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Chapter 1 : Planning consideration s

Introductio n

For many centuries miners have been excavating below th e
ground surface in their ceaseless search for minerals .
Originally, these underground operations were simply a
downward extension of the smalt excavations created t o
exploit surface outcrops . As mineral exploration method s
became more so phisticated, resulting in the discovery o f
large ore bodies at considerable depth below surface, under-

ground mining methods were developed to exploit thes e
deposits . These new mining methods were evolved from har d

won practical experience and one must admire the skill an d
courage of the mining pioneers whose only acknowledgemen t
of the difficulties which they encountered was to admi t
that there were certain areas of "bad ground" in the nor-
mally "good ground" which they worked .

Most underground mining excavations were, and indeed stil l
are, of a temporary nature . Provided that safe access ca n
be maintained for Jong enough for the ore in the vicinit y
of the excavation to be extracted and provided that th e
subsequent behaviour of the excavation does not je o pardis e
operations elsewhere in the raine, an underground minin g

excavation ceases to be an asset after a relatively shor t
space of time . Clearly, the resources allocated to inves -
t iga ting the stabil ity of such an excavation and the qualit y
and quantity of support provided must be related to th e
length of time for which it is required to maintain stabil-
i ty .

The increasing size of underground mining operations durin g
the past few decades has led to the introduction of a
concept which would have been Foreign to underground miner s
of earlier times - the concept of permanent undergroun d
excavations .

	

Major shaft systems ,.,ith their surroundin g
complex of haulages, ore passes, pump chambers and under-
ground crusher stations are required to remain operationa l
for several tens of years and , from the miner's point o f
view, are permanent excavations .

	

In addition to bein g
large in size, some of these excavations can house expensiv e
equipment and can be manned an a regular basis ; consequentl y

such excavations must be secure against rockfalls and othe r
forms of instability .

Civil en g ineers are seldom concerned with temporary under-
ground excavations since tunnels, underground power hous e
excavations and caverns for the stora g e of oil or gas ar e
all required to remain stable for periods in excess o f
twenty years . Because any form of instability cannot b e
tolerated, the resources allocated to the design and instal-

lation of support systems are normally adequate and , some-
times, even generous .

The design of underground excavations is, to a large extent ,
the design of underground support systems . These can rang e

from no support in the case of a temporary mining excavatio n
in good rock to the use of fully grouted and tensioned bott s
or cables with mesh and sprayed concrete for the support o f

a large permanent civil engineering excavation . These tw o

extremes may be said to represent the lower and upper bound s
of underground support design and , in a book of this sort ,
it is necessary to consider the entire s p ectrum of desig n
ornhlems which l i ; between -hoc

	

n ext r em es
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B

	

C

	

D

	

-

Support eatenory

Types of underground excavatio n

From the geotechnical engineer's point of view, the mos t

meaningful classification of underground excav a1tions is on e

which is related to the degree of stability or 'securit y

which is required of the rock surrounding the excavation .

This, in turn, is dependent upon the use for which th e
excavation is intended . Barton, Lien and Lunde l ' sugges t
the following categories of underground excavations :

A

	

Temporary mine openings .

B

	

Vertical shafts .

C

	

Permanent mine openings, water tunnels for hydro-
electric projects (excluding high-Pressure penstocks) ,
pilot tunnels, drifts and headings- for large excava -
tions .

D

	

Storage rooms, water treatment plants, minor roa d
and railway tunnels, surge chambers and acces s
tunnels in hydro-electric projects .

E

	

Underground power station caverns, major road an d

railway tunnels, civil defence chambers, tunne l

portals and intersections .

F

	

Underground nuclear power stations, railway stations ,

sports and public facilities, underground factories .

Whereas, in rock slope design the stability of the slope i s
expressed quantitatively in terms of the factor of safet y 2 ,
it will become clear in later chapters of this book [hat i t

is not practical to assign an equivalent quantitative stabil-

ity Index to underground excavations . lt will be evident ,
however, that the stability requirements increase fro m
category A to category Fas one progresses through the lis t
given above . For a constant set of geological conditions ,
the tost of support (including geological investigations ,
support design and installation) will be related to th e

excavation category in the manner illustrated diagrammatic-

ally in the Sketch opposite .

In the case of large projects in the E and F categories ,

there is usually justification for building up a team o f

specialist engineers and geologists to study the wide rang e

of geotechnical and construction problems which are likel y
to be encountered on sitz . An examole of such a project i s
the development of the hydro-electric potential of the Snow y

Mountains region of Australia .

	

During the Tate 1950s an d

early 1960s, the team which had been set up to assist i n

the design of the various underground power-houses involve d

in this scheme made major contributions to the genera l

advancement of underground excavation design techniques .
Many of the design methods described in this book can b e
traced back to the activities of such teams .

The mining industry, which is normally concerned wit h

excavations in the A and B categories, cannot justify a
high level of investigation and design effort on any on e
particular site . On the other hand, since the number o f

Superscripts refer to the list of references given at th e
end of each chapter .

mining excavations is large and the support costs constitut e

a significant proportion of mining costs, the industry ha s

tended to establish central research and development organ-

isations which have the task of evolving general desig n

methods which can be used throughout the industry . Th e

appropriate divisions of the United States Bureau of Mines ,

the South African Chamber of Mines and the German Steinkoh l -

enbergbauverein are typical of this type of organisation .

Underground excavation desig n

Given the task of designing an underground excavation or a

number of such excavations, where does one Start and wha t

steps are involved in carrying the design through to comple -
tion 1 A guide to the most important steps in this proces s

is set out in the form of a chart on page 10 and the overal l

design philosophy is reviewed hereunder . Detailed discussio n

of each of the steps is given in subsequent chapters .

The basic aim of any underground excavation design shoul d

be to utilise the rock itself as the principal structura l

material, creating as little disturbance as possible durin g

the excavation process and adding as little as possible i n

the way of concrete or steel support . In their intac t

state and when subjected to compressive stresses, most har d
rocks are far stronger than concrete and many are of th e

saure order of strength as steel . Consequently, it does no t

make economic sense to replace a material which may b e

perfectly adequate with one which may be no better .

The extent to which this design aim can be met depends upo n

the geological conditions which exist on site and the exten t

to which the designer is aware of these conditions and ca n

take them into account . Hence, an accurate interpretatio n

of the geology is an essential prerequisite to a rationa l

design .

lt is not intended, in this book, to deal with the basi c

geological interpretation required in this first stage o f

the design process . This subject matter has been covere d

comprehensively in text books such as that by Krynine an d

Judd 3 and it will be assumed that the reader is familia r

with this material or [hat he has access to sound geologica l

advice . The importance of this general geological backgroun d

in summed up in the following quotation, taken from a pape r

by Wahlstrom"

"Surface studies of geology, geophysical measurements, an d

exploratory drilling yield useful direct information ,

but equally important to the geologist may be a knowledg e

of the regional geology and the geologic history of the
area, and a thorough appreciation of the manner in whic h

rocks respond to changing geological environments . Suc h

considerations permit him to make a very useful semi -

quantitative estimate of the kinds, but not the exac t

locations, of the geological Features which will b e

encountered at depth . "

Although basic geological principles are not covered, i t

is considered necessary to discuss some of the site inves-

tigation methods which are available for the collection o f

geological information . The graphical presentation of thes e

data is also an important part in the communication chain
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1 1

DESIGN OF UNDERGROUND EXCAVATIONS IN ROC K

Preliminary collection and interpretation of geological dat o
from historical documents, geological maps, air photographs ,
surface mapping and borehole core logs . Consideration of the
relationship between the rock mass characteristics and th e
geometry and orientation of the proposed excavations .

When stability is not likely to be dominated

by sliding on structural Features, othe r

factors such as high stress and weatherin g

become important and can be evaluâted by mean s
of a classification of rock quality .

Design of excavations based on

NO

	

operational consideration s

with provision for minima l
Support .

Installation of pie-

zometers for deter-

mination of ground-

water pressures an d
distribution .

L

Design of excavations wit h

provision for trial excava- 1
tion, controlled blasting ,
rapid su p port installatio n

and monitoring of excava -
tion behaviour during an d
on completion of construc -

in a later chapter .

The need to make quantitative predictions on the number ,
inclination and orientation of geological features and o f
the possible mechanical properties of the rock mass contai n -
ing these features has lang been a requirement of geotech-
nical engineers . At the risk of offending the geologica l

purists who claim that geology cannot be quantified in th e

way demanded by engineers, some geotechnologists have gon e
ahead and developed rock mass assessment systems whic h
have proved to be very useful in the early stages of under-

ground excavation design . When it is necessary to desig n
a large number of A and B category excavations for a minin g
or unde r g round quarrying operation, the use of some form o f
rock quality index to determine the support requirement s
may be the only design approach which is practically an d
economically acceptable .

	

In recognition of this importan t

role, rock mass classification systems have been fully re -
viewed and an entire chapter is devoted to their use i n
underground excavation engineering .

Once it has been established, on the basis of the geologica l
interpretation, that stability problems are likely to b e
encountered, it becomes necessary to embark upon the mor e
detailed steps listed in the lower half of the chart o n
page 10 . What steps are taken will obviously depend upo n
the degree of risk anticipated, the cate gory of the excava-
tion and the practical and economic constraints within whic h
the designer has to work .

Four principal sources of instability are identified in th e
chart on pa ge 1 0

a. Instability due to adverse structural g eology tend s

to occur in hard rocks which are faulted and jointe d

and where several sets of discontinuities are steepl y
inclined .

	

Stability can sometimes be improved b y
relocation or reorientation of the excavations bu t
fairly extensive support is also usually required .

Rockbotts, dowets and cables are particularly effectiv e

when used to support this type of rock mass, provide d

that the structural features are taken into accoun t

in designing the support system .

b. Instability due to excessively high rock stress i s
also g enerally associated wich hard rock and ca n

occur when mining at great depth or when very larg e

excavations are created at reasonably shallow depth .
Unusual stress conditions such as those which may b e
encountered when tunnelling in steep mountain region s
or unusually weak rock conditions can also give ris e
to stress-induced instability problems . Changes i n

the shape of the excavations and repositioning the

excavations with respect to one another is of grea t

assistance in overcoming these problems but suppor t

may also be required .

c. Instability due to weathering and/or swelling is gen-

erally associated with relatively poor rock but i t

may also occur in isolated seams within an otherwis e

sound hard rock . Protection of the exposed rock sur-

face from significant moisture changes is usuall y

the most effective remedial measure which can b e
applied in this situation .

In hard rock masses with strongly develope d
inclined structural Features, excavatio n
stability may be dominated by gravity fall s
and sliding along inclined discontinuities .
Rock classification systems inadequate .

Use of rock quality index to compare exca-
vation stability and sup port requirement s
with documented evidente from sites wit h
similar geological conditions .

C

Are stability problems anticipated fo r
excavations of size and shape under con-
sideration ?

YE S

Detailed g eologica l

mapping of borehol e

ledre, surface expo-
I sures, explorator y
Iadits and shafts .

YES

	

N O

Design of excava-

tions with provi-

sion for clos e

g eological Obser-

vation and loca l

support as requi-
red .

Can stability b e

improved by reloca-

tion and/or reorien-
tation of excava-

tions ?

Instability duz t o
adverse structura l

geology .

1vL

Can rock fracture b e

minimised or elimin-
ated by change of ex-

cavation layout ?

Stress analysis o f
proposed excavatio n
layout to check o n
extent of potentia l

rock fracture .

Measurement of in-

situ rock stress i n

vicinity of propose d
excavations .

Rock strength test s
to determine roc k

fracture criterion .

Instability due t o

excessively hig h
rock stress .

NO YES

Design of excava-

tion sequence t o

ensure minimu m

delay between ex-

posure and protec-

ion of surfaces .

Slake durabilit y
and swelling test s

on rock samples .

Consideration o f

remedial measure s

such as pneumatic-
ally a p plied con-

crete lining .

rial excavatio n

o test effective -

ess of propose d
emedial measures .

t

n
r

Instability due t o
weathering and/o r
swelling rock .

Design of drainag e

and/or groutin g
system to contro l

excessive g round -
water pressure an d
flow into excava-

tions .

Provision of perman-

ent groundwater mon-

itoring facilitie s

to check continuing
effectiveness o f
drainage measures .

\/
Instability due t o
excessive groundwate r

pressure or flow .

Design of support t o
prevent gravity Fall s
and to reinforce pot-

ential fracture zones .

Can adequate suppor t

be provided to ensure



Chapter 1 references

flow can occur in almost any rock nass but it woul d

normally only reach serious proportions if associated

with one of the other forms of instability alread y

listed . Redirection of water flow by grouting an d

reduction of water pressure by drainagejare usuall y

the most effective remedial measures .

On a typical site, two or more of these forms of instabilit y

would occur simultaneously and it may sometimes be difficul t

to decide upon a rational design method . Indeed, in some

cases, the Optimum design to allow for one form of instabi -

lity may be unsuitable in terms of another and the enginee r

is then faced with ehe task of arriving et some practica l

conpromise .

lt is appropriate, at this point, to emhasize the rote o f

engineering judgement . A rock mass is è complex assemolage

of different materials and it is very unlikely that it s

behaviour will approach the behaviour of the simple model s

which engineers and geologists have to construct in order t o

understand some of the processes which take place when

rock is subjected to load . These models, many of whic h

are described in this book, should only be used as an ai d

in the design of underground excavations and the assumption s

upon which the models are based and the limitations of the

models must be kept in mind at all times . A good engineerin g

design is a balanced design in which all the factors whic h

interact, even those which tonnot be quantified are take n

into account . To quote from a recent review paper 5 : "Th e

responsibility of the design engineer is not to comput e

accurately but to judge soundly" .

Bibliography on underground excavation s

Faced with the formidable task of designing a large under -

ground cavern to satisfy the requirements of a hydro-electri c

project or a major mining operation, the engineer or geol-

ogist will wish to draw upon the experience of others wh o

have been through a similar process . A study of the liter-

ature on the subject, followed by visits to a few sites ,

where the rock conditions and excavation sizes appear to b e

comparable to those under consideration, would be a sound

starting point for any major design project of this sort .

In order to assist the reader, who may be faced wich suc h

a design task, in finding his way through the literature ,

an extensive bibliography on underground excavations i s

presented in Appendix 1 at the end of this book .

	

In add -

ition to over 350 literature references, most with shor t

abstracts, a List of major underground caverns is given .

Wherever possible, details of rock types, excavation dim -

ensions and support requirements have been included in thi s

Iist .

Unfortunately, most of the literature referred to in thi s

bibliography relates to hydro-electric projects . Relativel y

few papers appear to have been published on other types o f

underground civil engineering structures and even fewer o n

major underground mining excavations .

	

In spiee of thi s

limitation, the bibliography does show the considerabl e

success which has been achieved in underground excavatio n

design and it should serve to encourage the reader in hi s

own efforts .

1. BARTON .N ., LIEN,R .and LUNDE,J . Engineering classificatio n
of rock masses for the design of tunnel support . Roc k
Mechanics, Volume 6, No . 4, 1974, pages 189-236 .
Originally published as Analysis of rock mass quality an d
support practice in tunnelling . Norwegian Geoteehnical Inst .
Report Mo . 54206, June 1974, 74 pages .

2. HOEK,E .and BRAY,J .W . Rock Slope Engineerin g . Institutio n
of Mining and Metallurgy, London, 2nd edition, 1977, 402 pages .

3. KRYNINE,D .P. and JUDD,W .R . Principles of Engineering Geology
and Geoieehnics . Mc Craw-Hill Book Co . Inc ., New York ,
1957, 730 pages .

4. WAHLSTROM,E .E . The validity of geological projection : a
case history . Economic Geology, Volume 59, 1964, page s
465-474 .

5. HOEK,E .and LONDE,P . The design of rock slopes and founda-
tions . General Report on These 111 . Proceedings,Third
Congress of the International Society for Rock Mechanics ,
Denver, September 1974, Volume 1, part A, pages 613-752 .



1 4

Chapter 2 : Classification of rock masses

Introductio n

An underground excavation is an extremely complex structur e

and the only theoretical tools which the designer has avail-

able to assist him in his task are a number of grossly sim-

plified models of some of the processes whichlinteract t o

control the stability of the excavation . These models ca n

generally only be used to analyse the influence of one part-

icular process at a time, for example, the influence o f

structural discontinuities or of high rock stress upon th e

excavation .

	

lt is seldom possible theoretically to deter -

mine the interaction of these processes and the designer i s

faced with the need to arrive at a number of design decision s
in which his engineering judgement and practical experienc e

must play an important part .

If one is fortunate enough to have an ereieeer on staf f

who has designed and supervised the construction of under-

ground excavations in similar rock conditions to thos e

beine considered, these design decisions can be taken wit h

some degree of confidence . On the other hand, where n o

such experience is readily available, what criteria ca n

be used to check whether one's own decisions are reasonable ?

How does one judge whether the span is too !arge or whethe r

too many or too few rockbolts have been specified ?

The answer lies in some form of classification system whic h

enables one to relate one's own set of conditions to con-

ditions encountered by others . Such a classification syste m

acts as a vehicle which enables a designer to relate th e

experience on rock conditions and support requirement s

gained on other sites to the conditions anticipated on hi s

own sitz .

The recognition of this need for rock classification system s

is illustrated by the number of literature references whic h

deal with this subject °-23 and
Is,

	

Some of the most sig -

nificant steps in the development of ehe classification

systems For underground support are reviewed hereunder .

Terza ghi's rock load classificatio n

In 1946 Terzaghi' proposed a simple rock classificatio n

system for use in estimating the loads to be supported b y

steel arches in tunnels . He described various types o f

ground and, based upon his experience in steel-su p porte d

railroad tunnels in the Alps, he assigned ranges of roc k

loads for various ground conditions . This very importan t

paper, in which Terzaghi attempted to quantify his experienc e

in such a way that it could be used by others, has bee n

widely used in tunnelling in north America ever since i t

was published .

	

Because of its historical importance in thi s

discussion and also because copies of the original pape r

are very difficult to obtain, his classification will b e

treated more fully than would otherwise be justified .

In his introductory remarks in the section of his pape r

dealing with the estimation of rock Ioads, Terzaghi stresse s

References are numbered sequentially throughout this book

and are not repeated . Hence, a reference which has bee n

used in a previous chapter will be referred to by th e

number under which it First appeared .
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the importance of the geolo g ical survey which should be
carried out before a tunnel design is completed and, part -
icularly the importance of obtaining information on th e
defects in the rock mass . To quote from his paper :

From an engineering point of view, a knowledge of th e
type and intensity of the rock defects may be muc h
more important than the type of rock which will b e
encountered . Therefore during the survey rock defect s
should receive special consideration . The geologica l
report should contain a detailed description of th e
observed defects in geolo g ical terms .

	

lt should als o
contain a tentative classification of the defectiv e
rock in the tunnel man's terms, such as blocky an d
seamy, squeezing or swelling rock .

He then went on to define these tunnelling terms as follows :

Intact reck contains neither joints nor hair cracks .
Hence, if it breaks, it breaks across sound rock . O n
account of the injury to the rock due to blasting ,
spalls may drop off the roof several hours or day s
after blasting . This is known as a spaZZing condition .
Hard, intact rock may also be encountered in the poppin g
condition involving the spontaneous and violent detach-

ment of rock slabs from the sides or roof .

Stratified rock consists of individual strata wit h
little or no resistance against separation along th e
boundaries between strata . The strata may or may no t
be weakened by transverse joints .

	

In such rock, th e
spalling condition is quite common .

Moderately jointed rock contains joints and hair cracks ,
but the blocke between joints are locally erown togethe r
or so intimately interlocked that vertical walls d o
not require lateral support .

	

In rocks of this type ,
both spalling and popping conditions may be encountered .

Blocky and seamy rock consists of chemically intact o r
almost intact rock Fragments which are entireiy separ-

ated from each other and imperfectly interlocked . l n
such rock, vertical walls may require lateral support .

Crusred but chemically intact rock has the character o f
a crusher run .

	

If most or all of the Fra g ments ar e
as small as fine sand grains and no recementation ha s
taken place, crushed rock below the water table exhibit s
the properties of a water-bearing sand .

Squeezinc rock slowly advances into the tunnel withou t
perceptible volume increase . A prerequisite forsqueez e
is a high percentage of microscopic and sub-microscopi c
particles of micaceous minerals or of clay mineral s
with a low swelling capacity .

wehing rock advances into the tunnel chiefly on accoun t
of expension . The capacity to swell seems to be limite d
to those rocks which contain clay minerals such a s
montmorillonite, with a high swelling capacity .

The concept used by Terzaghi to estimate the rock load t o
be carried by the steel arches used to support a tunnel i s
illustrated in the simplified diagram presented in figure 1 .
During construction of the tunnel, some relaxation of th e
interlocking within the rock mass will occur above and o n
the sides of the tunnel . The loosened rock within the are a
a c d b will tend to move in towards the tunnel . This



Figure 1 : Simplified diagram representing ehe movement of loosened roc k

towards a tunnel and the transfer of load onto the surroundin g
rock . (After Terzaghi°).

movement will be resisted by friction forces along th e

lateral boundaries a c and b d and these friction force s
transfer the major Rortion of the overburden weight k' 1 ont o
the material on either side of the tunnel . The roof an d
sides of the tunnel are required only to support the balanc e
which is equivalent to a height H p . The width 8 1 of th e
zone of rock in which movement occurs will depend upon th e
characteristics of the rock mass and upon the tunnel dim-
ensions H t and B .

Terzaghi carried out numerous mode] tests using cohesionles s
sand to study the shape of what he termed the "ground arch "
above the tunnel . On the basis of these tests and on hi s
experience in steel-supported tunnels, he proposed th e
range of rock Load values listed in Table 1 . The footnote s
which accompanied this table in the original paper ar e
included for completeness .

Cording and Deer e 24 report that these criteria haue been

widely used for the Aast 25 years and [hat they have bee n

found to be appropriate, although slightly conservative ,
for steel-supported rock tunnels . However, Cecil - B found

that Terzaghi's classification was too general to permi t

an objective evaluation of rock quality and that it provide s
no quantitative information on the properties of the roc k
mass . He recommended that its use be limited to estimatin g
rock loads for steel arch-supported tunnels .

TABLE 1 - TERZAGHI'S ROCK LOAD CLASSI FI CATION FOR STEEL ARCH-SUPPORTED TUNNEL S

Rock Load H o in Feet of rock on roof of support in tunnel with widt h

8 (Feet) and height H t (feet) at a depth of more than 1 .5(B + H t ) s

Rock condition Rock Load
Sp

in feet Remarks

1 . Hard and

	

intact . zero Light

	

lining

	

required

	

only

	

if

	

spall -
ing or popping occurs .

2 . Hard

	

stratified o r

schistose

	

,s

	

.
0 to 0 .5 B Light support,

	

mainly for protectio n
against

	

spalls .

3 . Massive,

	

moderatel y

jointed .

0 to

	

0 .25

	

8 Load may change erratically from
point

	

to point .

4 . Moderately blocky and 0 .258

	

to 0 .35(8 + H t ) No side pressure .
seamy .

5 . Very blocky and seamy (0 .35

	

to 1 .10)(8 +

	

H t ) Linie or no side pressure .

6 . Completely crushe d

but

	

chemically

	

intact .
1 .10(B + H t ) Considerable

	

side pressure .

	

Softenin g
effects of seepage towards bottom o f
tunnel

	

requires either continuou s
support for lower ends of ribs o r
circular

	

ribs .

7 . Squeezing

	

rock ,

moderate depth .
(1 .10

	

to 2 .10)(B + H

	

)t

Heavy sid e

required .

mended .mended .

pressure,

	

invert

	

strut s

Squeezing

	

rock ,
great depth .

(2 .10

	

to 4 .50)(B +

	

H

	

)t

Circular

	

ribs

	

are

	

recom-

9 . Swelling

	

rock . Up

	

to 250 feet, irres - Circular

	

ribs

	

are

	

required .

	

I n

extreme cases use yielding support .pective of the value o f
(B + H t )

_The roof of the tunnel is assumed to be locatea below tne Later Labte . if it i s
Zocated permanently above the water table, the values given . for typen s to ô ca n
be reduced by fifty percent .

-•* Some of the most common rock formations contain Zayers of shaZe . In an unveathere d
state, real .shales are no tarse than other stratified rocks . However, the term shaZ e
is offen applied to firm"cy compacted cZay sediments which have not yet acquired th e
properties of kack. Such so-caZled shaZe may behaue in a tunnel like squeezing or
even swelling rock .

If a rock formation consists of a segnende of horizontal Zayers of sandstone or lime-
stone and of imnature shaZe, the excavation of the tunnel is commonly associated wit h
a gradual compression of the rock on both sides of the tunnel, involving a do'nuurd
movement of the roof. Furthermore, the relativeZy low resistance against slippage
at the boundaries between the so-caZled shaZe and the rock is likeZy to reduce very
considerably the capacity of the rock located above the roof to bridge . Hence, i n
sch formations, the roof pressure may be as heavy as in very blocky and seamy rock .
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Classifications of Stini and Lauffe r

Stini, in his textbook on tunnel geology 7 ,proposed a roc k
mass classification and discussed many of the adverse con-

ditions which can be encountered in tunnelling . He empha-

sised the importance of structural defects ir>I the roc k

mass and stress=_d the need to avoid tunnelling paralle l
to the strike of steeply dipping discontinuities .

While both Terzaghi and Stini had discussed time-dependen t
instability in tunnels, it was Lauffer° who emphasised th e
importance of the stand-up time of the active span in a
tunnel . The stand-up time is the length of time which a n
underground opening will stand unsupported after excavatio n

and barring down while the active span is the largest un-
supported span in the tunnel section beyTeen the face an d
the supports, as illustrated in figure 2 .

Lauffer suggested that the stand-up time for any give n

active span is related to the rock mass characteristic s
in the manner illustrated in figure 3 .

	

In this figure, th e
letters refer to the rock class . A is very good rock ,
corresponding to Terzagh i's hard and intact rock, while G
is very poor rock which corresponds roughly to Terzaghi' s
squeezing or swelling rock .

The work of Stini and Lauffer, having been published i n
German, has attracted relatively little attention in th e
English speaking world . However, it has had a significan t
influence upon the development of more recent rock mas s

classification systems such as those proposed by Brekk e
and Howard '- 2 and Bieniawsk i '- 5 which will be discussed late r
in this chapter .

Deere's Rock Quality Designation (RQD )

In 1964 Deere 9 proposed a quantitative index of rock mas s

quality based upon core recovery by diamond drilling . Thi s

Rock Quality Designation (RQD) has come to be very widel y

used and has been shown to be particularly useful in clas-
sifying rock masses for the selection of tunnel suppor t
systems 18,20,21 ,

The RQD is defined es the percentage of core recovered i n

intact pieces of 100mm or more in length in the total lengt h

of a borehole . Hence :

RQD (9,) = 100

	

Length of core in pieces

	

100m m

Length of borehol e

lt is normally accepted [hat the RQD should be determine d

on a core of at least 50mm diameter which should have been

drilled with double harret diamond drilling equipment . An
P.QD value would usually be established for each core ru n

of say 2 metres . This determination is simple and quic k

and, if carried out in conjunction with the normal geologica l

logging of a core, it adds very little to the tost of th e

site investigation .

An English translation of the chapter enti tled "The impor-

tance of rock mass structure in tunnel construction" ha s

been prepared by the Austrian Society for Geomechanics ,

Translation Mo . 18, July 1974, 102 pages .

b . Support placed close to face .

Figure 2 .

	

Lauffer's definition of active span S .
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Figure 3 . Relationship between active span and stand-u p time fo r

different classes of rock mass . A - very good rock ,

G - very poor rock .

	

(After Lauffer°) .
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Deere proposed the following relationship between the num-

erical value of RQD and the engineering quality of the rock :

RQD

	

Rock Qualit y

< 250

	

Very poo r

25 - 500

	

Poo r

50 - 750

	

Fai r

75 - 900

	

Goo d
90 - 100%%

	

Very good

Since the RQD offers a means for assigning a number to th e
quality of a rock mass, it is not surprising [hat an attemp t
was made to relate this number to the qualitative classifi-

cation proposed by Terzaghi . Cording, Hendron and Deere 2 7

modified Terzaghi's rock load factor and related this mod-
ified value to RQD as illustrated in fL.Nure 4 . This diagra m
suggests that a reasonable correlation .cay exist betwee n
RQD and Terzaghi's rock load factor for steel-supported
openings but that no correlation appears to exist betwee n

the two in the case of caverns supported by rockbolts .
This supports an earlier comment that the use of Terzaghi' s
rock load factor should be limited very strictly to th e
conditions for which it was proposed - the s u p port of tunnel s
by means of steel arches .

An attempt to extend the range of applicability of RQD fo r
estimating tunnel support requirements was made by Merrit t

2 3

and his proposals are summarised in figure 5 . Although h e
felt that the RQD could be of great value in estimatin g

support requirements, Merritt pointed out a serious limit-
ation of his proposal s

The RQD support criteria system has limitations i n
areas where the joints contain thin clay fillings o r
weathered material . Such a case might occur in nea r
surface rock where weathering or seepage has produce d
clay which reduces the frictional resistance alon g
joint boundaries . This would result in unstable roc k
although the joints may be widely spaced and the RQ D
high . "

In addition to this limitation, the RQD does not take direc t
account of other factors such as joint orientation whic h
must influence the behaviour of a rock mass around an under -
ground o p ening . Consequently, without detracting from th e
value of RQD as a quick and inexpensive practical index ,
it is su g gested that it does not provide an adequate indic a -
tion of ehe range of behaviour patterns which may be en-

countered when excavating underground .

Influence of clay seams and fault goug e

The inadequacy of the RQD index in situations where clays
and weathered material occur has been discussed above .
Brekke and Howar d 22 point out that it is just as important -
often more important - to classify discontinuities accordin g
to character as it is to note their scale parameters . The y

go an to discuss seven groups of discontinuity infilling s
which have a significant influence upon the engineerin g
behaviour of the rock mass containing these discontinuities .
Although their List does not cons t i tute a rock mass classi -

fication, it is included in this discussion because of th e
important engineering consequences which can result fro m
neglecting these facts when designing an excavation .

2 1

Figure 5 . Proposed use of RQD for choice of rock suppor t
system . (After Merritt 23 )
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Figure 4 . Approximate relationshi p
between Terzaghi's Rock Load Facto r
(modified) and RQD . (After Gording ,
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Brekke and Howard's comments an discontinuity infilling s
are as follows

1 .Joints, seams and sometimes even minor faults may b e
healed through precipitation from solutions of quart z
or calcite .

	

In this instance, the discontinuity ma y
be " welded " together . Such discontinuities may ,
however, have broken up again, forming new surfaces .
Also, it should be emphasised that quartz and calcit e
may well be present in a discontinuity without healin g
it .

2 .Clean discontinuities, i .e ., without fillings or coat-
ings . Many of the rough joints or partings will hav e
favourable character . Close to the surface, however ,
it is imperative not to confuse clean discontinuitie s
wich " empty " discontinuities whe*@ filling mate r ia l
has been leached and washed away doe to surface weather-
ing .

3 .Calcite fillings may, particularly when they are porou s
or flaky, dissolve during the li`etime of the under -
g round opening . Their contribution to the strengt h
of the rock mass will then, of course, disappear . Thi s
is a Jong term stability (and sometimes fluid flow )
problem which can easily be overlooked during deslg n
and construction. Gypsum fillings may behave the Sam e
way .

4 .Coa t ings or fillings of chlorite, talc and graphit e
give very slippery (i .e . low strength) joints, seam s
or faults, in particular when wer .

5 .Inactive clay material in seams and faults naturall y
represents a very weak material that may squeeze or b e
washed out .

6 .Swelling clay may cause serious problems through fre e
swell and consequent lass of strength, or through con-
siderable swelling pressure when confined .

7 .Material that has been altered to a more cohesionles s
material (sand-like) may nun or flow into the tunne l
immediately following excavation .

In contrast to the comment by Merritt id that joints contain-
ing clay fillings may occur near the surface, Brekke an d
Selmer-Olsen-' ' report that clay fillings with a very lo w
degree of consolidation have been encountered at consider-
able depth . Hence, the underground excavation designe r

can never afford to ignore the danger which can arise a s
a result of the presence of [(lese Features .

Brekke and Howard have summarised the cvnsequences of en-

countering filled discontinuities during tunnel excavatio n
in a table which has been reproduced as Table 2 on page
23 .

TABLE 2 - INFLUENCE OF DISCONTINUITY INFILLING UPON THE BEHAVIOUR OF TUNNEL S

(After Brekke and Howard 22 )

Dominant materia l

in gouge

Potential behaviour of gouge materia l

:lt face Lat.-er

Staelline

	

clay Free

	

swelling,

	

sloughing .
swelling

	

pressure and

swelling pressur e

against support or
and squeez e
lining,

	

fre e

Inactive

	

clay

squeeze on shield .

Slaking

	

and

	

sloughing

swell

	

wich down-fall

	

or wash-i n

if

	

lining

	

inadequate .

Squeeze on Supports of

	

linin g

Chlorire,

	

talc,

caused by squeeze . Heav y

squeeze under extreme
conditions .

Ravelling .

where unprotected,

	

slaking an d
sloughing

	

due

	

t o

changes .
environmenta l

due t oHeavy

	

loads may develo p
graphite or low strength,

	

in particular whe n
Serpentine .

Crushed

	

rock Ravelling or

wer .

lining,

	

runnin grunning . Loosening loads o n
Fragments of Stand-up time may be and ravelling if unconfined .
sand-like gon g e .

Porous or

	

flaky

extremely short .

May dissolve, I•eading to

	

instabil -Favourable conditions .
calcite,

	

gypsum . ity of

	

rock mass .

for Scientific and Industrial Research (CSIR) . Thi s
classification will be discussed in detail since it is on e
of the [wo classifications that the authors would recommen d

for general use in the preliminary design of under g roun d
excavations .

Bieniawski '- 6 su g gested that a classification for jointe d
rock masses should :

" 1 . divide the rock mass into groups of similar behaviour ;
2. provide a good basis for understanding the character-

istics of the rock mass ;

3. facilitate the planning and the design of structure s
in rock by yielding quantitative data re q uired for th e
solution of real engineering problems ; an d

provide a common basis for effective communicatio n

among all persons concerned with a geomechanics problem .

These aims should be fulfilled by ensuring that the adopted
classification i s

1. simple and meaningful in terms ; an d
2. based on measurable parameters which can be determine d

quickly and cheaply in the Field . "

CSWP, classification of jointed rock masses

From the preceding discussion it will have become clea- tha t
no single simple index is adequate as an indicator of th e
complex behaviour of the rock mass surrounding an under g roun d
excavation .

	

Consequently, some combination of factors suc h
as RQD and the influence of clay filling and weatherin g
appears to be necessary .

	

One such classification system ha s
been proposed by Bieniawski 2 ' 26 of the South African Council

In order to satisfy these requirements, Bieniawski originall y

proposed that his "Geomechanics classification" shoul d
incorporate the following parameters :

1.

	

Rock Quality Desi g nation

	

(RQD) ,
2. State of weathering ,

3. Uniaxial compressive strength of intact rock ,
4.

	

Spacing of joints and bedding ,

5.

	

Strike and dip orientations ,



2 4
25

6. Separation of joints ,
7. Continuity of joints, an d
8. Ground water inflow .

TABLE 3 - DEERE AND MILLER'S CLASSIFICATION OF INTACT ROCK STRENGT H

Uniaxial Compressive Strength.
Lbf/in'-

	

Xgf/cm 2

	

MPa

Examples o f
rock type t

After some experience had been gained in the practica l

application of the original CSIR Geomechanihcs Classificatio n
Bieniawsk i 26 modified his classification system by elimina t -
ing the state of weathering as a separate parameter sinc e

its effect is accounted for by the uniaxial compressiv e

strength, and by including the separation and continuity o f
joints in a new parameter, the condition of joints .

	

I n

addition, the strike and dip orientations of joints wer e

removed from the List of basic classification parameters an d

their effects allowed for by a rating adjustment made afte r

the basic parameters had been considered .

The five basic classification parametérs then became :

1. Strength of intact rock materia l
Bieniawski uses the classification of the uniaxia l

compressive strength of intact rock proposed by Deere
and Miller 10 and reproduced in Table 3. Alternate-
tively, for all but very low strength rocks the poin t
load indem (determined as described on page 52 of thi s

book) may be used as a measure of intact rock materia l
strength .

2. Rock Quality Designation
Deere's RQD is used as a measure of drill core quality .

3. Spacing of joint s
In this context, the term joint is used to mean al l

discontinuities which may be joints, faults, beddin g

planes and other surfaces of weakness . Once again .

Bieniawski uses a classification proposed by Deere l 3

and reproduced here in Table 4 .

4. Condition of joints
This parameter accounts for the separation or apertur e

of joints, their continuity, the surface roughness,th e

wall condition (hard or soft), and the presence of in-
filling materials in the joints .

5. Ground .rzter condition s
An attempt is made to account for the influence o f
g round water flow on the stability of undergroun d

excavations in terms of the observed rate of flow int o
the excavation, the ratio of joint water pressure t o

major principal stress or by some general qualitativ e

observation of groundwater conditions .

The way in which these parameters have been incorporate d
into the CSIR Geomechanics Classification for jointed roc k
nasses is shown in Part A of Table 5 on page 26 . Bieniawsk i

recognised that each parameter does not necessarily contri-

bute equally to the behaviour of the rock mass . For example ,
an RQD of 90 and a uniaxial compressive strength of intac t
rock material of 200 MPa would suggest that the rock mas s

is of excellent quality, but heavy inflow of water into th e

saure rock mass could change this assessment dramatically .
Bieniawski therefore applied a series of importance ratings
to his parameters following the concept used by Wickham ,
Tiedemann and Skinner 21 . A number of points or a rating is
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TABLE 4 - DEERE'S CLASSIFICATION FOR JOINT SPACING

Description Spacing of joints Rock mass grading

Very wid e

-

	

Wide

Moderatel y

Clos e

Very close

close

l m

0 .3 m

50mm

>

t o

t o

to

<

3m

3m

l m

300mm

50mm

3f t

lft

>

t o

to

10f t

10f t

3f t

lf t

2in

Soli d

Massive

Blocky/seamy

Fracture d

Crushed and

shattere d

2in

	

to

<

10 4

	

10 '

Figure 6 . Relationship between the stand-uo time of an unsupporte d

underground excavation span and the CSIR Geomechanic s

Classification proposed by Bieniawski 2 ' .

