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The equivalence of fibre and mesh reinforcement
in the shotcrete used in tunnel-support systems

by H.A.D. KIRSTEN* and P.R. LABRUM*

SYNOPSIS
The literature on shotcrete is reviewed with the object of identifying aspects that have not been addressed specifically

in terms of its structural performance and manufacture as applied to underground mines.
The programme and results of a series of full-scale tests on mesh- and fibre-reinforced shotcrete panels are

presented, from which it is concluded that fibre-reinforced shotcrete is competent, especially at large deforma-
tions, and is equivalent in structural performance to mesh-reinforced shotcrete for a fibre content of 3 per cent
by mass: furthermore, that the support design systems developed for mesh-reinforced shotcrete are directly applicable
to fibre-reinforced shotcrete.

The Q-NATM system for the design of temporary tunnel support is presented briefly as one such system. It provides
for the integrity of the excavation to be considered in terms of its competence and displacement determinateness,
and represents the first systematic procedure for the design of temporary tunnel support.

Finally, the support designed on the basis of the Q-NATM system for the main and cross-cut tunnels on the pro-
duction level in the proposed BA5 block cave at Premier Mine is presented as a practical example of the design
of fibre-reinforced shotcrete as part of an overall support system.

SAMEVATTING
Daar word 'n oorsig oor die literatuur oor spuitbeton gegee met die doel om die aspekte te identifiseer waaraan

daar nog nie spesifiek aandag geskenk is nie wat die strukturele werkverrigting en vervaardiging met betrekking
tot ondergrondse myna betref.

Die program en resultate van 'n reeks volskaalse toetse op maas- en veselgewapende spuitbetonpanele word
aangebied waaruit afgelei kan word dat veselgewapende spuitbeton struktureel bevoeg is, veral by groot vervorm-
ings, en, wat strukturele werkverrigting betref, gelykstaan met maasgewapende spuitbeton vir 'n veselinhoud van
3 persent in terme van massa; verder dat die stutontwerpprosedures wat vir maasgewapende spuitbeton ontwikkel
is, regstreeksop spuitbeton met veselwapeningtoegepaskan word. .

Die Q-NATM-sisteem vir die ontwerp van tydelike tonnelbestutting word kortliks as ean sodanige stelsel uiteengesit.
Dit maak voorsiening vir die oorwegingvan die integriteit van die uitgrawing in terme van bevoegdheid en vervorm-
ingsbepaaldheid en verteenwoordig die eerste sistematiese prosedure vir die ontwerp van tydelike tonnelbestutting.

Ten slotte word die bestutting wat op grand van die Q-NATM-stelsel vir die hoof- en dwarstonnels op die
produksievlak in die beoogde blok BA5 vir instorting by die Premiermyn ontwerp is, bespreek as 'n praktiese voorbeeld
van die ontwerp van veselgewapende spuitbeton as deal van 'n totale stutstelsel.

INTRODUCTION

The design philosophy underlying the support of
underground excavations has developed substantially in
recent years. The most significant advance in this regard
is the realization that the ground surrounding an excava-
tion can contribute substantially to its own stability if its
inherent strength is mobilized by means of rock reinforce-
ment.

Bolting has been used for a long time in relatively good
rock, and steel arches for an equally long time in relatively
poor rock, but the difference between the two systems
has not been explained satisfactorily. It was only by
accepting that the rock and the reinforcing support
elements act as a conjunctive system that the use of
rock bolts in one instance, and steel arches in another,
could be reconciled. Indeed this realization has resulted
in a greater use of rock-reinforcing systems in the poorer
classes of rock to the exclusion of steel arches.

A rock-reinforcing system consists primarily of bolts
and plain or mesh-reinforced shotcrete. The main func-
tions of the bolts are to tie the rock together and to tie
the surface rock to the outlying mass. When the rock is
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tied together, the inherent frictional strength is mobilized
so that the rock penetrated by the bolts acts as an arch
surrounding the excavation. Most materials have to a
greater or lesser degree frictional strength that can be
exploited in this manner. In the poorer classes of material,
it is important to bolt the entire surface of the excava-
tion, including the footwall, to close the arch, as it were.
In heavily squeezing ground, the bolts are alternated with
longer cable anchors, which, because of their greater
depth of penetration, enhance the arching action.

The main function of the shotcrete is to support the
material between the bolts, and in so doing to ensure the
effective operation of the bolts. It is essential in this
regard for the bolts to be properly connected to the shot-
crete and the mesh, if used, by means of face plates. The
arching action mobilized by a reinforcing system in tbe
surrounding rock is far and away more effective than steel
arches installed passively against the excavation surface.
This is, indeed, the reason for the major replacement of
steel arches by rock reinforcement.

The amounts of the various elements of a reinforcing
system in a particular application are related primarily
to the block size, joint strength, and relative stresses in
the rock. Empirical systems are available that enable the
number of bolts and the thickness of the shotcrete to be

JOURNAL OF THE SOUTH AFRICAN INSTITUTE OF MINING AND METALLURGY JULY 1990 153



quantified in terms of the rockmass parameters. The Q-
NATM support design system developed by Kirstenl on
the basis of Barton et al.'s Q system2 is one such system
and is used in the work described here.

Fibre-reinforced shotcrete constitutes a major develop-
ment in rock reinforcement, particularly in poor ground
in which early stability and safety are important. A con-
siderable amount of research has been done on the use
of fibre-reinforced shotcrete in small-deflection applica-
tions on civil-engineering projects in which strength is the
primary criterion. Very little work has been done on its
use under large deflections where ductility is the criterion.
In addition, in the research done on reinforced shotcrete,
weld mesh has been considered. Weld mesh is rarely used
in mining applications, in which the reinforcement is
required to follow the considerable degree of basketing
that develops in the shotcrete on extensive convergence.
Diamond or chain-link mesh is usually employed for this
purpose.

The first objective in the work described here was to
establish an understanding of the developments in fibre-
reinforced shotcrete. This was obtained from the litera-
ture reviewed later in this paper. As none of the empirical
support design systems makes provision for the use of
fibre-reinforced shotcrete, several laboratory tests were
undertaken to establish the competence of fibre-reinforced
shotcrete and its equivalence to mesh-reinforced shotcrete
under conditions of extensive deflection. These tests con-
stituted the second objective of the work. The third ob-
jective was to' demonstrate that the Q-NA TM system can
be used for the design of fibre-reinforced shotcrete, and
to present a practical example of the design of a support
system in which fibre-reinforced shotcrete is used. The
support designed for the production tunnels in the pro-
posed BA5 block cave at Premier Mine is given as the
example.

LITERATURE REVIEW

The literature on shotcrete has been reviewed com-
prehensively in recent years by various workers such as
Rose3, Ramakrishnan et al.,4 and ACI Committee 5065.
The developments in this field have been based largely
on applications in the civil-engineering industry in terms
of associated performance criteria.

The concerns at present in the South African mining
industry are whether fibre-reinforced shotcrete is com-
petent in terms of the performance criteria peculiar to
the mining industry and whether such shotcrete can be
equivalent to mesh-reinforced shotcrete.

The object in this review is 'therefore not to duplicate
the reviews on civil-engineering applications, but to iden-
tify the aspects in the application of shotcrete that per-
tain to excavations in mines and that may not have been
specifically addressed as such.

Design Criteria
Shotcrete is not subject to disfiguring displacements

in civil-engineering applications, but is primarily required
to be of adequate strength. Secondly, it is required to be
watertight. The displacements of the shotcrete and the
adjoining rock are relatively small under these circum-
stances. In mining excavations, the disfigurement and
water-tightness of the shotcrete are usually not of major
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importance. As a result, the displacements to which it is
subjected may be relatively large provided its load-
carrying capacity is not adversely affected by such large
displacements.

Manufacturing Process and Time of Installation
The compression, tensile, shear, flexural, and bond

strengths, and the ductility and toughness up to first crack
strains, represent the aspects with regard to structural
competence that have been considered to date in the use
of shotcrete. These aspects depend upon the manufactur-
ing process, which comprises the materials, materials
supply, optimum fibre geometrics and contents, batching
and mixing, and the processes and procedures of applica-
tion.

