nature of aggregates. The 

bond increases with the arnount of gravel, but there is 

no unanimous agreement on the influence of the cement 

content on the bond between steel and the grout. 
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1 d) The type of aggregates: The desirable and undesirable 
properties of aggregates, Nhich ean influence the mix design, 

have been surveyed in a number of text books on concrete 
technology [54, 57, 58,59]. The most important factor is that 
the aggregates remain stable within the sand grout (shotcrete) 
through its design life and in the partieular environment 
involved. A good aggregate specification depends on the 

resources available; in general, grading, cleanliness and 

mechanical properties are important (BS. 882, 1983). Where 
clay, silt and dust are present, they may oeeur as particle 

coatings and this can have an adverse effer.t on the aggregate 

matrix bond. Clay may also occur in the form 0 E discrete 

particles or clay lumps, which due to normal dust coating, are 

often visually recognized in the field as different from the 

aggregate particles. This presence may become apparent if the 

aggregate is wetted or washed. Water absorbtion i5 an indirect 
measure of permeability of the aggregate, which in turn i5 

related to the strength and durability of the grout. 
The goal of eombining different sizes of aggregate ~s to 

provide a m.::lterial which will have the lowest possIble surface 

area and void content per unit volume. However, lower unit 

surface area requires a lower water-cement ratio and aIse 

increases the desirable workability and shear strength. 
In the casa of presence of dggregate in the greut, the 

shape of the aggregate may affect in the prcperties of grout 

mix in both the fresh and hardened state. Flakiness of the 

aggregate can ha·ve an adverse influence on the workability of 

the 9routi also the strength of the grout will tend to be 

reduced. According to Nevil [54], the surface texture can 

adversely affect the compressive and tension strength of the 

grout, when the bond wi th the cement matrix i5 not sufficiently 

strong to enable the uaximum shear strength of the grout to 

be realized. 
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The presence of organic matter, mica, chalk, shell, sul

fates, chlorides, metallic impurities, etc. has also to be 
considered in the design procedure. 

The effect of sand in the grout has been considered to 

study the shear bond strength of the cable boIt. Stheeman [60] 
demonstrated the effect of fine aggregate in the grout mix by 

means of pull-out tests on the shear bond strength of the cable 

boIt. Since the tests were performed in the field, the envi

ronmental condition could not been controlled weIl. However, 

the results showed lower shear strength than for cement grout. 

e) Thickness of the grout: The thickness between the cable 

and the borehole's wall May be calculated based on the equi

librium condition in the direction of the cable boIt for the 

load carrying capacity at the cable-grout and grout-rock 

interfaces. According to Littlejohn [61] the pull-out fOTce 

can be: 

P = 2n"( max. r c (2- 5) 

vJhere "(max is the ultimate bond or skin friction at rock-grout 

contact. 

Most countries, for example, Canada, France, Australia, 

Switzerland and USA, use this equation, whose validity is based 

on the following assumptions: 

i Uniformity of the bond stress distribution, over the 

entire perimeter of the fixed anchor. 

ii Diameter of the borehole and the fixed anchor are 
identical. 

iii No discontinuity or inherent weakness plane exists, 

along which the failure could be induced. 

iv No lo~al debonding at the grout-rock contact exists. 
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The maximum average shea= bond strength at the grout-rock 
contact should not exceed the minimum shear strength of the 

rock mass with a safety factor, which normally is more than 

two. Based on short-term failure tests, Littlejohn and Bruce 

[61 J recornmended, the maximum shear bond strength at grout-rock 
interface equivalent to 10 percent of the uniaxial compressive 

strength of rock mass for a deformed bar and should be less 

than 4.2 MPa. 

The Australian Code SAS [62] states that a higher value 

of 1.05 N/mm2 has been used in a wide range of igneous and 

sedimentary rocks. However, site testing has permitted bond 

values up to 2.1 N/mm2 to be employed. 

The Canadian Manual C.M.F.E [63] recommends 1.4 MPa, or 

the minimum of: 

1/30 times the uniaxial compressive strength of the 

rock. 

1/30 times the uniaxial compres:3Ïve strength of the 

grout. 

With regard to the failure of the grout-rock interface two 

considerations could be made. Coates [641 has suggested that 

the grout may shrink in the curing process. In this case the 

bond would already be broken and the only remaining support 

fOI" the system would be the tensile stress created in the rock 

beyond the end of the anchor. If the failure of the anchor is 

due to tensile stresses in the rock with failure initiated at 

the bottom of the anchor, then this will create an inverted 

cone of rock bounded by planes on which diagonal tensile act. 

The other case is that the hole will shrink instead of the 

grout, causing an increased pressure at the grout-rock 

interface, and subsequently an intense frictional force which 

will resist movement of grout. 
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f) The environmental effect: This includes the storage 

condition of specimens and materials as weIl as temperature 

effects and weathering condi tions (freezing and thawing, 

wetting and drying) • These parameters have not been investigated 

for cable bol ting but for rebars have been studied by numerous 

inves ... igators [65, 66, 67]. The general conclusion is that the 

bond strength is more sensitive to environmental factors than 

the compressive strength. 

It was shown in experimental work that in most cases, 

regardless of the duration of curing, the maximum bond strength 

for air stored specimens is greater by approximately 40 percent 

than that for specimens continuously maintained moist. Also 

the shear bond strength is substantially affected by either 

an increase or a decrease in temperature. 

Koh [66] studied the effect of freezing and thawing on the 

bond strength of pull-out specimens at an early age. It was 

concluded from pull-out tests that the maximum bond strength 

is substantially reduced by repetition of freezing and thawing 

at an early age. The effect is more pronounced when the grout 

contains more water. The temperature during the first three 

days of hardening has a great impact. A thin layer of ice on 

the surface of the bar at the time uf grouting reduces the 

bond strength considerably. 

Stillborg [4] presented the compressive and tensile 

strength of the grout for different conditions of curing, In 

general the temperature effect is less important than the 

water-cement ratio and humidity effect. Temperature has an 

influence on the speed at which the grout strength grows. The 

difference in temperature is only significant if the grout is 

to be loaded in the first 40 days of the curing periode In 

pull-out tests it has been shown that the compressive strength 
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of the grout controls the failure process of the grout when 

the interlock between the wires of the cable and the grout is 

broken. 

2.11 DISTRIBUTION OF SHEAR BOND STRESS 

The behavior of fully grouted anchors subjected to axial 

load was examined by Hawkes and Evans [33]. The results are 

shown in Fig. 2-15, representing a linear relationship between 

normal stress and bond stress before slipping occurs. The 

mathematical distribution of the bond stress was formulated 

as follows: 

(2 - 6) 

(2 - 1) 

Where 

x= distance from end load face of sample; 

-1 = slope of variation of normal stress of anchor with 

respect to the bond stress; 

L = bond stress at section X; 

L = bond stress at end load face; 
1 

p = load at section x; 

r = radius of cable boIt; 
c 

L = length of specimen. 

Later, Philips [68] simplified the mathematical rela

tionship of Hawkes and Evans [33]. By assuming that the pull-out 

load equals the shear force which acts on the exposed surface 

of the anchor, then the following equations were derived: 
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1 4J(r~Ll 
p= (1-Exp(-ALI2f c )) 

A 
(2 - 8) 

P 
1'= A 2Exp(-AxI2rJ 

4nf c 

(2 - 9) 

The stress distr ibutien for A=O. 01 is approximately uni

form, while for A>O.01 it is exponential, see Fig. 2-16. 

Philips [68] formulated a hypothesis of a linear relationship 

betwe~n EalEr and liA and confirmed the basic parameter of 

Hawkes and Evans [33]. 

The distribution of the bond stress along a cylindrical 

anchor root has been studied numerically in the elastic range 

by Coates and Yu [69]. They investigated anchors with a strictly 

elastic behavior rnodeled by the axisyrnmetric finite element 

method in a set of two rnaterials with two different modului 

of elasticity. However, they demonstrated a uniform stress 

distribution in the soft rock and an exponential forro in the 

medium hard rock and hard rock environment. Soft rocks were 

defined as those with uniaxial compressive stress less than 7 

MPa where the Ea/Er ratio '..ras greater than 10 (see Fig. 2-17). 

The behavior of anchors grouted in rock was modelled in a 

set of three materials (steel bar, grout and rock by 

Hollingshead [70]. Based on published resul ts [69], the anchors 

with an elasto-plastic behavior were simulated by an axisym

metric finite element method. with the Tresca criteria, 

Hollingshead [70] explained that yielding begins te develop 

at the loaded end of the pull-out specimen and progresses 

inward with a consequent stress transfer to the bar as the 

load increases. The shear bond stress distribution in the 

elastic range showed an exponential forro of distribution along 

the embeaded length. The maximum shearing stress moves deeper 

with the increase of load, upon which the upper part of the 

bar is progressively debonded. 
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j Farmer (71] developed an analytical approach which 

investigated the behavior of the bar and grout assuming that 

the rock was rigide He supported his outline with experimental 

results and proved that if the boundary conditions were 

satisfied, then the distribution of bond stress is non-linear 

for hard rock prior to the bar yielding as follows: 

(2-10) 

where 

Properties of resin simplified the eq. 2-10 as follow: 

LO = 0.1 C1 oExp(-0.2(x/r c)) (2-11) 

where a c is the tension stress at load end face, r, is the 

radius of cable and rq radius of borehole. 

Based on the Farmer [71] approach, the di3tribution of 

ound stress was studied experimentally by Dunham [72, 73]. He 

explained that the trend of the bond stress distribution remains 

sensibly exponential due to small movements. The experimental 

results showed that at low normal loads the initial stress 

distribution was close to the theoretical. At higher loads 

debonding of the anchor occurred over at least half of the 

anchor length and the stress was distributed according to the 

amount of the relative movement. Hence the degree of frictional 

shear strength was mobilized. The load on the anchor was 

dissipated over a transfer length equivalent to the optimum 

design length for any prescribed anchor. 
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In small scale models, pull-out tests were carried out by 

Ballivy and Dupuis [32]. They showed that the distribution of 

stress in brittle rock is exponential along the length of the 

anchor. The value of the "A" parameter of Philips [68] was 

verified to be A=O.29. 
The exper imental and theoretical studies concerning the 

breaking phenomenon of the deformed bar which was sealed with 

the grout in brittle rock were performed by Ballivy [74]. He 

explained that once the elastic limit of the seal is attained, 

then a progressive failure of the seal is produced at the 

bar-grout contact. This failuJ:e is a characterized by shearing 

of the grout at the steel-grout contact, which is a progressive 

failure due to the propaC";:!tion of a deep concentration of 

stresses. Locally, the phenomenon is similar to the shearing 

failure of grout, or to a compressive failure of the grout 

links at 45°. The maximum value of the shear stress for the 

steel-grout shearing stress is given by: 

Oc 
'r ==1: =-tan(-l-S-A-./2) 

ma\. 0 2 'fi (2-l2) 

Ballivy [74J explained the anchor failure by the elastic 

behavior of steel. In arder for the grout to be formed by a 

system of links at 4-5° which work in uni axial compression, it 

is necessary for the bar to have radial contraction. If the 

bar ls only slightly distorted, then the links of the grout 

are subjected to a triaxial system of stress. In theory, then, 

it is possible to obtain a cohesive stress tmax 0' the value of 

which is greater than oc/2, if a bar with a very high elastic 

limit is used and if the breaking of the first link is prevented, 

thus confining the following link. The loss of linearity in 
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the load versus distortion curve corresponds to the elastic 

limit of the steel and the breaking load corresponds to the 

grout break. 
Yap [75] investigated the Finite Element Method, based on 

the Von Mises failure criterion, and showed similar results 

as Hollingshead [70]. In fact, the field conditions including 

the surface characteristics of both models, did not consider 

the quality of the contacts between cable, grout and rock-grout 

interface. Mechanical parameters were not considered in either 

models. Such values are to be determined by tension or 

compression tests on specimens of the grouted rock. It has 

also been shown by Ballivy [76] that the mechanical charac

teristics of the sealing products tested in laboratory con

ditions do not display valid results with respect to the 

pull-out force. 

2.12 CONCLUSION 

In general two different support concepts, passive and 

acti.ve, have been employed for rock reinforcement. It is 

apparent that pretensioning of the cable bolts i5 not required 

in the majori ty of underground cable bol ting situations except 

where the horizontal stresses are low. 

untensioned fully grouted cable bolts are employed in rock 

masses before relaxation arises from rock deformation. After 

stoping then the relative displacement between the rock and 

the steel strands produces the tension in the cable bol ts. 

Relatively few failures of cable bolts take place due ta 

breaking of the steel strands. Often large blacks slip off the 

cables and the strands tend to be left with a curled and twisted 

shape and totally stripped off the grout. This mode of failure 

is due ta the weakness of the shear bond strength between the 
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cable and the surrounding matrix. 

Sorne efforts have been made to modify the shear bond strength 

as follows: 

- Modification of profile, attaching extra pieces on the 

exposed surface, changing of configuration, increasing 

the friction of the exposed surface and using epoxy resin 

are some improvements that can be made to the shear bond 

strength of cable bolts. 

- Since grout is the bonding element in cable bolting, 

its p~operties can be controlled by modification of the 

water-cement ratio, curing time, diameter of the borehole 

and compressive strength of the grout. Little published 

data on the effect of aggregate on the shear bond strength 

of cable bolting is available. 

- The load carrying capacity of the cable boIt depends on 

the distribution of load and shear bond strength along 

the embedded length of cable. The properties of the 

grout, rock mass and ~lip between the cable and the 

surrounding rnatrix are important factors that can affect 

such strength distribution • 
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3.1 INTRODUCnON 

CHAPTER3 
SCOPE AND OBJECTIVES 

Cable bol ting is a method of underground support which 

offers an internaI reinforcement of rock structures and the 

f:'i..abilization of large rock mass volumes. The support consists 

of cement grout pumped into pre-drilled holes that have one 

or more cables installed in them. This method was developed 

in parallel to the other major technological changes in 

underground mining methods, in order to take advantage of large 

mechanized equipment. The advantages of the cable boIt support 

system are as follows [77]: 

Easily combined with other support bystems; 

Added space: more flexibility due to increased work 

area; 

Versatility: application to any shape of excavation; 

Ease of mechanization: installation can be totally 

mechanized; 

Economical: in terms of the stability improvement 

offered. 

Neither pre-tensioned nor untensioned cable bolts provide 

adequate reinforcement in highly fractured, soft, or wet ground 

where proper anchorage is diffi.cult or excessive corrosion rnay 

occur. The pre-tensioned cable bol ts subject to 10ss of tension 

if installed in areas close to blasting operations. 
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When a tensile force is applied ta the cable boIt, then 

this will be transferred ta the cement grout and rock mass 
through the shear bond stresses at the steel-grout and 

grout-rock interfaces (see Fig. 3-1). This causes differential 
bol t extension and shear along the interfaces. Therefore, the 

efficiency of the fully grouted untensioned cable boIt depends 

upon the bonding preparation between the boIt and the borehole' s 
wall. rts behavior depends on the properties of grout, rock 

mass and cable boIt in addition to the initial stresses. 