Chalk, rocksatt .

Coat, siltstone,schist .

Sandstone, slate, shale .

Marble, granite, gneiss .

Quartzite, dolerite ,

gabbro, basalt .



TABLE 5 - CSIR GEOMECHANICS CLASSIFICATION OF JOINTED ROCK MASSE S
A. CLASSIFICATION PARAMETERS AND THEIR RATING S

PARAMETER RANGES OF VALUE S

Strengt h
of

Point

	

Icatl
strength Index ) d MPc 4-6 MPs 2-4 MPo

-
- 2 MPc For Mus low ronge-uniaxial acmpres -

swe

	

fest is preferredintact roc k
,rotanal

Uniaxia l
compresslve

slrenoih
) 200 MPa 100-200 MPa 50-100 MPo 25 - 50 MFo 10-25

MPa
3-10-3
MPa

	

MPe
Rating 15 12 r 4 1

	

2 1

	

!

	

0

2
(Drill

	

core

	

cuality

	

ROD 90%-100% 75% -90% 50%-75% 25%-50% (25 %
Retina 20 17 13 B

	

i 3
J Spacing of joint sI >3mi 1-3n %3-Im 50-300mm (50 m m

Rating 30 25 20 10 5
Very rou g h surfaces

Not continuo u s
Na separation

hand iahe wall rock

Sligtily rough surcces
Separation(1m m

Hard jotnl wall rock
Slightly rough surfoces
SeSeparation
Saft eint well rock

tickensmied

	

surfoces i
'- (5mm

	

thick
Joints open

	

1-5mm
Continuou-

	

joints

soft gox•e y 5mm fnick
4 Condition

	

of joints or
J oi N S orxn) 5mm
Ca ntinuaus

	

10,11 s
Rating 25 20 12 6 0

51

Inflow per IO m
f tunnel

	

le ngfh None
• OR

	

'
(25

	

litres/min.
OP

25-12â Jitres/mm > 125 ihres/min
o C 0

	

1
. OR 0.0-02

'OR
C2-OS

G?
)C Smvo; _ *a°wa

(

	

1 Rafo

	

.. .c .

	

` *

!General Gerda lore Complete ly. dry
OR

Moisi only
(mterstitial

	

waterl

	

*

O R
yioter under moderat e

pressure

OR
Sever e

water

	

problems
Rating 10

	

I

	

7

B. RATING ADJUSTMENT FOR JOINT ORIENTATION S
Strike

	

and

	

dip Very

	

iavcura bt e> Favoeable Fa ❑ Unfavourable Very unfavourabl ecrientations of joint s
1 T unnels 0 -2 -5 -10 -1 2

Ratings Fauneofions 0 -2 -7 -15 - -5
Slopes 0 -5 -25 -50 -6 0

D. MEANING OF ROCK MASS CLASSE S
C?iss

	

Na I II III

	

( IV s

-_roge ;fand-up

	

time

	

- IO years Mir 5m span

	

6 manths for 4er span 1 l week tar 3 m spar l5haurs for 1.5m span

	

l0 min . tot 0.5m so.
Oeheven of Ihe rock

	

mass > 300 kPa 200-300k Pa 150 -200 kPa 100- 150 kPa

	

( 100 kP a
Fe .,en

	

angle sf

	

:ne

	

rock

	

mass >45° 4* -45' 35°-4N 30°-35° (30 °

TABLE 6 - THE EFFECT OF JOINT STRIKE AND DIP

Strike perpendiculor

	

,_ tunnel

	

azis Strike

	

parallel Di p

r

0°-20°
espech ,
of

	

sinke

Drive with

	

dip Drive

	

against dip to

	

tunnel ozi s

Dip 45'-90° Dip 20°-45° Dip 45'-90° Dip 20°-45' Dip 45°-90' Dis 20°-45 °

Very fovourable Favourable Fair Unfavoureble

1
Very unfavourable Fair

	

Unfovouroble

NG : Tunnelling Quality Inde x

On the basis of an evaluation of a 'arge number of cas e
histories of underground excavation stability, Barton, Lie n
and Lunde > of the Norwe g ian Geotechnical Institute (NG' )
proposed an index for the determination of the tunnel 1in g
auality of a rock mass . The numerical value of this index Q
is defined by :

The tunnel has been oriented such that the dominant join t
set strikes perpendicular to the tunnel axis with a dip o f
30° a g ainst the drive direction .

	

From Table 6, this situ-
ation is described as unfavourable for which a rating adjust -
ment of -10 is obtained from Table 5B . Thus the final roc k
mass rating becomes 59 which places the rock mass at eh e
upper end of Class 111 with a description of fair .

Figure 6 g ives the stand-up time of an unsupported 3 meir e
tunnel in this rock mass es approximately 1 month .

Ciassitieatiott Parameter

	

Va Luv or Dascrip xiot( atim a

1. Strength of intact material

	

150 MPa

	

1 2
2. RQD

	

70k

	

1 3
3. Joint spacing

	

0 .5m .

	

2 0
Condition of joints

	

Slightly roug h surfaces

	

2 0
Separation <lmm .
Hard joint wall roc k
Water under moderate

	

4
pressur e

5 . Ground wate r

_ractiaot exaooL: vsirg CSIR Geomechonies Ciass°:'ieaüon.

Consider the example of a g ranitic rock mass in which a
tunnel is to be driven . The classification has been carrie d
out as follou•>s :

Bieniawski has related his rock, mass rating (or total ratin g
score for the rock mass) to the stand-up time of an activ e
unsupported span as originally proposed by Lauffer 0 . The
proposed relationship is shown in figure 6 an page 25 an da practical example involving the use of this figure is dis -
cussed below . The application of the CSIR Geomechanic s
Classification to the choice of underground support systems
will not be dealt with here but will be discussed in a late r
chapter dealing with rock support .

of located to each ranae of values for each parameter and a n
overall rating for the rock mass is arrived at by adding th e
ratings for each of the parameters . This overall ratin g
must be adjusted for joint orientation by applying th e
corrections given in Part B of Table 5 . An explanation o f
the descriptive terms used for this purpose is given i n
Table 6 . Part C of Table 5 shows the class and descriptio n
given to rock masses with various total ratin g s . Th e
interpretation of these ratings in terms of stand-up time s
for underground excavations and rock nass strength parameter sis given in Part D of Table 5 -

Total score

	

6 9



The definition of these terms is largejy self-explanatory ,

particularly when the numerical valu e: of each is determine d

from Table 7 .

In explaining how they arrived at the equation used t o
determine the Index Q, Barton, Lien and Lunde offer th e
following comments :

The First quotient (RQD/J,), representing the structur e
of the rock mass, is a crude measure of the block o r
particle size, with the two extreme values (100/0 .5 and

10/20) differing by a factor of 400 .

	

If the quotien t

is interpreted in units of centimetres, the extrem e

"particle sizes" of 200 to 0 .5 cms are seen to be crud e

but fairly realistic approximations . Probably the larges t
blocks should be several times this size and the smalles t
Fragments less than half the size . ( Clay particles ar e
of course excluded ) .

The second quotient (J r /J a ) represents the roughnes s

and frictional characteristics of the joint walls o r
filling materials . This quotient is weighted in favou r

of rough, unaltered joints in direct contact . l t is t o
be expected that such surfaces will be close to pea k

strength, [hat they will tend to dilate strongly whe n

sheared, and [hat they will therefore be especiall y

favourable to tunnel stability .

When rock joints have [hin clay mineral coatings an d
fillings, the strength is reduced significantly . Never-
theless, rock wall contact after small shear displace -
ments have occurred may be a very important factor fo r
preserving the excavation from ultimate failure .
Where no rock wall contact exists, the conditions ar e
extremely unfavourable to tunnel stability . The "fric-
tion angles" given in Table 7 are a little below th e
residual strength values for niest clays, and are pos-

sibly downgraded by the fact that these clay bands o r

fillings may tend to consolidate during shear, at leas t

if normally consol idated or if softening and swellin g
has occurred . The swelling pressure of montmorillonit e
may also be a factor here .

The third quotient (J w/SRF) consists of two stres s

parameters . SRF is a measure of : 1 . loosening load i n

the case of an excavation through shear zones and cla y

bearing rock, 2 . rock stress in competent rock and 3 .
squeezing loads in plastic incompetent rocks .

	

lt ca n

be regarded as a total stress parameter . The paramete r

J,., is a measure of water pressure, which has an advers e

effect on the shear strength of joints due to a reduc -

tion in effective normal stress . Watet may, in addition,

cause softening and possible outwash in the case o f

clay-filled joints .

	

lt has proved impossible to combin e

these two parameters in terms of inter-block effective

normal stress, because paradoxically a high value o f

effective normal stress may sometimes signify les s

stable conditions than a low value, despite the highe r

shear strength . The quotient (JW/SRF) is a complicate d

empirical factor describing the "active Stresses" .

lt appears that the rock tunnelling quality Q can now
be considered as a function of only three parameter s
which are crude measures o f

1. block size

	

(P,QD/J n )
2. inter-block shear strength (J r /J a )

3. active stress

	

(J w /SRF )

Undoubtedly, there are several other parameters whic h

could be added to improve the accuracy of the classifi-

cation system . One of these would be joint orientation .
Although many case records include the necessary infor-

mation on structural orientation in relation to excava-

tion axis, it was not found to be the important genera l
parameter that might be expected . Part of the reaso n

for this may be that the orientations of many types o f
excavation can be, and normally are, adjusted to avoi d
the maximum effect of unfavourably oriented major joints .

However, this choice is not available in the case o f

tunnels, and more than half the case records were i n

this category . The parameters Jn, Jr and J a appear to

play a more important general role than orientation ,

because the number of joint sets determines the degre e

of freedom for block movement (if any), and the fric-
tional and dilational characteristics can vary more
than the down-dip gravitational component of unfavourabl y
orientated joints . If joint orientation had 'been include d
the classification would have been less general, and it s
essential simplicity lost . "

The large amount of information contained in Table 7 ma y

lead the reader to suspect that the NGI Tunnelling Quality

Index is unnecessarily complex and that it would be difficul t

to use in the analysis of practical problems . This is fa r

from the case and an attempt to determine the value of Q

for a typical rock mass will soon convince the reluctan t

user that the instructions are simple and unambiguous an d

[hat, with familiarity, Table 7 becomes very easy to use .

Even before the value of Q is calculated, the process o f

determining the various factors required for its computatio n

concentrates the attention of the user onto a number o f
important practical questions which can easily be ignore d
during a site investigation . The qualitative "feel" for th e
rock mass which is acquired during this process may be

almost as important as the numerical value of Q which i s
subsequently calculated .

In order to relate their Tunnelling Quality Index Q to th e
behaviour and support requirements of an underground ex-

cavation, Barton, Lien and Lunde defined an additiona l

quantity which they cal] the acuivalent dimension De of the
excavation . This dimension is obtained by dividing th e

span, diameter or wall height of the excavation by a
quantity called the excavation support ratio BSR .

wher e

RQD is Deere's Rock Quality Designation as defined on

page 18 ,

J n is the joint set number ,

J r is the joint roughness number ,

Ja is the joint alteration number ,

J, is the joint water reduction factor, an d

SRF is a stress reduction factor .



Hence :

1 . 6

1 . 3

1 . 0

0 . 8

D

	

Excavation span, diemeter or height (m )
e

	

Excavation Support Rati o

The excavation support ratio is related to the use fo r
which the excavation is intended and the gxtent to whic h
some degree of instability is acceptable .

	

Barto n 22 give s
the following suggested values for ES R

Excavation categoru

	

ESR

A . Temporary mine openings

	

3 - 5

8 . Permanent mine openings, wate r

tunnels for hydro power (ex-

cluding high pressure penstocks) r

pilot tunnels, drifts and head-
ings for large excavations .

C . Storage rooms, water treatmen t
plants, minor road and railwa y
tunnels, surge chambers, acces s
tunnels .

D . Power stations, major road an d

railway tunnels, civil defenc e
chambers, portals, intersections .

E . Underground nuclear power stations ,

railway stations, sports and publi c
facilities, factories .

The ESR is roughly analogous to the inverse of the 'acto r

of safety used in the design of rock slopes 2 .

The relationship between the Tunnelling Quality Index Q
and the Equivalent Dimension D e of an excavation which wil l

stand unsupported is illustrated in figure 7 . Much mor e
elaborate graphs from which support requirements can b e
estimated were presented by Barton, Lien and Lunde 1• an d

Barton 2 °

	

A discussion of these graphs will be deferred t o

a later chapter in which excavation support will b e

discussed more fully .

_racticol exampZe usine the i7CI Tunnelling Qsalios

1 .

Item

Rock Quality

Descrittion

Good

Valu e

RQD = 80 %

2 . Joint

	

sets Two sets J e = 4

3 . Joint

	

roughness Rough J r = 3

4 . Joint

	

alteration Clay gouge J e = 4

5 . Joint water Large

	

inflow 0w = 0 .3 3

6 . Stress

	

reduction Medium stress SRF =

	

1 .0

An underground crusher station is to be excavated in the

limestone footwall of a lead-zinc ore body and it is re-

quired to find the span which can be left unsupported . Th e

analysis is carried out as follow s

Hence

	

= 80 x 3 x 0 .33

	

=
5

4

	

4

	

1

30
3 1

TABLE 7 - CLASSIFICATION OF INDIVIDUAL PARAMETERS USED IN THE NGI TUNNELLING QUALITY INDE X

Description Value Note s

1 .

	

ROCK QUALITY

	

DESIGNATIO N

A . Very poo r

8 .

	

Poo r

C .

	

Fai r

D .

	

Goo d

E .

	

Excellent

RQD

0 - 2 5

25 -

	

5 0

50 - 7 5

75 - 9 0

90

	

-

	

100

1 .

	

Where RQD

	

is

	

reported or measured a s
<

	

10

	

(

	

including

	

0

	

),

	

a

	

nominal

	

velu e
of

	

10

	

is

	

used

	

to evaluate

	

Q .

90 et c2 .

	

RQD

	

intervals

	

of

	

5,

	

i .e .

	

100,

	

95 ,
are

	

sufficiently accurate .

2 . JOINT SET NUMBE R

A .

	

Massive,

	

no or

	

few joints 0 .5

	

-

	

1 . 0

B .

	

One

	

joint

	

se t

C .

	

One joint

	

set

	

plus

	

rando m

0 . Two joint set s

E . Two joint

	

sets plus

	

rando m

F .

	

Three joint

	

set s

G .

	

Three joint

	

sets

	

plus

	

random

H .

	

Four or more joint

	

sets ,
random,

	

heavily jointed
'sugar

	

cube',

	

etc

0 .

	

Crushed

	

rock,

	

earthlike

2

3

4

6

9

1 2

1 5

20

1 .

2 .

For

	

intersections

	

use

	

(3 .0

	

x J e )

For

	

portals

	

use

	

(2 .0

	

x J n )

3 . JOINT ROUGHNESS NUMBER

a . Rock waZZ contact cnd

b . Rock ieoZt contact be-or e
ZO cm .; skua .

A .

	

Discontinuous

	

joint s

8 .

	

Rough

	

or

	

irregular,

	

undulating

J r

3

C .

	

Smooth,

	

undulating 2

D .

	

Slickensided,

	

undulating 1 . 5

E .

	

Rough or

	

irregular,

	

planar 1 .5
I .

	

Add

	

1 .0

	

if

	

the

	

mean

	

spacing of

	

th e
relevant joint

	

set

	

is

	

greater

	

than

	

3m .

F .

	

Smooth,

	

planar 1 . 0

G .

	

Slickensided,

	

planar 0 .5

2 .

	

J r

	

=

	

0 .5

	

can

	

be

	

used

	

for

	

planar,

	

slick -
ensided

	

joints

	

having

	

Mnestions,

	

provided

_ . ;o rock ar ZZ contac t-

the

	

Iineations

	

are orientated

	

for minimum
strength .

akut a*keared.

H .

	

Zone

	

containing

	

clay mineral s
thick enough

	

to prevent

	

roc k
wall

	

contact . 1 . 0

0 .

	

Sandy,

	

gravelly or crushe d
-one

	

thick enough

	

to preven t
rock wall

	

contact . 1 . 0

4 .

	

JOINT ALTERATION NUMBER
J a ; r (epprox . )

a. Rock z'aLZ contact.

A .

	

Tightly healed,

	

hard,

	

non -
softening,

	

impermeable

	

filling 0 .7 5



B. Unaltered joint walls, surfac e

staining onl y

C. Slightly altered Joint wall s

non-softening mineral coatings ,

sandy particles, clay-fre e

disintegrated rock, et c

0 . Silty-, or sandy-clay coatings ,

small clay-fraction (non-

softening )

Softening or low friction cla y

mineral coatings, i .e . kaolinite ,

mica . Also chlorite, talc, gypsu m

and graphite etc ., and small quan-

tities of swellin g clays . (Dis -
continuous coatings, 1-2mm o r

less in thickness)

0
r (approx . )

(25° - 35 0 )

1 . Values of h r , the residua l

friction angle, are intend -

ed as an approximate guid e

to the mineralog ical pro -
perties of the alteratio n

products, if present .

(

	

- 160 )

J a

1 . 0

4 . 0

b . Rock i, ZZ centact before

20 c,,ms shear .

F. Sandy particles, clay-free dis -
integrated rock etc

	

4 .0

	

(25° - 30 0 )

G. Strongly over-consolidated, non-

softening clay mineral filling s

(continuous, < 5mm thick)

	

6 .0

	

(16° - 24° )

H. Medium or low over-consolidation ,

softening, clay mineral fillings ,

(continuous, < 5mm thick)

	

8 .0

	

(12° - 16° )

0 . Swelling clay fillings, i .e .

montmorillonite (continuous,

	

5

mm thick ) . Values of J a depen d

an percent of swelling clay-siz e

particles, and access to water

	

8 .0 - 12 .0

	

( 6°

	

12° )

e . >o rock waZZ contac t

sahen sncared .

K. Zones or bands of disintegrated

	

6 . 0

L. or crushed rock and clay (see

	

8 . 0

M. G,H and J for clay conditions)

	

8 .0 - 12 .0

	

( 60 - 24 0 )

N. Zones or bands of sil ty- o r

sandy clay, small clay fraction ,

(non-softening )

Q. Thick, continuous zones o r

P . bands of clay ( see G, H an d

R. J for clay conditions)

2 . 0

3 .0

(2 50 - 30° )

(20° - 2 5 0 )

5 . 0

10 .0 - 13 .0

	

( 6° - 24° )
13 .0 - 20 . 0

A. Dry excavations or minor inflow ,

i .e . < 5 Lit/min . locall y

B. Medium inflow or pressure, occa-

sional outaash of joint filling s

C. Large in f low or high pressure i n

competent rock with unfilled joint s

0 . Large inflow or high pressure ,

considerable outwash of filli n g s

E. Exceptionally high inflow or pres -
sure at blasting, decaying wic h

time

	

0 .2 - 0 . 1

F. Exceptionally high inflow or pres-

sure continuin g wi thout decay

	

0 .1 - 0 .0 5

5 . JOINT 'VATER REDUCTION FACTOR
approx . wate r

pressure (Kgf/cm° )
J .w

1 0

10

1. Factors C to F are crud e

estimates . Increase J w

if drainage measures ar e

installed .

2. Special problems caused

by ice Formation ar e

not considered .

1 .0

	

1 . 0

0 .66

	

1 .0 - 2 . 5

0 .5

	

2 .5 - 10 . 0

0 .33

	

2 .5 - 10 .0

6 . STRESS REDUCTION FACTO R

a . i«eak-tesa zones intersecting ercaoaticn., Ohio : may couse 2oosening
of rock mass uhen tunneZ is exeavated .

A . Multiple occurrences of weakness zones containin g
clay or chemically disintegrated rock, very Loos e
surrounding rock (any depth )

6 . Single weakness zones containing clay, or chem-
ically disintegrated rock (excavation depth

	

50m)

	

5 . 0

0 . Single weakness zones containing clay, or chem-
ically disintegrated rock (excavation depth

	

50m)

	

2 . 5

0 . Multiple shear zones in competent roc k
Loose surrounding rock (any depth )

E. Single shear zones in competent rock (clay free) ,
(depth of excavation n 50m )

F. Single shear zones in competent rock (clay free) ,
(depth of excavation > 50m )

G. Loose open joints, heavily jointed or ' sugar cube '
(any depth )

b . Competent rock, rock stress Problems

g0/ol

	

o t/o l

	

SR F

H . Low stress, near surface

	

>200

	

>13

	

2 . 5

0 . Medium stress

	

200-10

	

13-0 .66

	

1 . 0

K. High stress, very tight structur e
(usually favourable to stability ,
may be unfavourable for wal l

stability )

L. Mild rock burst (massive rock)

	

5-2 .5

	

0 .33-0 .1 6

M. Heavy rock burst (massive rock)

	

<2 .5

	

<0 .16

	

10-2 0

e g ing roch, Pias "ie _ 'Z_w - Zeeampetent roch unde_ th e
infZuence o' high roch essar e

N. Mild squeezing rock pressur e

0 . Heavy squeezing rock pressure

	

10-2 0

i Steh ;:g roch, o e nieaZ sweZZing aetivity depending upon esenc e

P . Mild swelling rock pressure

	

5-1 0
R . Heavy swelling rock pressure

	

10-2 0

ADDITIONAL NOTES ON THE USE OF THESE TABLE S

When naking estimates of the rock mass quality (Q) the Foliowing guidelines should be followed ,
in addition to the notes listed in the tables :
1. When borehole core is unavailable, ROD can be estimated from the number of joints per uni t

volume, in which the number of joints per metre for each joint set are added . A simple rel-
ation can be used to convert this number to RQD for the case of clay Free rock masses :

RQD = 115 - 3 .3J< (approx .)

	

where J v = total number of joints per m 3
(RQD = 100 For J v < 4 .5 )

2. The parameter J n representing the number of joint sets will often be affected by foliation ,
schistosity , sla ty cleavage or bedding etc .

	

If strongly developed these parallel "joints "
should obviously be counted as a complete joint sec . However, if there are fei./ "joints "
visible, or only occasional breaks in ehe core due to these Features, then it will be mor e
appropriate to ccunt them as "random joints" rohen evaluating J n .

3. The parameters J r and J a (representing shear strength) should be relevant to the ceakes t
aigni :icane joint set or eZoy -

	

.e discontinuity in the g iven zone . However, if the join t
set or discontinuity with the minimum value of (Jr/ J a ) is favourably oriented For stability ,
then a second, less favourably oriented joint set or discontinuity may sometimes be mor e
significant, and its higher value of J r /Ja should be used when evaluating 0

	

e value o .
should in

	

ot - Zate to t

	

surface mos - Zike

	

t0 allow 'ailu=' to initiate .
4. When a rock mass contains clay, the factor SRF appropriate to Zoosenina loads should b e

evaluated .

	

In such cases the strength of the intact rock is of little interest . However ,
when jointing is minimal and clay is completely absent the strength of the intact rock ma y

(clay free),

5-1 0

SR F

5-1 0

10-5 0 .66-0 .33 0 .5- 2

SR F

10 . 0

7 . 5

5- 0

2 . 5

5 .0

1. Reduce these values o f

SRF by 25 - 50% if th e

relevent shear zones onl y

influence but do no t
intersect the excavation .

2. For strongly anisotropi c
virg in stress Field (i f
measured) : when 5 _ cl/0 3

10, reduce a c to 0 .8o c
and s t to 0 .8st . Whe n
0 l /0 3 > 10, reduce oc an d
s t to 0 .6o c and 0 .6o t ,
where o c = unconfine d
compressive stren g th, an d
s t = tensile strengt h
(point load) and s t an d
0 3 are the major and mino r
principal Stresses .

3. Few case records availabl e
where depth of crown belo w

surface is less than s p a n
width .

	

Sucgest SRF in-

crease from 2 .5 to 5 fo r

such cases (see H) .
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TABLE 7 CONTINUE D

become the weakest link, and the stability will then depend on the ratio rock-stress /
rock-strength .

	

A strongly anisotropic stress field is unfavourable for stability and i s

roughly accounted for as in note 2 in the table for stress reduction factor evaiuation .
5 . The compressive and tensile strengths (cc and a t ) of the intact rock should be evaluate d

in the saturated conéition if this is appropriate to present or future in situ conditions .

A very conservative estimate of strength should be made for those rocks that deteriorat e
when exposed to moist or saturated conditions .
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Figure 7 . Relationship between the maximum equivalent dimension D e of an unsupporte d
underground excavation and the NGI tunnelling quality index Q .
(After Barton, Lien and Lunde l )

From figure 7, the maximum equivalent dimension De for a n

unsupported excavation in this rock mass is 4 metres . A

permanent underground mine opening has an excavation suppor t

ratio ESB of 1 .6 and, hence the maximum unsupported spa n

which can be considered for this crusher station i s

ESR x De = 1 .6e 4 = 6 .4 metres .

Discussion on rock mass classification system s

Of the several rock mass classification systems described i n

this chapter, the CSIR system proposed by Bieniav,ski 2, 5,2 6

and the NGI system proposed by Barton, Lien and Lunde l ar e

of particular interest because they include sufficient In-

formation to provide a realistic assessment of the factor s

which influence the stability of an underground excavation .

Bieniawski's classification appears to lay slightly greate r

emphasis on the orientation and inclination of the structur-

al features in the rock mass while takine no account of th e

rock stress . The NGI classification does not include a

joint orientation term but the properties of the mos t

unfavourable joint sets are considered in the assessment o f

the joint roughness and the joint alteration numbers, bot h

of which represent the shear strength of the rock mass .

Both classification systems suggest that the influence o f

structural orientation and inclination is less significan t
.4,e n

	

ee ' ally -=nd to asst ne and that a different -

5 0

1 0

5

0 . 5

0 .1
0 .001

Tation between fcvourable and unfavourable is adequate fo r
most practical purposes . While this may be acceptable fo r
the majority of situations likely to be encountered in th e
field, there are a few cases in materials such as slate w'her e
the structural features are so strongly developed thzt the y
will tend to dominate the behaviour of the rock mass .

	

I n
other situations, large blocks may be isolated by a smal l
number of individual discontinuities and become unstabl e
when the excavation is created .

	

In such cases, the class i -
fication systems discussed in this chapter may not be ade-

quate and special consideration may have to be given to th e
relationship between the geometry of the rock mass and tha t
of the excavation . This subject will be dealt with i n
chapter 7 of this book .

The authors have used both the CSIR and the NGI systems i n
the field and have found both to be simple to use and o f
considerable assistance in making difficult practical de-
cisions .

	

In most cases, both classifications are used an d

both the Rock Mass Rating (RMR) and the Tunnelling Qualit y

(Q) are used in deciding upon the solution to the p roblem .
l t has been found that the equation RMR = 9 LogeQ + 4 4
proposed by Bieniawsk i 26 adequately describes the relation-
ship between the two systems .

When dealing with problems involving extremely weak groun d

which result in squeezing, swelling or flowing condition s

(see Terzaghi's classification in Table 1 on page 17), i t

has been found that the CSIR classification is difficult t o
apply . This is hardly surprising given that the system
was originally developed for shallow tunnels in hand jointe d
rock . Hence, when w+•onking in extremely weak ground, th e
authors recommend the use of the NGI system .

In discussing the CSIR and NGI classification systems, th e

authors have concentrated upon the basic rock mass classifi-
c ation and on the indication given by this classificatio n

of whether support is required or not .

	

Bieniawski Ox , 26 an d
Barton, Lein and Lund e l ..ent on to apply these classification s
to the choice of specific support systems . The detaile d
design of support for underground excavations, including the
use or rock mass classifications to assist in the choice o f

support systems, will be discussed in chapter 8 of this book .

3 5
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Introductio n

The warst type of problem with which an underground excava-

tion designer can be faced is the unexpected problem. With-

in the confined space of a tunnel or mine, it is both diffi-

cult and dangerous to deal with stability Hr water problem s

which are encountered unexpectedly . On the other hand ,

given sufficient warning of a potential problem, the enginee r
can usually provide a solution by changing the location o r
the geometry of ehe excavation, by sup porting or reinforcin g

the rock mass around the opening or by draining or divertin g

accumulations of groundwater .

While it is impossible to anticipate all ehe geologica l

conditions which can give rise to problems during the excava-
tion of an underground opening, it is . .clearly necessary tha t
every reasonable effort should be made' to obtain a complet e
picture of the rock mass characteristics at an early stag e
in any project . This means that sufficient resources, bot h

financial and manpower, and enough time must be allowed fo r

the geological dato collection and site investigation Phas e
of an underground excavation project . Failure to do s o
will result in an inadequate basis for the design and Goul d
be very costly when unexpected p roblems are encountered a t
a later stage in the project .

In this chapter, techniques which can be used for geologica l
data collection are reviewed in a general manner .

	

Sinc e
zach site will have its own peculiarities and since th e
site investigation equipment available Iocally may diffe r
from that described in this chapter, the reader will hav e
to adapt the information given to suit his own requirements .

Study of regional geolo g y

The structural geological conditions which occur on an y
particular sitz are a p roduct of the geological histor y
of the surrounding region . Hence the rock types, folds ,
faults and joints in the relatively small rock volune wit h

which the designer is concerned form part of a much large r
pattern which reflects the major geological processes t o
which the region was subjected . A knowledge of these majo r
geological processes can sometimes be of g reat benefit i n

building up a detailed g eological picture of the sitz sinc e

it will send to suggest structural trends which may not b e

obvious from the mass of detailed information available e t
a more total level .

Geological studies have been carried out in most areas o f
the world and these studies are generally recorded in paper s
submitted to scientific journals or on maps which may b e
available in total libraries, universities or governmen t
geological organisations .

	

lt is important that any suc h

information covering the area under study should be locate d
and studied as early as possible in the project .

lt is also important that total kmowledge should be utilise d
as far es possible . Local prospectors, miners, quarrymen ,

building contractors and amateur geologists may be able t o

provide useful information on previous mining or quarryin g
operations, unusual groundwater conditions or other factor s
which may be relevant . Geological departments at universi-

ties are frequently an important source of total geological
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information and the staff of such departments are usuall y
very willing to help in this early but important data col-
lection process .

Many parts of the world have been photographed from the -ai r
for military or civilian purposes and good quality air photo-

graphs can provide very useful information on structura l
features and on some sub-surface phenomena . Faults and othe r
major linear Features are usually fairly easy to identif y
but a skilled photogeologist may also be able to locat e
subsidence areas or caving cracks from old underground mine s
or the surface reflection of solution cavities which hav e
slightly altered the total drainage, resulting in sligh t
changes in the colour or distribution of surface vegetation .

Stereoscopic examination of adjacent pairs of air photo g raph s
is useful in areas of significant topographic relief sinc e
it may be possible to locate old Landslips or other surfac e
features which may be important in the Overall design o f
the project . Contour maps of the area can also be prepare d
from air photographs and figure 8 illustrates an inexpensiv e
stereoviewer which can be used for the approximate measure-
ment of surface elevation differences . Accurate contou r
mops can usually be prepared by specialist survey organisa-
tions which have sophisticated equipment for elevation
measurement and, in many cases it is worth placing a contrac t
for air photography and contour map preparation of a part-

icular site with such an organisation .

The reader who is interested in learning more about photo-

geology and the interpretation of air photographs is refer -
red to the book on this subject by Miller' n .

Chapter 3 : Geological data collection

Figure B . A stereoviewer being used to examine an adjacent pai r
of air photographs . This instrument can be used t o
measure surface elevation differences and is a mode l
SB180 folding mirror stereoscope manufactured by Ran k
Prec'sion Industries Ltd ., P .O .Box 36, Leicester, England .



40

	

4 1

Engineering geological maps and plins

Maps produced as a result of the regional geological studie s

described in the previous section are normally to a scal e

of between 1 :10000 and 1 :100000 .

	

In order to provide eh e

more detailed information required for the /zngineering desig n

of en underground excavation, it is necessary to produc e

maps and plans to a scale of about 1 :1000 or even 1 :100 .

In addition, the type of information included on such plan s

and in thz accompanyin g logs and notes should be such tha t

a classification of the rock mass (as described in the pre-

vious cha p ter) can be produced .

A review of engineering geological mapping techniques, whic h

are currently used in civil en gineering practice (mainl y

for surface excavations) in the Unitee,Kingdom, has bee n

published by Dearman and Fookes 31 Moye 3 ' has given a very

Full description of the engineering geological investigation s

carried out for the Tumut 1 underground power station in th e

Snowy Mountains in Australia . These papers, together wit h

the textbooks on engineering geology included in the lis t

of references at the end of this chapter, deal with th e

subject of engineerin g geolog ical ma p ping more fully tha n

is possible in a book of this type in which the emphasis i s

placed on engineering desi g n .

	

lt is recommended that th e

reader should study at least one of these references i n

order that he may become familiar with the range of tech-

niques which are available .

Mapping surface outcro p s

At an early stage in an underground excavation design project ,

access may not be available to the rock mass at the dept h

at which the excavation is to be created. Under these cir -

cumstances, the rock which outcrops on thz surface must b e

utilised to obtain the maximum amount of information o n

rock types and on the structural Features in the rock mass .

Stream beds are usually an important source of outcrop in-

formation, particularly where fast flowing mountain stream s

have out through superficial material to expose the under -

lying rock .

	

Figure 9 illustrates a stream bed exposure i n

horizontally bedded sedimentary rocks and many of the char -

acteristics of the individual beds in the sequence ar e

evident in such an exposure .

When the amount of surface exposure is limited or when i t

is considered that those outcrops which are available hav e

been severely altered by weathering, the excavation of a

trench or a shaft is sometimes advisable .

	

Figure 10 shows

a trench excavated through surface deposits by means oF a

bulldozer . Further excavation into ehe bed-rock by mean s

of blasting may be required in such cases al though car e

would have to be taken that the information being sough t

was not destroyed in the basting process . Sometimes, clean -

ing the exposed surface with a pressurised jet of water o r

air is sufficient to reveal the rock mass for the purpos e

of structural mapping .

In addition to ehe identification of rock types, surfac e

outcrops should be used for ehe measurement of the inclina-

tion (dip) and orientation (dip direction) of structura l

features such as bedding planes, cleavage and joint planes .

Figure 9 . Horizontally bedded sedimentary rock ex p osed in th e

bed of a mountain stream . Such exposures provide excellen t

facilities for surface mapping .

Fi g ure 10 . Trial trench excavate d
through surface materials by mein s
of a bulldozer .



A great deal of time and energy can be saved if these mea -

surements are carried out with an instrument which is spec -

ifically designed for this purpose . Several such instrument s

are available but one of the most convenient is the compas s

illustrated in the photograph reproduced opposite . Thi s

compass was designed by Professor Clan arid is manufacture d

by F .W .Briethaupt E Sohn, Adolfstrasse 13, Kassel 3500, Wes
t

Germany .

The folding lid of the compass is placed against the plan e

to be measured and the target bubble is used to level th e

body of the instrument . The dip of the plane is indicate
d

on the circular scale at the end of the lid hinge . Wit h

the instrument body Ievel, the compass needle clamp is de -

pressed (by the user's thumb in the photograph opposite )

and the well-damped needle quickly,hstablishes its magneti c

north-south orientation .

	

lt is locked in this position b y

releasing the clamp and a friction clutch in the lid hing e

holds the lid in position . The instrument can now be remove d

from the rock face and the dip and dip direction read off th e

two scales . This ability to retain the readings after th e

instrument has been removed from the rock face is importan t

when the compass is being used in difficult positions .

The

	

zr gscl a'_c

	

'.Ya .as S
is used ;'or measv*°*m2n*

	

Field measurements are usually recorded in a field no[e boo k
iahip

h o_r' ?re dip and

	

-ion

	

but a portable tape recorder can sometimes provide a ver y

cieai c _✓ es .

	

effective means of making field notes .

	

lt is important tha t

information recorded in the Field should be transferred ont o

maps, plans or other mori permanent forms et regular inter -

vals, preferably daily . This will ensure that apparen t

anomalies can be checked while access to the outcrop i s

still readily available and erroneous information, whic h

could be dangerously misleading at a later stage in th e

project, can be eliminated .

Since it is probable that the Field mapping will be carrie d

out by a geologist and that ehe data may be used, at som e

later stage, by an engineer for design purposes, it i s

essential that an effective means of communication be estab -

lished between these two persons .

	

lt is also important tha t

these data should be intelligible to other engineers an d

geologists who may be concerned with other aspects of th e

project but who may become involved in occasional discussion s

on geotechnical problems . The presentation of these dat e

graphically or by means of models, is considered to be s o

important that the whole of the next chapter is devoted t o

this subject .

When rock exposures occur in the form of very steep fade s

which are difficult and dangerous to work on, photogrammet -

ric techniques can be used to obtain information on the di p

and dip direction of visible structural Features . Two photo -

graphs are taken, from accurately surveyed base positions ,

of a rock face on which reference targets have been marked .

These photographs are combined in a stereocomparator, a

highly sophisticated version of the instrument illustrate d

in figure 8, and measurements of the three coordinates o f

visible points on the rock face are made. By taking a numbe
r

of measurements on a plane in the photographs, the dip an d

dip direction of the plane can be computed by rotating a n

imaginary plane in space until it fits the measured coordin -

ates . Thi technique has been fully described by Ross-Brown
,

Wickens and Markland''' and the equipment available for photo -

grammetric studies has been reviewed by Moffitt 39 .

Confirmation of the usefulness of this photogrammetric tech-

nique of geological mapping was obtained in one studyx car-

ried out on a very steep quarry face to which access was no t
available . The information gathered during this study wa s
used in a stabil i ty analysis of the rock face as part of a
feasibility study for a major project . Several years later ,
when access to the face was available, the information ob-

tained in the photogrammetric study was checked by geologica l
mapping and the differentes eiere found to be insignificant .