According to Maidl6, the properties and quality of
fibre-reinforced shotcrete are controlled critically by the
manufacturing process. The long-standing approach to
the installation of support in production tunnels in the
South African mining industry is changing at present.
Whereas support has traditionally been installed as a
separate activity relatively remote from the advancing
face, it has now come to be accepted that it has to be
installed as an integral part of the mining cycle in order
to maximally arrest rock relaxation.

This, together with the critical dependence of the
quality of the shotcrete on the manufacturing process,
poses considerable logistical problems in mines in which
multiple-drawpoint layouts are used, because of the rate
at which large numbers of tunnels have to be installed
complete at the outset. It also places considerable demands
on the accuracy of the support design. It follows directly
from the logistical aspects that the support systems should
be maximally efficient with regard to materials.

U se of Fibre Reinforcement
The object in the original use of fibre reinforcement

was to improve the tensile strength of plain shotcrete. The
comparative evaluation of fibre-reinforced against mesh-
reinforced shotcrete as pursued at present is a relatively
recent development induced largely by overall economic,
early-safety, and ease-of-use considerations, which are
as relevant in mining as they are in civil-engineering
applications.

Fibre-reinforced shotcrete was first applied in practice
between ten and twenty years ago (Kaden7 and Little8),
mostly in surface or in near-surface excavations in civil-
engineering projects. Although relatively widespread at
this stage, the use of fibre-reinforced shotcrete is still very
young, particularly in South African mines, where it is
in its infancy and will require a considerable amount of
development with regard to structural competence and
manufacture.

The advantages of fibre-reinforced as against mesh-
reinforced shotcrete can be summarized briefly as follows
in terms of competence, and in terms of manufacture and
application.

Competence
The compressive and bond (adhesive and cohesive)

strengths of shotcrete are not affected significantly by the
fibre content, but by the mix proportions of the matrix
materials and by the use of additive~ such as silica fume,



plasticizers, and polymers9.
According to HanssenlO, fibre-reinforced shotcrete is

stronger in bending than shotcrete reinforced with weld
mesh. Weld-mesh reinforcement is relatively rigid and
tends to fail suddenly in tension, giving rise to collapse
of the shotcrete at relatively small deflections. However,
shotcrete reinforced with woven mesh does not fail sud-
denly because the strands elongate extensively owing to
their wavy profile. Morgan and Mowae1 and Little8
have accordingly found that fibre-reinforced shotcrete is
equivalent in flexural strength to shotcrete reinforced with
woyen mesh for deflections that are smaller than would
generally be encountered in mines at depth. The ability
of shotcrete to sustain load at prolonged bending defor-
mation, Le. its ductility or toughness, depends mainly
upon its effective tensile strength.

The flexural competence of shotcrete at small deflec-
tions is predominantly dependent upon its compressive
strength, Le. matrix properties9, and at large deflections
upon its ductility, Le. tensile reinforcemene.

Fibre reinforcement is completely encapsulated in the
shotcrete and, as a result, is maximally protected against
corrosion. Voids tend to be left behind the strands of
either weld-mesh or woven-mesh reinforcement, which
consequently exposes it to corr-osion. In addition, the
mesh reinforcement tends to vibrate during shooting,
which, together with the voids, adversely affects the
bonding of the shotcrete to the rock surface. These effects
are absent in fibre-reinforced shotcrete.

The wearing and impact strength of shotcrete depend
on its density and toughness. Although the addition of
fibre reinforcement improves the toughness of shotcrete,
it has a tendency to reduce its density8. However, the
effect of fibre reinforcement is dominant in that, accord-
ing to Maidl6, the wearing and impact properties of
fibre-reinforced shotcrete are superior to those of mesh-
reinforced shotcrete. The posible adverse effect of the
fibre reinforcement on density can be overcome by the
addition of silica fume9. The superior wearing and im-
pact strengths of fibre-reinforced shotcrete are particular-
ly advantageous in underground mining situations in
which trackless vehicles wear and impact to a considerable
extent on the support systems in the sidewalls of produc-
tion tunnels. Furthermore, the superior energy-absorption
characteristics of fibre-reinforced shotcrete enable it to
withstand the impactive loads from blasting better than

. mesh-reinforced shotcrete.
The position of the mesh within the shotcrete layer is

beyond control. At midspan between securing bolts, it
mayor may not be in the tensile face of the shotcrete,
depending on the shape and undulation of the rock sur-
face. It is close to or against the rock surface directly
underneath the bolts and, as such, is generally effective-
ly located with regard to extreme fibre tensions in this
region. In the vicinity of the bolts, the shotcrete is sub-
ject to shear and torsion, for which mesh provides no
effective reinforcementl2. Fibre reinforcement is distri-
buted uniformly and at sufficiently random orientations
throughout the thickness of the shotcrete to overcome
these shortcomings.

Manufacture and Application
The materials supply, handling, manufacture, and

application of fibre-reinforced shotcrete are significant-

ly less arduous, labour-intensive, time-consuming, disrup-
tive to the mining cycle, and hazardous than those of
mesh-reinforced shotcrete. Fibre-reinforced shotcrete is
also considerably faster in beneficial support effect and
pot~ntial tunnel-advance rate, and is overall more effi-
cient economically than mesh-reinforced shotcrete. Fibre-
reinforced shotcrete can be applied immediately behind
the mining face with exposing the workmen to unsafe
conditions. It does not disrupt the mining cycle and, in
doing away with the need to scale the blast face for loose
rock, it also does away with an activity and does not
jeopardize the integrity of the excavation in terms of
dislodging keystones. The superior overall economics of
fibre-reinforced shotcrete is due to its requiring less
materials, being less labour-intensive and being poten-
tially conducive to faster advance rates.

According to Morgan9, it is not uncommon to use up
to 40 per cent more mesh-reinforced shotcrete on blocky
or fractured rock surfaces than fibre-reinforced shotcrete.
This is due to the extent to which undulations in the rock
surface have to be filled behind the mesh reinforcemene.
Little8 found that the materials for fibre-reinforced shot-
crete cost 50 per cent more than for mesh-reinforced shot-
crete, which is effectively offset by the lower quantity of
fibre-reinforced shotcrete required. The saving in labour
cost is therefore a lower bound measure of the superior
economic efficiency of fibre-reinforced shotcrete.

The imperative requirement for ongoing quality-
assurance procedures is a major disadvantage in the use
of fibre-reinforced shotcrete. Its properties are very sen-
sitive to the manufacturing process? and, in particular,
to the skill of the operator. As a result, a far greater and
more concerted effort, as well as far-more sophisti-
cated procedures, have to be maintained to ensure the
quality of fibre-reinforced shotcrete than that of mesh-
reinforced shotcrete. Assurance of the specified fibre con-
tent is a particular problem in this regard).

Aspects of Manufacture
The salient details of the various manufacturing aspects

defined above are reviewed briefly as follows.

Materials
The materials comprise!3 fine and coarse aggregate,

cement, water, silica fume, accelerators, and fibre,
typically in the proportions 35, 30, 20, 9, 2,5, 0,5, and
3 per cent. Maidl6 describes the purpose of each
material, and accordingly defines the criteria for the selec-
tion of the most suitable ones with regard to the desired
properties of the shotcrete and the characteristics of the
manufacturing process.

The most recent development in this regard is the use
of silica fume, of which Morgan9 gives an exhaustive.
account with regard to its effects on materials supply,
batching, mixing, and application. In particular, it im-
proves the plasticity, wash-out resistance, bond strength,
static and impactive structural strength, resistance to
sulphate attack, alkali-aggregate reactivity, density, and
imperviousness of the shotcrete. However, the most im-
portant effects of adding silica fume are the reduction
in rebound and the resulting improvement in productivity.