3.2 PROBLEM DEFINITION 

According ta Fuller and Cox [6], the bond stress between 

cable and surrounding matrix fails with minimal slip. Further 

resistance relates ta the mechanical interlocking between grout 

and surrounding matrix. In conventional cable bolting the poor 

performance of shear bond strength is demonstrated by the lack 

of broken cables. Essentially the improvement of the load 

carrying capacity of the cable boIt is provided by utilization 

of the potentially large residual strength between cable and 

borehole' s wall. The behavior of the shear bond stress depends 

on the properties ef the cable, rock mass, and grout. 

Steel cable is manufactured under cart:!fully controlled 

conditions; its properties are determined in the laboratory 

and described in a manufacturer's certificate. Therefore, the 

designer only needs to specify the cable as accepted within 

the relative standard. A number of modifications have been 

used te exp and the range of cable bolting systems available 

to design engineers, e.g. adding an internal anchor (button), 

changing the configuration of conventional cable bolts (bird 

caging cable) and using epoxy resin cable bolts (see Fig. 3-2). 
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Fig. 3-1 Force in the cable is transmitted to the surrounding matrix through the bond e/ement 
(grout) 
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Since the behavior of the fractured rock immediately 

surrounding the excavation surface is not sufficiently weIl 

known; it is difficult to determine the cor:cesponding support 

requiremf:!nts. Basically the supports must erasure the integrity 

of the fracturn! .cock surrounding the opening as far as possible. 

To do this it must restrain the relative displacements between 

individual blocks or fragments while accommodating the 

invitable bulk movement of the fractured masse However, the 

requirements of the support elements are that they should: 

a) be stiff sa that they can act as soon as possible, but 

b) retain the abili ty to yield thro.lgh applicable dis

placement at load values less than critical. 

Although the qualities of cement are guaranteed by the 

manufacture, as in the case of steel, the properties of the 

grout are more dependent on the production process than the 

actual placing of gr out and cable boIt. However, due to practical 

restrictions on the modification of tr.e steel strands, the 

improvement of the grou',:; material is key to contributing to 

any significant increase of the load carl:ying capacity of cable 

bolts. 

In comparison with other support systems, such as rock 

bol ts and steel sets, sufficient research has not been conducted 

in industry on the support mechanisms '.:>r .i.mprovement of cabre 

boIt design. 

The author consid€!rs that adding aggregates larger than 

sand grains would be beneficial since Lt has been demonstrated 

that aggregate size increases resistance to slippage along 

planes formed when the grout cracks. In this approach the bond 

element could be modified rather than the (.;hemical composi tian 

or improvement of the cable element. The investigation technique 

conventionally employs cable boIt with a diameter of 15.2 mm. 
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1 The main variations with this technique relate ta the grout 

material and installation technique. 
In arder to increase the interlocking properties between 

cable and the surrounding borehole's wall, aggregate with an 

appropriate size distribution can be introduced into the 
conventional grout material consisting of proper water-cement 

ratio. The aggregate size distribution together with the cement 

to water ratio has a major influence on the mechanical properties 

of the support element. 

3.3 OBJECTIVES AND METHODOLOGY 

The following are the objectives of this study. 

1- To evaluate by appropriate field trials and testing 

a- The cOl1cept and feasibili ty of using a grout-aggregate 

mix (aggregate+cement+water) instead of normal grout 

(water+cement) as an alternative bonding material in 

cable bolting 

b- The pumpability of this mixture. 

c- The practicality of the installation technique as weIl 

as the installed cable boIt support capability. 

2- To develop an appropriate grout-aggregate mix which 

would give the optimum bonding resistance between the cable 

boIt surface and the surrounding matrix. This objective is to 

be met by a laboratory based testing pro gram of pull-out tes ts 

using cylindrical segments of concrete with a central hole 

tha . hasts the cable and the: graut-aggregate mix. The laboratory 
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1 investigation is ta caver a number of important design 

parameters such as the specimen size, i ts length and the mix 

properties, such as water-cement ratio, aggregate-cement ratio. 

3- Ta develop an analyticai model that is capable of 

calculating the shear bond stress distribution along the cable 

bolt surface. The variational method is to be employed in the 

formulation of the analytical model. The model is ta be verif ied 

using the test results from the laboratory. A parametric study 

will then undertaken for a better understanding of the support 

strength characteristic of cable bolts in the different mix 

properties. 

4- To develop a numerical model based on the finite element 

method which would have the capability of simulating cable 

bolts in underground excavations in rock. The finite element 

computer re~del cailed MSAP2D (Microcomputer Static Analysis 

Package for 2-Dimensions problems) which has been developed 

at McGi11 for the design/analysis of underground openings in 

a rock mass is to be adopted to include the simulation of cable 

bolts. A special cable boIt "element" is to be developed and 

incorporated into the MSAP2D. 

5- It is planned to undertake a comparison between the 

experimental res1""its, variational model and finite element 

method. To examine the effect of cable bolts on the stability 

of the mine stope, a simulation will be carried out using the 

above mentioned numerical model to demonstrate a practical 

example. 
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CHAPTER 4 
IN SITU INVESTIGATION 

4.1 INTRODUCTION 

In order to evaluate the workability and concept of the 

grout-aggregate mix for fixing cable bol ts in underground 

mining environments, an in situ investigation was conducted 

at the Dome Mine, Ontario, Canada. In this preliminary in situ 

trial the follcwing parameters were evaluated. 

Bond strength; 

Effect of bond lengthi 

Effect of the gLout mix on strengthi 

The feasibili ty of the application of the grout-aggregate 

mix as a grout material. 

4.2 MATERIAL SPECIFICATIONS 

a) Cable boIt: 

The steel cable generally used in practice was chosen for 

this investigation. Its specifications is given in Table 4-1. 

b) Grout aggregate: 

The mix proportions of the grout-aggregate is given in 

table 4-2. However, there were no admixtures incorporated into 

the mixe The concrete sand was from a natural gravel source 
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which was crushed; the crushed stone is from a quarry and wou Id 
be 100 percent crushed to minus 3/8 in. The grading limits of 

combined aggregate is given in Table 4-3. 

Parameters Metric 

Standard diameter 15.2 mm 

Number of wires 7 

Breaking load 270 kN 

Weight per meter 1.1 kg/m 

Metallic section area 138.7 mm 2 

Modaius of elasticity 194 ± 6 GPa 

Table 4-1 Cable boIt specifications 

Mix proportions Weight % 

Portland Cement Type 10 22 

Concrete 3and 59 

Crushed stone 3/8 in 19 

Total 100 

Table 4-2 Mix proportion of grout-aggregate 
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1 Sieve Retained % Passing % ACI Spec. [ 78] 

3/8 6.4 93.6 90 - 100 

H 4 17.4 76.2 70 - 85 

f 8 7.7 68.5 50 - 70 

# 16 12.3 56.2 35 - 55 

# 30 17.5 38.7 20 - 35 

f 50 19.0 19.7 8 - 20 

# 100 13.0 6.S 2 - 10 

# 200 5.5 1.2 -

pan 1.2 - -
Table 4-3 Grading 1imits for combined aggregate 

4.3 TESTING EQUIPMENT 

An Enerpac hydraulic pump and jack with a capacity of 600 

kN was applied for the pull-out test. Two plates with dimensions 

of 25 x 25 cm and 13 x 13 cm were used at the back and front 

of the jack. The cables were fitted with small gripping devices 

for the pull-out test operation. A potentiometer was used for 

displacement measurements (see Fig. 4-1). Due to the longev'ity 

of each test, the hydraulic pump was subsequently replaced 

wi th a pneumat ic pump. The pneumatic pump applies a constant 
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Fig. 4-1 View of the jack and potentiometer 
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and regular pressure with comfortable operation. This method 

was successfully applied for the majority of the pull-out 

tests. 

4.4 TESTING SITE 

The testing was conducted at the Dame Mine in South Por

cupine, Ontario. A total number of 64 hales of different length 

were drilled in one of the development areas at a depth of 

1100 ID. AlI the hales were drilled horizontally and for a 

longer length than the cable ta obviate end effects between 

the cable and the hale. The location of holes are shawn in Fig 

4.2 and size, length of the holes and cable are given in Table 

4-4. 

No. of Length of the Diameter of Hale 

hales cable hale length 

rn ft ID in rn li ft 

16 3.35 11 50 2 4.27 14 

16 2.74 9 50 2 3.35 Il 

1 

16 1. 82 6 50 
1 

2 2.44 8 

16 0.91 3 50 2 1. 52 5 

Table 4-4 Dimensions of the cable and barehale parameters 
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In order to conduct an accurate pull-out test, the rock 

faces must be in close and intimate contact with the jack and 

its associated plate. Hence, fIat faces were created with quick 

setting grout and/or shotcrete for any uneven rock surfaces 
prior to pull-out tests. Substantial amounts of material and 
time were necessary for this careful collar preparation (see 

Fig. 4-3). 

4.5 FIELD PERFORMANCE OF THE GROUT PUMP 

A unit applicable to shotcrete pumping which was capable 

of delivering the grout-aggregate mix under pressure 60 ft 

into the borehole was employed in this investigation. The 

shotcrete pump, which was mounted on a two wheel frame weighs 

75 kg and is of manageable size for underground use. Although 

the test si te was far from ideal from the point of accessibili ty 

and ventilation, the pump was easily transported by pulling 

it a10ng the roadway and 10wering it down a raise into the 

test stope. This operation required two men. 

The setting up period for the pump was only around 30 

minutes, provided that compressed air and water line were 

available. The oper~tion of the pump is simple. However, it 

is important that the operators are trained on the surface for 

a few days in order to familiari ze themselves its the operation 

and learn the technique ta maintain the desired consistency 

of the final grout product, (see Fig. 4-4). 

During the grouting operation of thl~ 64 holes, the pump 

did not malfuIlction and the only problem encountered was the 

c10gging up of the dry mix ~n the hopper and in the feed hose, 

which caused minor delays. This was most often overcome by 
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Fig. 4-3 Cable boit together with rock surface 
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knocking the hopper base, or disconnecting the delivery hose, 

pulling it up a nearby raise, and shaking it out. This occurred 

on 6 occasions during the grouting of the 64 holes and caused 
delays of approximately 15 minutes on each occasion. 

Two factors were felt to contribute to the clogging

inconsistent aggregate size distribution, and low mine air 

pressure. 

4.6 INSTALLATION TECHNIQUE 

The boreholes were pre drilled and the cable was fed manually 

to the bottom of the hole. The new grout hose was also fed to 

the bottom of the hole. The grout material, which consisted 

of grout and aggregate (grout-aggregate) was injected at high 

pressure by the pump. As the gr out was being injected, then 

the grout tube was withdrawn gradually frOl'1 the toe to the 

collar of the hole, see Fig. 4-5. The synchronization of pumping 

and pulling of the cement hose cauld be adjusted to ensure the 

consistency and accurate placement of the grout. 

The installation of the cable and the placement of the 

grout was much rno~e rapid than in the conventional cechnique. 

Neither a breather tube nor a plug for the cablE' of the borehole 

was required. Under controlled conditions a 10 meter hole could 

effectively be grouted in two ~inutes. The consistency of the 

grout in the borehole depended on the rate of withdrawal of 

the grout tube from the hale. The ope rat or with lirnited 

experience can vary the speed accurately to achieve good 

consistency. The mechanization of this operation would insure 

that each borehole is effectively grùuted. The withdrawal rate 

of the grout tube from hale of 12 3ec/rn gave a good grout 
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1 consistency and placement in the borehole. The successful in 
situ trial showed that there is no major or practical problem 
with the systematic use of such a technique. 

4.7 EFFICIENCY OF THE GROUT 

In order to assess the efficiency of the grout pump in a 
controlled environment, six 9 m {30 foot) long and 5 cm (2 
inch) diameter clear plexi-glass tubes were assembled from 1.8 

m (6 foot) sections. The tubing was chosen in order to provide 
for a better visual inspection of the grouted hole during and 
after the grouting operation. This proved to be very useful. 

The tubes were laid out horizontally on the ground and 
each was marked and coded for identification purposes. The 

pump was connected to compressed air (with a line pressure of 
100 psi.) and water was provided for the tube. Injection of 
grout in each 9m (30 foot) length of plexi-glass tubing then 
proceeded as follows. 

12 m (40 foot) of 1.9 cm (3/4 inch) diameter flexible PVC 
tubing was connected to the feed nozzle where the dry sand and 
cement mixed under pressure, joined the water line. The ope rat or 
then manually adjusted the water flow, while inspecting the 
consistency of the final mixed grout by placing a test patch 

on the ground (see Fig. 4-6). The feed was then shut off, the 
long applicator tube was introduced into plexi-glass pipes, 
and the filling operation begun. 

The placement technique was initiated by inserting the 
flexible PVC applicator tube to within 60 cm (2 foot) of the 
bottom of each of the plexi-glass columns and turning on the 
feed. As grouting continued, then the applicator tube was 
withdrawn as the plexi-glass tube filled. 
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1 Injection times for each of the six 9 m (30 foot) long 

tubes is shown in table 4-5. 
After a week, the six fully grouted plexi-glass tubes were 

cut by a masonry circular saw to 1.8 m (6 foot) lengths and 
then marked for the laboratory tests. In the lab aIl six grouted 
tubes belonging to each of the 9 m (30 foot) assembly tubes 
were accurately weighed. Then, each of the 1.8 m (6 foot) tubes 
were cut to 90 cm (3 foot) and weighed. Finally, each of the 
three feet sections were cut to 30 cm (1 foot) sections and 

weighed. 
The data obtained from this experiment has been plotted 

in order to show the consistency of the grout placement in the 

cable boIt holes. The results are presented in Fig. 4-7 to 
Fig. 4-9 which show the variation in weight along the length 
of each 9 m (30 foot) plexi-glass tube. 

tube time operation 

No. (sec) 

1 143 continuous without any delays. 

2 129 feed tube became clogged after having 
filled 2/3 of the tube. (78 sec time. ) 

3 134 continuous without any delay 

4 94 continuous without any delay 

5 103 ran out of feed after having filled 2/3 
of the tube. (68 sec time) 

6 97 continuous w.ithout any delay. 

Table 4-5 Durations of the grout-aggregate filling of 9 
m tubes 
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1 4.8 STRENGTH EVALUATION OF THE GROUT 

Over 30 uniaxial compressive tests were conducted on the 

grout specimens obtained from the laboratory grout placement 
study. The specimens were chosen randomly from the 30 cm (1 

foot) plexi-glass grouted sections. The specimens, wi th a 

diameter of 5 cm (2 in) and length of 10 cm (4 in) were cut 

and released from the plexi-glass tubing. Their ends were then 

ground planar and perpendicular in order to ensure a uniform 

stress distribution during testing. All of the specimens were 

cured for 28 days. The uniaxial strength test was conducted 

on a servo-controlled, stiff testing machine according to 

1. S. R. M. [ 79] suggested techniques. The average uniaxial 

compressive strength value of the placed grout was 13:3 MPa. 

The uni axial compressive strength was less than expected, 

especially when compared with standard shotcrete material used 

for civil engineering purposes, where a typical average uniaxial 

compressive strength would be 25 to 30 MPa [54J. The strength 

of grout is greatly dependent on its constituents. It is very 

important to investigate and optimize the strength of grout 

since this exerts significant control over the overall per

formance of the cable bolting system. 