Geophysical exploratio n

Because of the high tost of sub-surface exploration by dia-

mond drilling or by the excavation of trial shafts or edits ,
the site of a proposed underground excavation is seldo m
investigated as fully as a design en g ineer would wish .
Geophysical methods can be used to obtain an initial overal l
assessment of the site which can assist the project staff
in optimising the site exploration programme .

Mossman and Heim50 have reviewed a range of geophysica l
techniques which are applicable to underground excavatio n
engineering and their summary of available methods is give n
in Table 8 on page 44 . This fable is largely self-explana-
tory but a few additional comments may be helpful .

Geophysical methods involving the use of gravity meters ,
magnetometers and electrical resistivity can be used t o
obtain estimates of rock properties such as porosity an d
density . However, these methods g ive relatively littl e
indication of the structural characteristics of the roc k
mass and the results can sometimes be very difficult t o
interpret .

Seismic methods will not give satisfactory results in al l
geological environments and they are the most expensive o f
geophysical methods . an the other hand, when geologica l
conditions are suitable, seismic methods can give valuabl e
information on the structural attitude and configuration
of rock layers and on the location of major geologica l
discontinuities such as faults .

The interpretation of both geophysical and seismic measure -
ments is a complex process and a great deal of practica l
experience is required of the operator before the result s
can be regarded as reliable . For this reason, do-it-yoursel f
geophysical and seismic studies are not recommended . Wher e
such studies are considered to be appropriate, the employmen t
of a specialist contractor is advisable .

Once sub-surface access is available through boreholes, th e
usefulness of geophysical exploration techniques can be
extended . Several techni ques developed by the oil industr y
are now available for civil engineering and mining applica -
tions" and seismic measurements in and between borehole s
can give useful information of the local characteristic s
of the rock mass" 2 .

The use of seismic techniques to locate rockbursts in under-
ground minin

g situations is a special form of instrumenta-
tion which will not be dealt wich in this book .

By D .li .P,oss-Bro .n in a consulting assignment with E .Hoek .
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Figure 11 . A large surface-mounte d

drilling machine for deep hol e

sub-surface exploration . Not e

the carefully prepared foundatio n

and working area .

Figure 12
. A hydraulically operated diamond drilling machine suitabl

e

for producing high quality 56mm core in confined under
g roun d

locations .

Both photographs reproduced with permission from Atlas Copco, Sweden
.

Drillin g machines

In addition to providing a financial incentive to encourag e
the driller to aim for hi g h core recovery, it is essentia l
that he should also be provided with a drilling machine whic h
has adequate capacity for the job in hand and which has bee n
properly maintained so that it is in good working order .
This may appear to be an obvious statement but it is surpris-

ing how often under-rated machines and poor equipment ar e
used in site investigation work . An inspection of the con-

tractor's equipment will often give a good indication o f

the quality of work which he is likely to produce and suc h

an inspection is a sound precaution to take before the awar d
of a contract .

Hydraulic feed drilling machines are essential for hig h
quality core recovery . The independent control of thrus t
permits the drilling bit to adjust its penetration rat e
to the hardness of the rock being drilled and, in particular ,

to move rapidly through weathered rock and fault zones befor e
they are eroded by the drilling water . l t is also importan t
that a wide range of drilling speeds are available to permi t
adjustment to the ranufacturer's recommendation on rotationa l

speeds for various bits .

Many large surface drilling ri g s, such as that illustrate d

in figure 11, are fitted with hydraulically operated chuck s

which permit rapid coupling and uncoupling of rods - a jo b

which requires the expenditure of considerable energy i f
it is done manually with wrenches . Hyd raulic chucks ar e

also fitted to the smaller Atlas Copco Diamec 250 machin e
illustrated in figure12 and these permit very rapid ro d
changing - an important consideration when a large numbe r
of short drill rods have to be used in a confined undergroun d
location . Light-weight aluminium rods are also normally use d

on this machine and this makes it possible for one man t o
carry out the complete drilling operation, once the machin e
has been sec up .

The bulky nature of hydraulic drilling machines such as tha t
illustrated in figure11 makes them unsuitable for use under-

ground, except in major caverns . Consequently, until tonpat t
machines such as that illustrated in figure12 were introduced ,
most underground drilling, particularly in mines, was don e
with screw feed machines . Because the thrust on these machi-
nes is not easy to control, they are less suitable than th e
hydraulic machines for high quality structural drilling .
However, with careful control by the operator, g ood cor e
recovery can be achieved wich these machines H 3

A very )ar ge proportion of diamond drilling is carried ou t

using water to cool the diarund bit and to flush the chipping s
out of the hole .

	

In some cases, the use of air as a coolin g
and Flushing medium is preferred, p articularly when very

poor rock conditions wich the danger of rapid deterioratio n
of the rock due to moisture changes are encountered . The
use of air requires a special design of the ducts in the
drill bit since a higher volume of air is requi red in orde r
to achieve the saure effect es water flush . Relatively fe w
manufacturers offer equipment suitable for the use of ai r

but it is anticipated [hat more of this equipment will becom e

available in the Future as its advantages for special applica-
tions are recognised .

46
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Core bcLreZs for diamond driZZin g

The design of a diamond impregnated drill bit for good core

recovery is a highly specialised process which is undertake n

by a number of manufacturers and no attempt will be made to

discuss this process herz. However, the rdsults achieved by
using the best available bit can be completely spoiled i f
the barrel in which the core is caught is poorly designed .

A lamentably frequent sight is to see a driller removing a

core by up-ending the barrel and either shaking it or thump -

ing it with a hammer in order to remove the core . The "un-
disturbed" core, which has been recovered at great expense ,
is usually deposited in the core box as a meaningless jumbl e
of pieces as a result of this type of operation .

The aim of a geotechnical drilling tuegramme is to recon-

struct the complete core sample from-the rock mass in a

state as close to its original condition as possible . Thi s

can only be achieved if the core passes into a non-rotatin g

inner tube in the core barrel so that the rotation of th e
outer barrel, to which the drill bit is attached, does no t
twist the fragile core . Most manufacturers can supply a
variety of double or triple tube core barrels in which th e
inner barrel is mounted an a bearing assembly which prevent s
the rotation of the outer barrel being transferred to th e

inner unit .

The most desirable construction of the innermost barrel i s
to have the tube in two matching halves which are hel d

together by means of steel clips . When the Full barrel i s
recovered from the drill hole, these Clips are removed an d
the barrel is split to reveal the core which can then b e
tranferred into a prepared core box . One such spit doubl e

tube core barrel, manufactured by Mindrill of Australia ,

is illustrated in figure 13 . This particular harret ha s

been fully described in a paper by Jeffers 44 .

WifreZine driZZing

When drilling deep holes from surface, a great deal of tim e
and energy can be expended in removing the drill rods fro m

the hole at the end of zach drilling run . Much of thi s

effort can be avoided by the use of wireline equi pment whic h

allows the full core barrel only to be removed at the en d

of each drilling run . This barrel is lowered down the centre

of the drill string by a wire and a series of clamps ar e
used to attach the barrel to the bit . These clamps ar e
released when the barrel has been filled and the drillin g

system is left in place while the core is recovered . Wire-

line drilling has become very common in high quality minera l

exploration and sitz investigation work and many drillin g
contractors now have equipment available for this work .

Core orientation

lt should already have become obvious to the reader that th e

orientation and inclination of structural discontinuitie s

in the rock mass are extremely important factors to be con-

sidered in relation to the design of an underground excava-
tion . Hence, however successful a drilling programme ha s

been in terms of core recovery, very valuable informatio n

will have been lost if no attempt has been made to Orien t

the core .

a . Core barrel with outer tube removed to revea l
bearing assembly to which inner Split tube i s
attached . Note water holes in bearing assembly .

b Full core barrel with diamond drilling bi t
removed to show end of split inner barre l
projecting from outer barrel . Note circula r
spring clip holding two halves of split barre l
together .

c . Split inner barrel removed from outer barrel an d
uncoupled from bearing assembly . Circular clips
have been removed and the barrel split to revea l
nearly undisturbed run of core .

Figure 13 .

	

Use of split double tube core barrel fo r
recovery of core for geotechnical purposes .
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Phillips 4y and Ragan LS have described methods for establish-
ing the orientation and inclination of strata from recognis-

able marker bands or bedding planes which are intersecte d
by two or more non-parallel boreholes . These technique s
are familiar to most geologsits and can bb very useful i n
certain circumstances . Engineering readers should consul t
PhilllP5 cO for details .

Orientation of core from a single borehole usually depend s
upon the use of some form of orientation device which i s
used during the drilling programme . The Christensem-Huge l
method utilises a scribing mechanism which marks paralle l
lines on the core as it is forced into the inner barrel o f
the dri11 49 . The Atlas Copco-Craelius core orientation

system uses a tool which is clampedjin the core barrel a s
this is lowered into the hole at the 'start of a drillin g
run . A number of pins parallel to the drill axis projec t
ahead of the drill bit and take up the profile of the cor e
stub left by the previous drilling run, as illustrated i n
figure 14 . The orientation of the device is determine d
relative to the drill rod position at the collar of th e
hole or, in an inclined hole, by means of a ball bearin g
marker which defines a vertical plane through the bore-

hole axis . When the core has been recovered, the Firs t
piece of core is matched to the profile of the pins and th e
remainder of the core is pieced together to obtain the

orientation of other structural features in relaticn to th e
First piece .

Figure 14 . An Atlas Copco-Craelius core orienter . Clamped inside th e

diamond bit, the pins take up the profile of the core stub left by th e
previous drilling run . Pressure on the spring loaded tone locks th e

pins, actuates the ball bearing marker and releases the tool so tha t
-an ^ove uo the drill barrel ahead of the core .

5 1

More elaborate core orientation systems involve drillin g
a small diameter hole at the end of the hole left by th e
previous drill run . A compass can be bonded into this hol e
for recovery in the next core run 45 or an oriented rod ca n
be grouted into the hole to provide reinforcement for th e
core as well as orientation . This latter technique, know n
as the integral sampling method, has been described b y
Rocha 50 and can be used to produce high quality oriente d
core in very poor rock . However, it is both expensive an d

time consuming and would only be used to evaluate extremel y
critical areas in the rock mass .

Examination of the walls of boreholes by means of cameras 5 1

or television systems has been used for core orientatio n
but the results obtained from these devices are seldo m
satisfactory . A great deal of time can be wasted as a
result of mechanical and electrical breakdowns in equipmen t

which was not originally designed to operate under suc h
severe conditions . A more promising borehole inspection too l

is the Televiewer which was originally developed by the oi l
industry 52 . This instrument, which works in a mud-fille d
hole, produces a television type picture as a result of th e
attenuation of a sonic signal by fractures in the roc k
surrounding the hole. The high tost of this instrumen t
limits its application to special studies and it could rie t
be considered for routine site investigation work .

An inexpensive tool for obtaining an impression of th e
inside of a diamond drilled hole has recently been develope d
by Hinds 5u , 04 . Figure 15 is a reproduction of en impressio n

taken in a 3 inch diameter hole in sandstone and this show s
the coarse grain of the rock as g rell as several open fissures .

The impression material is a thermoplastic Film called Para-

film Mi which is pressed against the borehole wall by a n
inflatable rubber packer .

	

Linking this device to some for m
of orientation system or borehole survey instrument orovide s

information on the orientation of fractures in the roc k

mass which is independent of disturbanc-e of the core .

Figure 15 . Photographit repro -

duction of the impression take n

on thermoplastic film inside a

3 inch diameter diamond dril l
hole in sandstone_ .

Manufactured by The Anerican Can Company, American Lane ,
Greenwich, Conn . 06830 . USA .



5 2 5 3

From the comments in this section, it will be obvious tha t

core orientation is a difficult operation which frequentl y
yields unsatisfactory results .

	

In spite of diese difficul-
ties, a knowledge of the orientation and inclination o f
discontinuities in the rock mass is very important for the
design of underground excavations and the reader should no t
give up too easily in his efforts to obtain this information .

Index testing of cor e

In addition to information on the discontinuities in th e

rock mass, it is also important to obtain estimates of th e

strength of ehe intact rock and on the weathering character-
istics of this rock .

A reasonable estimate of the uniaxia h'Icompressive strength o f
the rock can be obtained by means of the point load test .
A piece of core is loaded across its diameter between [wo
hardened steel points as illustrated in Figures 16 and 1 7
.which show two alternative commercially available poin t
load testing machines . The Point Load Index 55 is g iven by :

I s n P/P2

where P is the load required to break the s p ecimen an d

D is the diameter of the core .

Pfote that the length of the core piece should be at leas t
1 .5 times the diameter of the core .

If the diameter D of the core is expressed in millimetres ,

an approxiiate relationship between the point load index I s

and the uniaxial compressive strength cc is given by 2P :

cc = (14 ± 0 .175 D ) I s

Because the load required to break a rock core under poin t
load conditions is only about one tenth of that require d

for failure of a specimen subjected to uniaxial compressiv e

stress, the point load equipment is light and portable an d

is ideal for use in the Field during logging of the core .

The uniaxial compressive strength of the rock, estimate d
from the point load index, can be used for rock classifi-
cation according to Table 3 on pa g e 25 . The value of c c
can also be used in a more detailed analysis of roc k
stren g th which will be discussed in a later chapter .

Figure IS shows a box of core recovered from an interbedde d
series of sandstones, siltstones and mudstones . The photo-

graph was taken approximately six months after drilling an d
it shows that the mudstone (the dark coloured material i n
the central trays) has disintegrated completely in thi s
time . This tendency to weather on exposure can have seriou s
consequences if such a material is left unprotected in an
excavation and it is imp ortant that the engineer should b e
mode aware of this danger in good time so [hat he can specify
appropriate protective measures . Franklin and Chandra 5 7
have described a Slake Durability test which is carried ou t
in the apparatus illustrated in figure 19 . This test, whic h
can be carried out in a Field laboratory, involves determin-
ing the .weicht lass of a number of pieces of rock whic h
have Seen rotated, under water, in the sieve drums at th e
ends of the instrument .

Figure 16 . A Point Load testing machine used for strength inde x
testing in the Field . This apparatus is manufactured by Engineerin g
Laboratory Equipment Ltd ., Hemel Hempstead, Hertfordshire, England .

Figure 17 . An alternative form of Poin t

Load tester manufactured by Robertson

Research Mineral Technology Limited ,
Llandudno, Gwynedd, Wales .
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Core Jogging and photography of cor e

The time span between the preliminary investigation of a
site and the commencement of active mining or constructio n
may be of the order of ten years and the need to refer t o
the original geological information may well last for severa l
tens of years . Because the geologists involved in the sit e
investigation are unlikely to be available throughout thi s
period, it is essential that the geological date should b e

recorded in such a way that meaningful interpretation o f
these data can be carried out by o thers . l t would not b e
appropriate to suggest the exact form which should be use d
for core Jog g ing since this will vary according to th e
nature of the project, the design approach adopted and th e
overall geological conditions on site . The procedure adopt-
ed in the Gase of an underground mining operation in massive '
lead-zinc ore bodies will probably differ significantly fro n
[hat used for an underground powerhouse in horizontall y
bedded coal measure sedimentary rocks . However, it i s
strongly recommended that the project management and th e
geologists should g ive serious consideration to the cor e
lo g ging procedures to be used and to the presentation o f
re g eier carefully prepared reports . An example of a care-
fully planned and well presented core log is reproduced ,
from a paper by Moye' 6 , in figure 20 .

Wherever possible, standard symbols should be used for th e
graphical presentation of g eological data 58 and it i s
useful to include a list of such symbols in every geologica l
report .

The preparation of a core log or a geological report re-
quires a certain amount of jud g ement on the pari of eh e
geologist and subse g uent users of this information ma y
question some of these jud g ements . Sone of the uncertaint y
in g eological interpretation can be eliminated if the cor e
Logs and reports are accompanied by good quality colou r
Photographs of the core . Considering the very high tos t
of good quality core recovery, it is invariably wort], spend -
ing a little more to provide for routine core photograph y
before the cores are placed in storage . A rigid stand fo r
a g ood 35mm single Jens reflex camera can be set up i n
corner of the core shed and each core tray photographe d

es it arrives from the field . Flood lighting or the use
of an electronic Flash will enable the Operator to set a
standard exposure on the camera and will ensure consisten t
results . Several triel exposures may be required to tes t
the System and to ensure [hat a good colour balance i s
achieved in the final results .

	

In most Gases

	

will b e
found convenient to use colour reversal Film, balanced t o
the light source used, for producing a set of colour slide s
as the original record . Copies of these slides or colou r

prints from the slides are readily available commercially .
lt is important that each core box should be adequatel y
identified by means of a legible label which should appea r
in the p hoto g raph . l t is also useful to include a colou r
Chart in the photograph so [hat some compensation can b e
maèe if fading or discolouration of the slide or prin t
occurs .

Core storage

Having spent a great deal of money an diamond drilling t o
recover high quality core, care should be taken that thi s

Figure 18 . Core recovered from interbedde d

mudstones, siltstones and sandstones . Th e

photograph was taken approximately six month s

after drilling and shows the severe weathe r -

ing of the siltstones and mudstones whic h

occupy the central trays of the core box .

Figure 19 . Slake Durability test apparatus in which samples o f

rock are rotated in the two sieve drums in water and the weigh t

lass indicates the sensitivity of the rock to weathering . Thi s

equipment is manufactured by Engineering Laboratory Equipmen t

Ltd ., Hemel Hempstead, Hertfordshire, England .
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Figure 20 . Example of a carefully planned and well presented cor e

log reproduced from a paper by Moye 4O on the Snowy Mountains scheme .

Figure 21 . A good example of core storag e

provided during the exploration of an or e

body for a large underground mining operation .

core is stored in such a way that it is protected from th e
weather and from vandals and that it is possible to gai n

access to any particular core tray without major physica l
effort . Laying the core out for inspection is reasonabl e

during the drilling operation, as shown in the photograp h

opposite, but it cannot be considered adequate for perma-

nent core storage . The storage racks illustrated in figur e

21 are a good example of the type of core storage which i s
considered necessary on a major project .

Exploratory adits and shaft s

This chapter on geological data collection would not b e

complete without mention of the use of exploratory adit s
and shafts . While these may not be economically justifie d

during the preliminary site investigation work, there comes
a stage in the design of a major under g round excavation whe n
physical access to the rock at the excavation location be-

comes essential . The uncertainty of projecting geologica l
information obtained from surface mapping and from diemon d
drilling is such that the choice of the optimum location

and orientation and the detailed design of the Suppor t

system for a large underground cavern cannot be made wit h
confidence on the basis of this information only . Sinc e
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Introductio n

The effective utilisation of geological dato by an enginee r
depends upon that enelinzer's ability to comprehend the dato ,
to di gest [hem and to incorporate them into his design . , Th e
communication between geologists and engineers is particular-
ly important when the stability of the rock mass surroundin g
an underground excavation is likely to be controlled b y
through- going structural features such as faults or wel l
developed joints .

	

In such cases, the three-dimensiona l
g eometrical relationship between structural features an d
the roof and walls of the excavation is very important sinc e
this relationship will control the freedom of blocks to fal l
or slide .

Most geolo g ists are familiar with the use of spherical pro -
jections for the presentation and analysis of structura l

geology dato but mang engineering readers may not be familia r
with this technique .

	

In order to assist such readers,

	

th e
principles and uses of stereographie projections are reviewe d
in this chapter .

	

In addition, a method for the constructio n
of isometric views of structural Features is presented .

Equal area and equal angle projection s

Figure 22 shows a sphere with one quarter removed and wit h
meridional and polar nets projected onto the exposed vertica l
and horizontal faces . There are two types of projection whic h
are used to generate the meridional and polar nets and thes e
are the r_

~
5 a'n and the equci anvie projections . Thes e

projections are described below .

The equal area projection , also known as the 2amSe e o r
Jeiemdde projection, is generated by the method shown in the
upper margin sketch . A point A on the surface of the sphere
is projected to point E by swinging it in an arc centre d
et the point of contact of the sphere and a horizonta l
surface upon which it steeds . If this process is repeate d

for e number of points, defined by the intersection o f
equally spaced longitude and latitude circles on the surfac e
of the sphere, an equal area net will be generated . Thi s
net has a larger diameter than the sphere and, in order t o
reduce its diameter to [hat of the sphere, the radius o f
each point on the net is reduced by i/r= .

The equal angle projection, also known as e

	

- _
or i? '-f projection, is obtained by the method illustrate d
in the lower margin sketch . The projection C of a seiet A
on the surface of the sphere is defined by the point a t
which the horizontal plane passing throu g h the centre o f
the sphere is pierced by a live from A to the zenith o f
the sphere . The zenith is the point at which the sphere i s
pierced by its vertical axis .

Both types of projection are used for the analysis o f
structural g eolog y dato . In general, the equal area projec -
tion is preferred by geolo g ists because, as the name implies ,
the net is divided into units of equal area and this permit s
the statistical interpretation of structural dato . En g ineer s
tend to prefer the eq ual angle projection because geometrica l

constructions required for the solution of engineering Pro-
blems are simpler and more accurate on this projection tha n
for the equal area projection . The authors haue conducte d
extensive trials on the sneed, convenience and =_ccuracv o f

58 .



Figure 22 : Sectioned isometric view of a sphere showing the relationship between
the meridional and polar nets .

both statistical interpretation of structural data an d

geometrical construction using both types of projectio n

and have convinced themselves that, for the applications dis -

cussed in this book, there is no practical advantage to b e

gained by choosing one type of projection in preference t o

the other . The advantages and disadvantages associate d

with using either of these projections balance out whe n

the nets are used for the total solution of a problem rathe r

than for an analysis of part of [hat problem .

Since the equal area projection was used exclusively i n
Rock SZope Eng ineering 2 , the authors have Chosen to us e

the equal angle projection throughout this book . The tech-

niques of using these projections are identical and the

reader will have no difficulty in converting from on e

system to the other. The only warning which must be issue d

is that the same t y p e of projection misst be used throughou t

a particular analysis . A total shambles would result from

an attempt to analyse data originally plotted on an equa l

area net by means of an equal angle net or vice versa . I n

order to avoid such embarrassment, it is advisable to not e

the type of projection used on all diagrams .

Imagine a sphere which is free to move in space so tha t

it can be centred on an inclined plane as illustrated i n

figure 23 . The intersection of the plane and the surfac e

of the sphere is a great circle which is shaded in th e

figure . A line, passing through the centre of the spher e
in a direction perpendicular to the plane, pierces th e

sphere at two diametrically opposite points which are called
the poZes of the great circle representing the plane .

Because the same information appears on both the upper an d

the lower parts of the sphere, only one hemisphere nee d
be used for the presentation of structural geology informa -

tion . In engineering geology, the Zcwer reference hemisphere
is usually used and this convention will be followed through -

out this book .

Figure 24 shows the method of construction of the stereo-

graphic projection of a great circle and its pole an d

figure 25 shows the appearance of these projections . Th e

inclination and orientation of an inclined plane are define d
uniquely by either the great circle or the pole of that plane .
As will be shown later in this chapter, poles are usuall y
plotted when collecting geological data in the field an d
the corresponding great circles are normally used when

analysing thesedata for engineering purposes .

Definition of geological term s

An inclined geological plane is defined by its inclinatio n

to the horizontal or dip and by its orientation with respec t

to north which may be defined by the strike or by the dip
direction of the plane . The relationship between thes e

terms is illustrated in the margin sketch .

The strike of a plane is the trace of the intersection o f

that plane and a horizontal surface and it is used by mos t

geologists to define the orientation of a plane . In orde r
to eliminate any possible ambiguity when using strike, i t

is necessary to define the direction in which a plane dips .
Hence, a plane is fully defined if it is recorded as havin g

a strike of N 30 W and d i p of 20 5W . On the other hand, i f
it were recorded as having a dip of 20°, it would not b e
clear whether this dip was towards the south-west or th e

north-east . Several conventions are used by geologist s

to eliminate this problem when using dip and strike an d

the authors would not presume to offer an opinion upon whic h
of these conventions is best . The geologist should use tha t

convention with which he is most familiar but he shoul d

take care that he includes sufficient information on hi s

records and Logs to ensure that anyone eise working with hi s

data knows what convention has been used .

Geotechnical engineers, particularly those who make extensiv e
use of computers in their analyses, have tended to use di p
direction in preference to strike as a means of definin g

the orientation of planes . If the dip direction and dip o f

a plane are recorded as 240/20, there can be no confusion

on the orientation and inclination of that plane and thi s

notation is more concise than that for strike and dip - a n

important consideration when processing large quantities o f

geological data by Computer .
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Figure 23 : Great circle and it s

poles which define the inclinatio n

and orientation of an incline d

plane .

Figure 24 : Stereographic projection of a

g reat circle and its pole onto the horizo
n -

tal plane of the lower reference hemisphere .

Figure 25 : Stereographic projection of a grea t

circle and its pole .

. Q
Ô

Figure 26 : Definition of terms used in conjunction with the lowe r

reference hemisphere stereographic projection .

Figure 26 shows the dip, dip direction and strike convention s
used in conjunction with the lower reference hemispher e
stereographic projection . Note that dip direction is alway s
measured clockwise from north and that the strike line i s
at 90° to the dip direction of a plane .

Wherever possible, in this book, both strike and dip direc-

tion will be used when presenting the basic data on sampl e
problems .

Construction of stereographic net s

The construction of great and small circles on a meridiona l
stereographic net is illustrated in figure 27 . The centre s
of the great circle arcs are defined by the intersection o f
the east-west live through the centre of ehe net and th e
various chords shown in the figure . The centres of the smal l
circles are defined by the intersections of the north-south
line through the centre of the circle and the various tangent s
to this circle .

The relationship between the polar and the meridional net s
can be deduced from figure 22 .

H i g h quality computer drawn meridional and polar stereographi c
nets are reproduced in figures 28 and 29 . Photographit o r
machine copies of these nets can be used for the plottin g
and analysis of structural data, as discussed later in thi s
chapter . Note [hat some photocopy machines introduce signifi-

cant distortion in prints and care should be taken to ensure
that any copies used for geological data analysis are fre e
of such distortion .

D\P .
d ;{ect i on
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Figure 27e : Method of construction
of the great circles on a meridiona l
stereographic net .

Figure 27b Method of constructio n
of the small circles on a meridiona l
stereo g raphic net .

(Both construction methods afte r
Ragan" s )

A counting net For use in conjunction «ith a polar stereo-
graphic net is reproduced in Figure 30 . For eractical appli -
cations, the most convenient form in which this countin g
net can be used is as a transparent overlay and the reade r
is advised to have a number of such overlays prepared . Onc e
again, care should be taken to ensure that the copies ar e
not distorted . The use of this counting net for the analysi s
of structural data is discussed later in this chapter .

Figure 28 : Meridional stereographic net for the analysis o f
structural geology data .

Computer drin cy Dr . C .M .St Sohn of the Royal Schooi of Mines ,

Imperial Co":le g e, London. .



Figure 29 : Polar stereographic net an ohich the poles o f
geological planes can be plotted .

Domauter drawn

	

Dr . :-'!.St john of the

	

Schcoi of .','ihes ,
Imseria3 b'oZ :ege, Don-:oh .

Figure 30 : Counting net for use in conjunction with the pola r
stereographic net given in figure 29 .

Reprodueed with permission of Fierre Zonde, Coyne Bei:Zier, Paris .



Figure 31a : Meridional and polar stereo-

graphic Weis can be mounted on either sid e

of a piece of hardboard or plywood by mean s

of transparent adhesive Cape . Transparen t

plastic sheet coveri n g s will help to protec t

the net for field application .

Figure 31b : A piece of tracing paper i s
placed over the polt net and attached t o

the board by means of a spring clip . A stoc k
of traci n g paper on which circles correspond -
in g to the outer circumference of the ne t
have been marked will be found useful fo r

field work .

Figure 31e : A transparent copy of th e
counting net reproduced in figure 30 i s
placed over the pole plot and a piece o f

tracing paper placed over the countin g
net . The counting net is free to rotat e

about the centre pin but the tracing pape r

is fixed with respect to the pole plot .

The number of poles falling in each 10 are a

square is counted and noted on the tracin g
paper . Rotation of the counting net allow s
maximum pole concentrations to be locate d
more accurately than using a fixed countin g
net .

Figure 31f : On a fresh piece of tracin g
paper, contours of equal pole concentratio n
are constructed by joining equal pole counts .

The north point and the centre of the ne t

must be marked on this tracing .

Figure 31c : When the tracing paper has bee n
located over the polar net, the centre o f

ehe circle and the north point are marked .

Firgure 31d : The poles of planes are plotted
onto the tracin g paper from Field Logs .

Different symbols should be used to repre-

sent different types of structural features .

Figure 31g : The piece of tracing pape r

on which the pole concentration contour s

have been drawn is transferred onto the

meridional stereographic net and it i s

located on the net by means of a centr e
pin .

Figure 31h : Great circles representing th e

most important structural Features ar e
constructed by rotating the tracing aroun d
the centre pin until the pole of each plane ,
represented by the centre of each pol e
concentration, falls on the east west axi s
of the net . The corresponding great circl e
is traced as shown .
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Construction of a great circle to represent a plane

Consider a plane defined by a dip direction of 1300 and a
dip of 50° . This may be written 130/50 in a Field note boo k
or on a drawing . Alternatively, the plane is defined b y
a strike of N 40 E and a dip of 50 SE . The great circl e
representing this plane is constructed as follow s

Locate a piece of tracing paper over the meridional net by
means of a centre pin . Mark the north point and the centr e
of the net on the tracing paper . When a number of stereo-
g raphic analyses are to be carried out, sheets of tracin g

paper on which ehe outer circumference of the net, the centr e
point and the north point have already been marked will b e
useful .

Measure off 130° clockwise from nortS around the circumfer-
ence of the net and mark this point on the tracing paper .
Alternatively, measure off 40° and mark in the strike line ,

shown dashed in the upper marg in sketch .

Rotate the tracing paper about the centre pin by 4 0 0 unti l
the 130° mark lies on the east-west axis of the net, i .e .
until this mark an the traci n g paper coincides with the 9 0 0
mark on the net . Count 50 degree divisions along the east -
west axis, starting from the outer circumference of the net ,
and trace the great circle at this position .

The pole re p resenting the plane is located by counting a

further 90 degree divisions along the east-west axis, whil e
ehe 130° mark on the tracing paper is still aligned wit h
this axis .

The plane defined by a dip direction and dip of 130/50 (o r
strike and dip of N 40 E and 50 SE) intersects a plane whic h

is defined by a dip direction and dip of 250/30 (strike an d

dip of N 20 W and 30 SW ) . lt is required to find the p2unc o

and the trend of the line of intersection of these two planes .

For clarity of presentation, only dip direction markings wil l

be shown on the construction .

Relocate the tracing paper on the net by means of the centr e
pin and measure off 2500 clockwise from north . Rotate th e

tracing paper through 20° until the 250° merk on the tracin g

paper coincides with the 270° mark on the net .

Count off 30 degree divisions, starting from the 270° mar k

on the net and counting inwards towards the centre of the
net . Trace the great circle which occurs at this position .

Count a further 90 deg ree divisions along the west-eas t

axis and mark the pole position for the second plane .

Rotate the tracing until the intersection of the two grea t
circles, which defines the line of intersection of the tw o

planes, lies on the west-east axis of the net . lt will b e

found that the north point on the tracing paper now lies a t

the 70° position on the net .

The plunge of the live of intersection is found to be 21° b y

counting the number of degree divisions from the outer cir-

cumference of the net to the great circle intersection . Thi s

counting is from the 270° mark on the circumference of th e

net inwards along the west-east axis towards the intersectio n
point .

Note that, with the tracing in this position, the poles o f

the two planes lie on the Same great circle . This fact pro -
vides an alternative means of locating the live of inter-

section of two planes since this is g iven by the pole of the

great circle passin g through the poles of the two planes .

Remove the tracing paper from the net and rotate it so tha t
the north point is again vertical . The final appearance o f
the stereographic projection of the great circle and it s

pole is illustrated in the lower mar g in sketch .

The tracing is now rotated until the north point on th e
tracin g paper coincides with the north point on the net .
The trend of the line of intersection is found to be 20 1 0 ,

measured clockwise from north .
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Relationship between true and apparent di p

Consider a square tunnel in which the vertical sidewall s
trznd in a direction from 320° to 140° . The apparent dip o f

a joint plane which intersects the vertical lsidewall, defi n -

ed by the trace of the joint on the sidewall, is 40 SE . The

same joint plane may be seen in the horizontal roof of th e

tunnel and its strike is measured as N 20 E . It is required

to find the true dip and the dip direction of this join t

plane .

Mark the direction of the tunnel sidewall, from 320° to 140° ,

on a piece of tracing paper located over the meridional ne t

by means of a centre pin . Also mark the strike of the Join t

on the horizontal roof by a line runniny from 200° to 20° ,

passing through the centre of the net .'iEnsure that the nort h

point is marked on the tracing .

Rotate the tracing so that the 320° to 140° line lies alon g

the west-east axis of the net, i .e . the tracing is rotated

anti-clockwise through 50° until the 140° mark on the tracin g

coincides with the 90° mark on the net .

Measure off 40 degree divisions, starting on the outer cir-

cumference of the net and measuring inwards towards th e

centre of the net from the 90° mark . The point marked T

defines the apparent dip of the joint plane in the directio n

of 1 440° . Note that this apparent dip is defined by the lin e

of intersection of the joint plane with the vertical side-
wall surface and that, provided the joint p lane does no t
curve in the span of the tunnel, this apparent dip will b e

identical on both sidewalls .

The tracing is now rotated so that the 200° to 20° line ,

defining the trace of the joint plane on the horizonta l

tunnel roof, lies along the vertical north-south axis o f

the net . Since the trace of a plane on a horizontal surfac e

defines the strike of [hat plane (see figure 26 on page 65) ,
a great circle can now be drawn to represent the plane . Sinc e
the point T, representing the a p parent dip of the joint plane ,

must also lie on this great circle, the position of the grea t

circle is defined as shown on the drawing opposite .

The true dip of the plane, which is at right anales to th e
strike line, is found to be 44° .

The tracing is now rotated so that the north point on th e
traci n g coincides with the north point on the net and th e

dip direction of the joint plane is shown to be 110° .

Plotting and analysis of field measurements

In plotting field measurements of dip direction and dip o r

strike and dip, it is convenient to work with poles of plane s

rather than great circles since the poles can be plotte d

directly on a polar net such as that reproduced in figure 29 .

Suppose that a plane is defined by dip direction and di p

values of 050/60 (strike and dip of N 40 W and 60 NE) . It s

pole is located on the stereonet as follows = Use the di p

direction value of 050 given in italics on the circumferentia l

scale around the polar net to locate the direction of th e

pole (dip direction of plane ± 180°) . Measure the dip valu e

of 60° from the centre of the net along the radial live

defined by 50 and mark the pole position .

Note that no rotation of the tracing paper, centred over th e

polar stereonet, is required for this operation and, with a

little practice, pole plotting can be carried out ver y
quickly . There is a temptation to plot compass reading s
directly onto the polar net, without the intermediate ste p

of entering the measurements into a field note book . The
authors would advise against this short-cut because thes e

measurements may be required for other purposes, such a s
a computer analysis, and it is a great deal easier to wor k
from recorded numbers than from the pole plot .

Figure 32 shows a plot of 351 poles which have Seen plotte d

directly onto a polar stereographic net from a set of fiel d

date .

	

It will be noted that different symbols have bee n

used to represent different types of geological features .

This is particularly important when these features hav e

different characteristics and when it is i mportant to isolat e

certain families or even individual features . For example ,

in the case of the date plotted in figure 32, the stabilit y
of an underground excavation may be controlled by the singl e
fault and it is clearly important to differentiate betwee n
this one Feature and the remainin g 350 poles .

	

In the cas e

of the date plotted in figure 32, the characteristics o f

the bedding planes and the joints were very similar an d

their poles are treated as a single population in the analysi s

which follows .

The counting net presented in figure 30 was devised by Coyn e

and Bellier, consultin g engineers in Paris, and contain s
100 "squares" which represent 100 equal areas on the sphere .

The derivation of this net is analogees to that used b y

Denness sC,eO for his curvilinear cell counting net for us e

with equal area projections and the interested reader i s

referred to these papers for further details . Obviously ,

because of the different types of projection, explained o n

page 61, the counting cells for use with the stereographi c

projection are significantly different from those used b y
Deness for equal area projections .

The most convenient method for usin g the counting net is t o

have a transparent overlay prepared and to centre this over-

lay over the pole plot by means of a pin through the centr e

of the net . A piece of tracing paper is mounted on top o f

the overlay, pierced by the centre pin but fixed by a piec e

of adhesive tape so that it cannot rotate with respect to th e

pole plot . Hence one has a sandwich in which the transparen t

counting net can rotate freely between the pole plot an d
the piece of tracing paper which are fixed together .
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The First step in the analysis is to count all the poles a n

the net and this is done by keeping the counting net in e

fixed position and counti n g the number of poles falling i n

each counting cell . These numbers are noted in pencil o n
the tracing paper at the centre of each Gell . In the cas e

of figure 32, the pole count will be 350 since the singl e

fault is treated separately and should not, be included i n

the pole population .

Once the total pole pop ulation has been established, the

numbers of poles which make up different pereentages of th e

total are calculated . In the case of this example, thes e

numbers are noted in figure 33 .

The counting net is now rotated to centre the deesest pol e

concentrations in counting cells and the maximum percentag e
pole concentrations are located . By further small rotation s
of the counting net, the contours of edecreasing percentag e
which surround the maximum pole concentrations can quickl y
be established . With practice, this counting techniqu e
will produce rapid results which are of comparable accuracy
to most other manual pole contouring techniques .