The second most-recent development with regard to
materials is the use of fibre reinforcement, of which
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Morgan9 gives a comprehensive review with regard,
among other aspects, to fibre type, aspect ratio, geometric
configuration, shape, surface texture, packaging, dispen-
sing, supply, batching, mixing, and application. The most
important aspects controlling the performance of fibre-
reinforced shotcrete are the aspect ratio and mix content.
The larger these parameters, the more competent the shot-
crete, but also the more difficult to mix, convey, and
shoot. There are practical limits to the fibre content that
vary with type, aspect ratio, geometric configuration,
shape, and surface texture.

Based on experiences to date3,S,12-14,fibres are now
almost always deformed, are typically 25 to 38 mm long,
have aspect ratios varying from 40 to 60, and are used
at contents varying from 1,8 to 3 per cent by mass. The
importance of large deflections and the associated crack
width in mining excavations suggest that the effect of

. fibres longer than 50mm and of corresponding shape and
aspect r~tio should be investigated in particular for such
applications. Holmgren12 has reported on the effect of
fibre length on the compressive, shear, and flexural
strength of shotcrete. He used fibres 0,35 mm in diameter
and 35 mm and 45 mm in length, and confirmed that, the
longer the fibre, the more competent the shotcrete in
general.

Materials Supply, Hatching, Mixing, and Application
These aspects are interrelated and depend upon the type

of project. Morgan15 refers to a dry, premixed, bagged
supply of materials in a laboratory study. The mix was
pre-moisturized, discharged by means of a continuously
rotating screw feed into a rotating barrel-feed shotcrete
machine, and applied pneumatically, additional water
being added at the spray nozzle. Alberts and Kramers16
expound on the advantages of combined transportation,
batching, mixing, and spraying vehicles in which pro-
vision is made for the spraying to be done remotely. The
vehicles can either be trackless or track-mounted, depend-
ing on the size and type of excavation. ACI Committee
5065 and Maidl6 define the various factors that affect
production and quality-control testing. Maidl emphasizes,
in particular, the sensitivity of the shotcrete properties
to the production process.

Morgan9 deals extensively with the differences between
wet and dry mixing. According to Rose3, Cordelll7, and
Egger1S, the main advantages of dry-mix shotcrete are
greater compactness due to the high velocity of projec-
tion, higher strength and better bonding, low risk of pre-
hydration, greater flexibility of application with regard
to construction delays, and low cement ratio. Corres-
pondingly, the main disadvantages are the production of
dust, uneven hydration of cement, and high rebound
losses, especially of the fibre. The advantages of wet-mix
applied shotcrete are no dust production, good-quality
mix, and low rebound losses, whereas the disadvantages
are low strength, inflexibility with regard to construction
delays, and high cement ratio.

Alberts and Kramersl6 compare the use of dry and
liquid accelerators. Ramakrishnan et al.14 discuss the
tendency of the fibres to become entangled in the mixing
process, and also present information on the directions
that the fibres ultimately assume in the shotcrete. Hena-
ger13defines the factors affecting rebound. Of the fibre
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content, about 65 per cent is retained on averageS and,
of the overall mixl9, about 82 per cent.

The manufacturing process is evidently unique to the
application, and should be designed accordingly. The suc-
cess of the process selected depends on the experience of
the designer, the skills of the operators, the quality con-
trols, and the overall project coordination, particularly
in mines in which considerable numbers of ends are
developed simultaneously and relatively remotely from
surface.

Tests for Material Strength and Structural Performance
The material strength and structural performance of

shotcrete have been tested extensively in various ways
during the past fifteen years for complete ranges of para-
meters and values for such parameters. A notable excep-
tion in this regard is the bending test at large deflections.
The most often-quoted bending tests that have been car-
ried out in recent years are summarized in Table I. It can
be seen that only Holmgren 12 and LittleS have examined
the effects of bending deflections of the magnitudes found
in mines. None of the authors referred to examined dif-
ferent thicknesses of panel. The spacing of the supports
at 2,5 m was generally very much larger than would be
used in mines, where the spacing is usually about 1,0 m.
The fibre lengths were generally 30 mm, and the fibre con-
tents were generally representative of what would be used
in mines. The test types also represented the conditions
expected in mining situations.

However, the loading conditions were not representa-
tive of the mining situation. The loading on any shot-
crete panel between any number of adjoining rockbolts
will, in principle, be relatively uniformly distributed,
which is more favourable than either the point or punch
loads simulated in the various tests. It is unlikely in the
natural situation for the rock behind every section of shot-
crete between adjoining bolts to present itself in all cases
as a sharp object or as a rigid, relatively free block fit-
ting accurately between adjoining bolts.

It is evident that the competence of fibre-reinforced
shotcrete and its equivalence to mesh-reinforced shotcrete
in mining applications have not been investigated ex-
haustively. The most urgent aspect in this regard is the
establishment of the efficiency of long fibres under large
bending deflections.

TEST PROGRAMME

A shotcrete panel between four regularly spaced bolts
acts as a curved, continuous slab in intimate interaction
with the rock behind it. The normal and shearing stresses
on the contact plane develop as a result of the interaction,
and vary continuously as the deflection of the panel in-
creases. The shotcrete section is subject to bending and
in-plane normal stresses under these complex conditions,
which cannot be simulated in the laboratory.

However, the comparative behaviour of differently
reinforced shotcrete panels can be investigated in terms
of the bending characteristics of a continuous flat slab
subject to uniformly distributed or point loading. A steel
frame was accordingly manufactured as shown in Figs.
1 and 2 at the Premier Mine workshops. The frame took
a panel 1,6 m square, and provided for bolt supports at



Maximum
bending Panel Panel Support Fibre Fibre Fibre

No. of tests deflection thickness size spacing length aspect content Type of Type of
Author In series mm mm mxm mxm mm ratio 1170 x mass test load

Fernandez- Delgado20, Limited 20 76 3,0 x 2,0 - 25 60 3 Plane and Rigid punch
1975 folded over middle

(articula- quarter
ted) plate

HanssenlO, Limited 45 150 3,7 x 3.9 2,6 x 2,6 - - 3 Plane plate Rigid punch
1981 over middle

third

Morgan and Mowat", 8 50 64 1,52 x 1,52 1,22 x 1,22 30 60 2,55, 3,75 Plane plate Central
1984 point load

Holmgren12, 21 lOO 80 3,6 x 3,6 2,5 x 2,5 35, 45 100,30 1,5,4,5,6 Plane plate Rigid punch
1983 over middle

third

Little8, 6 120 lOO 2,4 x 2,4 2,0 x 2,0 30 60 1,6 Plane plate Central
1985 point load
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TABLE I
SUMMARY OF FIBRE-REINFORCED SHOTCRETE PANELS TESTED IN FLEXURE TO DATE

the four corners of the central 1,0 m square section. Bear-
ing plates were placed under the bolt heads to simulate
actual conditions. This arrangement ensured continuity
across the lines of support between the holts, which is
similar to conditions in ~ctual applications.

The frame further allowed a uniformly distributed load
to be applied to the panel by means of a centrally placed
hydraulically pressurized bag with a lifting height of
520 mm. Hydraulic pressurization of the bag ensured that
the energy in the loading system was limited, and that
deflection of the panels could be tracked in a controlled
manner beyond peak loading. A point load could also
be applied to the centre of the panel by means of a hand-
operated hydraulic jack with a stroke length of 150 mm.

A bearing plate 100 mm square was placed between the
jack and the panel. Point loading of the shotcrete was
not considered to be likely in conjunction with rockbolt-
ing in the actual situation, but was nevertheless provided
for as an additional loading case. The centre of the panel
could be deflected to a maximum of 150 mm for any of
the loading cases.

The pressure in the bag was measured by means of a
pressure transducer, and the load in the jack by means
of a load cell, the output signals from both devices being
in the form of analogue voltages. The deflections of the
panel were recorded at three positions: one at each of two
diametrically opposite bolt positions, and one at the
centre of the panel. Linear variable differential trans-

1838



SHOT CRETE TEST PANEL

300

JACK FOR CErRE
POINT LOAD\G

EXISTING HOLDING
DOWN BOL TS

ducers, LVDTs, with a travel of about 25 mm and pro-
viding an analogue voltage output were used for this pur-
pose. All the output signals were fed into a time-based
five-channel multi-chart- recorder that produced con-
tinuous load-deflection traces throughout the tests.
Owing to their limited travel, the LVDTs required to be
reset at a number of stages. Photographs of the panels,
in particular of the cracks and associated failure modes,
were taken at regular intervals.