4.9 IN SITU RESULTS 

Typical in situ pull-out test results showing the rela

tionship of the load carrying capacity and associated dis

placement of a 3.35 m cable bolt at different curing times of 

the grout-aggregate rnaterial are given in Fig. 4-10. It is 

clear that the curing of the bonding material has a significant 

effect on the peak load carrying capacity as weIl as the 
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1 stiffness (indicated by initial slope of the curve) cf the 

support system. The increase in curing time subsequently 

increases both the load carrying capacity as weIl as the 

stiffness of the support element. It is important to notice 

that, independent of the curing time, the residual strength 

or load carrying capacity of the boIt remains very high and 

approximately equal to that of the peak load carrying capaci ty. 

This is very similar to the behavior of yielding support 

elements. The effect of cable length on the load bearing 

capacityof the cable is demonstrated in Fig. 4-11. It is shown 

that with an increase in cable length and curing time the load 

bearing capacity increases. The ductile behavior of this support 

system is not dependent on the length of the cable (or bond 

length). The high strength is comparable to peak bond stre:lgth 

due to the especially high frictional properties of the 

grout-aggregate mix. 
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4-10 CONCLUSION 

Installation of cable bol ts are qui te feasible and 

practicable in the field by employment of an appropriate 

grout-aggregate pump. 

The installation time is potentially much more rapid 

than conventional cable bolting. 

Residual strength of the cable boIt is high and remains 

relatively constant even after long displacement. 

Both length and curing time have a considerable effect 

on the final load carrying capacity of the support 

element. 

None of the actual cables ruptured and failed during the 

field study. The ultimate strength of this type of cable 

is approximately 270 kN, however, the maximum obtained 

from the cable bolts was 220 kN. As was discussed earlier, 

the ultirnate strength of this support system could not 

be evaluated at this stage, because the grouting material 

used had a significant effect on the overall strength. 

The optirnization of the grout mate rial is very important 

in the overall strength of this support element. 

Therefore, subsequent investigation were considered 

under controlled conditions in the laboratory, and are 

reviewed in the next Chapter. 
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5.1 INTRODUCTION 

CHAPTER 5 
EXPERIMENTAL PROGRAM 

Upon successful completion of the in situ trials, a testing 

program for various possible mixes of the grout material to 

maximize the support capability of the cable boIt with the 

grout-aggregate mixture was necessary. The experimental results 

obtained would not only provide information for an improvement 

of cable boIt support elements but also help in the development 

of analytical models as weIl as in the verification of their 

adequacy. 

The approach was undertaken in order to study the influence 

of different design parameters on the behavior of cable bolting; 

complete details of the study are given in this chapter. 295 

pull-out tests were performed in order to provide an under

standing of the characteristic behavior of the cable boIt 

element using conventional grout and the grout-aggregate. 

Experimentation with conventional grout was found necessary 

in order to establish a standard pt1ll-out test, to determine 

guidelines for the workability of the grout-aggregate and to 

compare the char.acteristic behavior of conventional grout and 

the grout-aggregat~ mixe 
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5.2 TESTING ARRANGEMENT 

For th~ purpose of simplicity it would be desirable to 
establish a "standard method of bond testing ". However, this 
has not been an easy task in view of the Many various physical 
stresses manifesteci as bond failure. An evaluation of the 
requirements for the bond test, formulated by members of ACI 
committee 408 [37, 38], led to the following conclusion: 

- The bond test specimen must simulate as closely as 

possible the actual manner of loading in the structure. 

- The bond test specimen must have a reasonable cover. 

- The bond test specimen must avoid the confinement effect 

of the loading system and reaction which influences the 

bond. 

Based on these recommendations different testing methods 
have been applied by several investigators [4, 6, 48, 50]. 

Fuller [4] investigated the behavior of a single wire and 
cable boIt by means of pull-out tests. Two grout columns having 
different lengths were formed within two steel tubes. This 
arrangement forced the eventual shear bond failure to the 

smaller ernbedded length of the grout cable section and prevented 
the rotation of the cable with respect to the grout. A typical 
result of load displacement and testing arrangement is shown 
in Fig. 5-1a. 

Goris [48] demonstrated the characteristics of the dif
ferent configurations of cable bolts by the testing arrangement 
which is shown in Fig. 5-1b. In order to prevent slippage of 
the end cable, a steel washer was welded to the one end face 
of steel strands. The displacement of the cable was monitored 
by two potentiometers attached to the pull-out test sample. 
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Ofsplacement 

a) Technique used by Fuller 

" -'-'-.! .",. 

Displlcement 

b) Technfque used by Gorfs 

Dfsphcement 

C) Technique used by Stillborg 

Fig. 5-1 Different testing arrangements [4,6,48J 
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Stillborg [4] studied the behavior of cable bol ts in detail 
by means of the pull-out test. The cables were fixed into the 
cylindrical concrete and after the appropriate curing time 
were pulled out. The testing system and typical results are 
shown in Fig 5-1c. As can be seen, the residual strength of 
the cable in comparison with the maximum shear bond strength 

is low. 
In the absence of a standard testing technique, the resul ts 

obtained from the above testing techniques have generally been 

accepted. Comparison of the load-displacement characteristic 
curves shown in Fig. 5-1 for different arrangements reveal 
that, employing a steel tube to simulate the rock mass material 
could result in high confinement and consequently high shear 
bond strength between the cable and the grout material. With 

this in mind a testing technique similar to that of Stillborg 
[4] was employed for this study. 

Furthermore, the following parameters were considered to 

be of prime importance in affecting the behavior of the cable 
boIt and it was intended that their effects should be inves
tigated in this research: 

- oiameter of sample 
- Diameter of borehole 

- Mix design of grout-aggregate 

- Embedment length of sample. 

The parameters were varied within their practical range 
by assuming at Ieast three values. Testing parameters at three 
levels was considered a minimum to detect the influence of 

each parameter. This approach led to a basic experimental 
matrix within 28 series of tests with conventional grout and 

31 series of tests with grout-aggregate mixture. Since the 

fine aggregates were the major portion of solid material in 
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1 the grout-aggregate mixture then one series of tests wi th only 
fine aggregates were conducted. 

The samples was marked with GAC (Grout-Aggregate-Cement 
ratio) and a number representing the portion of aggregate wi th 
respect to cement. There was an exception for the grout
aggregate where only fine aggregate was used as solid material 
and specified as GACF2. The experimental test program is 

summarized in Table 5-4. To prevent the possibility of 
unpredictable factors affecting the results, every test was 
repeated five times. The reliability of the results was 

controlled by the statistical procedure on standard deviation 

for load carrying capacity of the cable boIt. 

AlI test specimens and their specifie parametric values 

are described in the following subsections. To maximize the 

performance of the grout-aggregate with respect to the shear 

bond strength the following tests were involved: 

Compressive strength; 

- Triaxial test; 
- Grading and size distribution of aggregates. 

5.3 SAMPlE PREPARATION 

The preparation of samples, as shown in Fig. 5-2, was as 

follows: 

a) The exposed surface of cable was cleaned and eut to the 

desired length. 

b} In order to have a reliable simulation of field con
ditions at the laboratory scale, the cable should be 

placed in rock. However, due to the number and size of 
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( 

a) Standard cable 

d) prior to pull-our test 
top face is capped 

Borehole 

b) Thick wall cylinder 
host medium 

c) Cable fixed 
in the borehole 

Fig. 5-2 Preparation of a test specimen for a pull-out test 
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setting elements this was not possible. Consequently, 
in order ta have a sound control on properties and 
geometry of samples, the host rock was simulated with 
thick wall concrete cylinder whose center hole repre

sented a borehole. 

c) The cable was placed at the center of borehole in the 

concrete cylinder. In the short length specimen, cable 

was extended approximately 20 cm from both end faces. 

d) The specimens were stored in the curing room at a 

temperature range of 20 ± 30C ; being kept hlghly moist 

during the curing period (28 days). 

e) The load end face of specimens were capped wi th sulphur 

in order to prevent premature failure due to eccentricity 

or bending moments. This precaution was necessary 
especially for short length specimens when cable bolts 

were subjected to axial load. 

5.4 MATERIAl PROPERTIES 

The following is a summary of the materials which were 

used in this study. 

5.4.1 ORDINARY PORTLAND CEMENT 

Type 10 Portland cement was obtained from a supplier in 

Quebec. This cement was selected because of its wide avail

ability and common use in practice. The properties of this 

cement conformed to ASTM 150 standards. 
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5.4.2 CABLE BOlT 

A number of different types of cable have been introduced 

ta the industry. In general, any type of wire and lying technique 
for cable bolting is acceptable, but it should be insured that 
the surfaces are free of grease. Cable wi th seven wires, which 
is Most common1y used in practice, was emp10yed in this study. 

The specifications are qiven in Table 5-1. 

Total number of wires 7 

Wire diameter 5.05 mm 

Nominal cable diameter (measured) 15.2 mm 

Calculated diameter of cable [60] 15.15 mm 

Ca1culated perimeter [60] 63.34 mm 

Cross section area 138.7 mm2 

Modulus of elasticity 194 ± 6 GPa 

Poisson's ratio (estimated) 0.30 

Table 5.1 Specifications of cable boIt. 

5.4.3 AGGREGATE 

Aqgregate emp10yed in grout-aggregate mixtures usua1ly 

occupies more than 50 percent of the total volume of the matrix. 

Therefore, its properties have a definite influence on the 

behavior of the cable boIt. Experience has shown that appli

cation of very coarse or very fine aggregate in concrete or 
shotcrete produces an unsuitable mix [80]. Por the mixtures 
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with the same amount of aggregate, more coarse aggregate results 

in harshness, bleeding and segregation while fine aggregate 

requires a comparatively large amount of water to produce the 
necessary fluidity; it also tends to cause segregation. 

In conventional cable bolting it has been proven that the 

shear bond strength between cable and surrounding matrix can 

be modified by increasing the compressive strength of the grout 

material [54]. Therefore, in this investigation the aggregate 

is graded in order to provide maximum compressive strength 

while it produces reasonable workability in the grout-aggregate 

mixe 
The capability of pump, available space between the cable 

surface and borehole wall as weIl as workability of the 

grout-aggregate mix give limitation for the maximum size of 

coarse aggregate in the mixture. Based on Table 4-3, in lab

oratory work the maximum size of coarse aggregate for grout

aggregate mix was formulated to 9.5 mm. The grading limit of 

aggregates were selected based on the requirement of the CSA 

specification [81]. 

Natural sand as a fine aggregate and crushed stone as a 

coarse aggregate were employed in this research. In Fig. 5-3 

sieve analysis of the fine and coarse aggregates with dash 

lines are shawn. In arder ta decrease the amount of water in 

the mixture, then more coarse aggregate and a combination of 

one weight coarse aggregate with two weights of fine aggregate 

was tried in the mixture and gave a satisfactory response. The 

results are presented in Table 5-2. 
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Sieve Sieve percent of passing Mixture CSA [81] 
No. size limitation 

u.s. (mm) Fine (F) Coarse (C) 2F+1C passing % 

3/8 9.50 100 100 100 100 
4 4.75 100 40 80 95 - 100 
8 2.36 98 2 66 80 - 90 

16 1.00 79 a 52.7 50 - 85 
30 0.60 48 a 32 25 - 60 

50 0.30 32 a 21.3 la - 30 

100 0.15 8 a 5.3 2 - 10 

Table 5-2 Sieve analysis and CSA specification grading 
requirement [81] 

5.4.4 WATER 

Regular tap water was used in grout-aggregate mix prepa

rations. 

5.5 TESTING SYSTEM 

The test system employed for this investigation was a 

RDP-Howden electrohydraulic servo-controlled testing system, 

comprising: 

a) straining frame; 

b) SL 2000 analogue control consul; 

c) hydraulic power pack; 

d) Apple II Micro-computer system. 

The testing frame comprises of four steel columns fitted 

with variable daylight crosshead which is automatically clamped 

(hydraulically) to the columns. The crosshead is positioned 

by twin electrically driven screws. A double acting, serVQ

controlled, equal area actuator lies on the top crosshead. The 
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testing frame is designed to apply maximum compressive and 

tensile loads of 1000 kN over a total working stroke of 100 

mm with an overall machine stiffness of grater than 2500 kN/mm. 

The SL 2000 analogue control console provides aIl the necessary 

feedback control system to perform cloosed-Ioop servo-control 
testing. An Apple II micro-computer was interfaced with the 

control console to provide the extra facilities of test ramp 

generation and data logging. Software programs were written 

to provide these facilities. 

5.5.1 TESTING TECHNIQUE 

A photograph of the pull-out test apparatus is shown in 

(Fig. 5-4). A special frame had to be designed and manufactured 

in order to perform the pull-out tests wi th the available 

servo-hydraulic universal testing machine in the McGi11 Rock 

Mechanics Laboratory. Two sets of stiff plates were used to 

provide end faces of the frame. At the center of the top plate 

a hole with a diameter of 50 mm was made through which to pass 

the cable. The corners of these plates were connected by bolts 

to allow for different embedded lengths and diameters in 

pull-out tests. A special grip device was made which permitted 

adjustments to the machine and frame. 

The specimen rested in the frame whereas the cable was 

passecl throûgh the hole in the top plate. The cable was fixed 

with a small grip which was fitted into the gripping device. 

The testing machine was employed to supply the tension load 

to the cable boIt while the top end face of thick wall cylindrical 

concrete was supported by the frame. 
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Actual loading conditions of cable bolts in the field 
should correspond as closely as possible to the ideal loading 
conditions in the laboratory. Displacement or load control are 

two methods for applying load on the sample in the labo In 
principal, from the material point of view, the behavior of 
steel cable with respect to the surrounding matrix leads to 
the sarne results, although the types of curve are different. 

A load of approximately 2 kN was applied before testing to 

settle in the specimen and obtain initial readings. The tests 

were conducted under constant displacement by using the testing 

machine under displacement control mode. The magnitude of the 

displacement increments was selected to be small enough (i.e. 

1 mm/min) to reflect the nonlinearity of the response for bond 

stress between cable and surrounding matrix. The number of 

increments we:ce sufficiently large to provide 100 mm dis

placement in each test. Attempts were made to record data past 

the point of peak load as weIl as residual load. 

The load and displacement were measured directly by load 

and displacement transducers respectively, enabling the mon

itoring of the slip between the cable and surrounding matrix 

at the load end face of sample. A chart recorder was used to 

plot load against displacement during test. 

5.6 PREPARATION OF GROUT-AGGREGATE MIX 

The procedure was as follows: 

a) The r-i~,;·ture of two portions of fine and one portion of 

coarse aggregate was provided. 

b) To control the components of the mixture the specific 

gravities and absorption values were determined for 

coarse (ASTM C 127) and fine aggregate (ASTM C 128). 
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1 c) According to the Abrams [BO] the amount of water in a 
mixture is a function of the grading and shape of 
aggregate. To provide fluidity for the mixture of the 
grout-aggregate close to the conventional grout, slump 
tests [54] were conducted to simulate similar work
ability to those obtained by conventional grout with 

water to cement ratio indicated in Table 5-3. 

d) For each batch of grout-aggregate, five samples for 

testing the modulus of elasticity as weIl as five more 

cylindrical samples (d=50.8 mm, h=10L6 mm) to identify 
the angle of friction and cohesion of the mixture were 

prepared and kept in the curing room over the curing 
periode 

Workability of grout- Water-Cement ratio of conven-
aggregate tional grout 

Type l 0.3 
Type II 0.35 
Type III 0.45 

Table 5-3 Workability simulation of conventional grout with 

grout-aggregate mix 

The mixing of grout-aggregate was done according to AC! 