In discussing early drafts of this chapter with geologica l

colleagues, the authors encountered very strong oppositio n

to the use of the stereographic projection for pol e
contouring . Most of these g eologists had been trained t o
use the equal area projection for [his task and feit that ,
because of the distortion of the stereographic projection ,

severe errors would be introduced in using it for pol e
contouring . This opposition forced the authors to conduct a
number of comparative studies which persuaded them that thes e

fears were groundless, et least when the analysis was par i

of the solution of an engineering problem in which one i s

not concerned with the precise shape of low percentage
contours .

The sceptical reader is invited to carry out the followin g
comparison for himself . The date plotted in figure 32 an d
used to generate the contours presented in figure 33 wec e
also presented in Rock Eitope Engineerin g (Second edition ) 2
but, in that case, viere p lotted and contoured on equa l

area projection grids . The reader is invited to contou r

both sets of pole plots, using the methods recommended i n
each book and he will find, as the authors have done, tha t
the significant pole concentrations fall within `_1 degre e
of each other on the two types of net . This degree o f

accuracy is certainly adequate for the analysis of an y
enginesring problem .

The reader is also referred to the detailed discussion b y
Stauffer 61 who considered the levels of pole concentratio n
which should be regarded as significant in a pole populatio n
of a given size . Stauffer concluded that most g eologist s
attempt to contour pole populations which are far to o
small and he offered a set of guidelines an the choice o f
pole population size . These guidelines are too detailed t o
justify inclusion in this discussion but, briefly, Stauffe r
sug g ests that contouring should not be attempted on pol e
populations of less than 100 and that, for very weak pre-

ferred orientations, as many as 1000 poles may be required
to give e reliable result . A full discussion of Stauffer' s
recommendations is given in Rock Slope Engineerina 2 .

Computer processing of structural dat a

Consulting org anisations and individuals involved in th e

processing of large volumes of structural geology date hav e

turned to the computer as an aid . Details of some of thes e

computer techniques have been published by Spencer an d

Clabaug h 62 , La m 53 , Attewell and Woodmen 64 and Mahtab et a 1 6 6

Many of these techniques utilise the coordinates of the pol e

on the surface of the sphere and so eliminate the distortio n

which is inherent in any of the projections which reduc e

this spherical surface to a two dimensional plane . Th e

reader who is likely to become involved in a large amoun t

of structural geology processing is advised to explore the

possibility of using these computer techniques in his ow n

work .

5ources of error in structural data collectio n

Before leaving the subject of structural g eology interpr e -

tation, two common sources of error are worthy of brie f

mention .

A frequent source of error in joint surveys is the inclusio n

on the same plot of poles from different structural domains .

Hence, in mapping a tunnel, a geologist may pass from on e

set of geological conditions into another . Working unde r

poor visibility conditions, this transition may be missed

unless the geologist has carried out a preliminary recon-

naissance to establish the Limits of each structural domain .

lt is very important that only those poles representin g

geological features within one domain should be plotted o n

the same stereonet .

A second source of error lies in the direction of the fac e

being mapped relative to the orientation of the structura l

features in the rock mass .

	

If mapping is confined to a

single edit, a major Feature running parallel to the edi t

may never be detected until it appears unexpectedly in th e

face of an excavation which is larger than the edit . Thi s

problem of joint sampling was discussed by Terzaghi 56 wh o

suggested a method of correcting for the error by weightin g

joint measurements in favour of those almost parallel to th e

direction of the exposure on which measurements are made .

The authors consider that the Terzaghi correction is appro -

priate for joint measurements on borehole core and when th e

oniy access underground is a sin g le strai g ht tunnel with

smooth walle . A preferred method for minimising this erro r

is to carry out the mapping in tunnels driven in differen t

directions or to supplement the tunnel ma p p ing with boreholes

drilled et right en g les to the tunnel direction . In thi s

way, most of the structures which exist in the rock mas s

will be exposed and the danger of encountering unexpected

features will be minimised .

Isometric drawings of structural plane s

Many engineers find it extremely difficult to visualis e

structural Features when these are presented in the form o f

great circles or poles on e stereographic projection .

Frequently, important points are missed by these engineer s

when working on the design of en underground excavatio n

because the geologist has failed to present his date in a

form which can be understood by the engineer . This proble m

can become acute when the date are being reviewed by a non-
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Figure 3 4 6 : Superimposition of figure 34 a
on the construction figure for drawing
isometric view of planes having a dip direc -
tion of 270° .

The use of the construction figure is best illustrated b y
means of a practical exam p le .

	

lt is required to construct

	

,.
an isometric view of a square plane defined by dip directio n
and dip values of 270/50 ( strike N - S and dip 50 W ) . Usin g
the 270° dip direction construction figure, trace the strik e
line and the line representing the 50° dip , as shown i n
figure 35e . Mark the vertical l i n e on t

	

tracin g paper .
Using a parallel rule, draw the ed g es of the square b y

drawing lines parallel to the strike and dip direction line s
at the ends of these lines, as shown in figure 35E, Th e

final appearance of the 270/50 plane in isometric pr o j ectio n
is shown in figure 35c .

D

	

on

	

.__ .-- .

	

-_ .
- r ro,' _rion

technical p anel which may kappen if the design becomes th e

subject of a legal dispute as a result of an accident or a
contractual claim .

In order to overcome this communication probtem, the author s
have sometimes used isometric drawings of intersecting plane s
in an effort to present structural geology nformation i n
a relatively familiar pictorial form . A sim[le techniqu e
for constructing such isometric drawings is presented below .

The margin sketch shows an isometric view of a cube and i t
will be noted that the three visible faces are equall y

oblique to the line of sight . In this projection, none o f
the edges of the cube are true lengths but all are equall y
reduced by a factor of 0 .8165 . Graph paper with isometri c
projection markings is readily available commercially .

The second margin sketch shows the direction conventio n

which has been adopted for the presentétion of isometri c
projections of structural planes .

Figure 34a shows an isometric view of a set of planes dippin g
`owards the west at various angles and striking north-sout h
(dip direction 270°) . These planes are all identical i n
size, being square in a true plan view, and it will be note d
[hat their corners generate an ellipse as they are rotate d
about the strike line in an isometric drawing . This fac t
has been used in the construction of a simple set of figure s
which can be used to generate isometric views of planes an d
which are presented in Appendix 2 at the end of this book .
Figure 346 gives a superimposed vie,s of the planes show n
in figure 34a and the construction figure shown in figur e
34c .

The construction figure for a particular dip direction value ,
in this case 270 0 , consists of a strike line (shown wit h
starred ends) and a set of dip lines at 10° dip increments .
These dip lines represent a live marked through the centr e
of the square plane, parallel to one of its edges . The
outer circle in the construction fi g ure serves no purpos e
other than to form a frame for the drawing . An essentia l
Feature of the construction fi g ure is the vertical lin e
marked on eech figure .

Figure 34a : Isometric view of a set o f
p lanes striking north-south and dippin g
at various angles between 0 and 90° .

Figure 36a gives an isometric view of three planes define d
by dip direction and dip values of 010/90, 270/50 and 120/70 .
The intersection lines in this figure are fairly obvious i n
the construction but, in more complex cases, it may b e

difficult to visualise the intersection lines . In suc h
cases, the plunge and trend of the lines of intersectio n
can be determined on a stereographic projection , as describe d
on page 73, and these values used to locate e construction

Figure 34c : construction figure for isometri c
drawings of planes with a dip direction of 270° .
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Figure 35ai in order to construct a n

isometric view of a plane defined b y

dip direction and dip values of 270/50 ,

trace the strike line and the line re-
presenting the dip from the constructio n
figure for 270° dip direction .
Mark the vertical axis an the tracing .

Figure 35b : Draw lines parallel to the strik e

and dip lines from the ends of these lines a s

shown .

o

Figure 36a : Isometric view of three inter -
secting planes defined by dip direction an d
dip values of 010/90, 270/50 and 120/70 .

Figure 35c

	

Final appearance of an iso-
metric view of a plane defined by di p
direction and dip values of 270/50

Figure 36b : Rotated isometric vie w
of the three planes shown in figur e
36a . A new north posltion has bee n
established by adding 70° to all di p
direction values .
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figure from which the isometric view of the intersectio n

line can be traced . In constructing an isometric view suc h

as that reproduced in figure 36a, the use of differen t

colours for each of the planes will greatly simplify th e
construction . Colouring, shading or cross-hatching the fina l

planes will also improve the appearance bf the final drawing .

Suppose that it is required to show the three planes give n

in figure 36a on an existing isometric drawing of an under-

ground excavation design . This isometric drawing was con -

structed using a tunnel axis trend of 290° as referenc e

but this direction was shown as the north position of th e

direction convention adopted for the isometric drawing o f
structural planes . In other words, the draughtsman who ha d

prepared the original drawing had rotated the origina l

tunnel axis at 290° throu g h 70° asshown in figure 36b . I n

order to show the three planes in their correct position s

on this drawing, it is necessary to rotate them through 70 °

in the Same direction and this can be done by adding 70° t o

each of the dip direction values, giving the new dip direc -

tions shown in brackets in figure 366 . This, in fact, estab-

lishes a new north position for the planes to coincide wit h
the north position on the original drawing . The appearanc e
of the three planes in this position is given in fi g ure 36 b

and is obtained by tracing planes defined by the dip direc-

tion and dip values given in the brackets .

A similar procedure can be used to tilt the drawing . I n

this case, the dip angles are all increased by a fixe d
amount . This may be useful if it is required to show th e

appearance of a wedge which could fall or slide from th e
roof of an excavation .

Use of demonstration models in underground excavation desig n

A large underground mine or a civil engineering structur e

such as an underground power-house usually consists of a

very complex geometrical Layout of inter-connected cavitie s
of various shapes and sizes . Two-dimensional drawing tech-

niques are simply not adequate to portray this detail i n

such a way that it can quickly be appreciated by someon e

who is not familiar with the details of the design . The

use of three-dimensional demonstration models can be o f

great assistance in such cases .

Figures 37 and 38 show two typen of three-dimensional demon-

stration model used in planning underground excavations, on e

concerned with the general Layout of service excavation s

around a vertical shaft and the other with the intersectin g
excavations for an underground power plant . Models o f

underground excavations showing structural features ca n

be constructed by adding sheets of coloured transparen t

plastic to models such as those illustrated in Figures 3 7
and 38 .

	

In some cases, tracings of geological sections ont o

clear rigid plastic sheets can be used to construct a geolo -

gical model by spacing the p lastic sheets at scaled distance s

and fixing them in these positions by some mechanical system .

Figure 37 : Three-dimensional plastic mode l

of the service excavations around a vertica l

shaft in a large underground mine .

Figure 38 :

	

Plastic model of th e
excavation layout for a lar g e
underground hydroelectric Powe r
project . Note that projecte d

structural Features have been
drawn on the model .

(Model by M . Mac Fadyen)
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Chapter 5 : Stresses around underground excavation s

Introductio n

The stresses which exist in an undisturbed rock mass ar e
related to the weight of the overlying strata and the geolo-
g ical history of the rock mass . This stress field i s
disturbed by the creation of an underground excavation and ,
in some cases, this disturbance induces stresses which ar e
high enough to exceed the strength of the rock . In thes e
cases, failure of the rock adjacent to the excavation bound-

ary can lead to instability which may take the form o f
g radual closure of the excavation, roof falls and slabbin g
of sidewalls or, in extreme cases, rockbursts . Rockburst s
are explosive rock failures which can occur when stron g
brittle rock is subjected to high stress .

The various failure processes that can occur around under-

ground excavations and the remedial measures that can b e
taken to improve the excavation stability will be discusse d
later in this book .

	

In order to understand the mechanics o f
stress-induced instability and the measures required t o
control this instability, it is necessary to understand som e
of the basic concepts of stress and strength . This chapte r
deals with stresses around underground excavations whil e
Chapter 6 is concerned with failure of rock materials an d
rock masses .

The subject of stress in solid bodies has been dealt with i n
great detail in numerous books and papers and the enthusias t
could fill a modest library with publications on this subject .
A few of the books which the authors have found to be usefu l

in their own studies are listed as references 67-73 at th e
end of this chapter .

	

lt would be impossible to condense thi s
material into a single chapter and, hence, the treatmen t
presented in this book is very much simplified and i s
intended to be introductory only . The discussion i s
restricted to the use of elastic theory which means i n
practical terms that it is limited to use in excavatio n
design in hard rock . The reader who is concerned with excav-
ations in weak ground and in materials such as salt or potas h
which have time-dependent properties, is advised to consul t
publications which deal specifically with the behaviour o f
these types of materials .

At the outset it is important that the term elastic b e
clearly defined .

	

In its most general sense, the term i s
used to describe materials in which .the work d o p e on the
body is fully recoverable when the forces or stresses causin g
deformation are removed .

	

In this book, as in many others ,
an elastic rock will be taken as one in which the strains ar e
not only fully recoverable, but are also directly proportiona l
or linearly related to the stresses causing them . The relat-
ionships between stress and strain will be pursued later i n
this chapter following a discussion of the fundamenta l
concept of stress in a solid .

Components of stress e

Surface force s

Stresses are defined in terms of the forces actina at a
point or on a surface . Consider the forces acting on a n

e The form of presentation used here was suggested to th e
authors by Dr . J .W . Brav .
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inclined surface within a rock mass . This surface may b e
(i) an external surface forming pari of the boundary of a
structure, (ii) an internal structural feature such as a
joint or fault, or (iii) an imaginary internal surface .

	

I n
general, the distribution of Fortes over this surface wil l

vary, and it is thereFore convenient to cor)sider the force s

applied to a small rectangular element of the surface a s
shown in the margin sketch . Axes Z and m are set up paralle l
to the sides of the element, and axis n in the direction o f
the normal to the surface .

Let P be the total forte applied to the surface element .

	

I n
general this Force will be inclined to the surface, but i t

can be resolved into (i) a normal component N nn , actin g
perpendicular to the surface, and (ii) a shear component S nr ,
actin g tangential to the surface . To bbtain all componen t
forces parallel to the Z, m and n axes, the shear force Sn r
may be resolved into two components SnZ and S nm . Two
stthseripts are attached to each force component ; the Firs t
(n) indicates the direction of the normal to the plane ,
while the second gives the direction of the com p onent . For
the normal component, the second subscript is the same a s
the first, and this unnecessary duplication is avoided b y

dropping the second subscript, replacing N nn by N fl .

The sign convention adopted depends on the direction in whic h

the force component acts and the direction of the inward s
normal to the face an which it acts . The direction oF th e
inwards normal is that of a compressive normal Force .

	

I F

the directions oF the inwards normal and the force componen t
are both in either a positive or a negative co-ordinat e

direction, then the component is considered positive .

	

I f

either the inwards normal or the component acts in a positive

co-ordinate direction and the other in a negative co-ordinat e
direction, then the force component is taken to be n e g ative .

All Force components shown in the margin sketch are positiv e
according to this sign convention .

Surr ce traction s

The intensity of a forte applied to a surface element i s

obtained by dividing the force by the area of the element, A .
In terms of the comp onent forces defined above, we writ e

an = Nn , Tni = SSO , T n m
A

	

A

x

	

where an, Tn% and T nm are called components o' stuftee
traction or ca-^onents of appZied stress acting on the
surface . an is referred to as a normaZ or -rect s t^,ess ,

and Tnt and Tnm as shear stresses . The subscr i p ts and sig n

convention used are the same as those adopted for surfac e
forces .

Stress at a point

To fully define the state of stress at a point within a soli d

body such as a rock mass, it is necessary to consider a smal l
element of volume enclosing the point in question . Th e
marg in sketch shows such an element chosen with its edge s
parallel to the x, y and z axes . The surface tractions shown
on the three v i s i b l e faces are a l l positive .

	

For the vert -
ical face parallel to the y-z plane, + c x acts in the negative

8 9

x direction and +Txy and + r xz act in the negative y and z
directions repectively, because the inwards normal to thi s
face acts in the negative x direction .

The sides of the element are taken to be vanishingly smal l

so that the components of traction on each hidden face are

the same as those on the corresponding exposed face . Thi s
means that the conditions of translational equilibrium are
automatically satisfied . lt can be shown that to satisf y
conditions of rotational equilibrium ,

T yx = T xy , Tzy = Tyz , Txz = T zx

	

(2 )

The pairs of shear stresses (Txy, Tyx), (Tyz, T zy) an d

( Txz, Tzx) are referred to as conjveate shear stresses . To
completely define the stete of stress acting an this element ,,

we need to know the values of the six independent quantitie s
ax, cy, oz, Txy, Tyz and Tzx , known as the components of
stress at a point .

The choice of a volume element with edges parallel to th e
x, y and z co-ordinate axes was completely arbitrary .

	

I n

practice, it may be necessary to choose an element wit h

edges parallel to a set of local axes inclined to the globa l
axes .

	

It may be necessary, for example, to orient the

element so that one pair of faces is parallel to a struct -

ural Feature such es a joint set on which the stresses ar e
to be calculated . Alternatively, the choice may be condit -
ioned by the orientation of the boundary surface .

The margin sketch shows an element with edges parallel to a
set of co-ordinate axes Z, m and n . Referred to this se t
of axes, the components of stress at a point are oZ, am ,

Cn, T Zm, T mn and T m z . This set of components provides a n
alternative but equivalent definition cf the state o f
stress at a point to the components expressed in terms o f
the x,y,z axes .

It often happ=_ns that the eng ineer knows the components o f

stress referred to one set of axes (x,y,z) and wishes t o
determine another set of components (i,m,n) . To effect this ,
a set of transformation equations is required, three fo r

normal stresses of the type

xy T % y Z „ Tyz '

	

)

(3 )

and three for shear stresses of the typ e

(% y mz + -zmy) T - + (%>mx + Z xmz ) Tzx

	

(4 )

where -x = cosine of the angle between the Z- and x- axes ,

= cosine of the angle between the Z- and y- axes ,

etc .

To obtain the equations for am and Tmn from equations 3 an d

ii, replace F, by m and m by n . A further replacement of m b y

S tirn

A
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z* / y

T12 = 723 = T35 = 0

PrincipaZ eZement

n and n by Z g ives the expressions for an and T n l . Thi s
process is called cyclic permutation . The order in whic h

one subscript is replaced by another to yield the correc t
sequence of equations is shown by the diagram in the margi n
sketch .

If the Z, m, n components are known and ,,y,z component s

are required, a set of equations of similar form t o

equations 3 and 4 may be used . The x,y and z axes permut e

in accordance with the cyclic diagram shown opposite .

PrincipaZ planes

The values of the six components of stress at a point wil l

vary with the orientation of the axes to which they ar e
referred . Whatever the state of stress at a point, it i s

always possible to f in d a particulâr orientation of th e
co-ordinate axes for which all shear stress component s
vanish . These axes are called the principal axes of stress ,
and the corresponding planes parallel to the faces of th e
volume element are called the principal p lanes . Th e
stresses on the faces of the element are purely normal, an d

are called the prineipaZ stresses . They are customaril y

denoted by the symbols a l ,c 2 and c 3 . By convention, o l i s
chosen for the largest positive or major prineip aZ stress ,

c 3 is chosen for the smallest positive or minor prineipa Z

stress, and o 2 for the intermediate prineipaZ stress . Thu s

a l g ca = a 3

	

(5 )

This scheme is followed even if all principal stresses ar e

not positive (compressive) .

	

For example, if all th e

principal stresses were tensile (i .e . negative), c l woul d

be the smallest principal tensile stress and c 3 the largest .

Two-dimensional state of stress

The burden of calculation involved in studying a three -

dimensional stress problem can often be reduced by conside r -
ing the two-dimensional stress distribution in one of th e
principal p lanes . Even when we are not totally justifie d

in making this simplification, two-dimensional stress analyse s

can provide a useful guide to the nature of three-dimensiona l

stress distributions .

Plane stres s

A stete of plane stress is defined as one in which all stres s

components acting on one of the three orthogonal planes at a

point are zero .

	

If with reference to the lower margi n
sketch on page 88, the plane on which stresses do not exis t
is the vertical plane perpendicular to the y-axis, then eh e

conditions for plane stress may be defined as ay = t yx =

ry z = 0 . Such a state of stress exists in photoelastic o r

other physical models of excavations in which a perforate d

plate is loaded by forces applied in the plane of the olate .

Consider a cube of rock loaded vertically by an averag e

axial stress, c-, as shown in the margin sketch . Assume

[hat the rock is free to expand laterally and that it behave s

elastically as most hard rocks do at stress levels belo w

their compressive strengths . The vertical dimension wil l

decrease by an amount w, while the lateral dimensions wil l
increase by an amount u = v .

The linear vertical strain in the cube is defined as th e

deformation per unit length and is given by Ez = w/a . Fo r

a linear elastic material, this strain is related to th e

vertical stress by the equatio n

z
Ez =

a
F

where E is the Young's modulus of the material .

The lateral strain Ex = E y = -â is related to the vertica l

stress by the equation

vaz

	

(7 )Ex = E Y =

where v is the Poisson 's ratio of the material, and compres -

sive strains are taken as positive .

Young's modulus and Poisson's ratio are material properties

generally referred to as the eZastic constants . For typica l

hard rock materials, Young's modulus lies in the range 5 t o

15 x 10 6 lb/in 2 (35 to 105 x 10 3 MPa), and Poisson's ratio

varies from about 0 .15 to 0 .30 .

If instead of belog free to deform laterally, the cube o f

rock is restrained in the x direction by the application of

a normal stress, ox, the linear strains will b e

Ex = É ( a x - Vag)

	

(8 )

Ez = É ( a z - v ox)

	

(9 )

and E y = - L (ox + a z )

	

(10 )

If the general state of plane stress applied to the cube o f

rock is now completed by the application of the pair o f

conjugate shear stresses Tx- = rzx, a shear strain in th e

x - z plane will result . This shear strain, yxz, may b e

defined as the change, measured in radians, in an angle tha t

was originally a right angle .

	

lt is a measure of the dis -

tortion suffered by the cube and is related to the elasti c

constants by the equatio n

2(1 - v )
Yxz =

	

E

	

T it o

'x z
or Yx.z =

	

-

where G = v(1
E+	

v) is the shear modulus or modulus of

rigidity of the material .

	

If for a typical hard rock ,

E = 100 x10 3 MPa or 100 GPa, and v = 0 .25, then G = 4 0

10 3 MPa or 40 GPa .

a-Plane strain conditions

Consider a situation in which, prior to any excavation, th e

principal stresses at a certain depth below the ground surf-

ace are constant at p x , py and pz . Let a tunnel of arbitrar y

bot constant cross-section be driven parallel to the y-axis .

Obviously, the excavation of the tunnel will produce a redis -

tribution of stress. However, except for regions close t o

the ends of the tunnel, the pattern of stress around th e

tunnel will be virtually the Same for all cross-sections .

(6 )

(12 )

x
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x

x

This situation closely approximates the theoretical ideal -
isation known as plane strain . The distinguishing Feature s

of plane strain are that during the process of excavation ,

all displacements occur in one plane (taken as the x - -

plane in the present case), and [hat the pattern of displac e -

ment is the same for all cross-sections . l i= in the situatio n

shown in the margin sketch, u, v and w are the x, y and z

components of displacement resultine from the excavation ,

then v = 0, and u and w are functions of x and z but not o f

	

y in the plane strain case .

	

Fon linear elastic materials ,

this gives the following relationships between strains an d
the Stresses induced by the creation of the excavation :

Ex =

	

( ax - v' cz)

	

(13 )

	

= E, (cz -

	

> < )

	

(14 )

E y = 0

	

(15 )

Comparison of equations 8-11 and 13-16 shows that the stres s -
strain relationships for plane stress and plane strain ar e
of the same form but wich different coefficients . lt wil l

be seen later in this chapter that the elastic stress dis-

tribution around an excavation is independent of the elasti c

constants .

	

lt follows that, for the same boundary conditions ,

a plane stress mode) g ives the same form of stress distribu -

tions as that produced under plane strain conditions .

it has been shown that under plane stress or plane strai n

conditions, we can restrict our attention to ehe three stres s

components associated with one pair of axes, e .g . 0 x'

	

an d

zx associated with the x and z axes . There are occasions ,

however, when it becomes necessary to introduce incline d

axes > and n and the associated stress componencs c-, cm an d

n .

	

If the new axes lie in the x-z plane and the angl e

between the

	

and x axes is a as shown in the margin sketch ,

the transformation equations given by equations 3 and 4

become

= i(cx + a,)

	

I(ax - o z )cos2a + ' ' x sin2c

	

(19 )

cm = :(cx + a,) - i(ax - az)cos2a - Tzx sin2a

	

(20)

" 7 m = T zx cos2a - )(ox - z)sin2a

	

(21 )

The magnitudes of the corresponding principal stresses ar e

found by determining the value of a at which Tlm = 0 and o Z

and a m take maximum and minimum values . lt is found tha t
the principal stresses are

c l = (ax + az ) + ✓?(ax - az)-' +
T z 3

and c, _ 1(ex + cz) - ✓*(cx -cz)? +
T z z

and their directions are given b y

a l 2 = - arctan {2Tzx/(cx - az )}

	

(24 )

or

	

a, = arctan ((c, - c x) /T zx)

	

(25 )

where ap = al + 900

	

(26 )

Atohr's circle diagram

The relationships given by equations 19 to 26 may be repre -
sented graphically by a construction known as B'ohr's stres s
eireZe diagram shown in figure 39 . The circle is constructe d
on vertical and horizontal axes of T and a, anti-clockwis e
senses of T being plotted above the horizontal axis an d
clockwise below . The same stress scale must be used for bot h
axes .

The normal and shear stresses acting on any p lane are plotte d

as OF = ax and FK = Txz . The centre of the circle is locate d

by making OC = }(cx + az ) and the circle is drawn centred o n

C and passing through K . The point P, obtained by the inter-

section of the circle and a live through K parallel to the- plan e
on which ax and Txz act, is called the orioi, of pZmees .

If it is required to find the stresses on a set of plane s
associated with the Z and n axes, the Following constructio n

may be used. A line is drawn throu gh P parallel to the m

axis, intersecting the circle at G . A second line in drawn

through P parallel to the Z axis, intersecting the circle a t
H . To scale, G represents the point (c>, -ti m ) and H repre -

sents the point (c m, Tml) . When determining the direction s
of the stresses given by the points G and H, it is importan t
to recognise that the lines PG and PH give the orientation s

of the planes on which the stresses (c7, Tlm ) and (am, T ml )
act . A correctly oriented element an which these stresse s

act is ^ shown in fi g ure 39 -

Figure 39 also gives the magnitudes and directions of th e
principal stresses .

	

Clearly, the principal stresses are th e
maximum and minimum normal stresses g iven by points A and B

at which the shear stresses are zero . A line drawn from th e
point P through A given the orientation of the plane on whic h
s l acts . A correctly oriented principal element based o n
this line is shown in figure 39 .

In situ state of stres s

As noted in the introduction to this chapter, the rock i n
the earth's crust is subjected to an in situ state of stres s
and when an excavation is made in the rock, these stresse s
are disturbed and re-distributed in the vicinity of the
excavation . Therefore, before the distribution of stresse s
around any man-made excavation in rock can be calculated ,
the pre-existing state of stress must be measured or estimat -
ed .

Tersaghi and Richart's approach

Consider a cube of rock in the earth'u er,ner snaiaar,C ins

2(1 + v' )
E' Txz

E
1 - v -

(16 )

(17 )

(18)

(22 )

(23)
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DATA

a z

OF = ax ,

	

FK = Tx z
oC = i(a x + az )
OA = a 1 = Z(ax + az) + {'e(ex az)2 + tzx2 } '

OB = a2 = s(ax + a z ) - { -( a x - az) 2 + , z%2} =
Tan e 1 = (a 1 - 0.x)/ T zx

Figure 39 : Mohr's stress circle .

vertical stress a z and lateral compressive stresses ax an d
ay as shown in the margin sketch . The vertical and latera l

direct strains associated with these stresses are given by

E z = É {az - v(ax + a y )}

	

(27 )

Ex =

	

{ax - v(a y + az)}

	

(28 )

	

and E y = É {ay - v(ax + m z )}

	

(29 )

In 1952, Terzaghi and Richart 74 suggested that in the cas e

of sedimentary rocks in geologically undisturbed region s

where the strata were built up in horizontal layers in suc h
a way that the horizontal dimensions remained unchanged, th e

lateral stresses ax and c y are equal and are given by put -

ting Ex = Ey = O in equations 28 and 29 . Henc e

ax

	

a y

	

1 -v a z

	

(30 )

For a typical rock having a Poisson's ratio v = 0 .25, equa -

tion 30 shows that the lateral stresses ex and ay are eac h
equal to one third of the vertical stress az, provided tha t
there has been no lateral strain . As will be shown late r

in this chapter, measured in situ horizontal stresses ar e

very seldom as low as those predicted by equation 30, and i t

must be concluded that the basic assumptions made in derivin g

this equation do not apply to real geological situations .

Terzaghi and Richert's suggestion has been included becaus e
of the important role it played in rock mechanics thinkin g
for almost twenty years . The reader will find mang papers ,
published in the letz 1950s and early 1960s, which utilise d

equation 30 without questioning the beeis for its derivation .

So complete was the acceptance of this equation by worker s
in hard rock mechanics that, when Hast ? (1958) reporte d

measuring horizontal stresses of several times the vertica l

stress in Scandinavia, his results were treated with extrem e

scepticism ; it is only recently that these results have bee n

accepted as being realistic .

Heim's ruZ e

Talobre 76 , referring to an earlier suggestion by Heime

(1912), suggested [hat the inability of rock to suppor t

large stress differences together with the effects of tim e -

dependent deformation of the rock mass can cause latera l
and vertical stresses to equalise over periods of geologica l
time . Heim's rule, as this suggestion has come to be known ,

is widely used by workers in weak rocks such as coal measure s
and evaporites, and it has been found to give a good approxi -

mation of the in situ stress Field in these materiale . A s
will be shown in the next section, Heim's rule also appear s

to give a reasonable estimate of the horizontal stresse s

which exist at depths in excess of one kilometre .

Hesults of in sitze stress measurement s

During the past twenty years, several techniques for in sit u

stress measurement have been developed and have been use d

to measure rock stresses in various parts of the world .

Some of these techniques will be described in a later chapte r
dealing with instrumentation .

The senior author was marginally involved in the development
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AUSTRALI A

CSA mine, Cobar, NS W

CSA mine, Cobar, NS W

CSA mine, Cobar, NSW

CSA mine, Cobar, NSW

CSA mine, Cobar, NSW

CSA mine, Cobar, NSW

CSA mine, Cobar, NS W

NBHC mine, Broken Hill, NSW

NBHC mine, Broken Hill, NSW

NBHC mine, Broken Hill, NS W
NBHC mine, Broken Hill, NS W

ZC mine, Broken Hill, NSW

ZC mine, Broken Hill, NS W

ZC mine, Broken Hill, NS W

ZC mine, Broken Hill, NS W

ZC mine, Broken Hill, NS W

ZC mine, Broken Hill, NS W

ZC mine, Broken Hill, NS W

ZC mine, Broken Hill, NS W

• NBHC mine, Broken Hill, NSW

• NBHC mine, Broken Hill, NSW
NBHC mine, Broken Hill, NSW
NBHC mine, Broken Hill, NSW
NBHC mine, Broken Hill, NSW

• NBHC mine, Broken Hill, NSW

NBHC mine, Broken Hill, NSW

NBHC mine, Broken Hill, NSW
• NBHC mine, Broken Hill, NSW

Mount Isa Mine, Queenslan d
Mount Isa Mine, Queenslan d
Mount Isa Mine, Queenslan d

Mount Isa Mine, Queenslan d

Warrego mine, Tennant Creek, N T

Warrego mine, Tennant Creek, N T

Warrego mine, Tennant Creek, N T

Kanmantoo, S A

Mount Charlotte mine, WA
Mount Charlotte mine, WA

Mount Charlotte mine, WA

Durkin mine, Kambalda, W A

Dolphin Mine, King Is ., Tasmani a

Poatina hydro . project, Tasmani a
Cethana hydro . project, Tasmani a
Gordon River hydro . project, Tas .
Mount Lyell mine, Tasmani a
Windy Creek, Snowy Mts ., NSW
Tumut 1 power stn ., Snowy Mts ., NS W
Tumut 2 power stn ., Snowy Hts ., NS W
Eucumbene Tunnel, Snowy Mts ., NSW

Sider it e
Tuf f

Tuf f

Tuf f
Meta-diorit e
Che r t

Granit e

Sandston e

Quartzit e

Diabase dyk e

Dolomite and shal e
Shal e

Magnet i t e

Chloritic slate, quartz
Magnet I t e

Black garnet mica schis t
Dolerit e

G reenston e

G r ans ton e

Serpentin e

Marble and skar n
Mudston e

Quartzite con g lomerat e
Quartzit e

Quartzite schis t
Diorit e

Granite and gneis s
Granite and gneis s

Granit e

Garnet quartzit e

Garnet quartzit e

Garnet quartzit e
Gneiss and q uartzit e
Gneiss and quartzit e
Gneiss and quartzit e
Gneiss and quartzit e

Rhodonit e

Gneiss and quartzit e
Gneiss and quartzite
Gneiss and quartzit e
Gneiss and quartzit e
Silica dolomit e

Silica dolomite

Garnet quartzit e

Garnet quartzit e

Garnet quartzit e

Sillimanite gneis s

Sillimanite g neis s

Sillimanite gneis s

Sillimanite gneis s

Sillimanite gneiss

Siltstone, chloritic slat e
Siltstone, chloritic slat e
Siltstone, chloritic slat e
Siltstone, chloritic slat e

Siltstone, chloritic slat e

Siltstone, chloritic slat e
Siltstone, chloritic slate
Sillimanite gneis s

36 0
36 0
54 0
33 0

45 5
24 5
63 3

1022
668
668
57 0
81 8

81 8
91 5
91 5
76 6
57 0
57 0
81 8
67 0

127 7
114 0
109 4
109 4
1094
109 4
114 0
142 3
66 4

108 9
102 5
97 0
24 5
24 5
32 2
5 8
9 2

15 2
1 5 2
8 7
7 5

16 0
9 0

20 0
10 5
30 0

33 5
21 5
36 5

37 0

37 0

57 5
57 5
48 0
57 5
34 5
31 0

705
40 0

16 .6 1 .46 7 8
8 .0 1 .30 78

15 .2 1 .70 7 8
10 .0 1 .40 78
11 .0 1 .90 78

8 .4 2 .10 7 8
13 .7 2 .00 7 8

6 .2 1 .66 7 8
13 .8 1 .17 7 8

4 .8 2 .73 7 8
15 .9 1 .32 7 8
20 .0 1 .07 7 8
26 .9 1 .17 7 8
13 .1 1 .29 7 8
21 .4 0 .97 7 8
9 .7 1 .85 7 8

14 .7 1 .43 7 8
12 .7 2 .09 7 8
12 .3 2 .10 7 8
13 .0 2 .40 7 8
19 .2 1 .60 7 8

6 .9 2 .40 7 8
25 .5 0 .82 7 8
15 .9 1 .81 78
18 .6 1 .62 78
26 .9 1 .34 78
29 .7 1 .43 7 8
24 .2 1 .51 78
19 .0 0 .83 7 8
16 .5 1 .28 7 8
28 .5 0 .87 78,7 9
25 .4 0 .85 7 8
7 .0 2 .40 7 8
6 .8 1 .80 7 8

11 .5 1 .30 7 8
2 .5 3-30 7 8

11 .2 1 .45 7 8
10 .4 1 .42 7 8
7 .9 1 .43 7 8
7 .4 2 .20 7 8
1 .8 1 .80 7 8
8 .5 1 .70 78,8 0

14 .0 1 .35 7 8
11 .0 2 .10 7 8
11 .3 2 .95 7 8
12 .4 1 .07 78
11 .0 1 .20 78
i8 .4 1 .20 78
9 .5 2 .60 78

16 .1 1 .29 8 1
15 .1 2 .54 8 1
21 .5 1 .23 8 1
14 .6 1 .25 8 1
18 .7 1 .54 8 1
26 .6 1 .52 8 1
20 .0 2 .50 8 2

(11 .0 ) x` 2 .56 8 3
(17 .2) 1 .70 8 3
17 .2 1 .90 8 4

of stress measuring equipment in South Africa, knows man y
of the men who have worked in this Field, and is familia r
with many of the sites where rock stress measurements hav e
been carried out . With this background,the authors hav e
worked through the literature an this subjgct and hav e

selected the measurements presented in Table 8 and figure s

40 and 41 .

	

In selecting these data, measurements obtaine d

in extremely unusual geological environments, such as area s

of very recent tectonic activity, have been omitted and car e

has been taken to use only those results which are supported

by reasonably detailed back-up data .

Figure 40 shows that the measured vertical stresses are i n

fair agreement wich the simple prediction given by calcula t -

ing the vertical stress due to the oeerlying weight of roc k

at a particular depth from the equati,ô n

dz = yz

	

(31 )

where y is the unit weight of the rock (usually in th e
range 20 to 30 kN/ m 3 ) and z is the depth at which the stres s
is required .

At shallow depths, there is a considerable amount of scatte r

which may be associated with the fact that these stres s

values are often close to the Limit of the measuring accurac y
of most stress measurin g tools . On the other hand, th e
possibility that hi g h vertical stresses may exist cannot b e
discounted, particularly where some unusual geological o r
topographic Feature may have influenced the entire stres s
field .

Figure 41 gives a plot of k, ehe ratio of the average hori-
zontal to vertical stress, against depth below surface . l t

will be seen that, For most of the values plotted, the value
of k lies within the Limits defined by

100 + 0 .3 e k e 1 5 00

	

0 . 5

The plot shows that, at depths of less than 500 metres, th e

horizontal stresses are significantly greater than the ver -

tical stresses . Some of the measurements reported by Has t 7 5
in 1958 are included (points 86,93 ,94 and 95), and ar e

certainly not in conflict with other measurements made i n

Scandinavia, Australia, South Africa and the U .S .A .

For depths in excess of 1 kilometre (3280 Feet), the averag e

horizontal stress and the vertical stress tend to equalise ,
as suggested by Heim's rule . This trend is not surprisin g
since, as will be shown in the next chapter, rock is incap -
able of supporting very high stresses when there are larg e
differentes in the magnitudes of the three applied principa l

stresses . Hence, if very high horizontal stresses existed
at depths in excess of 1 kilometre, these would have induce d
fracturing, plastic flow and time-dependent deformation i n
the rock, and all of these processes would tend to reduc e

the difference between horizontal and vertical stresses .