Eighteen panels were prepared by means of the dry-
mix method of application, three each for nominal thick-
nesses of 50, 100, and 150 mm for each of the fibre and
mesh reinforcement. The panels were shot into vertical-
ly positioned timber forms. Only thirteen of the eighteen
panels were tested, five being broken during transporta-
tion from the site to the laboratory. Eventually only
eleven useful sets of results were obtained from the tests.

Fifteen beams and ten cubes were cut to the dimen-
sions given in Tables 11and III from the prototype panels
and from six control panels, 100 mm deep and 500 mm
square, manufactured at the same time for control pur-
poses. The panels, beams, and cubes were all loaded on
their shot surfaces in the direction of shooting. The con-
trol beams and cubes were tested according to ASTM
C1018-8521 for the flexural toughness and compressive
strength of the shotcrete.

The design shotcrete mix comprised 37 per cent minus
6 mm river sand, 37,3 per cent crusher sand, 15 per cent
ordinary Portland cement, 6 per cent water, 1,7 per cent
silica fume, no accelerators and, where applicable, 3 per
cent Dramix ZP steel fibre 30 mm in length by 0,50 mm
in diameter. Instead of the fibre reinforcement, diamond
mesh of an aperture of 75 mm and a strand diameter of
3,1 mm was placed in the middle of half the panels. This
amounted to reinforcement contents of 1,42, 0,71, and
0,47 per cent by mass of the 50, 100, and 150 mm thick
panels respectively. The prototype and control panels
were continuously spray-cured for three days after shoot-
ing, and subsequently moist-air cured until tested between
5 and 7 months later.

Fig. 2-Section A-A through the frame
shown in Fig. 1

Results of the Control Tests
The results from the control beam tests are summarized

in Table 11.The design fibre content of 3 per cent by mass
was evidently not achieved, but the reasons for the low
content could not be identified. The control beams fail-
ed catastrophically at peak load owing to the low fibre
content and the simply supported nature of the test. As a
result, the toughness indices, defined in ASTM C1O18-
8521, could not be determined. The load-deflection
curves were linear up to the point of failure. First cracks
and peak loads correspondingly coincided in occurrence.
The beams cut from the control panels gave slightly
higher and more consistent results than the beams cut
from the prototype panels. The flexural resistances and
compressive strengths were high in general, confirming
the quality of the mix and the curing process. The results
for the transverse and parallel beams were not significant-
ly different. The fibres were in general aligned perpen-
dicularly to the direction of shooting.

The results from the control cube tests are summarized
in Table Ill. The densities for the various cubes were con-
sistent and subject to minimal scatter. The compressive
strengths were similarly consistent, but the cubes taken
from the control panels were generally slightly stronger
than those taken from the prototype panels.

Results for the Prototype Panels
The panels typically developed an orthogonal midspan

tension crack at small deflections. This crack was follow-
ed shortly after by another similar crack at right angles.
At a further stage, compression cracks developed diagon-
ally at the bolt heads. The mesh reinforcement failed
across the cracks at large displacements, and was general-
ly accompanied by crushing of the shotcrete on the com-
pression side. The fibre reinforcement straddled the
cracks and tended to pull out of the shotcrete, rather than
snap. Very little crushing of the shotcrete on the com-
pression face accompanied failure of the fibre reinforce-
ment. The tests were run to total destruction of the panels,
at which stage the midspan deflections generally exceed-
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Dimensions* Properties at first crack
Fibre Peak load

Width Depth Span content Strength Toughness Deflection strength
Description mm mm mm 070x mass MPa Nm mm MPa

Control panel 1 95,5 97 270 1,15 10,08 0,36 0,022 10,08
99 84 270 9,49 0,77 0,063 9,49

Control panel 2 99 99 270 1,17 8,46 1,53 0,093 9,15
100 99 270 9,55 0,83 0,047 9,55

Control panel 3 98 101 270 1,13 8,15 -t - 8,35
100 102 270 8,48 1,74 0,106 8,80

Fibre-reinforced panel 99 47 270 1,36 2,85 - - 2,85
50 mm thick 100 42 270 1,38 9,73 - - 9,73

Fibre-reinforced panel 101 90 300 1,49 6,73 0,50 0,054 7,68
100 mm thick 99 89 300 1,47 7,75 0,64 0,063 8,79

Fibre-reinforced panel 100 98 300 1,49 4,99 0,49 0,061 5,91
100 mm thick 98 98 300 1,47 7,97 0,92 0,074 7,97

Fibre-reinforced panel 100 82 300 1,49 9,40 0,78 0,074 10,43
100 mm thick 98 82 300 1,47 10,21 0,85 0,076 10,21

Fibre-reinforced panel 99 101 300 1,43 5,95 0,65 0,065 6,22
150mm thick 99 100 300 1,43 6,42 0,71 0,067 7,03

Compressive
Dimensions Density strength

Description mm kg/m2 MPa

Control panel 1 99 x 99x 98 2438 79,6
100 x 98 x 99 2423 63,9

100 x 99x 83 2434 71,5
100 x 99x 83 2434 72,9

Control panel 2 100 x 98 x 100 2482 77,7
99 x 98 x 100 2477 69,9

100 x 97 x 99 2398 61,4
100 x 97 x 99 2448 60,2

Control panel 3 100 x 99x 98 2452 68,5
100 x 99 x 101 2372 57,0

100 x 99 x 100 2396 52,4
100 x 99 x 100 2425 -

Fibre-reinforced panel 99 x 100 x 100 2435 46,9

100 mm thick 99 x 100 x 102 2367 65,3

100 x 99x1O2 2415 57,6
100 x 98 x 98 2410 56,1

Fibre-reinforced panel 101 x 101 x 83 2462 72,1

100 mm thick 100 x 100 x 82 2448 74,0

100 x 97 x 81 2476 71,1
100 x 98 x 82 2495 83,7

Fibre-reinforced panel 100 x 100 x 97 2420 58,4

150 mm thick 98 x 99 x 98 2519 52,6

99 x 99x 98 2499 56,5
99 x 101 x 98 2416 54,0

TABLE 11
RESULTS OF CONTROL BEAM TEST

*
Double entries represent control beams taken at right angles to each other

t Denotes unreliable result or not determined

ed 120mm and the cracks opened up to 20 mm. Unlike
the control beams, the panels did not collapse beyond the
peak load. Indeed, the loads were required to be increas-
ed continually during the tests to ensure continued deflec-
tion of the panels. Typical photographs of the panels at
various stages of deflection are shown in Figs. 3 to 6.
Typical photographs of the failure modes of the fibre and
mesh reinforcement are given in Figs. 7 and 8.

The ability of the panels to have sustained load better
than the control beams at extensive deformation was due
to the panels spanning in two directions, but also to a
large extent due to the bending fixity provided by the face
plates under the bolt heads that held the panels down.

The load-deflection plots for the mesh- and fibre-
reinforced panels are given in Figs. 9 and 10 respective-
ly. The key results for the various panels are summariz-
ed in Table IV, from which comparative evaluations can-
not be drawn because of the differences in average panel
thickness.

The sustained load increments required to ensure con-
tinued deflection, referred to above, represent work
hardening or, at least, ideal plastic behaviour of the
material of the panels. The post-peak drop-off in the
load-deflection plots does not reflect this condition
because of the formation of the cracks and their con-
tinued propagation through the depths of the panels. This
is a further effect that renders direct comparison between
the post-peak results for the various panels inappropriate.