544 Committee (1978) recommendations. Mixing was accomplished 

by using a 2.5 cubic foot capacity rotary tilt drum mixer. The 

following routine was preferred because it produced more uniform 

mixes: 

- The calculated cement, fine and coarse aggregate frac
tions were blended in the mixer for two minutes. 
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-------------------------------------------------------------------------------

- Water was added and mixing continued for 1 minute. 
- AlI mixtures were shoveled and then mixed for an extra 

minute. 

The water-cement ratio for each mixture of grout-aggregate 
was verified, based on the analogy of its workability with 
conventional grout. Fig. 5-5 shows the result of variation of 
workability versus water-cement ratio for the grout-aggregate 
and conventional grout. The following explains how the 
water-cement ratio for the grout-aggregate mixture was 
obtained: 

The value of the water-cement ratio for the conventional 
grout (point a) was interpolated to determine the corresponding 
workability (point b) as shown in Fig. 5-5. A horizontal line 
was then drown through point b to cut the grout-aggregate 
curves mixtures at point d, e and f. Then a vertical line was 
plotted downwards to the water-cement ratio axis to obtain the 
desired water for each grout-aggregate mixture. 
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Specimen Workability External Length of hole 

Type [Type] diameter specimen [cm] 

[Cm] [Cm] 

GACO l 10, 15, 20, 20 5.1 
25, 30 

GACO l 25 20 2,4,6 

GACO l 25 15, 20, 30, 40, 5.1 
50, 60, 70 

GACO II 25 15, 20, 30, 40, 5.1 
50, 60, 70 

GACO III 25 15, 20, 30, 40, 5.1 
50, 60, 75 

GAC2 l 25 15, 20, 30, 40, 5.1 
50, 60, 75 

GAC3 l 25 15, 20, 30, 40, 5.1 
50, 60, 75 

GAC4 l 25 15, 20, 30, 40, 5.1 
50, 60, 75 --

GAe2 II 25 20 5.1 

GAC2 III 25 20 5.1 

GAC3 II 25 20 5.1 

GAC3 III 25 20 5.1 

Gl'.C4 II 25 20 5.1 

GAC4 III 25 20 5.1 

GACF2 l 25 10, 20, 30, 40 5.1 

Table 5-4 Experimental Test-Program 
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5.7 TEST RESUL TS 

The meaaurements of load and displacement taken during 
pull-out tests were used to examine the cable's behavior from 
two different perspectives: 

1- Load-slip Behavior; 
2- Shear bond strength. 

5.7.1 EFFECT OF SAMPLE DIAMETER 

Before investigating the behavior of untensioned grouted 

cable boIt, it was necessary to establish a standard for the 
external diameter of the concrete cylinders. Therefore, a 

series of pull-out tests were conducted using constant ernbedded 

lengths (200 mm) and different concrete cylinder diameters 

( 100, 150, 200, 250 and 300 mm). The cables were fixed in place 

into the simulated borehole (51 mm diameter) by the conventional 

grout with type l workability. The relevant properties of the 

materials are summarized in Table 5-5. 
Prior to applying any load ta the cable, it was assumed 

that the exposed surface of cable was bonded to the surrounding 

matrix along its embedded length and that deterioration in the 

bond was dependent on the amount of pull-out force applied ta 

the cable boIt. 

At the end load face of 100 mm diameter cylinder considerable 

cracks were observed. The first splitting tension crack on the 
load end face and longitudinal crack on the side of the block 

emerged simultaneously at a pulling force of about 8 kN. As 

loading increased, then more splitting cracks were formed and 

longitudinal cracks extended further toward the unloaded face 

of sample. At a force level of about 10 kN splitting and 

longitudinal cracks began to connecte In a cylinders with 150 

mm diameter the splitting cracks at the load end face of the 
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sample were radially distributed to the side wall of the 
specimen. There were fewer radial cracks than in the test 
samples with 100 mm diameter. In specimens with diameters of 
250 mm no cracks were observed on the side wall of the specimen. 
Due to the slip of the cable at the load end face of the sample, 
splitting cracks formed a cone shape fracture zone which began 

at the cable grout interface. As the load was further increased 
the formation of a cone was more evident. At a load about 40 

kN the cone was completely fractured from the rest of block. 

The diameter of the cone was between 50 mm to 53 mm , while 
its angle with respect to the axis of the cable was between 

40 to 60 degree. Fig. 5-6. shows the development of radial 
cracks in the sample. 

The results are summarized in Table 5-6 and shows that the 

load carrying capacity of the cable increases as the cylinder 

diameter is increased. This tendency is more pronounced for 

small diameters of the thick wall concrete cylinder. As can 

be seen in Fig. 5-7, increasing the diameter of cylinder more 

than 200 mm, the load carrying capacity of cable bolts does 

not significantly increased. This is mainly due to the stress 

distribution in the cylinder which consequently affects the 

confining pressure on the grout and cable grout interface. In 

order to avoid this effect on the subsequent tests for this 

investigation, aIl the pull-out test cylinder diameters were 
standardized to 250 mm. 
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Material Workability q Cohesion 
<t> E 

(type) (MPa) std. (MPa) (deg) (Gpa) 

concrete - 35.3 2.8 8.6 34.3 19 

GACO l 42.3 1.9 11.2 30.1 21.2 
GACO II 39 1.7 10.7 29.4 19.5 
GACO III 35 1.8 9.8 28.3 18.1 

GAC2 l 36 2 8 35.5 19.1 
GAC2 II 32.3 1.8 7.6 34.5 18.6 
GAC2 III 25 2.25 7.3 33.3 17.3 

GAC3 l 33 1.3 7.6 34.7 16.8 

GAC3 II 27 1.6 7.2 33.8 16.3 
GAC3 III 21 1.6 7.1 33 14.8 

GAC4 l 28 1.3 6.8 33.9 16.4 
GAC4 II 22 1.5 6.4 33.1 15.1 

GAC4 III 16.3 1.7 6.1 32.3 14.2 

GACF2 l 31.2 1.4 9.3 32 17.2 

Table 5.5 Compressive strength, cohesion and friction angle 

of grout and grout-aggregate. 

q = compressive strength 

std = standard deviation 

~ = friction angle 

E = modulus of elasticity 

specifie gravit y of coarse aggregate 

specifie gravit y of fine aggregate 

= 2.57 g/cm3 

= 2.66 g/cm3 
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Fig. 5-6 Development of radial cracks in the sam pie 
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External diameter Load carrying capacity (kN) 

(mm) Test number Mean 

1 2 3 4 5 

100 15 10 12 9 12 11.6 ± 2.3 

150 33 32 36 34 38 34.6 ± 2.4 

200 48 53 47 50 55 50.6 ± 3.4 

250 54 52 57 53 49 53 ± 2.9 

300 55 58 53 49 59 54.8 ± 4 

Table 5-6 Load carrying capacity of cable for differ
ent external diameters of thick wall con
crete cylinder and 200 mm embedded length 
with conventional grout 

diameter of Load carrying capacity (kN) 

Test nurnber Mean 

borehole (mm) 1 2 3 4 5 

20 57 55 59 54 49 54.8 ± 3.8 

40 59 58 50 53 57 55.4 ± 3.8 

60 59 56 58 52 53 55.6 ± 3 

Table 5-7 Load carrying c;.J.pacity of cable for different 
borehole diameters and 200 mm ernbedded length 
with conventio~al gr out 
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5.7.2 OIAMETER OF BORE HO LE 

In order to consider the effect of diameter of borehole, 
series of pull-out tests were examined with constant embedded 
length (200 mm). The cables were placed in the samples with 
different borehole diarneters (i.e. 20, 40 aud 60 mm) and fixed 

by the conventional grout with workability type l. With ref
erence to Table 5-7 and Fig. 5-8 can be expressed that the 

load-slip behavior are in aIl respects very similar. Apparently, 

the bore ho le size in practical range has no effect on the 

characteristic of the pull-out test. 

5.7.3 EFFECT OF WATER-CEMENT AND AGGREGATE-CEMENT RATIO 

Most of the research on grout for cable bol ting in the 

mining industry has been limited to the properties of the 

cement and water. A commonly used water-cement ratio of grout 

for rock reinforcement is between 0.3 to 0.5. Therefore, in 

order to compare the characteristic of grout-aggregate rnix 

with grout material it was decided te investigate further the 

behavior of grout mixes with water cement ratios of 0.3, 0.35, 

0.45. Typical load-displacement behavior i5 shown in Fig. 5-9. 

It can be seen that the lower water-cement ratios resulted in 

higher shear bond strength. Increasing the water-cement ratio 

contributes to a decrease in the compressive strength of grout 

or grout-aggregate mixture as shown in table 5-5. 

The average load-displacement relationships for the 

pull-out tests with grout-aggregate mixtures of aggregate

cement ratio of 2, 3 and 4 are given in Fig. 5-10, Fig. 5-11 

and Fig. 5-12 respectively. In each ef the graphs, three 

load-displacement curves are given representing the effect of 
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different water-cement rat.io or workabi1i ty of the graut
aggregate material. As mentioned before, these grout-aggregate 
mixtures (marked l, II and III) correspond to the warkability 
of the canventional grout with 0.3, 0.35 and 0.45 water-cement 
ratio respectively. 

It is important to notice that employing a grout-aggregate 
mix as a bonding material resul ts development of higher in 
residual bond strengths. This behavior of this bond is dependent 
on both the aggregate-cement ratio and the water-cement ratio. 

The workability has a significant effect on the load carrying 

capacity of the cable bolts. Lower water-cement ratios in bath 
canventianal grout and grout-aggregate mixes with the same 
workability improve the shear bond strength. Increasing the 
amount of aggregate in the grout-aggregate mix leads to the 

decrease of initial bond stiffness (initial slope of the laad 

displacement curve) as weIl as a decrease in overall laad 

carrying capaci ty of the cable boIt. The optimum bond strength 

was obtained with the aggregate-cement ratio of 2 with work

ability type l, which gave a 25 percent higher residual strength 
than conventional grout with similar workability. 

After the pull-out tests a number of samples were sawed 

ta examine the crack pattern in the matrix. Due to the friction 

force between the cable and the surrounding matrix numeraus 

fine cracks were developed. Examination of the wider cracks 
showed that the coarse aggregates bridged the bond cracks as 

presented in the Fig. 5-13 allowing shear bond stresses to 
bridge the cracks. In sorne samples the failure of the aggregate 

interlocking mechanism was attributed to the eut-off peaks of 
aggregates and the protrusion of cement paste particles across 
the interface of cracks. The crack propagation for different 

samples was seen to be sensitive ta the water-cement ratio and 

aggregate-cemept ratio. 
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- -------------------------------------------------

In order to highlight the superiority of the performance 
of the grout-aggregate mix over the conventional grout, the 
results of load-displacement for pull-out tests for the grout 
or grout-aggregate mixes providing the greatest support per

formance are given in Fig 5-14. 

The ductile behavior of this cable boIt system using the 

grout-aggregate is weIl demonstrated. This is evident when 
compared with results of the tests on the cable boIt using 

only cement and water as the grout mixe The length (200 mm), 
curing time (28 days), grout workability and test procedure 

for aIl these samples were standardized. It is important to 

bear in mind that by variation of the grout-aggregate mix, 

variation in bond strength can be obtained but also a higher 

shear bond strength than with conventional grout mix can be 
achieved. Depending on the peak and residual strength values 

and support stiffness required by the engineer for any par

ticular excavation, the grout-aggregate mix can be altered 

according to meet that support requirement without any change 

or modification to the steel strand. The unique strength and 

ductility of this support system is due to the adhesion, 

friction and especially the mechanical interlocking capability 

of the grout-aggregate material. 

It should be noted that each of the curves in the load
displacement behavior represents an average of five samples, 

and no data points symbols appear. The maximum shear bond 

strength for each of the samples tested was determined and 

mean and standard deviation calculated. The results are sum
marized in Table 5-8. 
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Material Workability test number Mean 

(type) 1 2 3 4 5 (MPa) 

l 4.4 4 4.6 4.5 4.7 4.44 ± 0.27 
GACO II 3.8 3.5 4.3 4 4.2 3.96 ~ 0.32 

III 3.2 3 3.5 3.3 3.1 3.22 ± 0.20 

GAC2 l 5.6 5.8 6.0 5.3 6.2 5.78 ~ 0.35 
II 5.0 4.6 4.9 4.8 5.2 4.90 ± 0.22 
III 4.2 4.4 3.9 3.8 4.6 4.18 ~ 0.33 

GAC3 l 4.4 4.2 4.7 4.1 4.8 4.44 ~ 0.31 
II 3.7 3.4 4.2 3.2 4.0 3.70 ± 0.41 
III 3.1 3.4 2.8 2.9 3.5 3.14 ± 0.30 

GAC4 l 3.8 3.6 4.2 3.5 3.9 3.8 ± 0.27 
II 3.0 2.8 3.4 3.5 2.7 3.08 ± 0.36 
III 2.6 2.2 2.8 2.7 2.4 2.54 ± 0.24 

GACF2 l 3.9 3.6 3.3 3.7 3.8 3.66 ± 0.23 

Table 5-8 Shear bond strength of cable for different grout and 
grout-aggregate material with 200 mm embedded length 
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5.7.4 EFFECT OF EMBEDDED LENGTH OF CABLE 

The critical bond lenqth of a cable boIt is defined as 

that length of the cable which develops a total shear bond 
strength just greater than the tensile strength of the cable 
boIt (270 kN). To determin the critical bond length, series 
of pull-out tests were conducted using the different embedded 
length of the cable (15, 20, 30, 40, 50, 60 and 75/70 cm). The 
cables were fixed in the borehole with either gr out or 

grout-aggregate and different types of workability (l, II and 
III). During the test rotation of the cable was prevented by 

the friction between socket and the supporting plate. This 
restriction was effected on the configuration of the steel 

strands. Fig. 5-15 and 5-16 show the rotation of the strands 
due to axial force of cable and shear bond stress at cable 

grout interface. As clearly can be seen the new position of 

strands provide more confinement on the exposed surface of 
cable and eventually could increase the residual strength of 

the cable boIt. A typical average load-displacement curve for 

28 days curing time and different embedded length is shown in 

Fig. 5-17. 
Mean and the standard deviation of the load carrying 

capacity of the cable were determined and the results for 

different grout mixes are summarized in Tables 5-9 and 5-10. 
The maximum load carrying capacity versus the embedment are 

shown in Fig. 5-18 and Fig. 5-19. A linear relationship between 

load and embedded length of the cable satisfies the experimental 

results. It can clearly be seen that the water-cement ratio 
has a significant effect on the results. 
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Fig. 5-15 Configuration of cable in the sample after pull-out test 
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Fig. 5-16 Configuration of cable at the unloaded face of sample after pull-out test 
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Workability Length test number Mean 