In considering the significance of figure 41, it misst b e
remembered that the avera ge horizontal stress has bee n

plotted .

	

In many cases there is a significant difference
between the horizontal stresses in different direction s

and, as more reliable stress measurement results become

(32)

CANAD A

Vertical stresses in parentheses calculated from depth below surface .

50

	

G .W . MacLeod Mine, Wawa, Ontari o
51

	

G .W . MacLeod Mine, Wawa, Ontari o
52

	

G .W . MacLeod Mine, Wawa, Ontari o
53

	

G .W . MacLeod Mine, Wawa, Ontari o
54

	

G .W . MacLeod Mine, Wawa, Ontari o
5S

	

G .W . MacLeod Mine, Wawa, Ontari o
56

	

Wawa, Ontari o
57

	

Elliot Lake, Ontari o
58

	

Elliot Lake, Ontari o
59

	

Elliot Lake, Ontario



60

	

Churchill Falls hydro ., Labrado r

61

	

Portage Mountain hydro ., B C

62

	

Mica Dam, BC

Diente gneis s

Sandstone and shal e
Gneiss and quartzite

6 0

UNITED STATE S

63

	

Rangeley oil Field, Colorad o

64

	

Nevada Test Site, Nevad a

65

	

Helms hydro, Fresno, Californi a

66

	

Bad Creek hydro ., South Carolina

67

	

Montello, Wisconsi n

68

	

Alma, New Yor k

69

	

Falls Township, Ohi o
70

	

Winnfield, Louisian a

71

	

Barberton, Ohi o

72

	

Silver Summit Mine, Osburn, Idah o

73

	

Star Mine, Burke, Idah o

74

	

Crescent Mine, Idah o

75

	

Red Mountain, Colorad o
76

	

Henderson Mine, Colorad o
77

	

Henderson Mine, Colorad o

78

	

Piceance Basin, Colorad o

79

	

Gratiot Country, Michigan

Sandstone

Tuf f

Granodiorit e

Gneis s

Granite

Sandston e

Sandston e

Sat t
Limeston e
Argillaceous quartzit e
Quartzit e

Quartzit e

Granit e

Granit e

Orebod y
Oil shal e

Do lomite

1910

	

(43 .5)

	

1 .04

	

88
380

	

(7 .0)

	

0 .90

	

8 9
300

	

(8 .2)

	

0 .91

	

9 0
230

	

(6 . .2)

	

3 .12

	

9 0
136

	

(315)

	

3 .29

	

9 1
500

	

(7 .9)

	

1 .61

	

92
810

	

(14 .1)

	

1 .25

	

92
270

	

5 .5

	

0 .95

	

9 3
830

	

24 .0

	

1 .94

	

9 3
1670

	

56 .7

	

1 .26

	

94
1720

	

37 .9

	

0 .60

	

95
1620

	

40 .3

	

1 .17

	

9 6
625

	

18 .1

	

0 .56

	

97
790

	

24 .2

	

1 .23

	

97
1130-', 29 .6

	

0 .98

	

97
400'

	

(9 .8)

	

0 .80

	

98
2806

	

(63 .1)

	

0 .78
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BO

	

Bleikvassli Mine, N . Norwa y

81

	

Bleikvassli Mine, N . Norwa y

82

	

Bidjovagge Mine, N . Norwa y

83

	

Bjornevan, N . Norwa y
84

	

Sulitjelma, N . Norwa y

85

	

Sulitjelma, N . Norway
86

	

Ställberg, Swede n

87

	

Vingesbacke, Swede n

88

	

Laisvall, Swede n

39

	

Malmberget, Swede n

90

	

Grängesberg, Swede n

91

	

Kiruna, Swede n

92

	

Stalldaten, Swede n

93

	

Stalldaten, Swede n

94

	

Hofors, Swede n

95

	

Hofors, Swede n

SOUTHERN AFRIC A

96

	

Shabani Mine, Rhodesi a

97

	

Kafue Gorge hydro ., Zambi a
98

	

Kafue Gorge hydro ., Zambi a

93

	

Ruacana hydro . project, S-W Afric a
100 Drakensberg hydro. project, S .A .
101

	

Braken Mine, Evander, S .A .
102 Winkelhaak Mine, Evander, S .A .

103 Kinross Mine, Evander, S,A ,

104 Doornfontein Mine, Carl tonville, SA

105 Harmony Mine, Virginia, S .A .

106 Durban Roodeport Deep Mine, S .A .

107 Durban Roodeport Deep Mine, S .A .

108 East Rand Proprietary Mine, S .A .

109 Prieska Mine, Copperton, S .A .

110 Prieska Mine, Copperton, S .A .

111 Western Deep Levels Mine, S .A .

112 Doornfontein Mine, S .A .

OTHER REGION S

113 Dinorwic hydro . project, Wales, U K
114 Mont Blanc tunnel project, Franc e
115 Cameron Highlands hydro ., Malaysi a

116

	

Idikki hydro . project, south India

Gneiss and mica schist
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2 .00

	

9 9
Precambrian rocks
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4 .64

	

10 0
Gneiss
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(2 .7)

	

5 .56

	

9 9
Phyllite

	

850

	

10 .0

	

0 .99

	

10 0
Phyllite
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11 .0

	

0 .55

	

10 0
Precambrian rocks

	

915 (24 .7)

	

1 .56 75,99
Granite and amphibolite
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4 .99

	

10 1
Granite

	

220
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3 .72

	

10 1
Granite
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2 .41

	

9 9
Gneiss
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2 .31

	

10 0
Precambrian rocks
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1 .90
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Precambrian rocks
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2 .58
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Precambrian rocks
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2 .02

	

10 1
Precambrian rocks
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2 .74
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Precambrian rocks
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Dunite, serpentine
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10 5
Quartzite
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0 .99
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Quartzite
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Quartzite
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Quartzite
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0 .48
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0 .49
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0 .67

	

10 3
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1 .02

	

10 3
Quartzite and shale

	

2400
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0 .72

	

103
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1 .41
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Quartz amphibolite schist
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9 .6

	

1 .01

	

10 6
Quartzite
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45 .6

	

0 .63

	

10 7
Quartzite

	

2320

	

58 .5

	

0 .54

	

10 3

Slate

	

250

	

9 .0

	

1 .28

	

10 8
Gneiss-granite

	

1800

	

48 .6

	

1 .00

	

10 9
Granite
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10 .6

	

1 .03

	

11 0
Granite gneiss
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8 .3
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111

3000

Figure 40 : Plot of vertical stresses against depth below surface .
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Variation of ratio of average horizontal stres s
to vertical stress wich depth below surface .

10 1

available, it may be useful to consider the significance o f
these individual stresses rather than their avera g e .

	

l t
must also be remembered that a number of stress measurement s
have been omitted from figure 41 .

	

In particular, a numbe r

of in situ stress measurements carried out in the Caledonia n
mountains in Norway 100 have not been included in this plot .
These measurements show that the ratio of horizontal to
vertical stress varies from zero to approximately 10 an d

that the horizontal stresses are aligned parallel to an d

normal to the trend of the mountain chain . These measure-
ments viere omitted from fi g ure 41 because the influence o f
both topography and tectonic activity was considered to b e
such that the results could not be regarded as typical o f

in situ stresses in undisturbed rock masses . However, th e
wide variation in these measured stresses emphasises th e
uncertainty which is inherent in any attempt to predic t
in situ horizontal stresses on the basis of simple theoretica l

concepts and the necessity for in situ stress measurements .

In fact, the authors believe that it is essential to carry

out in situ stress measurements as part of the site inves -

tigation programme . for any important underground excavatio n
project .

Stress distributions around single excavation s

The streamZine analogy for principal stress trajectories

When an underground excavation is made in a rock mass, th e
stresses which previously existed in the rock are disturbed ,

and new stresses are induced in the rock in the immediat e

vicinity of the opening . Ono method of representing thi s
new stress field is by means of principal stress trajectories
which are imaginary lines in a stressed elastic body alon g
which principal stresses act . Reform considerin g in detai l

the distribution of stresses around si n g le underground exc a -

vations of various cross-sections, it may be helpful to th e
realer to visualise the stress field by making use of th e
ap p roximate analogy which exists between principal stres s
trajectories and the streamlines in a smoothly flowing strea m

of water .

Figure 42 shows the major and minor principal stress traje c -

tories in the material surrounding a circular hole in a

uniaxially stressed elastic plate .

	

These principal stres s
trajectories may be regarded as dividing the material int o

elements on which the principal stresses act . On the righ t

hand side of figure 42, two of the major principal stres s

trajectories are shown dashed and, at arbitrarily selecte d

points along these trajectories, the principal stresses
acting on ima g inary elements are shown .

	

In each case, th e
direction and ma g nitude of the principal stress is shown b y
an arrow, the length of which gives the ma g nitude of th e
principal stress to some specified scale . Note [hat th e
principal stresses depart significantly from beine vertica l
and horizontal in the vicinity of the o p eni ng which deflect s
the stress trajectories .

When a cylindrical obstruction such as the pier of a bridg e

is introduced into a smoothly flowing stream, the water ha s

to flow around this obstruction and the streamlines ar e
deflected es shown in figure 43 .

	

Immediately upstream an d
downstream of the obstruction, the water flow is slowed dow n

and the streamlines are spread outwards . This separation i s
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Fi g ure 42 : Major and minor principa l

stress trajectories in the materia l

surrounding a circulea hole in a uniaxiall y

stressed elastic plat-s .

Figure 43 : Deflection of streamlines around a cylindrical obstruction .

Direasien of v_ndis urbed strea-, flow
which is analo g ous to time direesion
of Orte applied stress Field in s n
elastic modeZ .

Zone of stream"cine separation
which is analogous to 'tension '
in an elastic modeZ .

Zone of approximately three time s
the diameser of ehe disturbing body
outside which negligible defZectio n
of streamlines occurs .

Zone of sereamZine crowding whic h
is anaZogous to 'ccmpression' in.
an elastic modeZ .

analogous to the separation of stress trajectories whic h

occurs in zones of tensile stress and, as will be show n

later in this chapter, such tensile stress zones occur i n

the roof and floor of a circular excavation subjected t o

uniaxial compressive applied stress .

In zones on either side of the obstruction the water flo w

has to speed up in order to catch up with the rest of th e

stream and the streamlines are crowded together as shown i n

figure 43 . This is analogous to the crowding of stres s

trajectories which occurs in zones of increased compressiv e
stress . Figure 43 shows that outside a zone of approximatel y

three times the diemeter of the obstruction, the streamline s
are not deflected to any significant degree by the obstruction .

The stream flowing outside this zone does not 'see' th e

obstruction which only creates a local disturbance . Thi s

effect is also found in stress fields . Points in the roc k

mass which are more than approximately three radii from th e

centre of the excavation are not significantly influence d

by the presence of the excavation .

Stresses around a circular excavation

In order to calculate the stresses, strains and displacement s
induced around excavations in elastic materials, it i s
necessary to turn to the mathematicaZ theory of eZastieity .
This requires that a set of equilibrium and displacemen t

compatibility equations be solved for given boundary condi-

tions and constitutive equations for the material . The

process involved in obtaining the required solutions ca n

become quite complex and tedious, and will not be describe d
in this book . The reader interested in obtaining his ow n

closed form solutions to problems should refer to the standard
texts on the subject such as those by Love 70 , Timoshenko

and Goodier 73 and Jaeger and Cook 67 .

One of the earliest solutions for the two-dimensional dis -

tribution of stresses around an openi n g in an elastic bod y

was published in 1898 by Kirsch 112 for the simplest cross-
sectional shepe, the circular hole . A full discussion o n

the derivation of the Kirsch equations, as they are now

known, is given by Jaeger and Coo k 37 and no attempt will b e

made to reproduce this discussion here . The final equation s

are presented in figure 44, using a system of polar co-ordi-
nates in which the stresses are defined in terms of th e

tractions acting on the faces of an element located by a

radius r and a polar angle e .

Some of the many interesting and important facts abou t
stresses around openings are illustrated by this exampl e
and will be discussed in subsequent secsions .

Stresses at the excavation boundary

The equations given in figure 44 show that the radial stres s

ar and the shear stress ir r e are both zero et the boundary

of the opening where r= a . The tangential stress on th e
boundary is given by

c8 = p z { (l +k) - 2(1 - k)Cos 28 1

	

(33 )

In the roof and floor of the opening, 8 = 0° and 180° respec -

tively, and equation 33 reduces to
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Figure 44
: Equations for ehe stresses in the materia l
surrounding a circular hole in a stresse d
elastic body .

al = (c r + a8) * ((a r - a8)2
+ T rs* _

es of sy-me`r

e.

e.

10 5

aa = pz(3k - 1)

	

(34 )

In the sidewalls of the opening, 6=500 and 270° and equatio n

33 becomes

ca = p z(3 - k)

	

(35 )

Equations 34 and 35 are plotted in figure 45 which shows

that, for k = 0, the stresses in the roof and floor of th e

opening are tensile . For k= 0.33, the stresses in the roo f

and floor are zero and, for higher k values, all stresse s

an the boundary of the openi n g are compressive . The sidewal l

stresses decrease from a maximum of 3pz for k = 0 to a valu e

of 2p z for k= 1 .

The condition that the only stresses which can exist at th e

boundary of an excavation are the stresses tangential to th e

boundary holds true for all excavation shapes which are fre e

of internal loading . When the inside surface of the openi n g

is loaded by means of water Pressure, the reaction of a

concrete lining or the loads applied through rockbolts ,

these internal stresses must be taken into account in ca l -

culating the stress distribution in the rock surrounding

the opening .

Strasses remote from the excavation bo :

	

y

As the distance r from the hole increases, the influenc e

of the opening upon ehe stresses in the rock decreases . A

Plot of the ratio of c8/pz against the distance r along th e

horizontal axis of the stressed model is given in figure 46 .

This plot shows that the stress concentrating effect of th e

hole dies away fairly rapidly and that, at r = 3a, the rati o

of induced to applied stress is very close to ûnity . Thi s

means that, at this distance from the excavation boundary ,

the stresses in the rock do not 'see ' the influence of th e

opening . This fact has been utilised by those concerne d

with model studies of stresses around underground excavations .

The general rule is that the minimum size of the model shoul d

be 3 to 4 times the maximum dimension of the excavation i n

the model .

Axes of symmetry

Close examination of the equations presented in figure 4 4

shows that, for a symmetrical excavation such as tha t

considered, the stress pattern is repeated in each of the

four quadrants . This means that a complete picture of th e

stresses surrounding the opening can be generated by solvin g

the equations for values of 8 from 0° to 90° and that th e

horizontal and vertical axes throug h the centre of the openin g

are axes of symmetry .

In the Gase of a horse-shoe shaped tunnel, the top and botto m

halves of the opening are not symmetrical but the left an d

right hand sides are. Hence, the vertical axis is the onl y

axis of symmetry and the complete stress picture can onl y

be obtained by solving the appropriate stress equations fo r

values of a between 0° and 180° . In some other cases, par -

ticularly those involving multiple openings, no axes o f

symmetry may exist and a complete solution of the stres s

equations in all parts of the model may be required in orde r

to provide a complete solution of the stress distributio n

in the model .
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Photoelastic stress pattern in
a stressed g lass pZate contain-
ing several rectangular hole s
representing underground ex-
cavations in hard rock .

Figure 45 Variation in boundary stresses in th
e

roof and floor and sidewalls of a circular openin
g

with variation in the ratio k of applied stresses
.

Figure 46
: Variation in ratio of tangential stress cg

to vertical applied stress p - with radial distance r
along horizontal axis for k= 0 .

Stresses independent of elastic constants

The equations presented in figure 44 show that the stresse s

around the circular hole are dependent upon the magnitud e

of the applied stresses and the geometry or shape of th e

stressed body . The elastic constants E (Young's modulus )

and v (Poisson's ratio) do not appear in any of the equation s

and this means that the stress pattern is independent of th e

material used, provided that this is a linear elastic material .

This fact has been utilised by a number of researchers wh o

have studied the distribution of stresses around excavation s

by means of photoelasticity 113 This technique involve s
viewing a stressed glass or plastic model in polarised light .

The stress pattern which appears under these conditions i s

related to the differente between the principal stresse s

c l and ap (or og if the smaller principal stress is tensile )

in the plane of the model . Since these stresses do no t

depend upon the properties of the material, as discusse d

above, the photoelastic stress pattern can be used to cal-

culate the stresses around an opening or openings of th e

same shape in hard rock . Photoelastic techniques are seldom

used for this purpose today because stresses around under -

ground excavations can be calculated more rapidly and mor e

economically by means of the numerical techniques to b e

described later in this chapter .

Stresses independent of size of excavation

lt is important to note that the equations for the stresse s

around a circular hole in an infinite rock mass given i n

figure 44 do not include terms in the radius of the tunnel ,

a, but rather, include terms in the dimensionless paramete r
a/r. This means that the calculated stress levels at th e

boundaries of the excavation, for example, are independen t

of the absolute value of the radius . The same stress level s

will be induced in the walls of a 1 metre diemeter circula r

tunnel as in the walls of a 10 metre tunnel in the sam e

elastic rock .

This fact has led to considerable confusion in the past .

Some underground excavation designers have concluded that ,

because the stresses induced in the rock around an excavation

are independent of the size of the excavation, the stability
of the excavation is also independent of its size .

	

If th e

rock mass were perfectly elastic and completely free o f

defects, this conclusion would be reasonably correct, bu t

it is not valid for real rock masses which are alread y

fractured . Even if the stresses are the same, the stabilit y

of an excavation in a fractured and jointed rock mass wil l

be controlled by the ratio of excavation size to the siz e

of the blocks in the rock mass . Consequently, increasin g

the size of an excavation in a typical jointed rock mas s

may not cause an increase in stress but it will almos t

certainly give rise to a decrease in stability .

The authors are aware of at least two mines where difficultie s

have been encountered when small scraper drifts have bee n

enlarged to accommodate trackless mining equipment . The

assumption was made that the stability of the excavation s

was independent of size and that a doubling of the span o f

the tunnels would have no significant influence ueon thei r

stability . This assumption has proved to be incorrect and



serious stability problems have been encountered as a resul t
of roof falls caused by the release of joints which had no t
been disturbed by the smaller scraper drifts .

Many early textbooks and papers on underground excavatio n

design were based, almost entirely, upon elastic theory and
ignored the influence of structural features such as joints ,
bedding planes and faults, discussed in the earlier chapter s
of this book . This over-simplification of the subjec t
resulted in the sort of confusion discussed above . Th e

reader should be aware of these historical facts when readin g

some of the earlier rock mechanics literature .

FrincipaZ stress contours

When considering the influence of the stresses in the roc k
surrounding an underground excavation ffpon the stability o f

that excavation, it is important that én assessment be mad e
of the possible extent of the zone of fracturing around th e

excavation . As will be shown in the next chapter, the

failure of a typical hard rock depends upon the magnitude s

of the major and minor principal stresses acting at th e

point under consideration . Consequently, the most usefu l

plot of the stresses surrounding an underground opening i s

a plot of the principal stress contours such as that re-
produced in figure 47 .

A set of 50 principal stress contour diagrams, for differen t

excavation shapes and applied stress ratios, is presente d
in Appendix 3 at the end of this book . These plots wer e

prepared by Dr El Sayed Ahmed Eissa, under the direction o f

Dr J .W . Bray, at Imperial College, London . The utilisatio n

of these stress plots in essessing the extent of fracturin g
around underground excavations will be discussed in chapter 7 .

Calculatinn of stresses around other excavation shape s

In the interests of simplicity, the discussion of stresse s

around underground excavations has been confined, to thi s

point, to the rase of the circular opening . Relativel y
few underground excavations are, in fact, circular in shap e

and it is important, therefore, that the stresses surroundin g
other excavation shapes be considered .

Available theoretical solutions have been reviewed by Jaege r

and Coo k67 , Obert and Duva1 1 68 and Denkhau s 114 who refer t o

the work of Muskhelishvili 71 , Savin 72 , Greenspan 115
an d

Heller et al l'1 h These authors have published elegant sol-

utions for stresses surrounding openings of various shapes .

Such solutions played a very important role in the earl y

development of rock mechanics, before the advent of th e

digital computer and the numerical techniques which ar e

available today .

Wich the advent of the digital computer in the 1960's, a
range of numerical stress analysis techniques was developed ,
and these have been refined to a high degree of effectivenes s

during the past fifteen years . The Finite Element Metho d
was one of the first techniques for numerical stress analysi s

to be developed and it is still one of the most popular and

powerful methods available . A very good review of thi s

method has been published by Goodman 117 who gives a compre-

hensive List of references on the method and an illustrativ e

finite element program for use by the reader . Goodman's

Contours giving ratio of
FrincipaZ stress

	

r major principal stress to
trajectories - -*

	

( Zargest applied stres s

Figure 47 :

	

Principal stress contours and principal stress trajectorie s
in the material surrounding a circular hole in a stresse d
elastic body . As shown in the inset diagram, the ratio o f
applied stresses k = 0 .5 . Solid lines are major princica l

stress contours and dashed lines are minor principal stres s
contours . Contour values are ratios of principal stresses to
the larger of the two applied stresses .
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book is highly recommended for the interested engineer o r

geologist who wishes to obtain a clear introduction to the
use of the finite element method in rock mechanics .

In spite of the power of the finite element method, the

technique has certain disadvantages . When Eine detail o f

the stresses around excavation boundaries it required o r

when large scale problems have to be analysed, the effor t

required to prepare the Input date, the demands on compute r

storage and the costs of computer time can become consider -
able . Some of these problems are alleviated by the use o f
an alternative technique known as the Boundary Element Method .
A discussion of this method is presented in Appendix 4 a t
the end of this book and a simple illustrative program i s
given for use by the interested reader . This program wa s

used in the preparation of the stress contour plots give n

in Appendix 3 .

Influence of excavation shape and orientatio n

An examination of the principal stress contour plots show n

in Appendix 3 provides a number of useful g uidelines fo r
the designer of under g round excavations by showing ho w

adverse stress conditions can be induced for certain excav a -
tion shapes and orientations .

As an example, consider an excavation with an elliptica l

cross-section having axes with lengths in the ratio 2 : 1

oriented with its major axis at 0°, 45° and 90° to a
uniaxial stress Field, p z , es shown in figure 48 .

	

The maxi -

mum compressive tangential stress in the sidewall of th e
elliptical opening increases from 2p z for the vertica l
ellipse to 3 .62 p z for the 45° ellipse to 5 pz for the hori -
zontal ellipse .

	

The maximum tensile tan gential stresses i n
the roof and floor of the excavation are - p z for the vertica l
and horizontal ellipses, and -1 .12 pz for the 45° ellipse .
Some qualitative sense of the way in which the boundary
stresses might be expected to vary with orientation of th e

ellipse can be obtained by recognising that the sharper en d

of the ellipse will act as a more significant point of stres s

concentration than the Flatter extremity. Clearly, the hori -

zontal ellipse should be avoided for this particular stres s

Field .

In a biaxial stress Field, the tangential boundary stresse s
at the ends of the axes of an elliptical opening are give n

by the following equations :

cA = P z ft + 2W/H - k}

	

(36 )

= Pz(1 + ✓2W/pp - k}

	

(37 )

g C = Pz(k(l + 2H/W) - 1}

	

(38 )

Pz(k(1 + ✓2H/pC) - 1}

	

(39 )

where p A and pp are the radii of curvature et A and C, an d

the other symbols are defined in the mar g in sketch .

	

figure 48 : Boundary stresses around elliptical excavation s
in a uniaxial stress field .

The form of equations 37 and 39 illustrates the influenc e

of radius of curvature on the stress concentrations et th e

corners of the excavation ; the smaller the radius of curva-

ture, the higher the compressive stress concentration .
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Figure 49 : Sketch of stream-
lines in a smoothly flowing
stream obstructed by thre e
bridge piers .

This general principle also applies to excavations wit h
other cross-sections such as rectangles with rounded corners .
The most favourable stress condition at the rounded corner s
of a rectangular opening is obtained when the radius of cur-
vature takes the maximum possible value, half the excavatio n

height, i .e . when the excavation has an ovaloidal cross -
section .

Some of the main design principles which emerge fron a con-
sideration of the distribution of elastic stresses aroun d
excavations of various shapes and orientations in biaxia l
stress Fields are :

Critical stress concentrations increase as the relativ e

radius of curvature of the boundarxr decreases . Opening s

with sharp corners should thereforp' be avoided .

Since the lowest stresses on the boundary of the openin g
occur for the largest radius of curvature of that boundary ,
the optimum shape for an opening in a hydrostatic stres s
Field (k = 1) is a circle .

For stress Fields other than hydrostatic (k

	

1), th e

lowest boundary stresses will be associated with an open-
ing of ovaloidal shape . Hence, if a cavern with a heigh t
to width ratio of 1 :2 has to be excavated in a stres s
field in which the horizontal stress is equal to hal f
the vertical stress, the opening shape which will give
the lowest boundary stresses is the ovaloid illustrate d
in the upper margin sketch .

Boundary stresses in an elliptical opening can b e
reduced to a minimum if the axis ratio of the openin g

can be matched to the ratio between the in sit u
stresses .

• Under applied stress conditions in which the value o f

. is very low, tensile stresses occur on the boundarie s

of all excavation shapes . These tensile stresses ar e

replaced by compressive stresses as the value of k

increases above a value of approximately 1/3 as illustrat -

ed, for a circular excavation, in figure 45 .

Stresses around multiple excavation s

Consider the analo gy of a smoothly flowing stream obstructe d
by three brid g e piers as illustrated in figure 49 . In orde r
to accommodate the flow through the gaps between the piers ,
the streamlines are crowded to g ether and the flow velocity
increases through these gaps . The extent to which the flow
velocity increases depends upon the ratio of the width o f
the stream to the sum of the distances between piers . The
shape into which the streamlines are distorted depends upon
the shape of the piers . Smoother streamlines will be asso -
ciated with piers of circular or elliptical shape (wit h
the major axis parallel to the flow direction) than wit h
the square piers illustrated in fi g ure 49 .

A close analogy exists between this flow behaviour and the
transmission of stress through the pillars between a serie s
of parallel tunnels . This analogy gives rise to the ter m
Tr^butazy theory which is used by some authors 116 , 119 to
describe the branching of stress trajectories and the

concentration of vertical stresses in the pillar between
adjacent excavations .

The stresses at any point in a pillar depend upo n

e . the aueraee pillar stress which depends upon th e
ratio of the total area excavated to the tota l
area remaining in the pillars, an d

b . the stress concentration which is a function o f
the shape of the pillar between adjacent excavations .

lt is convenient to treat these two effects separately an d
they will be dealt with in turn in the text which follows .
In the interests of simplicity, this discussion will b e
confined to a set of uniform pillars in a single horizonta l
plane . The influence of multiple layers of pillars an d
of inclination of the entire System will be discusse d

toter in this chapter .

Auerase pilier stresse s

Figures 50 illustrates a typical square room and pilla r
Layout used in mining horizontally bedded deposi ts o f
materials such as cool . Assuming that the pillars show n
are part of a large array of pillars and that the roc k
load is uniformly distributed over these pillars, the averag e
pillar stress is given by :

o p = p z(1 + Wo/Wp) 2 = yz(l .4-wo/Wp)2

	

(40 )

where y is the unit weight of the rock, z is the depth below

surface and W o and Wo are the widths of the opening and th e

pillar respectively .

Ave rage pillar stresses for different pillar Layouts ar e
summarised in figure 51 and, in all cases, the value of s p
is g iven by the ratio of the weight of the rock column carrie d
by an individual p illar to the plan area of the pillar .



1 1 4 11 5

Figure 50 : Typical room and pillar Layou t
showing load carried by a single pilla r
assuming total rock load to be uniforml y
distributed over all pillars .

InfZuence of pillar shape

Unit Ien gth+--

RIE PILLARS - e p = yz(1 + o/W p )

Wo + W p l

Wp I 	 .
_I

	

1 ;	 1

	

J

SQUARE PILLARS - ep = yz(1 + Wo/ W p ) 2

= y , Rock column are a

Pilier are a

Figure 51 : Average vertical pillar stresses in typical pillar Layouts .

Illustratians are all p lan. Picwe .

The shape of a pillar between two adjacent excavation s

depends upon the shape of the excavations and their distanc e

apart . The shape of a pillar has a major influence upon th e

stress distribution within that pillar .

Obert and Duva1 1 68 report the results of photoelastic studie s

carried out to determine the stress distribution in ri b

pillars between a number of parallel circular tunnels . The

type of plate model which could be used in such studie s

is illustrated in figure 52 . Figure 53 shows that the averag e

vertical stress at the mid height of the pillar is given b y

I-ab= 1 .27ap

c =3 P -<

	

Obert and Duvall's results, for different ratios of W / W
i9ci(ip =

	

p

	

are summarised in the margin drawings . These show that the

average pillar stress up increases as the pillar become s

narrower . On the other hand, the maximum boundary stres s

concentration e b /a p decreases as the tunnels are moved close r

together .

This trend is illustrated more clearly in the series of stres s
distributions reproduced in figures 54 to 58 . These stres s

distributions are for pillars between rectangular opening s

in which the width of the opening W o is equal to the pilla r

width Wp .

	

In all cases, the contour values are expressed a s

ratios of the major and minor principal stresses, c l and c 3

respectively, to the avera g e pillar stress ap . These plot s

show that, as the pillar becomes taller and narrower, th e

1"_,,c b =1 .04c p

	

stress distribution across the mid-height of the pilla r

u p = 5p z

	

becomes more uniform .

	

In the case of the very slender pilla r

shown in figure 54, the stress conditions across the centr e

of the pillar are very close to uniaxial Strass condition s

in which a l = ap and a3= 0 . On the other hand, in the cas e
of the squat pillar shown in figure 58, the distribution o f

stress across the pillar is anything but uniform . At th e

centre of the pillar, the maximum principal stress fall s

to a value below that of the average pillar stress but th e

minor principal stress increases to a level which is a

significant proportion of the average pillar stress .

	

As wil l

be shown in a later chapter of this book, the triaxia l

stress conditions generated at the centre of squat pillar s

are very important in determining the stability of thes e

pillars .

Up to this point, the discussion has been restricted t o

the distribution of stress in rib pillars between paralle l

excavations .

	

In the case of square pillars, such as thos e

illustrated in figure 50, it is necessary to consider th e

Stresses in rib pillars
Detween parallel circular

	

Computed by Dr . R .D . Nammett of Golder Aseociates Ltd . ,

tunneis - alter Obert and

	

Vancouver, using a finite element program .

Duvall 66

ap = (1 + Wo/Wp)Pz

	

(41 )

The distribution of the maximum principal stress ai acros s

the mid height of the pillar can be approximated by super -

imposing the two stress distributions surrounding the ind i -

vidual tunnels , as defined in figure 46 an page 106 . Not e

that the average value of the maximum principal stress c l

across the pillar must be equal to the average pillar stres s

e r, in order to satisfy the conditions of equilibrium in th e

model .

)_\ab = 1 .03a p

I. ;

	

co- S
ie z

Wo/5=5
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Figure 52 : Plate mode] containing a series of holes representin g
parallel circular tunnels .

Figure 5 i : Principal stress distributions in a rib pillar defined b y
a ratio of pillar height to pillar width of 4 .0 . Th e
contour values are given by the ratio of major and mino r
principal stresses to the avera g e pillar stress .
Plane strain analysis for uniformly distributed vertica i
applied stress with no horizontal stress .Figure 53 : Distribution of major principal stress in pilla r

depends upon average pillar stress and stres s
concentration around individual tunnels .
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Figure 55 :

	

Principal stress distributions in a rib pillar defined b y
a ratio of pillar height to pillar width of 2 .0 .

	

The
contour values are given by the ratio of major and mino r
principal stresses to the average pillar stress .
Plane strain analysis for uniformly distributed vertica l
ap p lied stress with no horizontal stress .

Figure 56 :

	

Principal stress distributions in a rib pillar defined by

a ratio of pillar height to pillar width of 1 .0 .

	

Th e

contour values are given by the ratio of major and mino r

principal stresses to the average pillar stress .
Plane strain analysis for uniformly distributed vertica l

applied stress with no horizontal stress .



Figure 57 : Principal stress distributions in a rib pillar defined by a ratio of pillar height to pillar width of 0 .5 .The contour values are given by the ratio of major and minor principal stresses to the average pillar stress .Plane strain analysis for uniformly distributed vertical applied stress with no horizontal stress .

Figure 58 : Principal stress distributions in a rib pillar defined by a ratio of pillar height to pillar wldth of 0 .25 .

The contour values are given by the ratio of major and minor principal stresses to the average pillar stress ,

Plane strain analysis for uniformly distributed vertical applied stress with no horizontal stress .
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additional effects of the stress Field due to the two opening s

running at ri g ht angles to the two openings on either sid e

of the rib pillar . The superposition of these two stres s

Fields is illustrated diagrammatically in figure 59 .

Consider the example of the squat pillar shown in figure 58 .

The maximum principal stress at the mid-height of the exca -
vation sidewall is 1 .60ap, where ap is the average pilla r
stress . This maximum principal stress is made up from th e

sum of the average pillar stress ap and a stress increment
of 0 .60 00 due to the shape of the pilier . When super-imposin g

the second stress Field due to two excavations running a t

right angles to those shown in figure 58, only the stres s

increment due to the second set of excavations is adde d

to the original value of al . Hence, at the corner of a

square pillar with a height to width ratio of 0 .25, th e

maximum principal stress at the mid-height of the pilla r

is given by ol = (1 + 0 .60 + 0 .60)op ='_2 .20ap . The additio n

of the stress increments to the average pillar stress ensure s

[hat the average pillar stress is only added into the su m

once .

Three-dimensional pillar stress problem s

In the case of a complex underground excavation layout suc h

as that illustrated in figure 37 an page 85, the stres s

distribution in the rock mass can no langer be analyse d

with an adequate degree of accuracy by means of the two-

dimensional stress analysis methods described on the previou s

pages . Unfortunately, very few practical and economica l
three-dimensional stress analysis techniques are availabl e

and those methods which are available are very tedious t o

apply and demand a high degree of experimental or theoretica l

skill .

One of the most powerful three-dimensional stress analysi s

techniques is fresco stress photo_etasticiiy1120

	

This method

makes use of the fact that certain types of plastics, whe n

slowly heated to a critical temperature while under load ,

will retain the photoelastic stress pattern after coolin g

and removal of the load . The models can then be slice d

very carefully and the stress distributions in variou s

sections through the model determined . The use of thi s
method is only justified in very special circumstances since
the extremely critical experimental techniques which hav e
to be used coupled with the very tedious calculations re-

quired to separate the principal stresses make the techniqu e
very expensive to apply .

Recent developments of the boundary element technique have

been described by Hocking, Brown and Watson 1121 and by Brow n
and Hocking 12'- and this method shows considerable promis e

for application to the solution of certain classes of three-
dimensional stress problems . Figure 60 shows the distributio n

of major principal stresses on the boundaries of two inter -
secting underground caverns . This stress distribution wa s
determined by means of the three-dimensional boundary elemen t
method during studies on a project involving large under-

ground excavations where the stability of the intersection s

between the excavations was considered to be importan t

enough to justify the use of this method .

	

lt is anticipate d

that Future developments of numerical methods such as thi s

will provide practical three-dimensional stress analysi s

tools in the years to come .

1 .Stress distribution in north-south pilla
r

due to interaction of the stress field s

surrounding parallel north-south roadways .

2 .Stress distribution in east-west pilla
r

due to interaction of the stress field s

surrounding parallel east-west roadways .

3 .Stress distribution is a square or rectangula
r

pillar obtained by superposition of the

stresses in north-south and east-west pillars .

Figure 59 : Distribution of maximum principa l

stresses acting on a plane through the centr e

of a square or rectangular pillar surrounded

by a large number of similar pillars .

?illar
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Major principa l
stress levels on

excavation boundaries .
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In situ stresse s

Figure 60 : Distribution of major principal stresses on the boundarie s
of two intersecting underground excavations .

Stress shadow s

Returning, for a moment, to the stream flow analogy discusse d
earlier in this chapter, figure 49 illustrates the effec t
of three bridge piers upon ehe flow pattern in a smoothl y
flowing stream .

	

If, instead of running across the river ,
these piers were to be aligned parallel to the axis o f
the river, the effect on the flow pattern would be entirel y
different . Stagnant flow areas would occur between th e
piers duz to the shielding effect of the first pier see n
by the water flow .

Similar effects occur in stress Fields as illustrated i n
the margin sketch . When two or more excavations are aligne d
along a major principal stress trajectory, the stress i n
the pillar between the two excavations decreases becaus e
it lies in the 'shadow' cast by the two excavations .

	

Hence ,
when considering the stresses in a pillar which is part o f
a room and pillar layout, such as that illustrated i n
figure 50, the vertical applied stress pz will have the mos t
significant effect upon the pillar stress . Horizonta l

:Obree s
/ decr as_o

stresses (kp,) will have very little effect on the stres s

distribution in pillars in the centre of the array sinc e

these pillars will be shielded from these stresses by the

pillars near the edge of the panei .

Similar considerations apply when dealing with multi-sea m

mining in which the rock between excavations placed one

above another will be shielded from vertical stresses b y

these excavations . This effect is illustrated in the phot o -

elastic pattern reproduced in the margin of page 107 . Thi s

shows that the horizontal pillars between the three excav a -

tions in a vertical line are stress relieved whereas th e

stress is intensified in the pillar between these thre e

excavations and the single excavation to their left .