Best-fit curves were superimposed by eye over the
load-deflection plots, as shown typically in Fig. 11 for
the mesh-reinforced panel of 100 mm nominal thickness
that was subjected to a uniformly distributed load. Four
points were co-ordinated on each of the curves at peak
load and at 50, 100, and 150 mm of deflection. The first
value represents the load, and the second the effective
thickness of the panel, determined on the assumption
that, under bending, the material behaved ideally plastic-

T ABLE III
RESULTS OF CONTROL CUBE TESTS

ally, Le. that the load and the square of the effective panel
thickness at any point were proportional.

The loads and effective thicknesses corresponding to
the four co-ordinated points in each of the three best-fit
curves were plotted separately against the effective thick-
ness at peak load, as shown typically in Figs. 12 and 13
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Fig. 3-The typical initial crack in the 100 mm thick fibre-
reinforced panel subjected to point loading

Fig. 4- The typical second crack developing at right angles to
the first crack (Fig. 3)

Fig. 5-Subsequent cracks developing at the bolt heads

Fig. 6- Typical ultimately cracked configuration of the test panels

Fig. 7-Close-up of a crack in a fibre-reinforced panel; note how
the fibres straddle the crack

!1 So
Ib - ~~S'

Fig. 8-Classical necking failure of a strand in mesh reinforce-
ment

for the mesh-reinforced panels subjected to a uniformly
distributed load. The effective thicknesses and loads at
various values of deflection corresponding to standard-
ized effective thicknesses of 150, 100, and 50 mm at
peak load were read from these graphs and are given in
Table V. The ratios of effective thicknesses and loads
given in Table VI were determined from the results given
in Table V.

The following conclusions can be drawn from Table VI.

. Uniformly distributed loading on average gave rise
to 121 and 107 per cent larger effective thicknesses
than point loading for mesh and fibre reinforcement
respectively. The corresponding larger average stan-
dardized effective loads of 149 and 117 per cent are
related directly to the squares of the larger effective
thicknesses.

. The relative favourabilityof uniformly distributed
loading over point loading with regard to effective
panel thickness is not affected by the original thick-
ness of the test panels. The relative superiority of
uniformly distributed loading over point loading with
regard to effective load, on average 440 and 275 per
cent with regard to mesh arid fibre reinforcement
respectively, is greatly increased by a reduction in the
original thickness of the test panels for either type of
reinforcement.

. The relative favourabilityof uniformly distributed
loading over point loading with regard to both effec-
tive thickness and load increases with increasing
deflection, more so for mesh than for fibre reinforce-
ment.
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Panel thickness, mm

Average Average Peak Density of Content of
Reinforce- along along load shotcrete reinforcement

ment Loading Nominal edge crack kN kg/m2 1170x mass Remarks

Mesh Point 150 162,0 180,0 143,4 - 0,47 Conventional failure pattern
Mesh Point 100 128,5 147,5 106,2 - 0,71 2 orthogonal cracks simultaneously
Mesh Point 50 72,5 73,0 26,1 - 1,42 Conventional failure pattern

Mesh Vdl 150 153,0 149,0 210,0 - 0,47 Conventional failure pattern

.Mesh Vdl 100 119,5 104,0 135,6 - 0,71 Conventional failure pattern
Mesh Vdl 50 66,5 73,0 80,0 - 1,42 2 orthogonal cracks simultaneously

Fibre Point 150 134,5 140,5 101,7 2392 1,43 Conventional failure pattern
Fibre Point 100 102,5 104,0 69,0 2391 1,49 Conventional failure pattern
Fibre Point 50 45,0 51,5 17,4 2390 1,36 Triple parallel crack pattern, full separation

Fibre Vdl 150 - - - - - Not available
Fibre Vdl 100 67,0 78,0 81,0 2380 1,47 Diagonal cracks also present
Fibre Vdl 50 48,0 51,0 72,0 2377 1,38 Complete separation of panel segments

TABLE IV
RESULTS OF PROTOTYPE-PANEL TESTS

Vdl = Uniformly distributed load

Uniformly distributed loading is less stringent than
point loading by at least 200 per cent owing to the
more favourable associated lever-arm situation. A
favourability of uniformly" distributed loading over
point loading in excess of this is due to a more effec-
tive distribution of cracks and a more effective caten-
ary with regard to in-plane forces at extensive deflec-
tions, which would apply particularly to lesser panel
thicknesses.

The relative superiority of uniformly distributed
loading over point loading has a bearing on the type
of loading that is employed in testing for the proper-
ties of shotcrete and on the relevance of the test results
reported in the literature. The loading on the shotcrete
in an actual excavation generally tends to be uniformly
distributed owing to the interaction between the rock-
bolting and the shotcrete. Point loads do occur, but
only on a small proportion of the 'panels' delineated
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Effective thickness Effective load
at deflection at deflection

Standard mm Peak kN
thickness load at
at peak standard 150 mm

Reinforce- load thickness (also ultimate
ment Loading mm 50 mm 100 mm 150 mm kN 50 mm 100 mm load)

Mesh Point 150 115 83 78 108 67 32 30
Mesh Point 100 80 64 61 54 36 20 18
Mesh Point 50 41 34 32 13 9 6 4

Mesh Vdl 150 130 118 112 212 158 126 115
Mesh Vdl 100 92 84 79 129 109 86 78
Mesh Vdl 50 48 44 42 58 53 42 37

Fibre Point 150 93 82 73 110 44 33 25
Fibre Point 100 69 60 52 66 32 24 19
Fibre Point 50 32 26 22 18 7 5 3

Fibre Vdl 150 102 87 85 177 77 59 57
Fibre Vdl 100 68 58 57 118 55 42 41
Fibre Vdl 50 34 29 28 59 28 21 20
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Fig. 10-Load-cleflectlon curves for the
fibre-reinforced panels

@
'-

125 150

TABLE V
STANDARDIZED RESULTS OF PROTOTYPE-PANEL TESTS

Vdl = Uniformly distributed load

by adjoining groups of bolts. From an optimum point
of view, the design of the shotcrete should, therefore,
be based on its behaviour under uniform loading,
rather than under point loading, which is unneces-
sarily harsh as concluded above.

. Mesh reinforcement on average gave rise to 114 and
130 per cent larger effective thicknesses than fibre
reinforcement for point and uniformly distributed
loading respectively. The corresponding larger average
standardized effective loads of 128 and 162 per cent
are related directly to the squares of the larger effec-
tive thicknesses.
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. The relative superiority of mesh over fibre reinforce-
ment with regard to effective thickness increased
slightly with a reduction in the original thickness of
the test panels. The relative superiority of mesh over
fibre reinforcement with regard to effective load, on
average 108 and 176 per cent with regard to point and
uniformly distributed loading respectively, was not
affected by the original test-panel thickness for either
type of loading.. The relative superiority of mesh over fibre reinforce-
ment with regard to both effective thickness and load
increases with increasing deflection, more so for
uniformly distributed loading than for point loading.



Reinforce- Standard Ratio of effective thickness at Ratio of effective load at
ment Load thickness deflection, 070 deflection, 070 Average

condition condition at peak Average (relative to
or or load . Peak deflection . Peak standard

comparison omparison mm load 50 mm lOOmm ISOmm 070 load 50 mm 100 mm 150 mm peak load)

Mesh Udl:pl 150 100 113 142 144 125 196 236 394 383 (154)
100 100 115 131 130 119 239 303 430 433 (147)
50 100 117 129 131 119 446 589 700 925 (149)

Average - 100 115 134 135 - 294 376 508 580 440
Standard to peak load - 100 115 135 134 121 100 127 174 194 (149)
Standard to deflection - - - - - - 100 96 96 108 100

Fibre Udl:pl 150 100 110 106 116 108 161 175 179 228 (115)
lOO 100 99 97 110 102 179 172 175 216 (103)
50 100 106 112 127 111 328 400 420 667 (138)

Average - 100 105 105 118 - 223 249 258 370 275
Standard to peak load - lOO 105 104 119 107 100 107 113 148 (117)
Standard to deflection - - - - - - 100 97 104 105 102