(type) (cm) 1 2 3 4 5 (kN) 

15 42 44 48 45 38 43.4 ~ 3.7 
20 55 50 58 57 59 55.8 ~ 3.6 
30 85 89 92 82 78 85.2 ~ 5.5 

l 40 112 119 105 132 110 115.6 ~ 10.4 
50 140 152 147 157 137 145.6 ~ 9.8 
60 167 173 177 165 161 168.6 ~ 6.4 
70 197 183 181 185 180 187.2 ~ 6.8 

15 35 37 39 30 42 36.6 ~ 4.5 
20 48 44 54 50 53 49.8 ~ 4.0 
30 75 66 72 79 82 74.8 :k 6.2 

II 40 97 108 112 96 99 102.4 :k 7.2 
50 125 131 123 118 134 126.2 ~ 6.4 
60 136 135 127 130 122 130.0 :k 5.8 
70 160 154 143 159 148 153.8 ~ 7.0 

15 30 37 26 29 32 30.8 ~ 4.1 
20 42 40 38 44 41 41.0 :k 2.2 
30 64 58 67 56 69 62.8 ~ 5.6 

III 40 76 80 71 69 83 75.8 ~ 5.9 
50 107 110 102 117 115 110.2 s 6.0 
60 125 130 119 132 127 126.6 ~ 5.0 
75 156 168 149 159 161 158.6 ~ 6.9 

Table 5-9 Load carrying capacity with normal grout for different 
ambedded length of cable by means of pull-out test 
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Ale Length test number Hean 

ratio (cm) 1 2 3 4 5 (kN) 

15 55 57 61 49 53 55.0 = 4.5 
20 70 74 76 67 78 73.0 = 4.4 
30 109 118 106 107 103 108.6 = 5.7 

2 40 147 153 140 157 143 148.0 = 7.0 
50 183 187 179 190 174 182.6 :i:: 6.3 
60 219 224 215 209 227 218.8 = 7.1 
75 263 270 253 273 258 263.4 = 8.2 

, 

15 42 43 39 46 37 41.4 =3.50 
20 55 53 59 52 61 56.0 = 3.9 
30 85 80 87 92 83 85.4 = 4.5 1 

3 40 112 117 110 104 119 112.4 :i:: 5.9 
50 140 135 145 132 147 139.8 :i:: 6.4 

1 

60 167 165 160 177 181 170.0 :i:: 8.7 
75 210 215 220 203 209 211.4 :1:: 6.4 

15 35 33 37 39 36 36 * 2.2 
20 48 45 53 44 49 47.8 :1::3.6 
30 72 75 65 69 78 71.8:i:: 5.1 

4 40 96 100 93 102 95 97.2 = 3.7 
50 120 110 116 121 129 119.2 = 6.9 
60 144 150 147 158 155 150.8 :1:: 5.7 
75 180 175 189 190 172 181.2 :1:: 8.1 

-_. - - ------ -- - - -

Table 5-10 Load carrying capacity with the grout-aggregate material and 
workability type l for different embedded length of the cable 
by means of pull-out test 
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5.8 EXPERIMENTAL CONCLUSIONS 

The following conclusions can be drawn from the test results 

presented in this chapter: 

1- The pull-out tests on cables embedded in thick wall 

concrete cylinders with different borehole diameters had 

similar results. Apparently the practical range of borehole 

diameters has only a minor effect on the load carrying capacity 

of cable bolts because failure is initiated at the cable/grout 

interface. 

2- The workability has a significant effect on the load 

carrying capacity of cable bolts. Lower water-cement ratio in 

conventional grout and grout-aggregate mixture with the same 

workability improves the capacity of the cable boIt. 

3- The presence of aggregate in the mixture does not have 

a significant effect on the chemical adhesion of the steel-grout 

interface. 

4- Increasing the amount af aggregate in the mixture of 

grout led ta the decrease o~ the initial slape of the load-slip 

behaviar. 

5- Comparisan of the results in load-slip behavior shows 

that the are a between the curves and the slip axis for 

grout-aggregate is more than conventional grout. It thus 

indicates that cable bolting with grout-aggregate is more 

ductile with respect ta conventional grout. 

6- Due to the friction properties between the grout

aggregate and the cable bolt, the residual strength between 

the cable and surrounding matrix i6 higher than the canventional 

grout. 
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7- A linear relationship could be corelated for the 
experimental load carrying capacity of the cable boIt versus 
the different embedded length up ta 75 cm. 

8- Variation of the diameter of the concrete cylinders 
ab ove 200 mm did not have a significant effect on the results. 

9- The distribution of the internaI cracks in the sur
rounding matrix of cable boIt make an angle with the cable's 
axio between 40 ta 60 degrees. 

10- The presence of only fine aggregates decreases the 
load carrying capacity of the cable boIt, but increases the 
residual strength. 
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CHAPTER 6 
DISTRIBUTION OF SHEAR BOND STRESS 

6.1 INTRODUCTION 
The stress field around a cable boIt embed(~ed in rock and 

fixed with grout, when subjected to uniaxial load, is a com

plicated three-dimensional problem. It is difficult to model 

mathematically and equally difficul t to verify the resul ts 

experimentally. The laboratory tests show that even with low 

axial lcads in pull-out tests high stresses still develop at 

the load end face of the specimen. This causes a local cohesion 

bond breakdown around the cable and crushing of the matrix at 

the root of the leading lugs. This in turn shifts the bond 

stress curne along the cable boIt axis bringing into action 

additional lugs which sustain the load by bearing. Thus, neither 

the height, the shape nor the position of the bond stress curve 

is known quantitatively at any loading stage. 

An equally difficult problem is encountered when attempting 

to model the stresses around a typical cable luge Depending 

on the configuration of the cable boIt, normal compressive 

stresses can develop radially into the surrounding matrix [42] • 

Even when neglecting all cohesion bonding along the length of 

the cable in areas of low bond stress, it is difficult to 

determine how many lugs are actually loaded and what percent age 

of the load i9 taken by each luge 

Due to the interlocking behavior of bond elements between 

the cable and the surrounding rock, large amounts of slip occur 

at the cable-matrix interface. In order to predict the load 

bearing capacity of a cable bolt, it is necessary to consider 
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1 the slip phenomenon in the solution method. 
The literature review in Chapter 2 shows that several 

researchers have worked on this subject [32, 69, 75, 76] f 

though most of the works were related ta rock bol ts. The purpose 
of this chapter ia to present an analytical model which can 
be used ta determined the distribution of shear bond stress 
along the embedded length of a cable bolt in an intact rock 
environment. The model developed simulates the interaction 
between the cable surface and borehole wall in rock through 
a continuous spring system which utilizes the Winkler 

hypothesis. Linear elastic behavior of both the rock and the 
cable materials are assumed whereas a trilinear model is 
employed for the Winkler sp~ings. The total potential energy 
is formulated and the variational principle is thF-n applied 

to minimize the functional of the total potential energy and 
hence arrive at the governing differential equation. 

6.2 ANAL YTlCAL MODEL 

The underlying philosophy of the analytical model is that 
the grout material between the cable and the surrounding rock, 
(Fig. 6-1a) can be idealized by a set of continuous springs 
parallel to the cable axis (Fig. 6-1b). The objective is then 
to select the characteristic of shear bond-slip model for those 

springs so as to conform to the load-slip relationship observed 
in uniaxial pull-out tests, such as described in Chapter 5. 

The relationship between the shear bond stress and normal 
(bursting or radial) stress depends upon the orientation of 
the resultant stress which act on the surface of the cable 
boIt. At the root of the lug, very high compressive stresses 
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develop which may cause local crushing of the surrounding 
matrix and lead to readjustment of the direction of the resultant 
force. Thus, there is no direct way of determining the rela
tionship between the shear bond stress and the radial normal 
stress. Tapfer [82], for example, adapted the analogy of this 
situation with the weIl known bursting problem of a pipe under 

internaI pressure to calculate the normal stresses in the 
radial direction. In this study, it will be assumed that the 
radial normal stress is linearly proportional to the shear 
bond stress on the cable surface at any loading stage. The 

proportionality coefficient is called the rib factor. 

Referring to Fig. 6-2, the radial normal, an' stress acting 
on the cable surface is given by: 

o =k''; n c 

where 

Le = shear bond stress 

k = rib factor 

(6 - l ) 

The analytical model is developed with the assumption of 

linear elastic behavior for both rock and cable boIt materials. 

The effect of the installation of the cable boIt is left out 
at this stage, in other words it i8 assumed that rock mass 

characteristics are not affected by the installation procedure. 
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6.3 VARIAnONAL APPROACH 

The variational approach relying on calculus of variation 
involves optimizing a functional. In solid mechanics the 
functional could be the potential energy, the complementary 
energy or sorne derivative of it [83). 

Using calculus of variation, a differential equation is 
found equivalent to a variational principle. This is relatively 
easy compared with the reverse process of arriving at a 
variational or functions form starting from a differential 
equation. 

Let us consider a functional expressed as [84]: 

f
Z2 

1= F(z,q,q')dz 
zJ 

Cl) 

where q = q(z) q'-dq/dz 

The equation is defined in the range of domain (ZI.Z2) and 

q(zl)=ql and q(Z2)=q2. Assume that function 4>(.::) makes the 
functional 1 stationary, tr..en for a small variation E of 4>(:-) 

we have 

(~~)=o 
where E ~ 0 

Let us assume that an approximating function to 4>(z) is q(z) 

where q ( z) = <1> ( z ) + E Tl ( z ) 

~(z)=arbitrary sufficiently differentiable function 

E = small quantity 
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By allowing E to tend to zero, the approximate curve q(z) 

approaches 4>(z) (see Fig. 6-3). Furthermore, according to the 
boundary conditions: n(Zl)-n(Z2)-O. Thu& for a given T\(z), 1 

is a function of E and we require ICE) to attain a stationary 

value of E = 0 Le. (::) = 0 
("0 

ct 

or 

• q(z)- +(z)+ €11(Z) 

~-

%, % 

Fig. 6-3 True and varied curves in a variation problem 

Therefore, equa\.ion (l) becomes 

(U) 

Expanding as a Taylor series about x,~,~· and differentiating 

with respect to CE) gives: 
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1 (dl) f :<:2 [ èJ F à F ] 
dE e =0= ;;;/ llàq, +ll'à<l>' dz=O ( Ui) 

Integration eq. (Lii) part by part yields: 

f z2 [ à F d (à F ) ] 
zl 11 à~ - dz 0<1>' dz = 0 (iv) 

As Tl(z) is an arbitrary quantity then equation (w) can only 

be satisfied if the integral and other terms vanish. Thus the 

necessary conditions are: 

Cu) 

(vi) 

(L'u) 

Equation (v) is the Euler-Lagrange equation. It is possible 

to show that for a functional that has one independent variable 

and three higher order derivatives of the form: 

f
:l:2 

1= F(z.q.q',q".q''')dz 
z} 

(6- 2) 

The corresponding Euler-Lagrange equation is 
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where dq q a-

dz 

(6-3) 

q q 

This is used in verifying the variational principle 

equivalent to the governing differential equation for 

distributions of the shear bond stress and the load along the 
embedded length of cable boIt. The conditions expressed by 

equations (Vl and Vll) are called natural and geornetric (or 

kinematic) boundary conditions, respectively [84]. 

6.4 TOTAL POTENTIAL ENERGY 

The approach of the present analysis is based 0n the 

rninimization of the total potential energy for a cable-grout 

assembly using calculus of variation. Thus, the first variation 
of total potential energy of the system must be found and set 

to zero, i.e. (83]. 

where u 
V 

ô(l)(u+V)=O (6 - 4) 

strain energy 

potential energy of loads. 

In general, the strain energy can be calculated from: 
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(6 - 5) 

The components of strain energy, for different components 
of the system are described in the following subsections. 

6.4.1 Straln energy in the cable boit (U J 

The lateral strain effect due to the radial bursting stress 

acting on the surface of the cable bol t is assumed negligible. 

From Fig. 6-2 the axial strain and stress in the cable can be 

calculated by [82]: 

(6- 6) 

q 
<1 ::-

C A 
c 

(6 -7) 

Substitution of eg. (6-6) and eg. (6-7) into eq. (6-~)) 

gives 

(6- 8) 

where q = load of cable; 

h = embedded length of cable; 

Ee = modulus of elasticity of cable; 

Ac :: cross sectional area of cable. 
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6.4.2 Straln energy stored ln the grout or Wlnkler springs (u J 
A free body diagram of the parallel spring system repre

senting the grout is shown in Fig 6-4b. In accordance with the 
resul ts of pull-out tests (Chapter 5), the springs are modelled 
as elastic-softening-plastic material. This trilinear ruodel 
is described by the relation: 

where 

LC=ms+n (6- 9) 

1:, = shear bond stress at exposed surface of cable; 
s = slip between cable and borehole wall. 

The coefficients rn and n for the three stages of shear 

force-displacement of the cable are given in given in Fig. 

6-5. 

Based on the assumption that the shear bond stress for a 
short length of cable is uniform, equilibrium conditions in 

the longitudinal direction of the cable furnish the following 
equation (see Fig. 6-2b): 

dq 
L =----

C dz, Lü (6- 10) 

where La is the perimeter of the cable boIt. 

The strain energy for a segment of paraI leI springs dU p 

along a differential length dz of the cable is given by: 

(6-11) 
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Substitution of eq. (6 - 9) into eq. (6 - Il) and then using 

eq.6-10 leads to: 

u = rh[~.( dq +n)2_ nro.( dq +n)lJdZ (6-12) 
p Jo 2m dz· Lo m dz· Lo 

6.4.3 Straln energy stored ln hast rock 

i- Shear strain enerS! in the longitudinal direction (Us) 

The deformation of the rock around the cable is shown in 
Fig. 6 ... 5. Equilibrium conditions in the longitudinal direction 
of the cable axis for an element of rock in a cylindrical 
coordinate system are given by Goodman [85]: 

where 't 

cr 
Z 

= shear stress in rock at radius r 
= normal stress in rock at radius r 
= distance from load end face of cable 

(6- 13) 

Ignor~ng the variation of cr with respect to z and then 

substi tuting the boundary conditions (at r = r q shear i s 't = t (,1 ) 

in the radial direction in the eq. (6 - 13) results in: 

(6-14) 

where 'tg = shear bond stress at grout-rock interface 
= radius of borehole 
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In practice the distribution of shear stress (-r) in a radial 

direction around the cable shaft in the rock decreases more 
rapidly than with increasing the radius r, given in eq. (6 - 14) • 
Unfortunately, the monitoring of the distribution of shear 
stress due to the cable load is very difficult and there is 
no data in the available literature. However, the settlement 
profile for the case of a pile havinq a length equal to fort y 
times its radius has been reported. At a distance equal to 52 
times the radius of the pile into the surroundinq matrix the 
magnitude of settlement of the soil tends to zero [86]. However, 

monitoring shows that this distance can be increased to 93 
times the radius of the pile when the Poisson's ratio of the 

soil decreases (approaching zero). In cable bolting the effect 
of the radius of the surrounding rock mass depends on the 
properties of the rock mass, length of the cable boIt, structural 

geoloqy and geometry of the underground excavation. However, 

in the case of a hard rock environment, based on the available 
design pa~tern [5], the effective radius of the rock is less 

than fifty times the radius of the borehole. To present the 
relative formulation more simply it is assumed that an average 
value equal to 54 times the radius of the borehole applies. 