Influence of inclination upon pillar stresse s

When mining in an inclined orebody, the stress field actin g

upon the excavations and the pillars between these excava-

tions is no Tonger aligned normal to and parallel to the

excavation boundaries as has been the case in all example s

discussed thus far . The inclination of the stress Fiel d

to the excavation boundaries results in a considerabl e

change in the stress distributions induced in the roc k

surrounding the excavations, as illustrated in figures 6 1

and 62 . These stress distributions are not particularl y

difficult to determine by means of either the finite elemen t

or boundary element techniques but care has to be taken

in applying some of the approximate methods of pillar stres s

calculation or stress superposition to these incline d

excavation problems .

influence of grevity

In ehe preceding discussion it has been assumed that th e

applied stresses p, and kp z are uniform as illustrated i n

figure 44 . These conditions are equivalent to those in a

uniformly loaded plate model and they are based upon th e

assumption that the excavation under consideration i s

far enough below the ground surface that the influence o f

stress gradients due to gravitational loading can be ignored .

Denkhaus 114 examined the errors associated with this assump-

tion and concluded [hat these errors are less than 5 ; whe n

the depth of the excavation below surface exceeds 10 time s

the span of the excavation .

Obviously, for shallow tunnels or for very large excavation s

at shallow depth, the influence of gravitational stresse s

must be taken into account in calculating the stresse s

induced in the rock around the excavations . A Full dis-

cussion on this topic would exceed the scope of this chapte r

but allowance has been made for gravitational stresses i n

the boundary element program presented in Appendix 4 a t

the end of this book. An example of the stresses induce d

in the rock surrounding a shallow excavation has bee n

included in this appendix .
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Figure 61 : Principal stress distributions in the roc k
surrounding two adjacent excavations al i g ned normal an d
parallel to the applied stress directions . ( k = 0 .5 )

Figure 62 : Principal stres s
distributions in the rock sur-

rounding two adjacent excavation s
inclined at 45° with respect t o
the ap p lied stress directions .

(k = 0 .5) .
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The stability of an underground excavation depends upon the

structural conditions in the rock mass, as discussed i n

chapter 2, and also upon the relationship between th e

stress in the rock and the strength of the rock . Shallow

excavations such as most road and rail tunnels or the nea r

surface workings in mines are most strongly influenced b y

the structural conditions and the degree of weathering o f

the rock mass . On the other hand, the stability of dee p

excavations depends more upon the response of the rock mas s

to the stress field induced around the excavations . The

different types of instability which occur under these tw o

extremes will be discussed in the next chapter .

In order to utilise the knowledge of stresses induced aroun d

underground excavations discussed in the previous chapter ,

it is necessary to have available a criterion or a set o f

rules which will predict the response of a rock mass to a

given set of induced stresses . Such a need has Jong been

recognised and a large prooortion of rock mechanics liter a -

ture is devoted to the search for a suitable failure cri -

terion .

The difficulty of finding a realistic failure criterion fo r

rock masses is emphasised in figure 63 which shows th e

transition from intact rock material to a heavily jointe d

rock mass . The underground excavation designer is concerned

with all the stages in this transition . The processes o f

drilling and blasting or the use of tunnel boring machine s

or raise borers for the excavation of underground openin g s

are strongly influenced by the strength of the intact roc k

material . The stability of the rock in the immediat e

vicinity of the underground openings and the behaviour o f

the rockbolts used to support this rock are related to th e

existing discontinuities and to fractures induced in th e

intact rock by blasting . The stability of the entir e

system of underground openings which make up a mine o r

an underground hydroelectric scheme depends upon the

behaviour of the entire rock mass surrounding these openings .

This rock mass may be so heavily jointed that it will tend to

behave like an assemblage of tightly interlocking angula r

particles with no significant strength under unconfine d

conditions .

In considering the behaviour of the different systems i n

the transition between intact rock and a heavily jointed roc k

mass, it must be remembered that the quantity and quality

of experimental dato decrease rapidly as one moves fro m

the intact rock sample to the rock mass . Because smal l

samp les of intact rock are easy to collect and to tes t

under a variety of laboratory conditions, there is a vas t

amount of information on almost every aspect of intact roc k

behaviour .

	

Experimental difficulties increase significantl y

in tests on specimens containin g one set of discontinuitie s

and become very serious when two or more sets of discontin -

uities are present .

	

Full scale tests on heavily jointe d

rock masses are extremely difficult because of the experi -

mental problems of preparing and loading the samples an d

are very expensive because of the scale of the Operation .

Consequently, test data for la rg e scale rock mass behaviou r

will never be available in similar quantities to that fo r

intact rock samples .
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Figure 63 :

	

Idealised diagram showing the transition from intact rock to a heavily jointe
drock mass with increasing sample size .

13 3
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Stressest rain cure es for ducc ..le
behaviour in oomrression.

Taking all of these factors into account, it can be seen tha
t

a rock failure criterion which will be of significant us e
to ehe underground excavation designer should satisfy th e
following requirement s

a.
It should adequately describe the response of a n
intact rock sample to the Full range of stres s
conditions likely to be encountered underground .
These conditions range from uniaxial tensile stres

s
to triaxial compressive stress .

b. It should be capable of predicting the influence o f
one or more sets of discontinuities upon the behaviou r
of a rock sample . This behaviour may be highl y
anisotropic, i .e . it will depend upon the inclinatio n
of the discontinuities to the applied stress direction .

c.
It should provide some form of projection, even i f
approximate, for the behaviour of a Full scale roc k
mass containing several sets of d i s continuities .

While the authors do not claim that the failure criterio n

presented an the following pages meets all-of these requir e -

ments, they do feel that it provides a simple empirical re -

lationship which is sufficiently accurate for most under -

ground excavation design processes which are dealt with i n

this book .

Brittle and ductile behaviou r

Throughout this chapter, rock failure will be referred t o

as being brittle, ductile or at the brittle-ductile t rans i -

tion . l t is important, therefore, that the meaning of thes e

terms be defined at the outset .

Brittle failure is said to occur when the ability of th e

rock to resist load decreases with increasing deformation .

Brittle failure is often associated with little or n o

permanent deformation before failure and, depending upo n

the test conditions, may occur suddenly and catastrophically .

Rock bursts in deep hard rock mines provide graphic illus-

trations of the phenomenon of explosive brittle fracture u2 3

A material is said to be ductile when it can sustain perma -

nent deformation without losing its ability to resist load .

Most rocks will behave in a brittle rather than a ductil e

manner at the confining pressures and temperatures encountere d

in civil and mining engineering applications .

	

Ductilit y

increases with increased confining pressure and temperature ,

but can also occur in weathered rocks, heavily jointed roc k

masses and some weak rocks such as evaporites under norma l

engineering conditions .

As the confining pressure is increased it will reach th e

brittle-d:..etile transition value at whichthere is a transi -

tion from typically brittle to fully ductile behaviour .

Byerlee =24 has defined the brittle-ductile transition

pressure as the confinin g pressure at which the stres s

required to form a failure plane in a rock specimen is equa l

to the stress required to cause sliding on that plane .

As noted above, the brittle failure occurring in rocks unde r

either laboratory or Field conditions is often of a violen t

or uncontrolled nature .

	

In other situations, such as i n

mine pillars, the rock may be fractured and deformed pas t

its peak load bearing capability in a controlled manner an d

reach equilibrium at some lower load .

	

In the first case ,

explosive failure occurs at the peak stress, and the post-
peak section of the stress-strain curve will not be recorded .

In the second case, pr og ressive fracture of the rock will b e

observed, and the post-peak section of the stress-strai n

curve will be recorded .

Which of these two general modes of behaviour occurs depend s

on the relative stiffnesses of the specimen being loaded an d

the loading system, be it a laboratory testing machine o r

the rock mass surrounding and overlying a volume of roc k

in-situ .

	

In the laboratory, the likelihood of uncontrolle d

failure occurring can be reduced by using stiff or servo -

controlled testing machines. A complete account of th e

mechanics of machine-specimen interaction and the use o f

stiff and servo-controlled machines is given by Hudson ,

Crouch and Fairhurst 125

	

The interested reader is als o

referred to the discussion given by Jaeger and Cook 67 .
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Figure ô : Uniaxial tensile
cest arrangement suggested by
-4Wkes and i iellcr 126

pages 177-183 .

	

In practice, the concept of the complet e
stress-strain or forte-displacement curves for brittle rock s
and rock masses is vital to the understanding and analysi s

of the behaviour of highly stressed rock in pillars or aroun d
underground excavations .

Laboratory testing of intact rock sample s

Before enterine into a discussion on the interpretation o f
strength data obtained from tests on intact samples, it i s
necessary briefly to review the range of laboratory test s

which have been used in the generation of these data .

One extreme of the range of stress conditions of interes t
in this discussion is the stete of uniaxial tension in whic h
c1 = a 2 = 0 and as = to t where o t is tlle uniaxial tensil e
strength of the specimen .

Figure 64 illustrates the uniaxial testing arrangemen t
sug gested by Hawkes and Mellor 126 A

	

This arrangemen t
satisfies all the requirements which the authors of thi s
book consider to be essential for the generation of meaning -
ful tensile strength data . The use of a ball joint on th e
end of a non-twist cable ensures that the load will b e
a p plied along the axis of the specimen with an absente o f
torsion . Provided that the components are machined with a
reasonable degree of precision and that care is taken i n
bonding the rock specimen into the collars, there will b e
a minimum of Sending in the specimen . The use of aluminium
for the collars and the use of epoxy resin for bondin g
ensures that the stress will be transmitted into the specime n
without the severe stress concentrations which are usuall y
associated with more rigid specimen gripping arrangement s
such as those used in testing steel specimens . Unless al l
of these conditions are satisfied, it is doubtful i f
much significance can be attached to tensile strength results .

Triaxial compression.-tensile test s

In order to obtain rock fracture data under all the stres s
conditions of interest in this discussion, one of the author s
used the testing arrangement illustrated in Figure 65 . Th e
rubber sleeved "dog-bone" specimen is subjected to hydrauli c
pressure p which generates radial stresses 0 l = a2 = p an d
an axial tensile stress a3 which is given by :

p(d 2 - di )
c9

	

d i

where d, is the diameter of the centre of the specimen an d
d, is the diameter of the enlarged ends of the specimen .

Adjustment of the pressure applied to the rubber sealin g
rings can be achieved by tightening or loosening the

This paper, entitled "Uniaxial testing in rock mechanic s
laboratories" is one of the most comprehensive on thi s
subject and is recommended reading for anyone seriousl y
involved in or contemplating rock mechanics testing .

Rubber sealing ring

CZearance gap
Bydrauiic pressur e

_	 	 r

	

I -

	

._ .iG3

'c1 Ate---*

\N Rock specimen
Latex rubber sleev e

Figure 65 : Apparatus for inducing triaxial stress condition s

in which one of the principal stresses is tensile .

After Hoek 127
, 12 8

threaded end pieces of the cell . This adjustment can b e

used to vary the clearance gap between the sleeved specime n

and the sealing rings such that a small oil leakage occur s

when the cell is pressuriced . This leakage minimises en d

friction on the specimen and ensures that the specimen i s

not eccentrically loaded . Specimens for use in this appara -

tus are machined in a lathe by means of a diamond grindin g

wheel mounted on a Cool-post grinding attachment actuated

by a hydraulic or mechanical profile follower
127 .

Uniaxial. and triaxial testing

In the apparatus illustrated in figure 66, the specimen i s

subjected to an axial stress c 1 and to radial confinemen t

giving o 2 = 0 3 = p, where p is the hydraulic pressure i n

the cell . The normal test conditions are arranged so tha t

01, the major principal stress, acts along the axis of the

specimen .

A variation of this test, known as the extension test ,

involves the application of a hydraulic cell pressure whic h

is higher than the axial stress in the specimen . This gives

rise to the situation in which c 1 = 0 2 = p > a 3 where c 3 i s

the axial stress in the specimen . Although this axial stres s

is compressive, the axial strain es is tensile when c3 i s

small (see equation 10 on page 91) and this causes the lengt h

of the specimen to increase .

The importance of these two variations of the triaxial tes t

is that they represent the upper and lower bound condition s

for the intermediate principal stress c2 and they can b e

used to test the influence of this stress upon the failur e

of rock .

A further variation of the triaxial test is the simpl e

uniaxial compressivn test in which 0 2 = a3 = 0 and, a t

failure, 0 1 = a c , the uniaxial compressive strength of the

rock .

In all cases, the end conditions of the specimen are critica l

if a uniformly distributed axial stress is to be induced i n

the specimen . Hawkes and Meltor 126 have discussed thes e

end conditions in considerable detail and any reader wh o

may be involved in rock testing should pay particular atten-

tion to these conditions since careless preparation or load -

Uniaxial tensile tests

(42)
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Figure 66 :
Cutaway drawing of triaxia

lcell
for testing cylindrical rock

specimen sat confining pr essures of up to 70 MPa(10,000 Ib/in2) .

	

Cell does not requiredrainage between tests
. Designed by Hoe

kand Frankl in l2S ,13 0

of a diamond impreanaae,d_ o. ing Eikeal mounyad o! t} e.__ -pos- g ..nder , a
';,a ra0, ciao o` ise- la _ of spe_ -' .for unier_ rirxial c_sding .
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at about 3000

revolutions per minute with h w
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y
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r

end of the sp
ecimen, as shown in figure 66, will minimis e
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ermits the testing of rock
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with internal pore pressure .
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s(shown in contact with the rock
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obvious later in this chapter
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stress is discussed .
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An empirical failure criterion for roc k

In spite of the excellent research carried out by man y
workers in this field, the authors are not aware of an y
failure criterion which meets all the requirements set out o n
page 132 . Many of the available failure theories offer a n
excellent explanation for some aspects of rock behaviou r
but fail to explain others or cannot be extended beyond a
limited range of stress conditions . Consequently, face d
with the task of providing a failure criterion which will b e
of practical value to the underground excavation designer ,

the authors had no alternative but to seek a new criterio n
which would meet at least most of the requirements liste d
on pa g e 132 .

Jaeger and Cook° 7 give a comprehensive discussion on the
various failure theories which have been proposed to explai n
observed rock failure phenomena and no attempt will be mad e
to reproduce this discussion herz . These theories, parti-
cularly the theory proposed by Griffith 131 , 132

and modifie d
by McClintock and Walsh '- 33 , 134 formed the basis for th e
development of the empirical failure theory presented i n
this book .

The authors have drawn on their experience in both theore-

tical and experimental aspects of rock behaviour to develop ,
by a process of trial and error, the following empirica l
relationship between the principal stresses associated wit h
the failure of rock :

(43 )

where

	

, is the major principal stress at failure ,
c 3 is the minor principal stress applied to th e

specimen ,
a c is the uniaxial compressive strength of th e

intact rock material in the specimen ,

m and s are constants which depend upon the propertie s
of the rock and upon the extent to which it ha s
been broken before being subjected to the stresse s

and c 3 .

This relationship can be represented g raphically by mean s
of a diagram such as that presented in the upper left hand
portion of figure 67 .

The uniaxial compressive strength of the specimen is given
by substituting c 3 = 0 in equation 43, giving :

(44 )

For intact rock, °cs = 0c and s = 1 . For previously broken
rock, s o 1 and the strength at zero confining pressure i s
given by equation 44, where ° c is the uniaxial compressiv e
strength of the pieces of i' :caes rock material making u p
the specimen .

The uniaxial tensile stre n g th of the s p ecimen is given b y
Substitution of c l = 0 in equation 43 and by solving th e
resulting quadratic equation for c3 ;

a t = _.°c (m - /m 2 ± 4s )

	

(45)
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0

	

a

	

2 0
Minor princip al ,stress

a3 - lb :1n2 x _000 ,

Transition. from brist-1e t o
ductile failure illustrated
by lest data obtained by
Schoartc 137 for Indiana
limestone .

T =

	

- a3)Sin 2 8

a = A(ai+a3) - #(a, -a 3 )Cos 2 8

obere ß is tke angle be ueen s he failur
esurface and irre direction of the mcmimur„principal stresso, .

Figure 67 : Graphical rep
resentation of stress condition sfor failure of intact rock .
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In addition to the relationship between the major and mino r

principal stresses at failure, it is sometimes convenien t

to express the failure criterion in terms of the shear and
normal stresses acting on a p lane inclined at an angle ß

to the major principal stress direction, as illustrated i n
the upper ri g ht hand portion of figure 67 . When the inclina-

tion ß of the failure surface is known, the shear and norma l

stresses t and a can be determined directly from the equa -

tions presented in figure 67 .

When an isotropic specimen is tested, it is usually assume d

that the relationship between shear strength T and norma l

stress a is defined by the envelope to a set of Mohr circle s

representing the principal stresses at failure (see page 94) .

Under these conditions, it is assumed that the inclinatio n

ß of the failure surface is defined by the normal to th e

Mohr envelope as illustrated in the lower diagram in figur e

67 . As will be shown later in this chapter, this assumptio n

is probably an over-simplification .

	

lt has been included i n

this discussion because of its historical importance i n

rock mechanics literature and also because it does provid e

a rough guide to the inclination of the failure surface o r

surfaces under some stress conditions .

Balmer 135 derived a g eneral relationship between the shea r

and normal stresses and the principal stresses at whic h

failure of an isotropic rock specimen occurs . Substitutio n

of equation 43 into Salmer's equations gives :

Tm+ mag
✓6

T _ (a - a 3 ) ✓ 1 + mac ✓ lT m

where

	

T m = b(a i - a 3 )

The angle ß is defined by

Sin 28 =
T m

A detailed discussion on the derivation of these equation s
is g iven in part 3 of A ppendix 5 at the end of this book .

3rittle-ductile transitio n

A practical limitation has to be placed on the use o f

equations 43, 46 and 47 because, as discussed an page 133 ,
the behaviour of most rocks changes from brittle to ductil e

at high confinin g pressures . Mogi 136 investi g ated thi s
transition and found that, for most rocks, it is defined by :

a i = 3 .4 a 3

	

(49 )

This transition is illustrated in the margin drawing in whic h

the results obtained by Schwartz 137 from a series of triaxia l

tests on Indiana limestone are presented .

The authors have used equation 49 in their analysis o f

Relaiionship between shearl¢nd norma l
Ssresses and prineipaZ stresses

(46 )

(47 )

(48)
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triaxial test data on intact rock specimens, presented late r
in this chapter . Hence, equation 43 has only been applie d
to data where cr i n 3 .40 3 .

In triaxial tests on specimens containing planes of weaknes s
or specimens which have previously Seen broken, the transi-

tion from brittle to ductile Failure is not as clearl y
defined as in the Gase for tests on specimens of intac t
homogeneous rock . In addition, this transition, when it ca n
be determined, appears to occur at a smaller ratio of a l
to a 3 than for intact rock . In the absente of any publishe d
guidelines on this transition, the authors have arbitraril y
used al = 2 a3 as the Limit of applicability of equation 4 3
in analysing the results of triaxial tests an rock specimens .

Survey of triaxial tost data an intact rock specimen s

In order to check the applicability >i the empirical failur e
criterion described on the previous pages and to provide
a starting point for the analysis of rock failure around
underground excavations, the authors have analysed publishe d
triaxial test data for a wide range of rock types . The
sources of the information included in this survey ar e
listed in table 9 and the results of the study are presente d
graphically on pages 143 to 149 .

In select ing these data, care has been taken to ensure tha t
the test conditions used in the generation of the data were
comparable to those described earlier in this chapter .
Wherever possible, the authors have gone back to the ra w
experimental date in order to avoid using information whic h
may already have been adjusted to fit some other failur e
criterion .

In order to compare the results of triaxial tests an differen t
rock types and an different samples of the saure rock type ,
all the data has been reduced to dimensionless form b y
dividing the principal stresses at failure by the uniaxia l
compressive strength of each Sample . Hence, equation 43 ,
with s = 1 for intact rock, becomes

The values of a c and m for a given date set are determine d
by means of the linear regression analysis Set out pert i
of Appendix 5 . This analysis has only been applied to dat a
sets containing more than 5 experimental points well space d
in the stress Spate defined by 0 t
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lb/e.n z VPa m r z m r 2

MARBLE Tannessee

	

11

	

,

	

USA Wawersik c Fairhurst l" a 44 19330 133 .3 5 .9 0 .9 9
Norwegian Broch l3u m 5 8370 57 .7 8 .2 1 .0 0
Carrara,

	

Italy Kovari

	

L
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Carrara,

	

Italy Franklin C
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10 .6 0 .9 0
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Simplifying assumption s

Anyone familiar with the literature on the failure of roc k
will realise that a number of simplifications have been
made in developing the failure criterion presented on th e
previous pages . While these simplifications are necessary
in order to achieve a practical solution tb the problem, i t
is important that the assumptions upon which these simplifi-
cations are based are examined to ensure that no basic law s
are violated . The following discussion briefly reviews the
mein simplifying assumptions which have been made in th e
development of the empirical failure criterion .

Definition of failure

The authors have adopted the maximum stress carried by th e
specimen as their definition of the " failure" stress . The
justification for this choice is that :most of the problems
which will be discussed in later chapters of this book ar e
concerned with the " failure" of underground excavations ,
i .e . the relationship between the induced steesses aroun d
excavations and the stress levels at which failure occur s
in the rock .

Several alternative definitions of failure will be foun d
in rock mechanics literature but the authors believe tha t
the definition adopted shouid always depend upon th e
application for which the failure criterion is intended .
Hence, in designing the foundations for equipment or build-

ings which cannot tolerate differential displacements, a n
appropriate definition of failure might be the stress leve l
et which significant deviation from linearity of the stress-
strain curve occurs . For underground excavation engineerin g
in which deformation can be tolerated but collapse of th e
excavation is to be avoided, the maximum stress carried b y
the specimen is considered to be a more appropriate defini-
tion of failure .

Gro.oing of dat a

In compiling the rock strength date presented in table 9 ,
an arbitrary decision was made to group the date unde r
traditional rock names . In addition to satisfying the obviou s
need to condense the date onto a reasonable number of pages ,
the authors believe that this grouping also serves a practi-
cal purpose .

	

In many cases, the starting point in the
design of an underground excavation, to which no access i

s
available, is the knowledg e that the rock surrounding th e
proposed excavation is granite or quartzite or sandstone .
Consequently, the grouping of rock strength date under [hes e
rock types can serve a useful pract i cal purpose, provided
that there is some relationship between the failure charac-

teristics of a rock and the name applied to that rock .

Detailed stedies on rock fracture suggest that factors suc h
as mineral composition, grain size and angularity, grai n
packing Patterns and the nature of the cementing material s
between grains all contribute to the manner in which fractur e
initiates and propagates in a rock specimen .

	

In the Gas e
of a rock type such as granite, these factors are reasonabl y
uniform, irrespective of the source of the granite . Hence ,
the fracture characteristics of a Westerley granite from th e
USA are similar to those of a Mount Sorrel granite from the

United Kingdom .

On the other hand, the term limestone is applied to a rang e

of carbonate rocks, formed by either organic or inorgani c

processes, and it is hardly surprising that the material s

grouped under this rock type exhibit a relatively wide rang e

of failure characteristics . The differente between the

rocks grouped under the name granite and those described a s

limestones is evident in the two plots on page 146 .

The manner in which fracture initiates and propagates deter -

mines the .mkape
of the curve relating the principal stresse s

at failure and this is reflected in the value of m in equatio n

43 . On the other hand, the strength of the rock depend s

upon the strength of the individual particles making up th e

specimen and this is defined by the uniaxial compressiv e

strength o c in equation 43 . (Note that s = 1 .00 for intac t

rock) . Hence, Westerley granite tested by Brace
140 ha s

a value of m which is very close to that of the Ston e

Mountain g ranite tested by Schwartz 137 but the strengths o f

these materials differ by a factor of three . On a dimension -

less plot such as that given on page 146, the triaxial tes t

results for these two materials fall on the same line but ,

on a [nie stress plot the results are widely separated .

Inelinûtion of failure sxr face s

In deriving the Mohr failure envelope for brittle rock ,

equations 46 and 47 on page 139, it was assumed that th
e

surface or zone alo n g which failure of the specimen occur s

is inclined at an angle B to the major principal stres s

direction . This an g le is defined by equation 48 and i
s

illustrated in figure 67 .

Wawersik and Brace
143 carried out a very detailed study o f

the initiation and propagation of fracture in specimens o f

granite and of diebase . Specimens of these materials wer e

tested in a stiff testing machine (see p a g e 133) and complet e

stress-strain curves were obtained . A typical stress-strai n

curve for Westerley granite tested under uniaxial compressiv e

stress conditions is given in the margin f i g ure . This stres s -

strain curve is divided into eight regions and Wawersik an d

Brace g ive the followin g description of the initiation an d

propagation of fractures in these region s

' R e g ions I to III are marked by the closure of pre-existin
g

cracks, approximately linear elastic behaviour, and a combi -

nation of random crack Formation, crack growth and slidin g

on existing crack interfaces . (Note, this cracking is an a

microscopic scale) . In region IV, which includes the stres s

maximum, a large number of small fractures are formed pre -

dominantly parallel to the direction of loading . This loca l

cracking continues throughout the entire subsequent failur e

history with very little change of the angular crack dis -

tribution .

	

In addition, relatively lar g e cracks appea r

towards the end of region IV near and approximately paralle l

to the free sides of the sample . These cracks develop a t

about midheight of all samples and lead to the onset o f

spalling at the beginnin g of region V .

	

Because spallin g

causes an area reduction, the onset of region V is associate d

with an increase in the true average stress in the sample .

Spalling proceeds during regions V and VI due to bucklin g

instability of thin near surface layers of rock .

	

In region
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VI small, steeply inclined shear fractures are formed ; thes e
grow into an open fault in region VII . In region VIII th e
deformation results in a Loose mass of broken material hel

d
together by friction .

3 0

0

•

	

.!r•* Las predicted -rom
e4?u aZion

This description emphasises the complexity ôf the prccesses
of fracture initiation and propagation in rock and th

e
difficulties which haue been associated with attempts t o
derive failure criteria based on simple crack models e7 .

Wawersik and Brace 143 measured the inclination of the shea r
fractures and faults formed in Westerley granite in region

s
VI, VII and VIII .

	

The results of these measurements ar e
plotted in figure 68 together with the relationship betwee n
fracture plane inclination and confining pressure calculate d
by means of equation 48 ( using m =

	

and s = 1 .00) .
In spite of the !arge amount of scatter', there is a genera l
similarity between the measured and predicted trends whic h
suggests that equation 48 can be used to give a rough guid e
to the inclination of shear fractures and faults in rock .

The formation of cracks parallel to the direction of the
major principal stress (i .e B = 0) is mentioned in th e
description of fracture formation by Wawersik and Brac, 14 3
and has been noted by many other authors. These types o f
fractures occur most frequently under conditions of low
confining stress, for example, near the free surfaces o f
underground excavations . Fairhurst and Cook 155 sugges t
that rock splitting or slabbing is an important fractur e
process in the rock surrounding underground excavations an d
this suggestion can be confirmed by many practical miner s
wich experience in hard rock mines .

0 1

	

5

	

10

	

15

	

20

	

2 5

Conf ining pressure c 3 - lb/in 2 x 10 3

Figure 68 :

	

Inclination of shear fractures and faults i n
specimens of Westerley granite tested b y
Wawersik and Brace 143

15 3

Efieetive stres s

The influence of internal fluid pressure or pore pressure

on the strength of rock has been a controversial topic fo r

many years .

	

In 1923, Terzaghi 15O revolutionised soil mech -

anics by thz introduction of his principle of effectiv e

stress which stated that the strength and volume chang e

behaviour of saturated soils is governed not by the tota l

or applied stress but by the effective stress c' given b y

the difference between the applied stress a and the por e

pressure u . Terzaghi himself later suggested that thi
s

definition of effective stress may be incorrect for low

porosity materials such as rocks and concrete, and that the

effective stress governing the behaviour of the materia l

should be writte n

o' = a -

	

(1 - n b) u

	

(53 )

where nb was termed the boundary porosity .

Many authors have argued stron g ly that the original expres -

sion for effective stress (o' = c- u) is the correct on e

for rock while others argue, equaliy strongly, that it doe s

not apply . This controversy has Seen discussed by Jaege
r

and Cook e7 (pages 219-225) and need not be reviewed here .

On balance, the authors take the view that the origina l

definition of effective stress is satisfactory for practica l

purposes .

	

lt will be applicable to rock provided that th e

pore structure of the rock is sufficiently interconnected

and the loading rate is sufficiently slow to permit interna l

fluid pressure to equalise during testing .

	

Ir, the case o f

very
low permeability rocks, this may require extremel y

slow loading rates as found necessary by Brate and Martin - 5 '

in their tests on crystalline silicate rocks . On the othe r

hand, in the case of porous rocks such as sandstones, th e

loading rate required to satisfy effective stress condition s

appears to be within the range of normal laboratory test s

and the original definition of effective stress is readil y

shown to appiy (see, for example, Handin et a 1158) .

For the stress components used throughout this chapter, th e

corresponding effective stresses may be calculated from :

a1 ' = c1 - u

a 3' = c 3 - u

t' = c - u

Note that the shear stress r is not affected since, as show n

in figure 67 on page 138, it is a function of the differenc e

between the major and minor principal stresses and substitu -

tion of the e f fective stresses in place of the applie
d

stresses does not give rise to any difference in the shea r

stress .

In luence of pore fluid on strengt h

In addition to the effects of internal fluid pressure in th e

pores of the rock, discussed above, there is strong evident e

to suggest that the presence of pore fluid without pressur e

can have a significant influence upon the strength of rock .

Colback and Wii d 139 showed that the presence of water cause d

(54)
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the strength of samples of shale and sandstone to reduce b y
a factor of 2 from oven dried to saturated specimens . The
following ratios between the uniaxial compressive strength s
of dry and saturated specimens were found by Broch t3 2

Quartzdiorite

	

1 . 5
Gabbro

	

1 . 7

Gneiss ( I foliation )

	

2 . 1
Gneiss ( // foliation )

	

1 . 6

Brech's results are particularly interesting because they
were obtained as part of a triaxial testing programme o n
these rocks and the results of his tests have been include d
in table 9 and in the plots on pages 148 and 145 . Th e
dimensionless plots of Broch's results show that there i s
not a great deal of differente between the fracture charac-

teristics of dry and saturated samples (given by the valu e
of m) and that the principal change is in the uniaxia l
compressive strength ec .

Within the limits of accuracy of the empirical failur e
criterion presented earlier in this chapter, it can b e
assumed that the presence of water in the pcres of a roc k
will cause a reduction in its uniaxial compressive strengt h
but not in the value of the material constant m .

lt is important, when comparing the stren g ths of roc k
specimens taken from a particular rock mass, to ensure tha t
the moisture content of all the specimens is the same . I f
the specimens are left standing around in the laboratory
for various periods of time before testing, as is frequentl y
the Gase, a si g nificant scatter in exp erimental results ca n
occur, particularly when testing sedimentary rocks whic h
appear to be the most sensitive to chan ges in moistur e
content .

	

Ideally, the moisture content of the specimen s
should be the same as [hat of the rock mass with which the
underground excavation designer is concerned and the authors
recommend that, when in doubt, the specimens should be teste d
saturated rather then dry . Where a moist room for curin g
concrete specimens is available, rock cores can be store d
in a damp atmosphere for several weeks before testing t o
ensure that their moisture contents are uniform and clos e
to saturation .

Influence of intermediate principal stress

In all the discussions up to this point, it has been assume d
that the failure of rock is controlled by the major and mino r
principal steesses a l and a 3 and that the intermediate prin-
cipal stress gp has no effect upon the failure process . Thi s
is certainly an over-simplification but the authors conside r
that it is justifiable in the interests of keeping the failure
criterion as simple as possible,

	

in view of the fact tha t
it still has to be extended to accommodate the behaviou r
of jointed and fractured rock .

The triaxial strength data an dolerite, doiomite, granit e
and quartzite published by Brace '- en contain both triaxia l
compression and triaxial extension test results . As discusse d
an Page 135, this means that his results include the maximu m
possible variation of the intermediate principal stress c ,
which can lie between the major and the minor principa l
stress values . Brace found no significant variation betwee n
the results obtained when c 2 = e 3 and when g ? = c l and he

155

concluded that the intermediate principal stress has a

negl i g ible influence upon the failure of the rocks whic
h

he tested . He did emphasise that he considered that thi s

subject requires further study .

Hojem and Coo k 160 carried out tests in a "polyaxial" cel l

in which small flat jacks were used to subject rectangula r

specimens to three independent principal stresses . In di s -

cussing the results of these tests, Jaeger and Coo ke7 con -

clude that the strength of rock increases with increasin g

intermediate principal stress level but thzt this increas e

is small enough to ignore for most practical applications .

Mog i
161,i62 tested a number of rocks under polyaxial stres s

conditions znd found more significant strength difference s

then those reported by Brace or by Hojem and Cook . However
,

close examination of Mogi's results suggests that many o f

his tests involved brittle/ductile transitions and it i s

not clear to what extent this may have complicated the

interpretation of his results .

On the basis of available evidente, the authors feel tha t

it is admissible to ignore the influence of the intermediat e

principal stress upon the failure of brittle rock . Thi s

assumption is important in keeping the failure criterio n

as simple as possible in order that it can be extended t o

include the effects of joints and pre-existing fractures .

lofZuence of loading rate

Vutukuri, Lama and Saluja 163 have compiled information o n

the influence of loading rate upon the strength of Westerle y

granite under triaxial test conditions and have shown tha t

the stren g th can be halved by decreasing the loading rat e

by four orders of magnitude .

	

In general, the faster th e

rate of load application, the stron g er will be the roc k

specimen tested .

	

In terms of this discussion, the loadin g

rate encountered in underground excavation engineering ( wit h

the exception of blasting) does not differ to such an exten t

that this effect need be taken into account .

=nfZuence of specimen size

Rock mechanics literature contains a number of conflictin g

observations on the effect of specimen size upon the strengt h

of rock . Hodgson and Cook 164 and Obert et al 116S report n o

change in rock stren g th with change in specimen size . On th e

other hand, significant strength reductions with increasin g

specimen size have been reported by Mogi
166 Bieniawski 1o7 ,

Pratt et a116°, Protodiakonov and Koi`man 169 and Hoskins and

Horino 170 .

On balance, the authors believe that there is a strengt h

reduction with increasing specimen size for most rock s

and a collection of typical experimental results is presente d

in figure 69 . These data have been reduced to dimensionles s

form by dividing individual stren g th values by the strengt
h

of a specimen 50mm in diameter, the aver a g e size of a labora -

tory specimen . This process not only makes it possible to

compare the experimental results but it also eliminate s

differences due to variations in moisture content, specime n

shape, loading rate etc since these factors are generall y

the saure for a given data set .
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0 50

1	

100

	

150

	

200

	

25 0

Specimen diameter d - m m

Figure 69 :

	

Influence of specimen size upon the strength of intact rock .

Symbol Roc k

❑ Marbl e

❑ Limeston e

❑ Granit e

A

	

Basal t

• Basalt-andesite Jav a

❑ Gabbro

® Marbl e

• Norit e
6

	

Granit e

✓ Quartz diorite

1useeo b y

Mog i16 6

Koifman 16 5

Burchartz et al 16 9

Koifma n 1o 6

Melekidze 16 9

Ilnickaya 16 0

Ilnickaya 15 9

Bieniawski 16 7

Hoskins E Horin o 17 0

Pratt et a1 16P

c 1

An approximate relationship between uniaxial compressive
strength and specimen diameter (for specimens between 1 0
and 200 mm diameter) is given b y

ac = ccso(50/d)
0 .1a

	

(55 )

where o c JO is the uniaxial compressive strength of a
s pecimen of 50mm diameter an d

d

	

is the diameter of the specimen in mm .

Note that the date presented in figure 69 are for laborator y

teste on unjointed intact rock only . In the Gase of jointe d
rock masses, the variation in strength with size is relate d

to discontinuity spacing and is taken into account in usin g

rock mass classifications to predict values of m and s a s
discussed on page 171 .

Anisotropic rock strengt h

As shown in figure 63, the next stage in this process o f
developing a failure criterion which will be of practica l

value to the underground excavation designer is to conside r

the effect of a pre-existing discontinuity on the strengt h
of a rock specimen .

A considerable amount of experimental and theoretical wor k

has been done in this field and the papers by Jaeger 171 ,
McLamore and Gra y 172 and Donat h 17a are essential reading fo r

anyone wishing to become familiar with the background t o

this subject .

The single plane of weakness theory developed by Jaeger 17 1

(see also Jaeger and Cooko7 , pages 65-68) provides a usefu l

starting point for considerations of the effect of pre-
existing discontinuities on rock strength . Jaeger determined
the conditions under which, for the situation shown in th e
margin sketch, slip would occur on the discontinuity AB .
If the discontinuity has a shear strength given b y

T = c r cTant

	

(56 )

where c is the cohesive strength of the surface an d

ô is the angle of friction ,

then slip will occur when

2(c + a 3 Tang )
0 1 0 0 3 T

(1 - Tang Tan6)Sin2 B

For those combinations of c, C, 03 and B for which th e

inequality of equation 57 is not satisfied, slip on th e
discontinuity cannot occur and the only alternative i s
fracture of the rock material independent of the presence
of the discontinuity. These two typen of failure, slip o n

the discontinuity and fracture of the intact rock, ar e

represented graphically in the mar g in sketch .

Experience has shown that [his simple relationship, whil e
suitable for Gases in which a single well defined disconti n -

uity is present in a rock specimen, does not adequatel y

describe the behaviour of naturally occurring anisotropi c
rocke such as slates . Modifications to equation 57 hau e
been proposed by McLamore and Gra y 172 but these modification s

obscure the simple logic used by Jaeger in deriving th e

original equation and the end result is an empirical equa -
tion .

Rather than follow McLamore and Gray's approach, the author s

have adopted an empirical equatio n ,, which is used to modif y

the material constants m and s which have been used in th e

earl ier part of this chapter . The resulting equations fo r

m and s are

m = mi (t - Ae B
4

)

s = 1 - P

Suggested by Mr I . Hitler of Golder Associates, Vancouver .

(57 )

(58 )

(59)
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where mi is the value of m for the intact rock ,
A and P are constants ,

ß -	 Se
A, + A, ß

ß -	 E 4
P2 + p s ß

Cm is the value of ß at which m is e minimum ,

f s is the value of ß at which s is a minimum ,

A2, A3, P2 and P 3 are constants .