Mesh: fibre PI 150 100 124 101 107 108 98 152 97 120 (119)
100 100 116 107 117 110 82 113 83 95 (114)
50 lOO 128 131 146 126 72 129 120 133 (158)

Average - 100 123 113 123 - 84 131 100 116 108
Standard to peak load - 100 123 111 123 114 100 153 123 135 (128)
Standard to deflection - - - - - - 100 101 100 89 98

Mesh: fibre Udl 150 100 127 136 132 124 120 205 214 202 (154)
100 100 135 145 139 130 109 198 205 190 (161)
50 100 141 152 150 136 98 189 200 185 (171)

Average - 100 134 144 140 - 109 197 206 192 176
Standard to peak load - 100 135 145 139 130 100 182 189 176 (162)
Standard to deflection - - - - - - 100 100 90 91 95

TABLE VI
CaMP ARATIVE RESULTS OF PROTOTYPE-PANEL TESTS

PI = Peak load Udl = Uniformly distributed load
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The superiority of the mesh over the fibre reinforce-
ment was due to a number of factors. Although the given
percentages of mesh and fibre reinforcement are similar,
the active component of the fibre reinforcement in the
tension side of the panel is only a small proportion of
that in the panel. This problem can be solved to a large
extent by ensuring that the fibre content is at least 3 per
cent by mass. This will amount to double the fibre con-
tent in the panels tested, and should offset the 20 per cent
under-achievement of fibre compared with mesh rein-
forcement irrespective of other improvements that may
be contemplated. Diamond mesh possesses an outstand-
ing ability to suspend load in catenary action. The abili-
ty of fibre reinforcement in this regard can be improved
by the use of a longer, profiled fibre.

Therefore, provided tne fibre content is not less than
3 per cent by mass, fibre-reinforced shotcrete is similar
in overall performance and could be designed as rock sup-
port on the same basis as mesh-reinforced shotcrete.

Q-NATM SUPPORT DESIGN SYS1:EM

The Q index can be determined from the following
expression according to Barton et al. 2;
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126

115
Fig. 12-Load versus Initialaverage
thickness for the mesh-reinforced
panels when subjected to uniform-

ly distributed loading

Q = (RQD/Jn)(J/Ja)(Jw/SRF).

Tables VII to XI enable values for RQD, In, Jr, Ja, and
J to be determined from in-profile descriptions of the
r~ck wall. These tables, with the exception of that for
J , are as developed by Barton et al. The table for Ja
r;presents the data originally presented by Barton et al.
but in the more convenient and expanded form proposed
by Kirsten22.

The procedure presented by Barton et al. for the deter-
mination of SRF (stress reduction factor), is prone to non-
definitive interpretation. Kirsten22 identified the si~ni-
ficance of this factor with regard to the mechanIcal
behaviour of the rock, and accordingly developed t~e
following expressions for its determination on the basis
of Barton et al. 's data:

SRFn = 1,809 Q-O.329,

SRFh = 0,244 ](1.346 (H/UCs)1.322 + 0,176
(UCS/ H)1,413 .

The excavation-induced displacements of the rock are
determinate to a greater or lesser extent depending upon
the properties of the rockmass and the magnitudes of the



Number of joints Designation of Number of joints Designation of
per m3 ground quality per m3 ground quality

(le> (RQD) (l,) (RQD)

33 5 18 55
32 10 17 60
30 15 15 65
29 20 14 70
27 25 12 75
26 30 11 80
24 35 9 85
23 40 8 90
21 45 6 95
20 50 5 100
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T ABLE VII
JOINT COUNT NUMBER

inherent stresses. As given in Table XII, the displacements
range in terms of SRF from indefinite creep, through
various degrees of elastic deformation, to random block
displacement and block fall-out. The associated support-
ing action of the rockmass ranges from visco-plastic
arching, through various degrees of elastically stressed

30 40 50 60 70 80 90

AVERAGE THICKNESS

100 110 120 130 140 150 160 170

T ABLE VIII
JOINT SET NUMBER

Number of joint sets

Joint set
number

(In)

Intact, no or few joint fissures
One joint/fissure set
One joint/fissure set plus random
Two joint/fissure sets
Two joint/fissure sets plus random
Three joint/fissure sets
Three joint/fissure sets plus random
Four or more joint/fissure sets, random, heavily
jointed, sugar cube, etc.

Multiple joint/fissures sets (crushed rock earth-like)

0,5 - 1,0
2
3
4
6
9

12
15

20

arching, to keystone arching and eventual collapse. The
associated condition of the rockmass varies through
various degrees of rock bursting or squeezing to intact
rock. The variation in the condition of the rock mass in
terms of its properties and the inherent stresses is illu-
strated diagrammatically in Fig. 14.
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Joint alteration number
(la) for joint

Description of gouge separation, mm

1,0* l,O-5,Ot 5,Ot

Tightly healed, hard, non-softening 0,75 - -
impermeable filling

Unaltered joint walls, surface staining only 1,0 - -
Slightly altered, non-softening, non- 2,0 4,0 6,0
cohesive rock mineral or crushed rock
filling

Non-softening, slightly clayey, non-cohesive 3,0 6,0 10,0
filling

Non-softening, strongly over-consolidated 3,0§ 6,O§ 10,0
clay-mineral filling, with or without
crushed rock

Softening or low-friction clay-mineral 4,0 8,0 13,0
coatings and small quantities of swelling
clays

Softening, moderately over-consolidated 4,O§ 6,O§ 13,0
clay-mineral filling, with or without
crushed rock

Shattered or micro-shattered (swelling) clay 5,0 10,0 18,0
gouge, with or without crushed rock

Head of Joint-water
water reduction

m factor (Jw)

<10 1,0

10 - 25 0,66

25 -100 0,5

25 - 100 0,33

>100 0,2-0,1

>100 0,1- 0,05

T ABLE IX
JOINT ROUGHNESS NUMBER

Joint separation

Joint roughness
number

(J,)Condition of joint

Joints/fissures
tight or
closing during
excavation

J oillts/ fissures
open and remain

open during

excavation

Discontinuous joint/fissures
Rough or irregular, undulating
Smooth undulating
Slickensided undulating
Rough or irregular, planar
Smooth planar
Slickensided planar

Joints/fissures either open
or containing relatively soft
gouge or sufficient thickness
to prevent joint/fissure wall
contact upon excavation
Shattered or micro-shattered
clays 1,0

4,0
3,0
2,0
1,5
1,5
1,0
0,5

1,0

T ABLE X
JOINT ALTERATION NUMBER

* Joint walls effectively in contact

t Joint walls come into contact after approximately 100 mm shear
t Joint walls do not come into contact at all upon shear
§ Figures added to original data to complete sequence

The displacements given in Table XII represent the
amounts by which the bolt heads would move, as well
as the amounts by which the midpoints of the shotcrete
panels would move relative to the bolt heads, The pro-
posed tests were therefore designed to allow midspan
deflections of the panels of 150 mm, which correspond
in principle to the terminating creep case for a 4 m by
4 m tunnel.

Barton et al.2 quantified the amounts of permanent
rock reinforcement in terms of ranges of values for Q.
Their support recommendations provided for factors of
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T ABLE XI
JOINT WATER REDUCTION FACTOR

Condition of groundwater

Dry excavation or minor inflow

Medium inflow, occasional outwash of
j ointl fissure fillings

Large inflow in competent ground with
unfilled joints/fissures

Large inflow with considerable outwash of
joint/fissure fillings

Exceptionally high inflow upon excavation
decaying with time

Exceptionally high inflow continuing
without noticeable decay

safety of 2,0 and 3,0 in respect of rock bolting and shot-
crete respec\ively. The new Austrian tunnelling method,
NA TM, allows the rock reinforcement to be installed in
two stages, and in particular identifies the factors of safe-
ty applicable to every stage. The factor of safety applic-
able to the first stage is equal to 1,0, and corresponds
to that required for the temporary stability of con-
struction or mining tunnels. Based on these concepts,
Kirsten22 developed the Q-NA TM design charts for
temporary support shown in Figs. 15 and 16 from Barton
et al.'s recommendations for permanent support. (The
specific objective in the present work was to establish an
equivalent design chart to Fig. 16 for fibre-reinforced
shotcrete.) Diamond mesh is referred to in this chart as
originally considered by Barton et al.