The shear strain in the rock is expressed by Timoshenko 
[87] as: 

where 

-c oUr OUr 
y=-=-+-

G oz or 
Ur - radial deformation of rock 
ur = vertical deformation of rock 
G = shear modulus of rock 

(6- 15) 

The shear strain energy in the rock is thus given by 
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Us = J[J -cdy JdV (6- 16) 

where du - 2nr . dr . dz 

Substituting eq. (6- 15) into eq. (6- 16), then using eq. 

(6-14) and assuming that the effective radius of the cable is 

54 times the radius of borehole then: 

(6-17) 

where G is the shear modulus of the rock 
r 

ii- Strain energy in the host I:ock due to bursting pressure 

The strain enerqy in the borehole wall as a result of 

bursting pressure due to the radial and hoop stresses in the 
rock is: 

(6- IH) 

The bursting stress Pb due to the bond action at the 

grout-cable interface may be regarded as a hydraulic pressure 
which acts on a thick wall rock cylinder (see (Fig. 6-2). The 
plane strain solution for the homogeneous thick-wall cylinder 
subject to internaI and external pressures has been derived 

by Timoshenko [87]. If the external radius wi th respect to the 

internaI radius is assumed to be large enough and the effect 
of external pressure is neglected then the following simplified 
equations are obtained: 
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'1 2 Pb rg 
U =--'-

r 2G r r 
(6-19) 

, 2 Pb rg ° --(1 =-- (6-20) 
r e r 2 

Radial and hoop strains are given as: 

where 

Due 

Ur dUr 
E -- E =-e r r dr 
Pb = bursting pressure 

rg 

Gr 

Ur 

CJ r 

CJ e 

= radius of borehole 
= shear modulus of the rock 

= radial deformation of the rock 

= radial stress in the rock 

= hoop stress in the rock 

(6-21) 

to the slip of the cable and processing of the 

interlocking behavior of the bond element, it is assumed that 

the grout material has been crushed radially. Therefore, 

concerning the equilibrium conditions in a radial direction, 

the bursting stress on the borehole' s wall (a b) has the following 

relationship with the normal stress on the cable: 

k'LC'LO °b=----
2nrg 

(6- 22) 

Substituting eq. (6-20) and eq. (6-21) into eq. (6-18) 

and using eq. (6 - 22) Y ields : 

U = dz j h[ k2 , (dq / dZ)2] 
b 0 8nC r 

(6- 23) 
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1 6.4.4 Potentlal of the external load (V J 

The potential of the external load is given by: 

V =-P6. p 

Where the tip displacement ~ shown in Fig. 6-6 consists 

of the following components: 

where 

6=s+v +v c r (6 - 2S) 

s = slip of cable with respect to the borehole' s 

wall, 

= vertical deformation of the rock, 

Ur = vertical deformation of the cable. 

Substitutingeq. (6-22) intoeq. (6-19) andusingeq.(6-j·q 

gives: 

k' r q • (dq / d z) 
ur = - -~4-J{-r-G-r-- (6 - 26) 

Substituting eq. (6-26) into eq. (6-15) and using eq. 

(6 - 10) gives the vertical deformation of the rock at the 

borehole wall Uc ' 
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1 
u =_1 [kr (d2~)_2(dq)J 

r nG r g dz2 dz (6 - 27) 

To provide the total potential energy in a functional form 
it is necessary to rewrite eq. (6-25) in the following forro: 

J[ dS duc dUr] b:.= -+-+- dz 
dz dz dz 

(6 - 28) 

Using eq. (6-6), eq. (6-9) and eq. (6-27) the following 
equations can be derived: 

dUr 1 [ d
3

q d 2q ] 
dz =nG

r 
kr g 'dz 3 -

2 dz 2 
(6 - 29) 

duc q 
-=---
dz E cAc 

(6 - 30) 

ds 1 d 2 q 
-=---'-- (6-31) 

Substituting eq. (6-28) into eq. (6-24) and using 
eq.(6-29, 6-30, 6-31) and eq. (6-9) the load potential is 
obtained as follows: 
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6.5 MINIMIZATION OF TOTAL POTENnAL ENERGY 

Summation of eq. (6-8), eq. (6-12), eq. (6-17), eq. (6-23) 

and eq. (6-32) provides total potential energy: 

na (h{ q2 + Pq +(_dq )2.( 1 +_1 +_k
2 

) 
Jo 2EcAc EcAc dz 2m2: 0 nG r 8nG r 

(6 - 33) 

Employing the eq. (6-33) in the Euler-Lagrange equation 

(eq. 6-3) yields: 

(6 - 34) 

where 
(6-34Cl) 

(6-34b) 

The general solution of eq. (6-34) depends upon the shear 
bond-slip characteristics of the cable boIt. It should be 

pointed out that ~2 may be numerieally positive, negative or 
equal zero. This will depend on the magnitude of the parameter 

m in eq. (6-34a) sinee the other parameters in that equation 

are positive. Thus , three possibilities exist, discussed below. 
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1 CASE 1 

When Î~2 is numerically positive, the characteristic of the 

Winkler spring is such that it is in the elastic region (m>O). 

The general solution of eg. (6-34) is then: 

cr 
q = CI' Exp[l3z] + C 2' Exp[ -l3z] -13 2 

13 Lc=-f"[C I ' Exp(f3z)-C 2 ' Exp(-l3z)J 
c 

(6 - 35) 

(6 - 36) 

The coefficients Cl and C2 depend upon the boundary 

conditions. For the boundary conditions shown in Fig. 6-7: 

at 

at 
z=o 
z=h 

q=P 
q=O 

Employing these boundary conditions in eq. (6-35) and eq. 

(6-36) results in: 

= Exp ( ~ h ) [ ( p + :!:...), l - Exp [ 2 (3 ( h - ::)] + .::., l - E \. Il ( 2 r~ :: ) J _ ~ 
q l-Exp(2~h) ~2 Exp[~(h-z)] ~2 b.p((3::) r~~ 

(6 - 37) 

However, the shear bond stress can be calcu~.ated frOID eq. 

(6-10). 
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CASE Il 

When [3< is numerically negative, the behavior of the Winkler 

spring is in the softening region. For simplicity assume ~2 = _[32; 

i.e. ~2 is positive, thus the general solution of eq. (6-34) 
is: 

. a. 
q == C 3 . cos(~z) + C 4' SIn (~z) + "2 

fi 
(6 - 38) 

Le = ;0 [C 3' sin(çz) - C 4' COs(çz)] (6 - 39) 

The coefficients C3, C4 can be obtained by selecting 
appropriate boundary conditions. 

Considering the boundary conditions shown in Fig. 6-8, the 

Winkler springs in part of the embedded length of the cable 

are in the elastic region and the rest are in the softening 

area. Therefore, at the elastic-softening interface which has 

a distance t2 from the load end face of cable the ultimate 
bond strength ('t 1) should be imposed. Ernploying these boundary 

conditions in eq. (6-38) and eq. (6-39) the coefficients C3, 

C4 can be forrned in terms of t2' 

(6 - -lO) 

(6-41) 

where PI = load at the cable in elastic-softening interface. 
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Making use of boundary conditions at the elastic-softening 
interface, one can find the unknowns t2 and Pl- The computer 
program developed to handle this part of the problem will be 
discussed later. 

CASE III 

When [32 is numerically zero, then the residual strength is 

thp only part which contributes to the load carrying capacity 
of the cable bolt. The general solution of eg. (6-34) is: 

(6- -12) 

Employing eg. (6-10) then: 

(6 - 43) 

The coefficients Cs , C6, C7 can be identified if the 
boundary conditions of the problem are satisfied. To verify 

the coefficients, let us consider a cable bolt for which the 

behavior of the Winkler spring in part of the embedded length 

is in the elastic range (tl), part of that in the softening 

region (t2) and the rest in the residual shear (t3). 

The boundary conditions at the elastic-softening and 

softening-plastic interfaces are shown in (Fig. 6-9). The 
boundary conditions at the load end face of cable are: 
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zaO 
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Applying the boundary conditions to eq. (6-42) yields the 
following relationships for load and shear bond stress in the 
plastic range. 

(6 - 4-1) 

(6 - 45) 

To verify the distribution load and shear bond stress in 
the elastic and softening regions the compatibili ty conditions 
for shear bond and load can be applied at elastic-softening 
and softenir!g-plastic interfaces. Therefore, tIf t2 and load 
for each section can be formed. 

Due to the number of problems which are involved, a com

plicated equation is formed by imposing compatibility condi
tions. To simplify the calculations, a computer prog~am was 
written to handle the load and shear bond stress distributions 
for different boundary conditions. 

The computer program is composed of six subroutines rep
resented as rectangular boxes in the flowchart (Fig. 6-10). 

Subroutine CIC2 calculates the used Cl and C2 for the 
elastic range of behavior of the Winkler springs. 

Subroutine tlt2 is concerned to satisfy the compatibility 

conditions at the elastic softening interface of the 
bond element alon'1 the embedded length of the cable boIt. 

Subroutine t2t3 is considered to satisfy compatibility 
conditions at the softening and plastic interface alon'1 

the embedded length of cable. 
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Subroutines qtl, qt2, qt3 were written in order to 

calculate the distribution of load and shear bond stress 

Along the embedded length of each region. 

o 
1 
~ 
N ... 
u 

Iq.3 

Eq. 2 

o 
Il 
~ .... 

END 

Iq. 1 

Cl. ; 

l2=t3=O 

Iq.O 

Ne. 0 

Fig. 6-10 Flow chart of program distribution of shear bond stress 
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6.6 PARAMETR'C STUDIES 

To evaluate the analytical model, the pull-out test for 
the conventional grout with w/c=O. 35 for which the experimental 

results have been presented in Chapter 5 is exarnined. 

Fig. 6-11 shows the effect of a change in the embedded 

length of a cable boIt versus the ultimate load bearing capacity. 

Superimposed on the sarne graph is the resul t of the analytical 

Methode As can be seen, the analytical model underestimates 

the load carrying capacity of the cable for sho~t embedded 

cable boIt lengths (less than 65 cm). However, the trend i5 

very close to the observed experimental resul ts. The difference 

between the experimental and analytical approach is expected, 

due ta the effect of boundary conditions during the pull-out 

tests and the assumption of elastic behavior of the material 

made in the analytical approach. 

In order ta evaluate the sensitivity of the model with 

respect to the input parameters, parametric studies have been 

performed. The bench mark for the comparison has been taken 

as a guillotine test, where a 15.2 mm diameter cable is ernbedded 

in the cement grout in a hole 50 mm in diarneter. Relevant 

parameters for this study are taken from chapter 5. 

The effect of embedded length of cable on distribution of 

the shear bond stress is shown in Fig. 6-12. AlI the curves 

are plotted based on the assumption of equal slip at the 

unloaded fac~ of the different embedded lengths. Clearly, it 

can be seen that distribution of the shear bond stress is 

almost uniform for the short embedded length of the cable boIt. 

The difference of shear bond stress at bath ends of the cable 

for a sample with twenty centimeters embedded length is less 

th an 10 p~rcent. By in~reasing the embedded length, the dif-
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ference in bond stresses at the bath end faces of the sample 

is increased. This confirms that the load slip characteristic 
of the Winkler spring has good accuracy for sarnples of up to 

20 cm embedded length. 

Distribution of shear bond stress for different slips at 

the unloaded face of the cable is presented in Fig. 6-13. Tbe 

curves show the elastic, softening and plastic zones in the 

cables. 
Fig 6-14 shows change of load distribution along the 

embedded length of cable. It can be seen that the variation 

of the load in the elastic range has an exponential form, while 

a linear response is shown in the plastic range. 

Figure 6-15 investigates the effect of changes in the 

perimeter of the cable boIt on distribution of the load. The 

influence of the cross sectional area of the cable is plotted 

in Fig 6-16. It can be seen that the perimeter of the cable 

boIt has a significant effect on the load bearing capacity of 

the cable boIt. This outcome explains the effectiveness of the 

birdcage technique in cable bolting. 

The influence of the yield bond strength on slip is dem

onstrated in Fig. 6-17 and Fig. 6-17. It can be seen that 

increasing the bond strength has a significant effect on load 

bearing capacity. Decreasing the amount of slip at the peak 

point of the load slip characteristic also increased the load 

carrying capacity of the cable. Due ta the requirements of 

rock support int~raction discussed in Chapter 2, restriction 

of slip between the cable and the surrounding matrix is not 

desirable. Finally in Fig. 6-19 the effect of residual strength 

is studied. Increasing the mechanical interlocking between the 

cable and the su:crounding matrix can significantly improve the 

behavior of the cable boIt in the plastic range. 
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6.7 CONCLUSION 

An analytica1 approach based on the variationa1 method has 
been developed in order to provide the distribution of shear 
bond stress and axial 10ad along the embeClded 1ength of a fu11y 

grouted cable bo1t. The model takes into account the behavior 
of the cable with respect to the boreho1e wall and the mechanical 

properties of the rock mass. 
The prediction of the load carrying capacity of the cable 

bo1t with the ana1ytical model was compared with the exper
imental results of Chapter 5. In general, the approach shows 

good correlation with the shear force measured in the 
laboratory. 

A sensitivity analysis was performed to demonstrate the 

relative effect of the input parameters on the model. In 

particular, the perimeter of the cable has been shown to have 

a significant effect on the load bearing capacity of the cable. 

The peak shear strength of the Winkler spring influences the 
load carrying capacity of the anchor. 

The distribution of the shear bond stress in the axial 

direction of the sarnple for short embedded cable boIt lengths 

is almost uniform. This result can be employed in the proper 

definition of the Winkler spring characteristic. The distri

bution of the shear ~~nd stress depends on the amount of slip 
at the unloaded face of cable. It has an exponential forro when 

the slip lies in the range of the elastic behavior of the 
Winkler spring. The load bearing capacity of the cable can be 

derived for a particular amount of slip at the loaded face of 
cable boIt. 
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CHAPTER7 

FINITE ELEMENT MODEL 

7.1 INTRODUCTION 

The general concept underlying the finite element method 
is the division of the whole problem domain into a number of 
elements, calculation of tha load vector and stiffness matrix 
for each element and then assembly of these into a global 
stiffness matrix and a global load vector. A system of 

simultaneous eguations results and i5 soived for the unknown 
nodal displacements. Stresses and strains can then be obtained 
using interpolating shape functions and the constitutive 
stress-strain relations of the material. 