The values of n and s for different values of the discontin-

uity angle ß are calculated by means of the linear regressio n
analysis given in part 2 of Appendix 5 .

In order to illustrate the applicatior f✓off equations 58 an d
59 to a typical set of experimental results, the tests
carried out by Donat h 175 on Martinsburg slate are analyse d
on the following pages .

TABLE 10 - DONATH'S TEST RE5ULT5 FOR MARTINSBURG SLATEO .

Angle ß

	

00

	

15 0

	

30 0

	

45°

	

60 0

Figure 70
: Relationship between principa l

stresses at failure for Martinsburg slat e

tested by Donath
17 4

Confinj no
preseu_r e

0, - barm

	

35

	

1275

	

51 0

	

105

	

7615

	

81 6

	

350

	

2720

	

1343

	

500

	

3553

	

771 7

	

1000

	

5304

	

2856

221

	

425

	

74 8

442

	

629 102 0

867

	

1071 1496

7292

	

1496 793 8

2295

	

2601 3145

(61 )

(62 )

Axial failure stress el - bars

m

	

11 .54

	

2 .12

	

1 .10

	

1 .61

	

2 .71

	

7 .40 14 .2 2

	

0 .14

	

0 .01 -0 .06 -0.04 0 .08

	

0 .19 1 .00

r2

	

0 .99

	

0 .98

	

0 .96

	

0 .96 0 .97

	

0 .96 0 .99

Note that the strength of the intact rock has been determine d
from the values given by tests for ß = 90 0. A linear regres-
sion analysis, using the method outlined in pari 1 of Appendi

x
5, gives the uniaxial compressive strength of the intact ma -
terial ec = 1551 bars and the value of m = 14 .22 .

In analysing the results presented in table 10, the value s
of s for ß = 300 and 45 0 are negative . This is due to
the fact that there are no strength values at zero confinin g
pressure and the linear regression analysis given in part 2 o f
Appendix 5 fits a curve to the available data, moving i t
slightly to the right to compensate for the lack of uniaxia l
test results . The negative value of s obtained in suc h
cases has no physical significance and is set to zero i n
order to avoid mathematicai complications in the subsequen t
analysis (see part 2, Appendix 5) .

Donath's results for es = 2000 bars have been omitted be-

cause the stress-strain curves indicate that these specimen s
behaved plastically . Note: 1 bar = 0 .1 MPa .

In solving equations 62 and 63 it should be noted that th e

values of 8 and 0 are negative for values of 8 lese tha n

sm and ss .

Plots of m/m.: and s versus ß and of
e and 'y versus ß ar e

given in the margin
. Equations 60 and 61 have been fitte d

to the values of 5 and 's, calculated from equations 62 an d

63, by a process of triel and error . The values of D an
d

'c from these fitted curves haue then been substituted int o

equations 58 and 59 to obtain the curves of m/mi and s versu
s

ß given in the upper margin drawing
. These values of m an d

s were then substituted into equation 43 (page 137) to giv e

the curves of axial strength G• 1 versus discontinuity an g l e

ß presented in figure 71 .

The results of similar analyses on a variety of enisotropi c

rocke are presented in figures 72 to 76
. In all cases th e

authors feel that equation 43, with values of m and s cal
-

culated from equations 58 and 59, desbribes the influence o
f

a single discontinuity with sufficient accuracy for mos
t

practicai purposes .
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Figure 73 : Strength o f
Penrhyn slate tested b y
Atteeell and Sandford1 ° .

0c = 24032 Ib/in-'

mi = 14 .5 1

Om = 33 °

Os = 33 0

A = 0 .8 8

A2 = 2 0

A 3 = 0 .4 0

P = 0 .9 0

P 2 = 2 0

P 3 = 0 .4 0

°c =

	

1557 bars /

	

= 6000 l b/ i n '- 0

j mi =

	

14 .2 2

Om = 30°

Os = 30° 03 = 4000 lb/in 2 o

A

	

= 0 .9 2

A 2 = 2 5

A 3 = 0 .30 0 3 = 2000 lb/i n '- O

P

	

= 1 .0 0

P 2 = 50

P 3 = 0 .20

= 30000 Ib/7n 2 0

°c = 32625 lb/in 2

mi = 4 .7 1
= 20000 lb/in 2 ❑

	

Om = 40°

O s = 30 °

A = 0 .6 8

A 2 = 2 0
03 = 10000 lb/in 2

	

A 3 = 0 .1 5

P = 1 .0 0
03 = 5000 lb/in 2 c

	

P 2 = 1 5

P 3 = 0 .30

Figure 74 : Strength of a
South African slate tested
by Hoek 120 .

0 c =15850 lb/in 2

mi = 7 .9 6

F m = 30°

O s = 30°

A =0 .8 2

A 2 =1 0

A 3 =0 .2 5

P = 0 .9 3

P 2 =2 0

P3=0 .2 0

;lote that these speeimens wer e
tested at a constant stress ratio

egAation 43 has to be modi-
n ed to .

m03
/01 + ./ ( m0 3/p l ) 2 +4s(1 -° 3 /0 1 ) 2

2(1 - ° 3 /cl) 2
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a G = 25766 lb/in 2

m i = 22 .8 7

+m = 20°

4 s = 30 °

A = 0 .8 5

A 2 - 1 5

A3 = 0 .3 0

P = 1 .0 0

P 2 = 3 0

P 3 = 0 .2 0

0
0

	

10
80 90

a 3 = 25000 lb/in 2 o

r ■ gure 76

	

Strength o f
Green River Shale I I
tested by M ctamore an dGray 172 .

0 c = 14340 lb/i n 2

mi = 4 .3 3

Sm = 30 °

`s = 30°

A = 0 .3 3

A 2 = 1 0

A 3 = 0 .3 0

= 0 .7 1

P 2 = 1 0

P 3 = 0 .3 0

90

Consider a rock specimen containing two pre-existing discon -
tinuities, as illustrated in the margin shetch . Failure o f
the specimen associated with discontinuity AB is defined b y
equations 43, 58, 59 and 60 as discussed in the previous
section . Plotting the axial strength a l , calculated fro m
these equations, against the discontinuity angle ß in a pola r
diagram results in the type of strength curve shown by th e
Full line in figure 77 . Note that the curve in each quadran t
is a mirror image of the curve in the preceding quadrant .

The influence of the second discontinuity CD an the failur e
of the specimen is indicated by the dashed strength curv e
in figure 77 . Note that this curve is identical to tha t
associated with discontinuity AB but it is rotated by th e
angle a which is the included angle between the two discon -
tinities, measured in the Same direction as the angle ß .

Figure 77 : Polar plot of axial strength a l against discontinuity inclination ß
for a rock specimen containing two pre-existing discontinuities
inclined at an angle a to one another .
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The full set of equations defining the behaviour of a roc k

specimen containing two pre-existing discontinuities is liste d
below . For convenience, equations 43, 58 and 59 are repeated
here .

Axial strength of specimen .

a l = 03 + /mccc a + sai-

hlererédi constants .

m = min - Ae 8
4

)

s

	

= 1 - P e

VaZues of e and 6 for diseontinuity AB i!rz_st & 3rd quadrants

ß - Ein

A, + Agß
ß	 -	 E s

P, + Paß
(60 )

firrorimage vaZues of 8 and q for discontinuity .A3 in 2nd
A 4th quadrant s

e = 90-61 - Sm

	

= 190-ßd - 9 s
A,+A 3 m90-st

	

P,+P 3 190-ß l

Values of 2 and g for discontinuity CD in Ist u 3rd quadrant s

e = Iß - a* - 5m
7

	

_ (ß -	 - z s

A, + A3(6 - cls
- P2 + P3{ß - a

Mirrar eg ge vaiues of 8 and g for discontinuity CD in 2nd
A _i9 quadrant s

90-ß	 al -2n

	

190-9-ad -	 s

	

(65 )
A2 + A2(90-5-H

	

P 2 + P 3(90-6-u !

In deriving equations 64 and 65 it has been assumed that th e
properties of the two discontinuities are identical . Thi s

need not be the case and, if required, a different set o f

properties may be assigned to each surface .

Bray 127 suggests that the overall strength of a rock mas s

containing several sets of discontinuities is given by th e

ladest strength envelope to the individual strength curves .

In order to illustrate the influence of several sets o f

identical discontinuities upon the strength of a rock mass ,

the strength curves presented in figure 78 have been construc-

[ed on the basis of the strength of slate tested by McLamor e

and Gray 17? , given in fi g ure 72 .

lt is clean, from figure 79, that as the number of discontin-

uities in a rock mass increases,the overall strength behaviou r

of the mass tends to become more and more isotropic . In th e

context of this text on the design of underground excavations ,

the zuthors feel that it is justifiable co treat rock masse s

containing Tour or more discontinuity sets as isotropic .

(63 )

(64)
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strength of heavily jointed rock masse s

When a rock mass contains Tour or more sets of discontinui-

ties, its behaviour can be considered as isotropic in term s

of its strength and deformability . The only exception which

need be made to this general statement is when one of th e

discontinuities is very much more pronounced t i .e more can -

tinuous or filled with gouge, than the other,discontinuities .

A good example of this exception occurs when a jointed roc k

mass is intersected by a fault which, being so much weake r

than the other discontinuities, imposes an anisotropic be-

haviour Pattern on the rock mass .

In considering the strength of a heavily jointed roc k
mass in which anisotropy is ignored, equation 43 (page 137 )

can be used to determine the relationship between the majo r

and minor principal stresses at failure . However, befor e

[his equation is used, very careful con ederation has to b e

given to the choice of the values of the, material constant s

g c, m, and s for the rock mass .

Since the rock mass is composed of a number of interlockin g

pieces of intact rock, it seems to be logical to use th e

uniaxial compressive strength of this intact material as th e
value of g c for the rock mass . This approach has th e
advantage that the stren g th of the rock mass is relate d

back to the strength of intact rock specimens tested in th e

laboratory .

As shown in the discussion on anisotropic rock failure, th e

presence of one or more discontinuities in a rock specime n

causes a reduction in the values of both m and s . Where

a reliable set of triaxial test results is available, th e

reduced values of m and s can be calculated by means of th e

regression analysis set out in part 2 of Appendix 5. Unfor-
tunately, relatively few reliable sets of date for triaxia l

tests on jointed rock masses arg available and, et present ,

the choice of appropriate values for m and s has to b e

based upon these few results and a great deal of judgement .

In order to assist the reader in making such judgements, th e

authors have included, on the following pages, a fairl y

complete account of the most important steps in their ow n

struggle to arrive et a rational process for choosing m

and s .

romresetwe fecsoa ra of granit e

The presence of discontinuities in e rock mass results in a

decrease in the values of m and s because of the greate r

freedom of movement of individual pieces of intact materia l

within the rock matrix . This can be demonstrated by analys-

ing the results of a series of triaxial tests on Westerle y
granite carried out by Wawersik and Brace 143 , usin g a stif f

testing machine so that the progressive failure of the spec i -

mens could be studied (see page 133) •

The complete stress-strain curves obtained in these test s

are reproduced in figure 79 and the following points o n

these curves have been used in the subsequent strengt h

analysis :

Start of stage IV - maximum stress attained by specime n

associated with the Formation o f

a large number of small fracture s

parallel to the direction of loading .

r -

1 .0 0

0 .9 4

0 .9 3

1 .0 0

Figure 30
: Mohr envelopes or tests an Westerley granite at various stages

.



Start of stage VI - formation of small, steeply incline d
shear fractures .

Start of stage VII - growth of small steeply incline d

fractures into an open fault .

Start of stage Vill - ultimate strength of Loose broke n

material held togethe,r by friction

between particles .

The Mohr envelopes for these stages are presented in figur e
80 and it will be seen that the values of both m and s

decrease as the fracturing of the specimens progress . The

value of m is reduced by a factor of approximately 2 as th e
strength of the rock specimens progresses from peak to ulti -
mate . This decrease is relatively modest, as compared wit h
that for rock masses considered later in this chapter, be -
cause the individual rock particles have.not been allowed t o
move very far and are still tightly interlocking . Note tha t
the constant m reflects the curvature of the Mohr failure
envelope and is sensitive to the degree of particle inter-

locking in the specimen .

On the other hand, the value of s decreases from 1 .00 to 0

as the fracturing of the specimen progresses from stage I V
to stage VIII . This is because the constant s reflects th e
tensile component of the strength of the rock matrix and thi s
decreases to zero as the rock matrix is broken up by th e
formation of fractures .

Figure 81 : Results of triaxial tests on intact and ,granulate d "

Wombeyan marble by Rosengren and Jaeger- .
Strengdh of "gram-=2d" marbl e

An elegant set of experiments was carried out on Wombeya n
marble by Rosengren and Jae g er 173 and the results of thes e

tests are presented in figure 81 in the form of Mohr envelopes .
By heating this coarse g rained marble to approximately 600°C ,

these authors were able to obtain "granulated" specimens i n

which the individual grains were almost completely separate d
but were still in their original positions . The resultin g
low-porosity tightly interlocking a g gregate is interestin g
to consider es a possible small scale model of a heavil y

jointed rock mass .

Figure 81 shows that the value of the constant s drop s
from 1 .00 for the intact marble to 0 .19 for the granulated
material . This is not unexpected in view of the fact tha t
the tensile strength of the material has been very largel y
destroyed by the heating process . On the other hand, th e
value of the constant m increases from 4 .00, for the intac t
material, to 5 .24 for the aggregate .

This increase in the value of m is interesting in that i t
goes against the trend of most of the other results analyse d

by the authors . it is considered likely that this result wa s
obtained because the value of ac for the intact rock uni t
was chan g ed by the process of granulation . A value of c c

obtained for the original rock material which is, in fact ,
an aggregate of crystals bonded across grain boundaries, wa s
used in this analysis .

	

However, alter granulation, the basi c

unit of the interlocki n g aggregate becomes a calcite crysta l
or grain which would be expected to have a higher value o f

cc than the intact rock material .

	

It is considered likel y

that if this value could be measured and applied in thi s

analysis, the value of m obtained would reduce below 4 .00 .

It is also likely that, because no shearin g or displacemen t

was involved in the breakdown of the marble, the grain boun d -

aries were rough and tightly interlocking so that under any-

thing other than low confining stress conditions, slip woul d

not be permitted without fracture of the intact material .

In fact, under high confining pressures, it could be expecte d

that the behaviour of the granulated material would be very

similar to that of the intact marble .

Because of these reasons, the authors feel that the granulate d

marble is not an adequate model for the study of rock mas s

behaviour .

	

It is, as Rosenaren and Jaeger described it ,

simply a low porosity interlockin g aggregate, and not a

jointed rock mass . Just as the production of granulate d

marble does not adequately simulate either the tectoni c

processes by which the joints were formed or the behaviou r

of the joints themselves, so too night the plaster model s

widely used in research studie s 179-164 give misleading results .

In particular, the dilatant behaviour and stiffness of joint s

are rarely adequately modelled . This statement is not intend -

ed as a criticism nor is there any desire on the part of th e

authors to discount the excellent work and the many contribu -

tions to the science of rock mechanics which have come from

model studies . Indeed, the authors have made use of and wil l

continue to use models in their own work but, in future, wil l

pay more attention to the techniques used to simulate 'joints '

in these models .
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Stregth of Persona andesite

one of the most complete sets of triaxial test data availabl eto the authors is that on Panguna andesite from the islandof Bougainville in Papua New Guinea . This material comprisesthe host rock for a large copper deposit and the senior autho rhas acted as a consultant to Bougainville Copper Limited a nthe geotechnicai problems associated with the mining of [hi sdeposit . Because of the large scale of the operation, a nunusually la nge amount of testing has been carried out on th ePan g una andesite and the results of these tests are analysedbelow .

Because most of the test work on this project has not bee n
published, the most important details of the tests are liste dbelow .

Bract Pan guna andesite - A few core samples ( 1 inch dia -
meter) were tested by Jaeger 185 in about 1968 . Som e
additional tests (on 2 inch diameter cores) were carrie dout in 1978 by Golder Associates in Vancouver . All o fthese test results were combined and analysed by mean sof the reg ression analysis which is given in part 1 o fAppendix 5 . This analysis gave a uniaxial compressiv estrength oc = 265 MPa, a value of m e 18 .9, s = 1 .0 0and a coefficient of determination r2 = 0 .85 .

indisturbed core samp les - Very careful drilling, using C
inch diameter triple tube drilling equipment, produce da number of undisturbed core samples of jointed Pangun aandesite . These samples were transported, in the inne r
core barrels, to Canberra where they were prepared an d
tested triaxially by Jaeger 185 . Using the regressio n
analysis presented in part 2 of Appendix 5, essuminga value of a c = 265 MPa, the following values wereobtained : m = 0 .278 , s

	

0 .0002, r2 = 0 .99 .

Reeomoeeted sradsd sar,oZes - Sam ples were obtaeed fro mbench faces in the mine and typical grading curveswere established for these samples . These gradin g
curves were scaled down, as sugeested by Marsa 1 18 6
and the samples were compacted to es near the in sit udensity as possible before testing in a 6 inch diamete rtriaxial teil in the mine laboratory . A preliminary
analysis of these date gave a small negative value fo r
s and the method given at the end of part 2 of Appendi x5 was used to calculate the value of m for s = O .
This analysis g ave n = 0 .116 for s = 0 . The saure
calculation technique was used for all the other sampleslisted belc :v .

__esh to s?ightly weathered Panc<0 .a ardem/t - Substantia l
quantities of this material were shipped to Cooma i n
Australia where samples were tested in a 22'= Inc h
diameter triaxial celi by the Snowy Mountains Engineer-
ing Corporation . These samples were compacted t odensities ran g ing between 1 .94 and 2 .07 tonnes/m 3
(intact rock y = 2 .55 tonnes/m 3 ) before testing . A
regression analysis of the results of these tests gav em = 0 .040 for s = 0 .

."oderateZ2 wea fnsred Pargur0 andesite - Tested by ehe Snow y
Mountains Engineering Corporation in their 22* inch

diameter triaxial cell after compaction to 1 .97 tonnes !

m33 , these samples gave m = 0 .030 for s = 0 .

Highty weathered Panguna andesite - Tested by the Snowy

Mountains Engineering Corporation in a 6 inch diamete r

triaxial cell after compaction to 1 .97 tonnes/ m 3 , thi s

material gave m = 0 .012 for s = 0 .

The Mohr feilure envelopes for these samples of Pangun a

andesite are plotted in figures 82 and 83 and it is eviden t

that there is a systematic decrease in the values of m and s

with the deg ree of jointing and weathering of the samples .

This trend is consistent with qualitative behaviour pattern s

which are apparent from published discussions an rock mas s

strength ( e .g by Manev and Avramova-Tacheva187) and on roc k

fill (e .g by Marsal 188 and Marachi, Chan and Seed 188 ) . Un -

fortunately, very few publications an this subject contai n

sufficient detail to permit the Same type of analysis as tha t

presented above for Panguna andesite . The authors have onl y

been able to carry out very crude studies on published tes t

data on rock mass and rock fill strength but these studies

have reinforced their view that the Panguna andesite result s

can be taken as a reasonable model for the in situ strengt h

of heavily jointed hard rock masses .

Use of rock mass classifications for rock strength predictio n

In view of the scarcity of reliable information on th e

strength of rock masses and of the very high tost of obtainin g

such Information, the authors consider it unlikely that a

comprehensive quantitative analysis of rock mass strengt h

will ever be possible . Since this is one of the key question s

in rock engineering, it is clear that some attempt should b e

made to use whatever information is available to provide some

form of general guidance on reasonable trends in rock mas s

strength .

Having considered several possible alternatives, the author s

haue turned to the rock mass classification schemes, presente d

in chapter 2, for the prediction of rock mass strength . 'Fabl e

11 on page 173 gives the details of the ratin g s which hav e

been chosen for the various sam p les of Panguna andesite des-

cribed earlier in this chapter . The classifications propose d

by Bieniawski of the South African Council for Scientifi c

and Industrial Research 25 ' 25 and by Barton, Lien and Lunde l

of the Norwegian Geotechnical Institute haue been used i n

this table and individual ratings have been listed in orde r

to provide the reader with e guide in using these classifica-

tions for rock mass strength predictions .

Figure 84 gives a plot of the ratio of m/mi and the value o f

s against the CSIP and the NG) classification ratings fo r

Panguna andesite . Bieniawski 25 proposed the following rela -

tionship between the CSIR and the NGI systems :

RMR = 9 Log e Q + 44

	

(66 )

where Rl1R is the rock mass rating obtained from the CSI R

classification and Q is the quality index obtained from th e

NGI classification .

	

This relationshi p has been used t o

position the scales in figure 84 .

In spite of the very low density of ex p erimental data, the
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Figure 82 : Mohr failure envelope for Intact specimens of Pang un a
andesite from Bougainville, Papua New Guinea .
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Figure 83r Triaxial test results for jointed Panguna andesite .
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orientation
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CSIR

	

total

	

rating 100 46 28 26 18 8

z RQD 100 10 10 10 10 1 0

Joint set number Jn 1 9 12 15 18 2 0

'2 Joint

	

roughness number J r 4 3 1 .5 1 1 1

7 Joint alteration number J a 0 .75 2 4 4 6 8

Joint water reduction J w 1 1 1 1 1 1

- Stress

	

reduction factor SRF 1 2 .5 5 7-5 10 1 0

= NGI

	

quality

	

Index Q 533 0 .67 0 .06 0 .02 0 .009 0 .006

authors have taken it upon themselves to draw in lines givin g
approximate relationships between the values of m/mi and s
and the classification ratin gs .

	

lt is suggested that thes e

relationships may be used as a very crude guide in estimatin g
rock mass stren g th .

Deformability of rock masses

A further application of rock mass classifications was pro -
posed by Bieniawski 189 in a paper dealing with the deform -
ability of rock masses . A number of in situ deformation
modulus measurements were reviewed and the rock masses i n
which these measurements were carried out were classified
using the CSIR system .

Figure 85 has been constructed from the information presente d

in Bieniawski's paper and the authors consider the relationshi p
illustrated to be a useful guide to choosing the modulus o f
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deformation of an in situ rock mass . This modulus is required
for numerical studies of the stress and displacement dis-
tribution around underground excavations .
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Figure 85 : Relationship between in situ deformation modulu s
of rock masses and rock mass classifications .
After Bieniawski 10 9

Approximate equations defining the strength of intact roc k
and heavily jointed rock masse s

On the basis of the discussion presented in this chapter, th e
authors have attemped to summarise their conclusions in tabl e
12 on the next page . This table gives a set of approximate
equations defining the relationships between p rincipal stresse s
and the Mohr envelopes for the failure of intact rock specimen s
and of heavily jointed rock masses .

The principal stress relationships are presented in the form :

c i ,^ = c31z + ✓ma,r + s

	

(67 )

where m and s are the material constants defined on page 13 7
and

	

and a 3r, are the normalised principal stresses a 1 /a c
and a 3 /a c , a c being the uniaxial compressive strength of the
intact rock pieces in the rock mass .
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Chapter 7 : Underground excavation failure mechanism s

Introductio n

The left hand margin sketch gives a simplified picture o f
the underground excavation stability problems which ar e
encountered with increasing depth below surface .

At shallow depth in overburden soil or heavily weathered
poor quality rock, excavation problems are generally asso-

ciated with squeezing or flowing ground and very short stand -
up times . This means that cut and cover or soft groun d

tunnelling techniques have to be used and adequate suppor t

has to be provided immediately behind the advancing face .
The stability of underground excavations in very poor qualit y
rock or soil will not be discussed in detail in this boo k
and the interested reader is referred to books such as thos e
by Pequignot 150 , Hewett and Johannesson 191 and Szechy 19 2
and to Journals such as Tunnels and Tunnelling for furthe r
deteils .

Stability problems in blocky jointed rock are generall y

associated with gravity falls of blocks from the roof an d
sidewalls . Rock stresses at shallow depth are generall y

low enough that they do not have a significant effect upo n

this failure process which is controlled by the three-dimen-

sional geometry of the excavation and of the rock structure .

Excavations in unweathered massive rock with few Joints d o

not usually suffer from serious stability problems when the

stresses in the rock surrounding the excavations are les s
than approximately one fifth of the uniaxial compressiv e
strength of the rock. These are generally the most idea l
conditions for the creation of large unsupported excavation s
in rock .

As the depth below surface increases or as a number of ex-

cavations are mined close to one another, es in room and

pillar mining, the rock stress increases to a level at which

failure is induced in the rock surrounding the excavations .
This failure can range from minor spalling or slabbing i n

the surface rock to major rockbursts in which ex p losiv e

failure of significant volumes of rock can occur .

Obviously, there are many underground situations in whic h

two or more of these failure processes can occur simultaneous -
ly .

	

Such cases can only be dealt with on an individual basi s
and the discussion which follows is intended to cover th e
basic failure processes and to give the reader sufficien t
background to tackte the more complex failure mechanism s
encountered underground .

Structurally controlled failur e

Figure 86 shows a tunnel through a bench in an old slat e
quarry in Wales . This tunnel was constructed approximatel y

100 years ago without any form of support and the tunne l

shape has stabilised to conform to the structural patter n
in the slate . Another example of structurally controlle d
failure is illustrated in figure 87 which shows blocky roo f
conditions in jointed hard rock in a mine in Australia .

In order that a block of rock should be free to fall from th e
roof or the sidewalls of an excavation, it is necessary tha t
this block should be separated from the surrounding rock mas s
by at least three intersecting structural discontinuities .
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igure 37 : Blocky roof condition s
i an underground mine excavatio

n
jointed hard rock .

F i g ure 86 : Structurally controlle
dexcavation shape in an u nsupporte d

tunnel in slate .

Structurally controlled failure can be analysed by means o f

the stereographic projection technique described in chapte r
4 of this book . A simple example of the application of thi s

method is illustrated in the margin sketch which shows a
wedge of rock falling from the roof of an excavation i n

jointed rock . A vertical line drawn through the apex of th e

wedge must `all within the base of the wedge for failure to

occur without sliding an at least one of the joint planes .

In the stereographic plot, the vertical line through the ape x

of the wedge is represented by the centre point of the ne t
and the conditions stated above are satisfied if the g rea t
circles representing the joint planes form a closed figur e
which .urreunds the centre of the net .

This very simple kinematic check is useful for evaluating th e
potential for roof falls during preliminary studies o f

structural geology data which have been collected for th e

design of an underground excavation . The stereographi c

method can also be used for a much more detailed evaluatio n

of the shape and volume of potentially unstable wedges a s

illustrated in fi g ure 88 .

Three planes are represented by their great circles, marked
3 and C in figure 88 . The strike lines of these plane s

are marked a, b and e and the traces of the vertical planes

through the centre of the net and the great circle inter-

sections are marked ab, ac and bc . Suppose that a square

tunnel with a span of S runs in a direction from 2900 t o

110° as shown in the lower pari of figure 88 . The direction s

of the strike lines correspond to the traces of the plane s
A, 3 and C on the horizontal roof of the tunnel . Thes e
strike lines can be combined to give the maximum size of th e

triangular figure which can be accommodated within the tunne l

roof span, as shown in figure 88 .

In the plan view, the a p ex of the wedge is defined by Eind-

ing the intersection point of the lines ab, ac and be ,

projected from the corners of the triang ular wedge base a s

shown . The height h of the apex of the wed g e above th e

horizontal tunnel roof is found by taking a section through

the we d g e apex and normal to the tunnel axis . This section ,

marked XX in figure 88, intersects the traces a and c a t
the points shown and these points define the base of th e

trian g le as seen in view XX . The apparent dips of th e

planes C and A are given by the angles a and 3 which ar e

measured on the stereographic projection along the line X, .

throu g h the centre of the net .

The volume of the wedge is g iven by 1-- / 3 .A x the base area

of the wedge as determined from the plan view in figure 88 .

If three joints intersect to form a wedge in the roof of a n

underground excavation bot the vertical line through th e
apex of the wedge does not fall within the base of the wedge ,

failure can only occur by slidin g on one of the joint sur -

faces or along one of the lines of intersection . This con-

dition is represented stereographically if the intersectio n

figure formed by the three great circles falls to one sid e

of the centre of the net as illustrated in the lower mar g i n

draw ing .

An additional condition which must be satisfied for sliding
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Figure 88 ;

	

Supplementary con
struction in conjunction with

astereographic p rojection for the de terminatio nof
the shape and volume of a structurally

define dwedge in the roof of a tunnel
.

18 7

of the wedge to occur is that the plane or the line of inter -

section along which sliding is to occur should be steepe r
than the angle of friction ô . This condition is satisfie d

if at least part of the intersection figure falls within a

circle defined by counting off the number of degree division s

corresponding to the angle of friction from the outer cir -

cumference of the net .

The construction of the true plan view of the wedge follow s

the same principles as used in figure 88 and the constructio n

for the case under consideration is illustrated in figure 89 .

In this example, the strike length of the trace c of plan e

C is defined by the dimension L .

In determining the height h of the wedge, the view XX ha s

to be taken at right angles to the line ab which passe s

through the centre of the net and the intersection of th e

great circles representing planes A and B. The angle e

is the true dip of the line of intersection of these tw o

planes .

When the entire intersection f i g ure falls outside the frictio n
circle, as shown by the drawing in the margin, the gravita -

tional weight of the wedge is not high enough to overcom e

the frictional resistance of the plane or p lanes on which

sliding would take place .

	

Under these conditions, th e

wedge is stable against sliding .

In the sidewall of an excavation in jointed rock, failure

of wedges can occur in rauch the same way as in the roo f

except that falls are not p ossible and all sidewall failure s

involve sliding on a plane or along the line of intersectio n

of two planes . Two methods for analysing sidewall failur e

are presented below .

Eidewall jâilure analysis - method ?

Consider a square tunnel running in a direction from 25 0 0 to

70° through a rock mass in which three joint sets occur .

These joints are represented by the great circles marked

A, B and C in the stereographic projection given in th e
margin . The traces of the great circles in this drawin g
have been obtained by projection onto a horizontal plan e
through the centre of the reference s phere . In order to
find the sha pe of the wedge in the tunnel sidewall, it i s
necessary to determine the shape of the intersection figur e
projected onto a vertical plane .

This intersection figure is obtained by rotation of th e
great circle intersections ab, he and ac through 90° abou t
the tunnel axis . This rotation is carried out stereographi-
cally as follow s

Trace the points ab, he and ac onto a clean piece o f
tracing paper . Mark the centre point and north point an d

also the tunnel axis on this tracing .

Locate the tracing on the meridional net by means of the
centre pin so that the tunnel axis coincides with th e
north-south axis of the net .

Rotate each of the three intersections onto a vertica l

plane by counting off 9 0 0 along the sma"cl circles passin g

throu g h the points ab, he and ac .
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Fieure 89 :
Construction of true plan view and d etermination o f
the height of a wedge where failure takes place a s
a result of sliding along the line of intersectio

nof planes A and B .

18 9

It should be noted that the rotation of all the points mus t
be in the saure direction . It should also be noted [hat th e
small circle through ac passes out of the net circumference
at m and re-enters it at a diametrically opposite point .
This procedure ensures that all intersection points li e
within the saure hemisphere and that the projection onto th e

vertical plane is meaningful .

Mark the rotated intersections ab', bc' and ac' and fin d
the great circles which pass through pairs of intersectio n
points . The strike lines of these great circles represen t
the traces of the joint planes an the vertical sidewall s
of the tunnel .

The complete construction is shown in the upper pari o f
figure 90 which gives the stereographic projection of th e

planes and their intersections in a vertical plane paralle l

to the tunnel sidewalls .

Construction of the true view of the we d g e in the sidewal l
follows the saure procedure as that which was used for th e

roof (figures 88 and 89) . The traces a',b' and c' of th e

joints in the sidewall are parallel to the strike lines o f

the great circles in the vertical stereographic projection .

The lines of intersection ab', ho' and ac' as seen in th e

vertical sidewall are also parallel to the lines from th e

centre or the vertical projection to the points ab',bc '

and ac' .

Note [hat the views in the lower parts of figures 90 an d
91 represent ehe joint traces seen in the northern sidewal l
from the inside of the tunnel or in the southern sidewal l
from the outstide of the tunnel, looking towards 340° . Thi s

can be checked by comparing the dips c, 8 and s of the trat=_ s
of the planes A, B and C in the vertical sidewall, obtaine d

from the stereographic projections, with the correspondin g

traces in the views of the tunnel sidewall . A mirror image

of the view given in the lower parts of figures 90 and 9 1
represents the joint traces in the southern sidewall see n

from the inside or in the northern sidewall seen from th e

outside of the tunnel, looking in a direction of 160° .

lt is very important that these views should be fully under -

stood since an error could result in an incorrect assessmen t

of stability and in the application of the incorrect remedia l

measures .

The height h of the wedge shown in figure 90 is found b y

taking a section XX through the apex of the wedge and Ein d -

ing the apparent dips r. and e of the planes A' and B' a s

seen in the vertical projection . This construction i s

identical to that used in figure 88 to find the height o f

ehe wedge in the tunnel roof .

Bide.aZZ failure anal sis - method 2

In this method, the traces a, b and e of the joints in th e

sidewall of the tunnel are found by determining the apparen t

dips n, 9 and "s of the planes A, B and C in a vertical plan e

parallel to the tunnel axis . The determination of thes e

apparent dips is illustrated in figure 91 .
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•feo of joint - aoes in bhe northe_rn
.aeuali. Seen from ehe inside of th e

t- -l er in the eouthern sidewel l_n from the outaide of the turnet ,. ..: :'King in a dire ction of 3A0 0 ,
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The appearance of the traces ab, bo and ae in the sidewal l

is established by finding thz dips gabt, ybet and ûaat o f

the projections of these lines of intersection onto th e

vertical sidewall . The angle 'Pah- is given b y

Tanha b
Tan vabt =

Cos Bah

where B a h is the angle between the tunnel axis and the pr o -

jection of the line of intersection ab on the horizonta l

plane and hab is the true dip of the line of intersectio n

ab .

The angles Übet and Bact are found in the Same way .

The height h of the wedge is found by determining th e

angles bbetr and Vact' which represent the dips of the line s

of intersection as seen in a vertical plane at right angle s

to the tunnel axis . The angle Oh ,,, is given b y

Tan

	

Tan'Ph c
'Poet ` _

Sin Eh c

The other angles are determined in a similar way .

Method of orthographio projection s

In addition to the two methods described above, the method o f

orthographic projections described by Goodman 117 (sage 77 )
can be used for sidewall stability analysis .

Computer analysis of structurally controlled instability

Stereo g raphit techniques are useful for gaining an understand -

ing of structurally controlled failure and for checking th e

stability of isolated wedges in underground excavations . When

desi g ning major excavations in well jointed rock, the use o f

these manual techniques is too time-consumin g and compute r

techniques can be used for structural stability analysis .

A good example of thz use of computer techniques for stru c -

tural stability analysis has been discussed in papers by

Cartney 195 and by Croney, Leg g e and Dhalla 19S and brie f

details of this example are summarised on the followin g

pages" •

Figure 92 shows an isometric drawin g of the undergroun d

excavation complex of the Dinorwic Pumeed Storage Scheme

which is located in north Wales 1Db . The machine hat], which

will house six 300 MW pump-turbines, is 180 metres lo g g ,
24 . 5 metres in span and has a maximum height of 52 .2 metres .

This hall, together with the other caverns shown in figure 92 ,

has been excavated at a depth of approximately 300 metre s

below an abandoned slate quarry . This slate is of hig h

quality but is well jointed as illust rated in the photograp h

reproduced in Figur, 93 showin g a surface exposure of slate .

Details of this analysis are published with permission fro m

the Central Electricity Generatin g Board and from Jame s

Williamson and Partners .



Figure 92 : Isometric drawing showing the underground excavation comple x
for the Dinorwic Pumped Storage Schere in north Wales .
(Drawing prepared by James Williamson and Partners, Glasgow )

Figure 93 : Surface excavation showin g
well developed jointing in the slate .

Figure 94

	

Stereographit piot of th e
six mein joints in the slate in whic h
the caverns shown in figure 92 have bee n
excava ted .

T	 -

	

.7

F igure 91 : Cons truction
of the true view of a wedge in the

sidewal lof a tunnel by Method 2 .
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A simplified stereographic plot of the six dominant join t

sets in the slate is presented in figure 94 and it will b e

seen that several of the joint intersection figures satisf y
the conditions for wedge falling or sliding, discusse d

earlier in this chapter .

Cartney 19u has published a discussion on the+computer analysi s
of structurally controlled stability in the Dinorwic excava-

tions .

	

In this analysis it has been assumed that the joint s

are ubiquitous . In other words, it is assumed that any join t

can be present at any location in an excavation roof or side -

wall . The Same assumption has been made in constructin g

fi g ures 88 to 91 in this book and this results in the maximu m

size of wedge for a given excavation roof span or sidewal l
height being identified . This method is useful in carryin g

out e preliminary analysis of structurally controlled excava -

tion stability but it is too conservative, for the detaile d

design of a major cavern .

Croney, Le g g e and Dhall a 195 have discussed a deterministi c

analysis of structurally controlled stability in which th e

location of individual geological discontinuities is take n

into account and the actual size of unstable wedges an d

blocks is determined . An example of this type of analysi s

is presented in fi g ure 95 which gives e cross-section an d

a developed plan view of a 40 metre Jon g section of th e

machine hell cavern roof which was excavated as a trie l

section . An 8 metre wide, 6 metre high heading was drive n

the full length of the 40 metre triel section and detaile d
geological mappin g was carried out during the excavation

of this heading . Headin gs 2 and 3 were then excavated an d

the trial section was completed by the excavation of stage 4 .

The geological Features which were mapped during the excava -

tion of heading 1 were projected onto the idealised roo f

shape (shown in the cross-section in figure 95) and thi s

information was then used as i n p ut for the computer pr o g ram .

This input consists of the location and orientation of al l

relevant structural discontinuities and the p rogram generate s
a developed plan view of the excavation showing all of thes e

discontinuities . All wedges and blocks made up of three o r

four discontinuities and the excavation surface are locate d

and the kinematic possibility of falling or sliding checke d

for zach one . For kinematically unstable wed g es or blocks ,

the coordinates of all corners are printed out together wic h

the base area, volume and he i g ht of the wedge or block . Thi s

information can then be used to calculate the reinforcin g

Ioad required to give a specified factor of safety for eac h

wedge or block .