INTEGRITY OF EXCAVATION

The integrity of an excavation comprises two aspects:
the competence and displacement determinateness of its
walls. Both of these aspects, which are affected in dif-
ferent ways and to varying degrees by the size of the ex-
cavation, need to be considered in the design of the
support.

The competence of the excavation is determined by the
integrity of the walls and by the depth to which the
ground may have been overstressed. The design charts
shown in Figs. 15 and 16 permit determination of the sup-
port that is required to ensure the integrity of the walls.
The depth to which the support should extend cannot be
quantified from these charts, nor in any other empirical
way. Barton et al. assumed that the support pressure is
constant around the excavation and, as a result, showed
that neither the pressure nor the associated intensity of
the required support is dependent upon the size of the
excavation.

The displacement determinateness is related to the ex-
tent to which the excavation walls may have been relax-
ed and to the depth to which this may have occurred. The
design charts given in Figs. 15 and 16 indirectly allow the
first aspect to be accounted for through the stress-
reduction factor. However, no empirical methods are
available from which the effects on displacement deter-
minateness of excavation size and of the depth to which
relaxation may have occurred can be determined.



Stress reduction Probable rock mass Excavation-induced
Controlling factor quality Excavation-induced ground displace- Nature of ground-

criteria (SRF) (Q)* ground condition ment supporting action

>10 0,001 - 251 Heavy rock burst- Indefinite creep Visco-plastic arch
0,001-0,006 ing, squeezIng, or (unlimited)

swelling

Stress in respect 5-10 0,006 - 501 Mild rock burst- Terminating creep Partially plastic
of competent rock 0,006 - 0,05 ing, squeezIng, or (3,00/o)t arch

or swelling

Weakness zones in
respect of 2,5 -5 0,05 -1001 Minimal Large elastic Highly stressed
incompetent 0,05 - 0,4 fracturing, squeez- deformation elastic arch
ground ing, or swelling (0,8%)

0,4 - 2,5 0,4 - 6401 No fracturing, Moderate elastic Moderately
0,4-100 squeezing, or deformation stressed elastic

swelling (0,4%) arch

0,4-1 6,0 - 640 No fracturing, Limited elastic Lowly stressed
squeezing, or deformation elastic arch
swelling (0,2%)

Geological 1-2,5 0,4 - 250 No fracturing, Random block Lowly stressed
structure in squeezing, or displacement elastic arch
respect of swelling
competent rock 2,5 -5 0,05 - lOO No fracturing, Random block Keystone arching

squeezing, or displacement by mechanical
swelling interlocking of

blocks

>5 0,001 - 50 No fracturing, Block fall-outs Non-arching in
squeezing, or or runs completely
swelling loosened ground

T ABLE XII

BEHAVIOURAL CHARACTERISTICS OF TUNNELLED GROUND IN TERMS OF SRF (Jw = K =
1,0)

* The two probable ranges of Q correspond to the alternative controlling criteria
t Percentage displacement relative to size of tunnel

100
K = Jw = 1,0

~

Fig. 14-Graphs of (Oh/On) against (HIVCS) for a range
of (ROOIJn) (J,IJ.)
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Fig. 15- Tributary area per rockbolt in respect of temporary rock reinforcement (m2); the box numbers refer to the categories
of support as defined by Barton et 81.2
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of support as defined by Barton et 81.2,which was applied with rockbolts as in Fig. 15

The outstanding aspects referred to above with regard
to excavation competence and displacement determinate-
ness can be explored in appropriate numerioal analyses.
Such investigations are being pursued at present. How-
ever, the charts in Figs. 15 and 16, together with Table

XII, represent the first systematic procedure for the
design of the temporary support in underground excava-
tions. Rose3 concluded from a survey conducted in 1985
among several designers of steel-fibre-reinforced and
NATM shotcrete that 'no one uses elaborate theoretical
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design methods. All shotcrete dimensions were designed
by empirical methods based on experience. In ordinary
conditions this means shotcrete layers of 50 to 100 mm.
Calculations show that such layers will resist ground loads
with large safety factors under all design assumptions.
The task for designers then becomes one of making sure
that the design assumptions are realistic.' Rose did not
quality the 'design assumptions', nor the relationship
between the loads imposed on the shotcrete and the
geological characteristics of the rock.

EXAMPLE OF SUPPORT DESIGN

The main excavation units on the production level in
the BA5 block cave at Premier Mine comprise the main
and cross-cut tunnels, the corners formed at the inter-
sections between these tunnels (referred to as bullnoses
and camelbacks), and the drawpoint portals in which the
cross-cut tunnels end at the intersections with the draw-
down troughs. Only the support in the main and cross-
cut tunnels is considered here.

Seven main rock types occur in the BA5 block for
which the tunnel support was required to be designed.
These are tuffisitic brown and grey kimberlite breccias,
hypabyssal brown and black kimberlites, pale and dark
piebald kimberlites, and carbonate dykes associated with
the hypabyssal black kimberlite. The grey kimberlite brec-
cias are extensively decomposed around the pipe contact.
The various rock types can be considered in the follow-
ing four categories with regard to support design:

. tuffisitic brown and decomposed grey kimberlite
breccias

. tuffisitic grey kimberlite breccia

. hypabyssal brown kimberlite, and pale and dark
piebald kimberlite

. hypabyssal black kimberlite and associated carbonate
dykes.

The essential geological characteristics and rockmass
parameters that are requird for the determination of Q
and SRF for these various rock types are summarized in
Table XIII. The production level in the block cave will
be subjected to five cycles of vertical stress as defined in
the table. The corresponding heads of rock will be 265,
630, 1325, 2650, and 63 m respectively as shown. The
natural depth of the production level is 630 m. It can be
shown from a qualitative evaluation of the failure pat-
terns in the tunnels on adjoining levels that the horizon-
tal field stresses in all directions on the production level
correspond to the natural depth below surface. Hence,
the head of rock is 630 m in respect of the horizontal field
stress for the various stress cycles given in Table XIII.

The values for Q and SRFwere accordingly calculated
as shown in Table XIII. The displacement determinate-
ness, or squeezing potential, also shown in the table for
the different stress cycles, was determined from Table
XII. The support systems in respect of the competence
of the various walls of the tunnels were accordingly deter-
mined for an equivalent span of 6,5 m and an excava-
tion support ratio of 1,6 from the Q-NA TM design charts
in Figs. 15 and 16. The resulting detail is summarized in
Table XIV. The main and cross-cut tunnels are nominally
4,2 m wide by 4,0 m high. It can, however, be shown that,
as a result of the regular oblique intersections between

these tunnels, the average effective span of the tunnels
is about 6,5 m. The support systems in respect of the
displacement determinateness of the excavation walls
were based on empirical experience. The support systems
in respect of both excavation competence and displace-
ment determinateness were alternatively expressed in
terms of ranges of Q as shown in Table XIV. For prac-
tical reasons, the recommended mine-support standard
was finally expressed in terms of two of the main rock
types shown in the table.

CONCLUSIONS

The mesh-reinforced shotcrete panels tested were
superior to the fibre-reinforced shotcrete panels with
regard to strength and ductility. However, the effective
reinforcement in the fibre-reinforced panels was very
much less than that in the mesh-reinforced panels. Pro-
vided the fibre content is not less than 3 per cent by mass,
fibre-reinforced shotcrete would be capable of sustain-
ing load at prolonged deformation to a similar extent and
would be equivalent in overall performance to mesh-
reinforced shotcrete of similar thickness.

The support design systems developed for mesh-rein-
forced shotcrete are therefore directly applicable to fibre-
reinforced shotcrete as illustrated in the design example
presented.