A stress analysis of a rock excavation with a cable boIt 

support system requires the consideration of the inherent slip 

behavior between the cable and the surrounding matrix. In this 

chapter, a special interface element is formulated and augmented 
to an existing finite element model, MSAP2D (Micro computer 
st~tic Analysis for program 2-Dimensional problems) [88] in 
order to allow the simulation of cable bolts in underground 

excavations. The new element formulation is based on the 
assurnption that the gr out material and slip occurring between 

the cable surface and the surrounding matrix can be simulated 
by a continuous tangential spring. The approach provides a 

cable element that should be able to reasonably predict the 
response of the loaded cables due to the deformation of a 

surrounding rock mass. 
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7.2 BASIC MODEWNO TECHNIQUE 

The well-known four node, 8-degrees of freedom, (DOF), 

quadrilateral isoparametric element [89] is used in MSAP2D to 

simulate the rock mass. The element nodes as weil as the sides 

are numbered counterclockwise, as shown in Fig. 7-1. 

side 1 

Fig 7-1 Quadrilateral isoparametric element 

The element stiffness matrix is obtained by numerical 

integration using a four point (2 x 2) Gauss quadrature scheme 

[89]. The Ioad vector {P} for each element may be cornposed of 

severai Ioad vectors as foilows. 

(7 - 1 ) 

where {F R }_ Load vector due ta concentrated loads; 

{F"} - Load vector due to body forces; e.g. gravit y 
load1 

{F.}- Load vector due ta boundary interactions, i.e. 
pressures and shear stresses acting Along the 
element sides; 

{ F} Load vector due ta initial stresses. 
CIO = 
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The thickness of the grout between the cable and the 
surrounding rock mass in comparison with the dim-3nsions of the 
rock mass is quite 3mall. Consequ~ntly, this condition makes 
it reasonable to assume that the nodal points of the rock mass 
elements before loading of the cable boIt will have the same 
coordinates as the nodal points of the cable element at the 
interface. As discussed in Chapter S, when the cable is loaded, 
relative d.i.splacement or slip between the cabl~ and the borehole 
wall occurs. This slip behavior is simulated by a mechanical 
model consisting of continuous springs connecting the surface 
of the cable to the borehole wall and has its stiffness acting 

in the axial direction of the cable, (see Fig. 7-2). 

} 

i 
Cable 

\ 
~Mesh 

Fig. 7-2 Simulation of the grout and slip for a cable boIt 
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This section will focus on the formulation 01 the "cable 
element... Fig. 7-3 depicts the degrees of freedom and the 
dimensions of the cable element. The numbers with the bar sign 
i.e. i, 2, 3, 4, S, 6 represent global degrees of freedom, and 
those wi thout bar si9n i. e. 1, 2, 3, 4 indicate the local 
degrees of freedom. 

-

Fig. 7-3 Geometry and degrees of freedom of a cable element 
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1 The slip, Us, and sprinq stiffness, ks' at any point (x, 
y) along the cable element can be calculated usinq the element 

shape functions. Thus: 

(7- 2) 

(7 - 3) 

(7- 4) 

e T 
{u } = {U 1 (7- 5) 

[N]=[N 1 -N 1 (7 - 6) 

where k 1 and k J = stiffness of continuous sprinq at nodes 
i and j respectively 

u 1, u2, u3 and u4 displacements of nodes 1, 2, 3 , 4 

NI and N j - element shape functions 

furthermore NI and N j - are qi ven by: 

~ = xl l (7 -7) 
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7.3 FORMULATION OF CABLE ELEMENT 

The strain energy (dU) for an element consisting of tan

gential continuous springs with a stiffness per unit length, 
k, length, dl, and displacement, us, is given by: 

dU == k· U • du == -k . u 2 l u 1 
OS S S 25 S 

(7 - 8) 

Integration of eq. (7-8) over the length of the element 
(l) gives the strain energy of the continuolls springs along 
the length of the cable element as follows: 

(7 - 9) 

Substitution of eq. (7-4) iota eq. (7-9) gives: 

l ri e T T e 
U="2Jo {U} '[N] 'ks'[N]'{u }'cll (7 - 10) 

The strain energy U for any finite element can be written as: 

1 eTe] e} dl U - -{u} . [K . {u . 
2 

(7 - Il) 

where [KG] is the element stiffness matrix. 
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1 Comparing of eq. (7-10) with eq. (7-11) shows that the stiffness 

matrix of the spring e1ement is: 

(7 - 12) 

Substituting eq. (7-3) into the above, and noting that ds = l· d~ 

gives: 

It can be shown that after integration of eq. (7-13) the 

resu1ting spring element stiffness matrix is: 

3k ,+k, -3k -k l , - k -k l , k , + k, 

l 3k ,+k J k , + k J - k -k 
[el =-x 1 J 

(7- 14) 
12 k , + 3kJ - k -3k 

1 J 
symmetnc k +3k 

1 J 

The total stiffness matrix of a cable element, ,. .... c, is obtained 

from the a1gebraic addition of its two componeni~s: the spring 

element stiffness matrix (i.e. eq. 7-14) and the ~russ e1ement 

stiffness matrix. Thus: 
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c l [k ] .. -x 
12 

where 

12EcAc 
3k +k j +---

1 l2 

symmetrlc 

3k ,+k, k,+k, 

k 1 + 3k, 

l = length of cable element 

-k -k 
1 1 

-k -3k 
1 1 

E = modulus of elasticity of cable boIt 
c 

A = cross section area of cable bolt 
c 

(7-15) 

In arder to compute the stiffness matrix of a cable element 
the values of k 1 and k, must first be determined. This information 
may be derived from the load-slip curves obtained by means of 
the pull-out tests reported in Chapter 5. 

The above equ'!t:ion represents the local stiffness (Jf the 

cable element. It is a straightforward procedure to transform 
this ta the global X-y coordinates i.e. 

[k~J[6X6] = [TJr6X4]' [eJ[4X4]' [T][4X61 (1-16) 

where 

1 0 0 0 0 0 

[T]-
0 c s 0 0 0 
0 0 0 c s 0 
0 0 0 0 0 l 

X,- XI and y j - y, 
C'" s= l l 
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7.4 EQUATION OF EQUIUBRIUM 

The assembly of a global stiffness matrix and load vector 

leads to a system of simultaneous linear algebraic equations 

of the form: 

(7 - 17) 

Where n is the total nurr~er of degrees of freedom in the 

structure, {Lld is the vector of unknown nodal displacements, 

{P c} is the load vector and K c is the global stiffness matrix. 

The global matrix is symmetric, positive definite, sparse and 

bandec}. The symmetry condition allows storage of only the 

elements in the upper or lower part of the matrix including 

the di~gonal coefficients. The bandwidth of the stiffness 

matrix depends on the method of numbering of the nodal points. 

Although the mesh generation program (described in section 

7.5) produces a uniform bandwidth, sometimes the bandwidth can 

vary substantially in size from one row to another in the 

matrix for large and complex problems. The presence of nodal 

points on the "cable element" May increase the bandwidth of 

the stiffness rnatrix. 

7.5 EQUATION SOLVER 

Several solution methods are available to reduce not only 

the solution time, but also the amount of computer storage for 

solving the equilibrium equations which are presented in eq. 

(7-17). The popular Gauss elimination method [90] is employed 

in MSAP2D; nevertheless r in the CABLE program the Skyline 

solution method was prefered for sol ving the simul taneous 
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equilibrium equations [91). 
In the Skyline solution method the upper triangle of the 

symmetric and sparse global stiffness matrix ia stored. Then 

the active portion of each column is banded by the diagonal 

and farthest non-zero element. In the subroutine of the equation 
solver the number of equations in each block need not be equal 

to the band width. This means it is possible to solve sets of 

equations with very large band widths. The block length is 

automatically set by the computer program. It is made as large 

as possible in order to be consistent with the band width and 

the number of central core storage locations available, and 

also with the fact that two blocks must be stored in the ('entraI 

core storage at any time. For example, if there are 6000 central 

core storage locations available in the computer, a set of 

equations with a half band width of 60 will be assigned a block 

length of 50. Assigning block length in this way results in 

efficient utilization of the available central core storage. 

For example, if the half band width was 1000 there would be 

only three equations per block. The solution time would be 

very laI.ge for this case. The minimum amount of central storage 

is that required to store two equations simultaneously, with 

only one equation per block. The smaller the nurnber of equations 

per block, the greater the required nurnber of transfers from 

core storage to auxiliary files, and the more costly the 

solution procedure. 

7.6 CABLE BOlT ANAlYSIS SYSTEM 

The ~le boIt analysis system (~) is a numerical model 

which was developed to facilitate stress analysis using the 

finite element program CABLE. AlI the sub-units in CAB are 

written in ASCII Fortran 77 and are compiled with Microsoft 
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Fortran 3.3. The plotting routines are written using IBM 
Graphics Development Toolkit version 1.0. The program runs on 

IBM personal computers and compatibles which are equipped wi th 

mathematical co-processors and hard disks. 
CAB is composed of five basic modules which are highlighted 

as rectangles in the system's flowchart represented in Fig. 

7-4. The first three modules, LAYCAB, PRECAB and MESHCAB are 

pre-processors which generate a data file and display the 

geometry as weIl as mesh grading. The fourth module, program 

CABLE, is the core processor of the system. The next component 

is the post processor POSTCAB which displays displacements and 

safety levels as weIl as principal stresses. 

LAYCAB 
LAYCAB is a graphic program for checking the input data 

file for program PRECAB. Material type, position of the cable, 

node number of rock-mass, zone number and boundary conditions 

of the structure can aIl be graphically displayed and checked. 

Originally this program was developed for SAP2D by Chau [92] 

and has been modified for the cable system. 

The input data required for execution of LAYCAB are: 

1) Coordinates and boundary conditions of the nodal points 
of each zone element. 

2) The type of material and nodal points associated with 
each zone element. 

3) The material properties. 

4) Initial stresses of the problem. 

5) Number of starting nodal point and end point of each 

cable as weIl as its cross section area and perimeter. 

6) Spring stiffness of the cable. 
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PRECAB 

Proper grading of the mesh in the finite element analysis 
method plays an important role in terms of computational time 
as weIl as the accuracy of the resul ts. Only a very simple 
mesh can be prepared by hand and even then, a thorough check 

is necessary. PRECAB is a mesh generator for the main program 

CABLE. The data file, which i8 checked by the LAYCAB program, 

is read by PRECAB and then the mesh is generated based on the 

feed data. 'rhe program produces three fj les: the first one 
with the extension (.msh) for Meshcab, the second one with the 

extension (. cab) for program CABLE, and the third one wi th the 

extension (. dat) for checking the input data file. The concept 

of the pro gram PRECAB is based on the model zone (key zone) 

in a local curve linear coordinate system which is explained 

by Ziekiewicz [93] and the Mesh2d pro gram manual [92]. Fig. 

7-5 de scribes the model zone where each zone is defined by 

eight nodes. Nodal points are numbered counterclockwise with 

numbers 1 to 4 assigned for corners and 5 to 8 for the 

intermediate nodal points to control the curvature of the sides 

as weIl as the grading of mesh. If the grading paramete for 

one or more of the side nodes (5 to 8) is zero it means that 

this side has no curvature and mesh grading along the side 

length is of equal distance. 

The program can generate a mesh for the cables if they 

pass either between nodes 2 and 3 or between nodes 3 and 4 in 

each zone (see Fig. 7-5). The zone model also checksd for 
corners having an angle greater than 180°, in which case it 

aborts to prevent improper mesh generation • 
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------------------------------------------------ ----------

{ 

MESHCAB 
MESHCAB is a graphie program for'checking the input data 

of the CABLE program. In general, the MESHCAB program can be 
applied to control the grading of mesh, boundary conditions, 
mining sequence and the position of the cable bolts aIl of 
which graphically can be displayed for checking. 

~ 

CABLE is the core program of the CAB system. It has the 
same specifications as MSAP2D [92] which is based on the weIl 

known program SAP IV [94]. The program has been written for 
static, linear elastic finite elements to analyze two dimen

sional (plain or axisymmetric) cable bolting problems. 

AlI core st orage of the computer is allocated at the time 
of execution; if desired, the st orage can be adjusted to provide 
the minimum st orage required for the problem under analysis. 
In order to increase or decrease the capacity of the program 
it is necessary to alteI: two FORTRAN statements at the start 

of the program. They are: COMMON A(n) and MTOTAL=n where "n" 
contr.ols the capacity of the program. The maximum value of "n" 

depends on the computer being used. For a personal computer 
with 1 mega byte of RAM, the maximum value of n is about 25000. 

Initial stresses, simulation of excavation sequences, 
arbitrarily distributed loading, gravit y loading and concen
trated face loading and tensioned and untensioned cable bolts 

can be handled by the CABLE program. 
The conventional sigl1 for compression of a rock mass is 

negative while tension is positive. The direct~on of principal 
stresses is considered positive and counterclockwise from the 
horizontal (x) axis. The "cable element" can be employed in 
tension while bond stress and load for nodal points of the 
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"cable element" are considered in the direction of the cable 

axis. 

Movements at each nodal point can be constrained in the X 

or y direction or both. If a nodal point is constrained in the 

X and Y directions, no equation is assigned for that nodal 

point. If a nodal point is constrained in the X direction only 

or in the Y direction only, just one equation is assigned for 

that nodal point. Consequently, the number of equations to be 

solved is minimized. 

The output of the program consists of the global dis

placement at the nodes, principal stresses of the rock mass 

elements as weIl as the bond stresses and load in the "cable 

element". The direction of load and shear stress at the nodal 

points of the cable is in the direction of the cable axis. The 

stresses in the rock mass elements can be located at the center 

each element, as weIl as along the four sides of each element. 

POSTCAB 

PRECAB is a graphie program which can display principal 

stresses of rock mass elements. The safety level of the materials 

can aiso be displayed. When the stresses exceed the strength 

of material the element colored red on the screen, indicating 

material failure. Whenever the stress of the element is close 

to the allowable strength of the material the element will 

appear yellow on the screen. Otherwise the element will be 

appear green. In aIl graphies programs (LAYCAB, MESHCAB and 

POSTCAB) it is possible to get a hard copy of the screen image 

on a printer or a pIotter. 

The most common failure criteria employed in rock mechanics 

today are those attributable to Hoek and Brown [15], Mohr

Coulomb [95] and Drucker prager [96], which are listed in 
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Table 7 -1. These are employed in the POSTCAB module. The shear 
strength 't max along the failure plane is calculated and then 
is compared with the shear stress L of the element. The cal
culation of the safety index for failure criterion is shown 
in Table 7-2. 

FAILURE CRITERIA REQUIRED PARAMETERS 

Mohr-Coulomb C 
<1> -

Drucker-Prager C 
<1> -

Boek & Brown m s Oc 

Table 7-1 Failure criteria and required parameters 

Where 

C= cohesion 

<1>= angle of friction 

m & s = parameters related the type of rock mass 

Oc· uniaxial compressive strength of rock mass 

Criterion index(IX) 

Mohr-Coulomb Lmax /L 

Drucker prager K'IK 

Boek & Brown ° max
1a 

Table 7-2 Means of Assessing Material Safety Level [92] 
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7.7 SOLUTION PROCEDURE 

The solution procedure of the CAB system is given as 

follows: 

1) Prepare a data file for the pr.ogram PRECAB with the 

extension (.dat), based on the description which is 

given in user manual [97] 

2) Using this data file, run the program PRECAB. This 

generates data files with the extensions (.msh) for the 

MESBCAB program and (.cab) for the core program CABLE 

respectively. There is also an option for output of 

input data to a file, the screen or printer for checking. 

3) The user has the option to verify his input data file 

through the visual check available with LAYCAB. 