Point loading is shown to be unduly harsh compared
with uniformly distributed loading. In terms of the argu-
ment presented that point loading is in any event not a
justified basis for design, it follows that tests for the deter-
mination of the properties of shotcrete should be carried
out in terms of uniformly distributed loading, and that
the results given in the literature that are based on point
loading are of limited relevance.

The configuration of the supports in bt:am or panel
tests is a related aspect. In actual applications, the face
plates under the bolt heads confine the movement of the
shotcrete and represent distributed loads. In the absence
of such confinement and load distribution, the stresses
in the test pieces at the supports would be very much
larger, and the results would accordingly be less represent-
ative.
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Tuffisitic brown Hypabyssal brown,
Stress cycle, and decomposed and piebald

vertical: horizontal tuffisitic grey Tuffisitic grey pale and dark, Hypabyssal black
heads of rock Parameter kimberlite breccia kimberlite breccia kimberlite kimberlite
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Joint continuity I: 1-3 m I: 1-3 m I and 3: 1-2m and I and 2: poorly
>4m developed
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Joint dip: -I
[MM' [M~Y
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-3 joints JOints Shallow inclination Shallow inclination

Joint strike: -I - - NE-SW -
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-3 - - E-W E-W

RQD 35 72 65 100

In 12 12 9 2

J, 4 4 3 2
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Jw 1 I I I
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Stability Displacement
determinateness

Side- and hangingwall support Footwall (only if creeping) of excavation

Braced rails (2 no.)
30lts and anchors Bolts and anchors Cable anchors
with face plates without face plates Fixing bolts with face plates

Sealant Shotcrete§ Shotcrete§
Support (all Length Spacing mr/fr Length Spacing Spacing Length Spacing mr/fr Length Spacing

Rock type' class Q SRF walls) Typet m m mm Mesht Typet m m m Typet m m mm Typet m m

TBKB and decom-
posed TGKB - 0,34 17,0 - tg 3 1,4 75/ - - tg 3 1,4 1,2 - - - - fg 6 2

TGKB - 1,22 9,9 - utg 3 1,4 25/- - utg 3 1,4 1.2 - - - - fg 6 2
HBrK - 1,65 6,6 - utg 3 1,4 25/ - - - - - 1.2 utg 1,8 2 - - - -
HBIK - 15,3 6,6 - - - - - - - - - 1.2 utg 1,8 2 - - - -

- A <0,01 - - otg 1.8&3 1,0 2001200 - utg 2 1,0 1,2 - - - - fg 6 2

- B 0,01-0,1 - - otg l.g&3 1,0 100/100 - utg 2 1,0 1,2 - - - - fg 6 2

- C 0,1-1,0 - - utg 1.8&3 1,0 50/50 - utg 2 1,0 1,2 - - - - fg 6 2

- D >1.0 - - - 1,8 1,0 - - - - - 1,2 utg 1,8 2 - - - -

Tuffisitic KB - <I >5 .j utg 1.8 1.0 150/120 add utg 1,8 1,0 1,9 utg 3 2 -/30 fg 6 2
Hypabyssal K - >1 <5 -

utg 1.8 1,0 100/80 add - - - 1.9 utg 3 2 - - - -

TABLE XIV
DESIGN SUPPORT FOR MAIN AND CROSS-CUT TUNNELS ON 630 LEVEL IN BAS BLOCK CAVE,

BASED ON RETREAT OF UNDERCUT PHASE

Abbreviations
'TBKB Tuffisitic brown kimberlite breccia

TGKB Tuffisitic grey kimberlite breccia
HBrK Hypabassal brown kimberlite
HBIK Hypabassal black kimberlite
KB Kimberlite breccia
K Kimberlite

t tg Tensioned grouted
utg Untensioned grouted
fg Fully grouted

t add Additional mesh if fr shotcrete is used§ mr Mesh-reinforced shotcrete
fr Fibre-reinforced shotcrete, 3'70 by mass
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Gold forum
Randol Gold Forum '90 will be held in Reno- Tahoe

(D.S.A.) from 13th to 15th Sep., 1990.
The papers will deal with the recovery of gold and

silver, with the emphasis on refractory gold. Preference
is being given to papers dealing with operator- and
designer-oriented practical topics, especially those which
shed light on improvements in capital and operating costs
and in recovery.

As oxide surface ores are depleted, deeper sulphide ores
will become prime exploration targets during the 1990s.
This means that underground mining will be applied more
often. The integration of underground mining with gold-
recovery systems will therefore also form a topic of this
Forum.

The topics will also include the following:

. Refractory-gold resources. Causes of refractoriness

. Mining of refractory-gold deposits

. Comminution

. Chemical pretreatment

. Preconcentration

. Ore and concentrate roasting

. New pyrometallurgical options

. Biological, chemical, and pressure oxidation

. Leaching

. Novel approaches

. Environmental effects.
Further information is obtainable from

Randol International Ltd
21578 Mountsfield Drive
Golden
Colorado 80401
D.S.A.
Tel: (303) 526-1626, Fax (303) 526-1650.
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Call for papers
The South African Institute of Mining and Metallurgy

(SAIMM) invites the readers of this Journal (whether
members of the SAIMM or not) to submit papers for
possible inclusion in the Journal. Although the worldwide
readership of the Journal leads to a preference for papers
in English, papers in Afrikaans are also acceptable but,
to meet the needs of the majority of readers, should be
accompanied by an English summary of 500 to 750
words.

Subject Matter
Papers should deal with any aspect of the mining and

mineral-processing industry, especially developments in
applied engineering involving designs that determine the
margin between the success or failure of a project. How-
ever, also very welcome are research, descriptive, and
review papers, and technical notes.

Research and descriptive papers and technical notes
shoula contain material that is new, interpretations that
are novel or of new significance, and conclusions that cast
new light on old ideas. They should not repeat well-
known practices or ideas, but should incorporate develop-
ments that will be of real interest to technical readers and
of benefit to the mining and metallurgical industry.

All papers, particularly research papers, no matter how
technical the subject matter, should be written with the
average reader of the Journal in mind.

Length of Manuscripts
Manuscripts should be as concise as is possible for lucid

presentation of the subject, and the inclusion of material
that is already available in published form should be con-
fined to what is essential to the argument.

The length of papers is usually 6000 to 10000 words.
Technical notes generally run to about 3000 words.

Awards
Every year the Council of the SAIMM makes awards

of gold and silver medals and of certificates to the best
papers published in the Journal during the preceding year.
(Non-members are eligible only for certificates.)

Membership
Information on membership is available from

The Secretariat
SAIMM
p.a. Box 61127
Marshalltown
2107 South Africa.
Telephone: 27 (011) 834-1273/4/5/6/7
Telefax: 27 (OIl) 838-5923.

Authors' Guide
A guide to authors detailing matters of style and lay-

out is given on page viii of this issue.

Submission of Manuscripts
The manuscripts of papers and technical notes should

be submitted to Ms C. Jansen at the above address.

A standard for standards
The South African Bureau of Standards hopes to

achieve a generally agreed standard for standards with
a newly released recommended practice entitled ARP 013
Drafting and Presentation of Standards.

This document was adopted from a set of directives
issued jointly by the International Organization for Stan-
dardization and the International Electrotechnical Com-
mission with the aim of ensuring that documents intend-
ed to become standards are presented in as uniform a
manner as possible whatever their technical content.

It is hoped that the SABS's recommended practice will
receive wide support, and that it will be possible to issue
the document as a code of practice as soon as more ex-
perience has been gained, in the broader South African
context, on the application of the principles it embodies.
For this reason, the SABS would appreciate comments
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and suggestions from experts who have been working in
this field.

The document covers editorial details, the general prin-
ciples for the drafting of a standard, and details of its
framework, structure, contents, divisions, and subdivi-
sions. Annexes on the drafting of titles, the presentation
of terms and definitions, and the basic standards, legisla-
tion, and regulations are included. The annexes also con-
tain examples of the numbering of divisions and subdivi-
sions and of the layout of a typescript.

Persons who are interested in ARP 013 may order it
at R23 per copy (plus GST) from

SABS Standards Sales Division
Private Bag Xl91
Pretoria 0001.