4) To check the grading mesh and mining sequence on screen, 

the data in the (.msh) file May be viewed by running 

the MESHCAB program. 

5) Run CABLE using the data file with extension (.cab) to 

produce the four output files with extensions (.nde), 

( • sts), (.dis) and (.doc). These documentary output 

files can be used as the input files for the graphical 

postprocessor. 

6) Finally the POSTCAB program enables checking of the 

stresses, displacements and failed materiai. The safety 

levei of the material may be checked by the Mohr-Coulumb, 

the Drucker Prager or the Boek and Brown failure 

criteria. 
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8.1 INTRODUCTION 

CHAPTER8 
MODEl VERIFICATION 

In this Chapter two studies are made i the f irst is a 
comparison between the variational approach described in 
chapter 6, the finite element model and laboratory results of 
pull out tests. This comparison serves as a method of verifying 

the accuracy of numerical and analytical models developed. 

The second studies in this Chapter demonstrates the effect of 

the cable bolting patterns on the stability of the hanging 
wall of a hypothetical open stope. Two commonly used cable 

patterns were selected, and the results compared. 

8.2 MODEl VERIFICATION 

Before comparing the numerical model predictions with the 
analytical solution or experimental values, the effect of the 
number of elements, the analysis method and the nodal spring 

stiffness of the "cable element" must be ascertained. 
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( This section illustrates the distribution of load and shear 
bond stress along the embedded length of the cable boIt for 
a pull-out test. The cable is axially loaded from the lower 
end, which is prevented from downward movement by rollers. 
The geometry of the problem is shown in Fig. 8-1. The materials 
properties were chosen as for a conventional grout wi th 
workability type II, as explained in Chapter 5 (see Table 
5-5). The stiffness of the winkler springs linking the nodal 
points of the cable to the nodal points of the borehole wall 
was calculated from the load-displacement characteristic of 

the cable boIt. 

~.50_IiII ... steel plaie 

1 pull out 
force 

Fig. 8-1 Geometry of pull-out test 

Ecable = 194 GPa 

Egrout = 19.5 GPa 

Erock = 19.0 GPa 

Length = 700 mm 

Diameter = 250 mm 

Borehole = 50 mm 
w/c = 0.35 

Ki=Kj= 26 MPa 

Because of cylindrical shape of the sample an axisymmetric 
finite element an axisymmetd.C! condition can be assumed. One 

of the important aspects of finite element simulation relates 

to the proper selection of the number of elements for each 
model. This has an impact on both the computing time and the 

accuracy of the analysis. In order to achieve this, a 
sensitivity analysis was performed. 
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Three finite element meshes were generated; these are shown 
in Fig. 8-2. They were used to check the effectiveness of the 
number of elements on the distribution of load and shear bond 
stress aleng the embedded length of the cable boIt. The 
distribution of both the load and the shear bond stress along 
the embedded length of cable are plotted in Fig. 8-3 and Fig. 

8-4. The results of the variational analysis approach are aIse 
shown. It can be seen that increasing the number of elements 
in the finite element method caused the load distribution to 

converge to that of the variational model. Since the slope of 

different curves of load distribution for different mesh is 

close to each other, consequently the distribution of shear 
bond strength for different meshes are not sensitive (see Fig. 

8-4) • 

Ideally, the best way of checking the accuracy of a numerical 

or analytical method is by a comparison with an exact solution 

of a certain problem. However, in the absence of an exact 

solution the experimental resul ts that were presented in 
Chapter 5 are used in this study. The load and displacement 
at the loaded end of cable for the fini te element model, 

variational approach and experimental resul ts of pull-out tests 

are given in Table 8-1. Comparison of the results shows good 
agreement • 

197 



CD 
1) ... 
0 c 

CD œ ... 8 
u 

8 
.-
~ 
co ncrete 

rfop r • ......... .... • lot .Iot rlot ~ L ~ ...... ,.. .. .. ~ 
..... r...Ilo rofler 
~ 

MESH l MEsa II MESH III 

Fig 8-2 Finite element meshes 

198 



J .... , 

150.00 

100.00 
~ 

z 
~ 
""-./ 

""0 
.... 0 
\0 0 
\0 -.J 

50.00 

0.00 
a 

Ci B B B El Analytical solution 
b 6 6 .. 6 F.E.M. 4 Elements 
Q & & & & F.E.M. 8 Elements 
....... F.E.M. 16 Elements 

200 400 600 
embedded length (mm) 

Fig. 8-3 Comparison of load distributions 

... 

800 



......... 

3.50 

3.00 

~ 

0 

~ 2.50 
~ 

CIl 
CIl 

~ 2.00 
..+J 
CIl 

] 1.50 ~ aB B B 0 Analytical solution 
b6666 F.E.M. 4 Elements 

1'.) o Gee G F.E.M. 8 Elements 
0 

-A 6 1\ -A "6 F.E.M. 16 Elements 0 
L 
0 
Q) 1 .00 

..c 
(f) 

0.50 

0.00 
o 200 400 600 800 

Embedded length (mm) 

Fig- 8-4 Comparison of shear bond stress distributions 



l 

( 

Model No. of Ele- Applied load End displacement 

ment (kN) (mm) 

Rock Cable 

Mesh l 16 4 114.4 6.506 

Mesh II 40 8 114.4 6.520 

Mesh III 128 16 114.4 6.524 

Variational - - 114.7 5.86 

Experimental - - 112 5.6 

Table 8-1 Comparison of end displacements for different 
modela and the experimental reaults. 
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8.3 PRACTICAL EXAMPLE 

To demonstrate the capability of the CAB system, a stress 
analysis of a practical example similar to the sulphide deposit 

at Winston lake in Noranda Mines [99] is considered. The depth 
of the underground open stope is assumed 600 meters below 

ground surface. The problem is modelled with three different 

materials: 5 m wide (horizontal) sulphide ore dipping at 500 , 

gabbro that forms the hanging and foot walls and a weak chert 

zone between the hanging wall and ore body with a thickness 

of 7m. The stope has an average vertical height of 18 m while 

the ore development headings are 4 m high and 8 m wide. The 

geometry of the openings and the rock mass properties for 

different zones are summarized in Fig. 8-5 and Table 8-2 

respectively [99]. 

Material l II III 

Rock type Gabbro Sulphide Chert 

Ore 

Unit weight (MN/m3 ) 0.028 0.024 0.02 

3 

Modulus of elasticity of 40 10 10 

rock mass (GPa) 

Poisson's ratio 0.2 0.25 0.21 

Coh"!sive strength (MPa) 2.3 4.2 3.6 

Friction angle (deg) 42 40 36 

Table 8-2 Types and properties of material [99] 
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To compare the effectiveness of the different patterns of 
cable bolting the analysis was carried out using three difftirent 
models. The first model does not considered cable boIt support 
and its finite element mesh is shown in Fig. 8-6. The second 
includes a pattern of localized cable bolting with two meter 
spacing of reinforcement elements at the surface of the opening. 
For the third model, a fan fOrIn pattern of the cable bolts 
installed from a drift was selected. The cable bolts are assumed 
to be constructed from 15.2 mm diameter standard steel cable 
with 270 kN ultimate tensi1e strength. The properties of the 
cable used in the model given in Table 5-1. According ta the 

results of Chapter 5 the stiffness of the Winkler springs is 

assumed uniform for aIl the elements and equal ta 337 Mpa. 
The distance between reinforcement elements in the direction 
perpendicular to the section is assumed ta be one meter with 
a length sufficient to provide at least 3 m anchorage in the 
gabbro. The corresponding finite element meshes around the 

opening are given in Fig. 8-7 and Fig. 8-8 respectively. 
The gravitational stress at a given depth is due to the 

weight of the overlying strata; it is a stress due to body 
forces and its vertical component is, given by: 

where 

0u= vertical stress 

y = density 
g = acceleration due to gravi ty 
h =depth 
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l According to Obert and Duvall [98], most stress determi

nations made by stress-relief and hydraulic fracturing 

techniques indicate that for engineering purposes eq. (8-1) 
is reasonably valid al though significantly higher and lower 

values have been reported in the vicini ty of large geological 

anomalies, such as faults and shear zones. 

The lateral component of in situ stress depends upon the 

stress-strain behavior of the rock as weIl as upon the 

restLiction of lateral expansion, this being associated with 

v~rtical pressure during formation of the rock masse 

Hoek and Brown [15] indicate the range of horizontal to 

vertical stress ratios with depth. Measured mainly in hard 

rock, these are shown in P'ig. 8-9 and Fig. 8-10. Referring ta 

the depth of excavation and using Fig. 8-9 and Fig. 8-10 the 

vertical and horizontal stresses are estimated 16.35 MPa and 

26.45 MPa respectively. 

8.3.1 RESULTS 

The analysis resul ts of the CAB system are illustrated in 

Fig. 8-11 to 8-15. In Fig 8-11, distribution of displacement 

around the opening for model 3 is shawn. The relatively large 

displacements at the hanging wall side are attributed to the 

presence of weaker material and the high value of initial 

field stress. The maximum calculated displacement is 27 mm at 

the excavation surface in hanging wall when no support is 

employed. Application of cable elements restricts the maximum 

displacement to 19 mm for drift bolting and 23mm for localized 

cable bol ting. 

Fig 8-12 shows the distribution of the principal stresses 

around the opening in the drift cable bolting (model 3). As 

can be seen at locations which are far from the surface of 

opening, the stress remains almost unchanged. Higher variation 

of stresses appears at the wall sides because of the excavation. 
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The tensile stress at the hanging wall may lead te the 

failure of that hanging wall. The Mohr-Coulomb failure cri
terion is employed in this analysis. The failure zone at the 
intersection between the hanging wall cross-eut access and 
the drilling drifts is shawn in Fig. 8-13 ta 8-15. As can be 
seen, the failure progresses through the hanging wall and 
disturbs the chert rock mass for further failure when no cables 
were employed. Apparently, application of the high density 

localized cable bolting did not properly improve the safety 
level of rock mass (see Fig. 8-14). Fig. 8-15 shows that the 
installation of cable bolts from a parallel bolting drift is 
more effective for stability of the hanging wall. 
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Fig. 8-6 Fln/ta a/ement mesh when stope is not supported 
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8.4 CONCLUSION 

The two dimensional finite element program (CAB) was 

developed and used to verify by the experimental results from 

Chapter 5, as weIl as simulate two different patterns of cable 

bolting. The analysis leads the following concluding remarks: 

Thcre is a good correlatior. between the finite element 

program and the variational model for the load dis

tribution along the embedded length of cable. 

The distribution of the shear bond stress for the 

variational model is smoother, while in numerical model 

the slope is steeper. This is due to calculation of the 

shear bond stress in the finite element program, which 

assumes that the shear bond stress is uniform along the 

length of each element of cable. 

Comparison of 'displacement at the end of the cable 

confirms the accuracy of the variational and finite 

element method with respect to the experimental data. 

The investigation of different patterns of cable bolting 

showed that the cable bol ting installed from the parallel 

bolting drift was more effective than the localized dense 

cable bolting. 
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CHAPTER 9 
CONCLUSION AND FURTHER RESEARCH 

9.1 CONCLUSION 

Experimental and analytical investigations carried out in 
this research program have let to the following conclusions: 

1) Resul ts obtained from use of the installation technique 
in the field indicate that the concept of cable bolting with 
grout-aggregate material is practicable. It was demonstrated 
that the installation and grouting time was more rapid in 
comparison wi th conventional techniques. l"urthermore the 
installation technique was easy, requiring only two operators 
men and neither a breather tube nor a plug. 

2) The laboratory investigation indicated that the behavior 
of grouted untensioned cable bolts was related primarily to 
the diameter of the cylinder. Other factors which also con
trolled the behavior of the cable boIt and its contribution 
to the shear bond strength include: 

Workability of the mix 
Size distribution of the aggregate 
Embedded length of cable. 
Compressive strength of the grout 
Aggregate-cement ratio 
Diameter of the borehole 
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The effect of workability and size distribution of the 

aggregate in the grout-aggregate mix were the key critical 

controlling factors in providing the optimum shear bond 

strength between cable and boreaole wall. 

The vé'riation of the embedded length did not show a direct 

relationship to the shear bond strength. A linear relationship 

between load carrying capacity of the cable boIt and embedded 

length was appropriate up to a 75 cm embedded length of cable 

boIt. It was observed that increasing the compressive strength 

of the grout increases the bond shear strength. 

Cement compises 45% of the grout-aggregate mix is in a 

conventional grout. It is observed that in conventional cable 

bolting, sorne of the gr out may enter joints or fractures in 

the rock mass and jeopardize the shear bond strength of the 

cable boIt. Application of the grout-aggregate mixture could 

reduce the risk of losing the grout into the rock masse The 

other advantage of the presenmce of the aggregate is the 

improvement of the friction properties between cable and 

borehole wall. Therefore, grout-aggregate mix provides more 

ductile behavior for the cable boIt with respect to the 

conventional grout. 

The diameter of the borehole in a practical range was shawn 

to have no effect on the load carrying capacity of the cable 

boIt. Therefore, the practical size of borehole is acceptable 

when there is no restriction on shear bond strength at the 

grout-rock interface. 

3) An analytical model based on the variational method, 

capable of calculating the distribution of load and shear bond 

stress along the embedded length of a cable boIt was developed. 

This model was able ta predict the experimental pull-out testing 

resul ts obtained in this research work. The degree of the 
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correlation between experiment and variational model was very 
good. 

Sensitivity analysis identified that the exposed surface 
are a of the cable boIt has a significant effect on the con
tribution of the load carrying capaci ty of the cable boIt. 
The interaction between the cable and the borehole wall was 
seen to depend on the properties of the rock and the grout 
material. However, the parametric study showed that the higher 
yield bond strength behavior of cable in pull-out tests, the 
higher the load carrying capacity of the cable boIt. 

4) A numerical model based on the finite element method was 
developed to simulate the cable boIt in underground excava
tions. The moclel results were compared with pull out testing 
program results. A case study was then used to demonstrate 

the capability of the CAB program and the efficiency of 

different patterns of cable boIt installed. 

9.2 SUGGESnONS FOR FURTHER RESEARCH 

- A number of modification has been used to expand the 

range of cable bol ting systems available to design 
engineers. wi th reference to the cost and simplicity, 

application of twin cable bolting with conventional grout 

is gained popularity in the mining industrial. Presence 

of two cables in a borehole could require a more workable 

grout or grout-aggregate mixe Therefore, the behavior of 
twin cable should be investigated in a testing program. 

- Blasting can jaoprtize the stabili ty of the support 
element [5]. Therefore, ductile behavior of cables with 

grout-aggregate mixes close to blsting should be 
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c investigated. This program could be envolved to monitoring 
the behavior of cable boIt for different embedded lengths 
with conventional grout and grout-aggregate mixes. 

- Most of the failure of cable due to shear bond strength 
has occurred due to poor performance of installation. 
One of the major factors is the pressllre of grouting. 

According to Liteljohn [23]. The load carrying capacity 
of the cable with respect to the grouting pressure is 

not clear. 

- Recently popularity of composite materials in industry 

has increased. Therefore, provided costs and installation 
methods appear to be faverable, composite materials for 

cable bol ting could be introduced to the mining industry. 
Practical installation and load carrying capacity could 

be investigated. 
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