The developed pinn view of the roof of the machine halt trie l

section, presented in figure 95, shows the potentially un-

stable wedges and blocks which were taken into account i n

desi g nin g the rockbolt reinforcement for the machine hal t

excavation . The appearance of the machine hall during a n

advanced stage of the excavation process is illustrate d

in figure 96 .

Optimum orientation and shape of excavations in jointed rock

lt will be obvious, from the discussion presented on eh e

previous pages, that the optimum orientation and shape o f

an underground excavation in jointed rock will be thos e

which give the smallest volume of potentially unstable we d ges .

Figure 95

	

Cross-section and
developed plan view of a triel section of th

e machinehall roof at Dinonwic . potentially
unstabf_ wedges an d

blocks are shaded .

	

(Aff ter Croney,
Legge and Dhella I95 )
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Fi g ure 96 : Machine half e xcavation for th eDinorwic Pumped Storage Scheure
.

Figure 97 : I nfluence of excavation or ientation upon th eF
ormation of unstable we d g es in rock nasse s

containing major structural dis continuitie s .

ouasc9 :e c?
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A very simple example is illustrated in figure 97 which show s
two alternative orientations for an excavation in relationshi p

to the strike direction of two major discontinuities . Th e

most unfavourable orientation is that in which the excavatio n

axis is aligned parallel to the strike of the line of inter-

section of the discontinuities .

	

This orientation can ressil t

in the formation of a large wedge, running parallel to th e
excavation axis as illustrated in figure 98 .

The optimum orientation for the excavation illustrated i n

figure 97 is at right angles to the strike direction of th e

line of intersection of the two discontinuities . This orien-

tation gives the minimum volume of unstable material in th e

excavation roof .

In the case of a rock mass containing a number of intersectin g

discontinuities, all having similar strength characteristics ,

the choice of an optimum direction becomes more difficult .

In critical cases it may be necessary to carry out an analysi s
of potential failures for a range of possible excavation orien-

tations . Once again, the o ptimum orientation of the excavatio n

is that which gives the minimum volume of unstable material .

In some cases it may not be possible to alter the orientation

of the excavation with respect to the rock structure . A n

example of such a case is illustrated in figure 99 which

shows a cut and fill stope in the Mount isa Mine in Australia .
Herz the ore body lies between slaty hanging and footwall s

and, since the object of mining is to recover this orebody ,

the most economical excavation is parallel to the strike o f

the bedding system . Figure 99 shows that the excavation

shape has been chosen to give the most favourable hangi n g wai l

and back stability conditions .

Influence of excavation size upon structurally controlle d

failur e

Consider the very simple example of an excavation, such a s

that illustrated in fi g ure 98, in which the axis of th e

excavation runs parallel to the strike direction of the lin e

of intersection of two sets of joints . Assume that thes e

joints are uniformly spaced at intervals of 1 Foot as show n

in figure 100 . A square shaped scraper drive is excavated

in this rock mass and the shaded areas adjacent to the snalle r

excavation in figure 700 show that a 6 foot by 6 Foot driv e

will release potentiaily unstable wed g es having a volume o f

approximately 12 cubic feet per foot of drive length . Suppos e

that it is decided to mechanise this area of the raine and t e

open the drive to 12 Feet by 12 feet to accommodate a front-

end loader . The shaded areas adjacent to the iarger excava-

tion shown in figure 100 show that the creation of thi s

'arger drive will release potential wedges having a volum e

of approximately 70 cubic Feet per foot of drive length .

Hence, the increase in the volume of unstable material released .

by the increase in size of the excavation is approximatel y

proportional to the increase in cross-sectional area of th e

excavation . Since support costs are roughly proportional t o

the volume of unstable material to be supported, it could b e

anticipated that support costs in this example would be pro -

portional to the square of the excavation size .

Unfortunately, the lesson to be learned Fron this simpl e

example is Frequently ignored or overlooked and there are
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Figure 98
: Sidewall failure in a min e

haulage aligned parallel to the strik
e

direction of two major di scontinuities .

Figure 99
: Choice of excavation shape to give the most favourabl

e
stability conditions in cut and fill stopes in Moun

tIsa Mine, Australia .

(Photograph reproduced with permission from Mount Is
aMines Limited ) .

Figure 100 :

	

Increase in unstable rock volume with increase i n

excavation size in example in which the excavatio n

axis is parallel to the strike of the line of inter-

section of the joints .

many mines where the engineers have been surprised at th e

significant increase in stability problems and associated

support costs involved in converting from scraper to mech a -

nised operations .

	

in some Gases this problem is furthe r

compounded by tack of adequate control of blasting whic h

results in serious overbreak and a further deterioration o f

excavation stability .

Influence of in situ stress an structurally controlle d

instability

In the preceding discussion, the influence of in situ roc k

stress has been ignored and it has been assumed that th e

kinematically unstable wedges and blocks are acted upon b y

gravity only .

	

This is clearly an over-simplification, pa r-

ticularly in the Gase of excavations at considerable dept h

or in rock masses in which the horizontal stresses ar e

exceptionally hi gh .

Unfortunately the current state of the art in rock mechanic s

does not extend to a satisfactory solution of this inter-

active problem and it is only possible to discuss the in-

fluence of in situ stresses in very simple terms .
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where ¢ is the angle of
friction of the discontinuity su rfaces .When the average normal
stress cn , calculated fromdistribution

around the opening and the weicht of the block
,

i sis less than the right

	

the stres s
uns tha and rrght hand side of the eq uation, the block wil lbe

	

t astabil
e

Info rcement is required in order to res to r
ey . it

s In s ituations in which several excavations are to be mine dclose to one another, the
stress shadows which occur betwee nexcavations (see page 124) can cause local

stress r eduction sand can give rise to failure
of previously stable roof wedge s

and blocks
. This is common in underground mining where Stress

-
relief

due to the mining of a stope above or adjacent t
oan extraction opening such as a

d rawpoint can cause failur ein a previously stable excavation
. Under these circ umstances

or cl = c, +

12757Figure101 - Typical pillar in a larg e

and is prudente tod ig
nore the support p rovided by rock stres swhich

	

q uate support for any wedges or block
s to prov

i arei
dentified as potentially unstable

. This subjec twill be dealt with in g
reater detail in the next chapter .Pillar failur e

The simplest example of stress induced in stability in under-
ground excavations is that of pillars which are crushed a s
a result of over-loading .

	

lt is useful to consider thi sexample in some detail since [fiere are many valuable
p ractica llessons to be learned from

it .
Stress analysis app roach to pilZcr äeszym
Figure 101 shows a pillar

in a large metal mine and, in th efollowing hypothetical example, it will be assumed that i
tis required to carry out a study of the

s tability of a serie sof such p illars . lt is assumed that these pillars form par tof a large panel in a flat lying part of the orebody and tha
tthe overburden load is uniformly

distributed over the p illars .The following information is p rovided :
Pillar width Wp = 1 .5 metres (pillar is square in plan) ,Pillar height h =3 metres ,Excavation width W
Depth below surface = 4 .2 metres ,
Unit weight

	

=
1 t of rock y = 0 .028 8 MN/m' ,

Uniaxial compressive strength of intact rock
a c = 150 MPa ,

Rock mass is of very good quality and it is assume
d[hat its triaxial strength is defined b y

cl = a 3 + 8 .5 a 3c3 c2 (see pa g e 176 )

The margin sketch ill
ustrates thz Gase of a parallel side

dblock of height hä and wei g
h[ W acted upon by an averag enormal stress an . The c ondition of limiting

	

g
the block can be written as

	

e9uilibrium fo r

an =

	

W . Si e
2hb . Tand

	

(71)

metal mine .

The average pillar stress c p can be calculated from th e
equation for square pillars given on page 114 :

g p = Yz(1 + Wo/ W p )2 = 0 .028 x 100(1 + 4 - 2/ 1 .5 ) 22 = 40 MPa .

In order to evaluate the strength of the pillar it will b e
assumed that the stress distribution given in figure 55 o n
page 118 is applicable to this pillar . This is an approxima -
tion since this stress distribution was derived for a ri b
pillar (ie a two-dimensional pillar) while the pillar unde r
consideration is square in plan (ie a three-dimensional pillar) .
As shown in figure 59 on page 123, the stress distribution i n
a three-dimensional pillar is more complex than that in a
rib pillar . However, for the purposes of this analysis i t
will be assumed that the error introduced by this differente
is within the overall accuracy of the analysis .

The left hand side of fi g ure 102 gives superimposed contours
of the major and minor principal stresses . The values of a :
and c 3 have been obtained by multiplying the values of c 1 /c p
and c 3 /c p , from figure 55, by the avera g e pillar stress cp =
40 MPa, calculated above .

Figure 103 is a plot of the rock mass strength and it show s
the strength at a minor principal stress value of 5 3 = 2 MP a
as a 1$ = 71 .3 MPa .

	

If the stress conditions at a point are
defined by a 1 = 40 MPa and c 3 = 2 MPa, then the stren gth/stres s
ratio at this point is a l s/51 = 71 .3/40 = 1 .78 . Contours o f
equal strength/stress ratios are shown on the right hand side
of ,Imre 102 .
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Figure 102

	

Dis tribution of major an
dminor principal stresses and of

s trength/
stress ratio in pillar subjected to a

n
average pillar stress of 40 MPa

The distributions of the stresses c i and o 3 across the centr e
of the pillar (section XX in fi g ure 102) are plotted in th e

margin drawing together with a plot of the distribution of th e

strength/stress ratio across the pillar . The average strength /
stress ratio is 1 .41 and the authors suggest that this averag e
value is equivalent to the factor of safety of the pillar .

lt is important to emphasise the differente between the rati o
of strength to stress at a point and the factor cf safety o f
the entire pillar . When the strength/stress ratio at a poin t
falls below 1 .00, failure will initiate at this point .

	

A s
will be shown later in this chapter, the propagation of failur e
from this initiation point can be a very complex process an d
it does not necessarily lead to failure of the entire pillar .

g

	

In the case of the pillar analysed in figure 102, the lowes t
strength/stress ratio occurs in the roof and floor of th e
opening adjacent to the pillar . The strength/stress valu e
of 0 .15 will lead to the formation of vertical cracks in th e
roof and floor and, while this may lead to some instability
in the roof, it does not have a significant influence on th e
stress distribution in the pillar . This tensile failure i n
the roof and floor will be discussed in greater detail in a
later example in this chapter .

The next lowest strength/stress ratio value of 1 .22 occurs i n
the centre of the pillar sidewall . As shown in figure 5 9

on page 123, the highest stress concentrations occur at th e

corners of a square pillar and hence the value of 1 .22 given

in figure 102 may be higher then that at the corners . Suppos e
the the strength/stress ratio on the pillar corners is approxi-

mately 1, this means that failure will initiate at these points .
Spatling or slabbing along pillar corners is a fairly common

sight in underground mines and it is not usually a cause fo r

concern unless it propagates a Jong way into the core of th e
pillar .

Figure 103
: Plot of assumed rock mas

sstrength for pillar material .

In a highly stressed pillar, the failure which initiates a t

the corners and in the centre of the pillar sidewalls wil l
give rise to some load transfer from the failed material onto
the core of the pillar .

	

In extreme cases, the magnitude o f
this load transfer may be lerne eno u g h that the strength stres s
ratio of the material forming the central core of the pilla r
falls below unity .

	

Under these circumstances, collapse o f
the entire pillar can occur .

Bearing this pro g ressive failure and stress transfer proces s
in mind, the authors s u g gest that overall pillar instabilit y
can occur when the average et enotk/st

n '

	

ratio across th e
centre of the pillar falls below 1 .00 . Hence, this avera g e

strength/stress ratio is equivalent to the factor cf saj s u

which has been used by other authors .

One of the unfortunate consequences of pillar failure is tha t
it can give rise to a domino effect .

	

If all the pillars in

	

a
panel are highly stressed and their individual factors o f
safety are all approximately unity, the collapse of one pilla r
will cause load transfer onto the surrounding pillars whic h
may, in turn, collapse as illustrated in figure 104 . Whethe r
or not pillar collapse will be sudden and total or gradua l
and incomplete will depend upon the relationship between th e
stiffness of the pillar and that of the surrounding rock .
This relationship will be discussed at the end of this chapter .
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Figure 104 : Surface damage resulting from the collapse o f
a large number of pillars in a small metal mine .

In Zuence of width to height ratio on pillar strengt h

lt has long been recognised that the shape of a pillar ha s
a significant influence upon its strength and where is a
large body of literature which is concerned with this sub-
ject l97-210

	

Since most room and pillar mining is carried
out in coal, most of this literature deals with the strengt h
of coai pillars in horizontal seams .

The stress distributions presented in figures 54 to 58 to-

gether with the failure criterion represented by equation 4 3
provide a basis for examining the influence of pillar shap e
upon pillar strength .

	

If it is assumed [hat the overal l
strength of a pillar is approximately equal to the averag e
strength e 1^-av . across the centre of the pillar, as suogeste d
on page 203, then the strength of a variety of p illar shape s
can be calculated for a range of material properties .

	

Figur e
105 gives the results of a series of such caiculations i n
which the average pillar strength is represented by o is av /o c ,
where a c is the uniaxial compressive strength of the intac t
material .

In order to calculate the approximate factor of safety of a
pillar, the procedure illustrated in the following exampl e
can be followed

Assume : Pillar width W 0 = 4 metre s
Pillar height h = 3 metre s

Roadway width Wo = 5 metre s
Depth below surface z = 180 metre s
Unit weight of rock mass y = 0 .028 MN/m3
Uniaxial compressive strength o f
intact rock material a c = 100 MPa .

Assume a good quality rock mass defined by material constants

m = 1 .7 and s = 0 .004 . The value of a ls . av
./oc , from r" gute

105 for wp /r . - i-33, is o_h -^
.

40 MPa .

a

	

-age pillar seress is given by the appropriiate equatio n

an n page
_o .

114 and, assuming that the pillar is square
inaplan ,

ap = yz() + Wo/w p ) 2 = 0 .028 x 180 x (1 + 5/4) 2 = 25 .5 MPa .

The approximate factor of safety of the pillar is given b
y

F = n ls . av . /cp = 4o/25 .5 = 1 .57 -

A factor of safety of 1 .0 or less implies that the pilla r

is theoretically unstable and that failure could propagat
e

across the entire pillar, resulting in its collapse
. A s

will be shown in the next section, the authors consider tha
t

a factor of safety in excess of 1
.5 should be used for pillar s

which are required to provide permanent support in an
U nder -

ground mine .
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SepiricaZ design of Goa l

As an alternative to the stress : anlysis approach to pilla r
design, several authors he _

	

an empirical approac h
to coal pillar design 20 'i

	

-

	

A full discussion o n
this subject wouid exceed the

	

e of this book and onl y
one typical approach will be

	

.sred .

Salamon and Munr o200 carried out a study on 98 stable an d
27 collapsed pillar areas in South Africa . The ranges o f
data included in their study are listed in table 13 below .

TABLE 13 -

	

DATA INCLUDED IN GOAL PILLAR ANALYSIS BY SALAMON AND MUNR 0 20 0

Depths below surface, z fee t

Pillar heights, h fee t

Pillar widths, Wp feet

Width/height ratios, We / h

bxtraction ratios, e = 1 - (W/(W0 ± Wo )) <

Salamon and Munro e> .;,_

	

hat the p illar strength coul d
be represented by an equation of the fuom :

u ps = K h a Wp b

	

(71 )

where K is the strength of a unit cube of coal ( K in lb/i n 2
for a 1 ft cube or in kPa for a 1 metre cube) and a and b
are constants .

For square pillars, the average pillar stress up is given
by

up = yz(l + Wo/Wp) '- = y z/(1 - e )

In order to determine tne values of K, a and b, Salamon an d
Munro carried out a statistical study on the 27 collapse d
pillar cases and adjusted the values of K, a and b until a
mean factor of safety of 1 .0 was obtained for these cases .
A histogram of factors of safety obtained by Salamon an d
Munro is reproduced in figure 106 . The values used in calcu-
lating this histogram were K= 7320 Ib/in '- (for dimensions i n
Feet) or K = 7176 kPa (for dimensions in metres), a = -0 .6 6
and b = 0 .46 .

Also included in figure 106 is a histogram of the factors o f
safety for the 98 stable pillar cases studied by Salamo n
and Munro . Because of the wide range of factors of safety
included in this study (no generally accepted pillar design

20 7

Figure 106

	

Histogram of factors of safety for coal pillars i n

South Africa analysed by Salamon and Munro
220 .

rules had been used in South Africa up to that time), Salamo n

and Munro decided to consider oniy that 50% of the stabl e

pillar population which feil in the densest cluster betwee n

factors of safety of 1 .31 and 1 .88 . The mean factor o f

safety for these 49 cases was 1 .57 and Salamon and Munro

suggested that e factor of safety of 1 .6 is an appropriat e

design value for pillars similar to those studied .

In rock slope engineerin g 2 , factors of safety range from abou t

1 .2 for temporary mine slopes to about 1
.5 for slopes in which

Ta i iete

	

. . .d have serious ecanomic and safety consequences .

In view of the potential for a "domino effect" failure i n

pillars, the authors consider that the factor of safet y

should be in the Same range as that for critical slopes .

Hence, the factor of safety of 1 .6 suggested by Salamon an d

Munro is considered to be a reasonable value for permanen t

a_sign .

Influence of shape and size on pillar strength

The volume V of a pillar which is square in plan can b e

expressed as

V = W p2 h

	

(74 )

Substitution of this expression Into equation 71 and rearran-

gement of the resulting equation give s

ups = K(Wp/h) c Vd

	

(75 )

where
c = (b - 2a)/ 3

d = (a+b)/ 3

Stab le

	

Collapsed

65-720

	

:70-63 0

4-16

	

5-1 8

9-70

	

11-5 2

1 .2-9

	

0 .9-3 . 6

0 .37-0 .89

	

0 .45-0 .9 1

The factor of safety of a pillar is given b y

Kh a W o b (1e )

Yz

(72 )

(73)
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Equation 75 suggests that the strength of a pillar depend s
upon its shape and also upon its size (or volume) .

Table 14 lists the values of the constants a, b, c and d
suggested by various authors who have written on the desig n
of coal pillars .

TAKLE 14 -

	

CONSTANTS SUGGESTED BY VARIOUS AUTHORS FOR EMPIRICAL PILLAR DESIG N

a

	

b

	

c

	

d

-0 .66

	

0 .46

	

0 .59 -0 .06 7
Salamon and Munrotm00 - analysis of collapsed pilla r

areas in South Africa

1 . 2

1 . 0

o . 8

0 . 6

Greenwald, Howarth and Hartma n t
° 8

- in situ test s
on small pillars in USA

0 . 4

	

-0 .85

	

0 .50

	

0 .73 -0 .11 7

	

-1 .00

	

1'.50

	

0 .83 -0 .16 7
Holland and Gadd y 193 - extrapolation of small scal e

laboratory tests

Salamon and Munr o

Greenwald et a l

"Average'",
o = 0 .6, d = -0 . 1

Holland and Gadd y

Bieniawsk i

5

Bieniawsk i 911 - Interpretation of tests on in sit u

coal specimens in 5 . Africa
-0 .55

	

0 .16

	

0 .42 -0 .13 0

At First glance it appears that there is a very wide scatte r

in the values of the constants suggested by various authcr s

but the significance of this scatter can only be evaluate d

by comparing typical coal pillar strengths . Figures 107 an d

108 show the influence of pillar shape and pillar volume a n

the strength of typical pillars .

	

lt will be seen that the

general trends are similar and that an "average" pair o f

curves have been calculated for c = 0 .60 and d = -0 .10 .

On the basis of these "average" values, pillar strength s

have been calculated for a Tange of pillar shapes and size s

and the results are plotted in figure 109 . The three dashe d

curves presented in figure 109 have been traced from figure
105 on pa g e 205 and it is interesting that the trends predict-
ed by these "theoretical" curves are very similar to thos e
sug gested by the empirical approach .

	

in fact, fi g ure 10 9
suggests that equations 71 and 75 can be used for the desig n

of pillars in materials other than coal, provided that appro-

priate values for the constants K, a, b, c and d can be de-

termined . Alternatively, the approach outlined on pages 20 4

and 205 can be used if values of o c , m and s are availabl e

or can be estimated .

lt is interesting to note that the size effect included i n

equation 75 has already been taken care of by the inclusion

of the rock mass characteristics in the determination of th e
values of the constants m and s which have been used i n

calculating the values plotted in figure 105 . This emphasise s
once again the concept illustrated in figure 63 on page 132 ,
namely [hat the scale of the problem under consideratio n

must be taken into account when determining the rock mas s

characteristics which are most appropriate to the solutio n

of that problem . This is particularly important when esti -

mating the values of m and s from rock mass classifications ,

as suggested on page 171 and in figure 84 .

figure 107 :

	

Relationship between pillar shape and pillar strength fü
r

constants suggested by various authors
.

Pillar volume V - ft 3

Figure 108
: Relationship between pillar volume and pillar strength for constant

s

sug gested by various authors
.

Salamon and Munr o

"Average "

Greenwald et a l

Bieniawsk i

Holland and Gaddy
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_nfZuenee of orebody ineZinatio n

In the preceding discussion an pillar strength, it is assume
d

that the orebody being mined is horizontal and that the stres
s

distributions in the pillar are symmetrical about a vertica
l

line through the centre of the pillar.

	

This situation i sillustrated in fi g ure 6i on page 126 .

Fleure 62 on page 126 shows that these assimptions are n
o

longer valid in the case of an inclined orehndy and that th
e

shear stresses parallel to ehe dip of the e
.-ebody give ris e

to asymmetrical stress distributions
. This asymmetry is even

more pronounced when the excavations are tl-:
and are inFluenced by stress g radients due

	

='`a

surface

loading .

	

Under these circumstances, it cat

	

Ionger b e

rtTona l

o assumed that pillar failure follows the seme eouence as i
t

does in a horizontal pillar, namely that failure initiates

21 1

at the pilier corners or edges and propagates uniforml y

towards the core of the pillar . The pattern of failure

propagation in a pillar in an inclined orebody is unknown a t

the present time bot it can be stated that the pillar desig n

methods presented earlier in this chapter are not applicabl e

in cases where the orebody inclination exceeds about 20 0 .

The question of how fracture propagates in stressed roc k

around an underground excavation has considerable practica l

significance in relation to overall excavation stability .

White currently available rock mechanics knowledge does no t

provide a complete solution to this problem, useful concl u -

sions can be drawn from studies of specific cases such a s

that discussed in the next section of this chapter .

Fracture propagation in rock surrounding a circular tunne l

One of the commonest underground excavation shapes is tha t

of a circular horizontal tunnel . The propagation of failur e

in a homogeneous brittle rock surrounding such a tunne l

has been studied by Hoek 139 by means of small scale labora -

tory models .

Details of one of these models, illustrated in figure 110a ,

are listed below

Model size : 5 in x 5 in x 0 .125 in thick ,

Model material : Chart dyke material from East Ran d

Proprietary Mines Ltd, South Africa ,

Uniaxial compressive stren g th a c = 84040 Ib/in z ,

Material constant m = 20 .3

	

(see table 9, Page 141) ,

Ratio horizontal/vertical applied stress k = 0 .15 .

The model was biaxially loaded as shown in figure 110a an d

no load or restraint was applied normal to the surface of the

model . Hence, the stress conditions are closer to thos e

of plane stress (see discussion on pages 90 and 91) than t o

plane strain conditions which are believed to occur in the

rock surrounding an actual tunnel .

In order to observe the fracture propagation in the roc k

surroundi n g the tunnel, a thin layer of photoelastic plasti c

was bonded onto the rock surface by means of a reflectiv e

cement . A series of photographs was taken at 0 .2 secon d

intervals using a high intensity electronic flash unit wit h

a Flash duration of approximately one microseccnd . Thre e

photographs selected from one of the model study sequence s

are reproduced in figure 110 together with strength/stres s

contours and fracture trajectories . Note that the strength /

stress ratios are expressed in terms of the uniaxial com-

pressive strength ac of the rock .

Determination of the strength/stress ratios and fractur e

trajectories was carried out on the basis of the principa l

stresses o l and 0 3 determined fron photoelastic and electrica l

analog models 139 . The two types of failure considered ar e

discussed below .

TensiZe foiZure occurs when a 3 < tm = zoc (m - /m'

	

4s )

The stren g th/stress ratio, expressed in terms of the uniaxia l

compressive strength a c is given by equation 76 on the nex t

page .

o
1 . 5

0 . 5

0 0

	

1

	

2

	

3

	

'L.

Pilier width/height ratio - W p / h

Fjgare 109 :

	

le Fl uence of p illar size and shape upon pillar strength



p „ = 39000 Zb/in 2

Strength/stress ratio (tension) =
ac(m - ✓m'- + 4s )

	

(76 )
2c 3

The failure angle B ( defined in figure 67 on page . 138) i s
zero for tensile failure and hence a crack will propagat e
parallel to the direction of the major principal stress e t .

Because of the definition of strength/stress ratio adopted

here, a step may occur between contours of tensile strength /
stress ratio and those for shear failure (discussed below) .
This step can be minimised by moving the transition into th e
range o t < og < 0 .

Shear Jâiiure occurs when a3

	

a t and the strength/stres s
ratio is defined by

e 3 +✓mece 3 + socz
(77 )Strength/stress ratio (shear

e i

By putting the vertical applied stress p- = ec, the strength /
stress ratio for shear is expressed in terms of the uniaxia l
compressive strength e .

The failure angle ß is defined b y

✓ I + me 0/4tms
ß = o Aresin

1 + moc/8rm s

The directions of shear failure propagation are assumed t o
be at +ß and -ß to the direction of the major principa l
stress a l

The following commentary is oFfered on the observed an d
predicted fracture patterns .

pz = 9000 lb/in2 - Vertical tensile cracks formed at point s
A and B in the roof and floor of the tunne l

(see margin sketch for locations) . These Crack s
propagated almost instantaneously to a lengt h

of approximately one third of the tunnel diamete r

and remained stable for the remainder of th e
loading process . This stable crack Formatio n
has been observed in other models 139 and i t
appears that, having relieved the tensile stresse s
in the roof and floor, these cracks piay n o
further part in the fracture process .

The predicted stress level at which tensil e

failure should haue occurred at points A and 9
is 0 .09 o c = 7500 Ib/in '- which is about 17 %
lower that the stress level at which thes e
cracks were observed .

p- = 30000 lb/in 2 - Cracks initiated at points C and D remot e
from the tunnel boundary . These cracks propagated
in a direction parallel to the direction of the

major principal stress e and it is therefor e

presumed that these Cracks are tensile failures . -

d . Shear failure in the tunnel sidewal
l

wich subsequent chan g e in fractur e

direction .

Figure 110 1 Model study of failure in the rock surrounding a ci rcular tunnel .

(78 )

where

	

`ms = b/ma ca 3 + so c 2

"raetur e
traj ceiories

b . Formation of vertical cracks i
n

the roof and floor of the tunnel .

,Jeton0_s

c . fracture initiation remot e

from the excavation boundary .

Srac ture
bra./ectcri e s
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The F
ormation of the vertical cracks at A and

Bresults in a redi stribution of the s tresses i nthe
rock and an analysis of these

redis tribute dstresses gives the strength/stress ratios an
dfracture trajectories shown in the right

han dside of figure 710c .

	

lt will be seen tha t
a zone of low strength/stress ratios occur

sremote from the excavation
boundary. The mini-mum value in this region is 0

.38oc which suggest sthat
failure should occur at an applied stres

slevel pz
= 32000 lb/in2 . This is in reasonabl eagreement with the value of p z = 30000 lb/in 2at which f
ractures were observed at points C an

dD .

p z = 34000 lb/i n 2 - In
itiation of shear failure at point

Ein the sidewall of the tunnel The
p redicte dstrength/stress ratio at

t hi b. point is 0 .42 o cwhich
suggests that shear failure should hav

einitiated at pz = 35000 lb/in 2 .

boundary of an excavation when tensile stresses occu r

as a result of stress redistribution resulting from

fracturing elsewhere in the rock surrounding th e

excavation . This prediction has been confirmed in thi s

model study but it is not known to what extent thi s

type of cracking occurs under different stress condi -

tions or how si g nificant it is if it does occur .

4 . The shear failure which was predicted and observed i n

the tunnel sidewall is regarded, by these authors, a s

the most important type of failure in the rock aroun d

the opening . This is because, as shown in the mode l

study, it can initiate a complex process of progressiv e

failure which can lead, under certain circumstances ,

to collapse of the excavation . This progressive failur e

process is very poorly understood at the present time

and it constitutes a challenging probten for roc k

mechanics research workers .

	

In discussions on excavation
'

stability later in this chapter and on excavation suppor t

in the next chapter, sidewall failure can only be deal t

with in very simplified or even qualitative terms .

The initial stages of sidewall failure in a bored rais e

through highly stressed massive brittle rock are shown i n

the photograph reproduced in figure 111 .

	

Figure 112 shows

a more advanced Stege of sidewall failure in a mine tunne l

in very highly stressed rock . A Final stage of sidewal l

failure under severe rockburst conditions is illustrated i n

fi g ure 113 .

Figure 111 : Sidewall failure in a bored raise in highly stressed massive brittle rock .

P z = 36000 lb/in 2
- The shear failure which had

in itiatedat point E p
ropagated a small distance into th

etunnel sidewall and then changed
di rectio n

as shown by crack F in the lower margin
sketc hon page 272

. An analysis of the stress distri-bution
in a model wich vertical cracks at A an

dB and a sidewall failure at E showed that th
estrength/stress ratio in the area of crack
Fis 0 .3 Qc which

is lower than the value o f0 .4 2 ac at which failure at E in itiated .

	

Thi ssuggests that the crack propagation process
i sunstable

and [hat, once shear failure has
ini-tiated at E, the F

ormation of the crack at Fis in evitable .

	

In fact, a violent collapse o fthe
mode] occurred very shortly alter the

For -mation
of the crack at F and no further

analysi swas p ossible .

White there are several serious limi tations in this mode
)study, the most serious being the two-dimensional

g eometr yof the model as compared with the three-dimensional
g eometr yof a tunnel, it does provide a useful insight into th
eprocess of fracture propagation around a tunnel

. The follow-
i ng general ob

servations can be made as a result of thi
s

study :

1. The i nitiation and pr o p a g ation of fractures in th
erock causes a significant redi stribution of thestresses surrounding the tunnel

. This means that i tis not possible to deduce the final
f racture zon econfiguration from an

ex amination of the stres sdistribution around an unfractured
ex cavation .

2. The f
ormation of tensile cracks in the roof and floor

,which only occurs for k < 0
.33 as shown in figure 4 5on p

age 706, results in stress relief but not neces-
sarily in in stability .

	

In unjointed rock,
thes ecracks p ropa g

ate a short distance into the roof an
dfloor rock and then become stable, playing

verylittle
further rote in the fracture

process .
3.

This study has shown that it is theoretically
possibl e

for f ractures to i
nitiate in rock remote from the
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F igure 113 : Collapse of a mine haulage under severe rockburst condition sin a deep level g old mine in South Africa .

Figure 112

	

Sidewall failure in a mine tunnel in very highly stresse drock in a mine in Zambia .

21 7

Sidewall failure in square tunnel s

Wi1son '-- 13 and Ortlepp, More O'Ferral1 and Wilson 214 hav e
reported observations an the failure of rock surroundin g
square tunnels in massive quartzite in deep level gold mine s
in South Africa . Their observations are summarised in tabl e
15 and in figure 114 .

	

The points plotted in figure 114 re-
present values of the vertical in situ stress p ., at whic h
sidewall slabbing of the tunnels was jud ged to have occurred .

TABLE 15 - OBSERVED SIDEWALL FAILURE IN SQUARE TUNNELS I N
MASSIVE QUARTZITE IN SOUTH AFRICA .

'

c

ô
U

g g?
C

C C

	

d

G

as
a ` C m '

UnswrrGrwrd t'JY!%2Zü _._ l d
Gritty

	

quartzite 326 58 -__-0 .
Gritty

	

quartzite 752 55

	

0 .1 7
Hard

	

clean

	

quartzite

	

nv b
'denk

	

shai esandstone with 207 5 3

	

0 .2 1
" :z te 298 55

	

0 .1 8
Hard cl _ea n^ r ` "-

	

g,

	

q

	

eire 336 55

	

0 .1 6
1

	

bedded weck

	

quartzite wit h
frequent

	

shale

	

layers 259 39

	

0 .1 5
8 Waxy

	

quartzite wich

	

vorne

	

shale 170 52

	

0 .3 1
9 Extr_mely

	

variable

	

uartzite 220 50

	

0 .2 3
10 Hardgritty quartzite 322 61

	

0 .1 9
11 Weak

	

argillaceous

	

quartzite 254 47

	

0 .1 9
12 Silicious

	

quartzite with

	

cyrite

	

bands 304 56

	

0 .1 8
13 Argillaceous

	

quartzit e

Ti mI-er

	

auppo " -

242 54

	

0 .2 2

l Oran g e

	

Free

	

Statz

	

Footwall

	

quartzite 240 62

	

0 .2 6
17 KI =_rksdorp quartzite 183 59

	

0 .3 2

16 rrèe Stäte

	

rootwall

	

quartzite 240 33

	

0 .3 5
17 Klerksdorp quartzit e

_--.*L2cG c2?'ll2»ö DIS rOn .^?'2 Le W .. .. La^

183 73

	

0 .4 0

18 0ra81re=e

	

Stste

	

`ootwall

	

quartzite 240 69

	

0 .2 919 KIerksdorp qoa 183 79

	

0 .4 3
zr-: . s

20 d ?eOrange Free

	

Stare

	

Footwall

	

quar tu te-
zi Klerksdorp quartzite 183 '8'8- 2-.8, 7 .



Assumed material constant e
kor very good quality i n
situ massive quartzite :
m=7.5, s=0 . 1

Assumed in situ stress rati o

k = 0 . 5

Figure 115 : Zones of overstressed rock for different ratios o f

pz/ac, predicted from elastic theory .

Assuming that the ratio of horizontal to vertical in sit u

stress in the deep level mines in which these observation s

were made is k = 0 .5 (see figure 41 on page 100), and tha t

the propereies GF very good quality massive quartzite ca n

be represented by m = 7 .5 and s = 0 .1 (see table 12 on pag e

176), the strenyih/stress contours reproduced in figure 11 5

were calculated by means of the boundary element program

aiven in appendix 4 .

These contours show that tensile failure can occur in th e
roof and floor of the square tunnel but, as demonstrated i n
the mode) study analysis discussed on page 212, these tensil e
cracks are not expected to have any significant effect upo n
the stability of the tunnels .

Shear Paziure initiates in thc sharp corners of the tunnel s
at relatively iow applied stress levels but, because of th e

rapid decrease in both major and minor principal stres s

vith distance from these sharp corners, the zone o f
overst sse	 -4 is very11 ..•,ted in extent . The appearanc e
of shear aiiure planes in a sharp corner in a deep leve l
underground excavation in quartzite is illustrated in th e
photograph reproduced in figure 116 . Because of the ver y
high stress gradients and the confining influence of the
surrounding rock, these shear failure zones do not usuall y
give rise to major stability problems in excavations .

For values of p,/o c in excess of 0 .2, the zone of overstresse d
rock extends over the whole sidewall and, as shown by th e
observatians recorded in fi g ure 114, failure of the sidewal l
occurs . The severity of the sidewall damage appears to be
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Figure 117 : Severe sidewall spallin g
in an excavation in quartzite in a
deep level South African gold mine .

Figure 116 : Shear failure surfaces in the
corner of an underground excavation in highl y
stressed quartzite .
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approximately proportional to the volume of overstresse d

rock adjacent to the sidewall of the excavation .

White it is obviously dangerous to draw too many conclusion s

from this limited amount of evidence, qualitative evidenc e

from practical experience dods tend to suggest that ther e

is a reasonable correlation between the zone of overstressed

rock predicted from elastic theory and the stability an d
support requirements of underground excavations .

	

In fact ,
many underground excavation designers use these elastic theor y

predictions as rough guides in judgin g excavation stabilit y

and details such as the length of rockbolts . Examples o f

such applications will be discussed in later sections o f
this chapter .

Influence of excavation shape and in situ stress rati o

In order to extend the observations and conclusions discusse d

in the previous section to other excavation shapes and t o

different in situ stress ratios, it is necessary to conside r
the influence of the excavation shape upon the stresse s

induced in the surrounding rock . Stress distributions aroun d

several typical excavation shapes are presented in appendi x

3 and these stress plots have been used to compile the graph ,

presented in figure 718, showing the values of the maximu m

boundary stresses in the roof and sidewalls of excavation s

for different stress ratios .

	

Note that, in compiling thi s

summary, the stress concentrations in sharp corners hav e

been ignored because, as shown in the previous section ,

these zones of very high stress gradient do not appear t o

have a major influence upon overall excavation stability .

In order to demonstrate the use of figure 118, consider th e

influence of different in situ stress ratlos uoon the stresse s

surrounding the square tunnel discussed in the previous sec -

tion . The shape constants A and E for this excavation snas e
are both equal to 1 .9 as shown in the table in fi g ure 118 .

The maximum roof stress is given by

cr/P z = (1 .9k - 1 )

while the maximum sidewall stress is g iven b y

c s /p z = (1 .9 - k )

For k = 0 .5, c r/p z = -0 .05 (tension) and a s/p
..
= 1 .40. A s

shown in figure 115, these boundary stresses 7esult in tensil e

failure in the roof and floor and shear failure in the side-

walls when the applied stress pz is hi g h enough .

For k = 1 .0, c r /p_ = a s /pz = 0 .9 .

	

In this case the roof an d
sidewall stresses are equal and are both slightly loser tha n

the ap p lied stress level p z . This situation would be mor e
favourable for stability than that for k = 0 .5 .

For k = 2 .0, c r /p z = 2 .8 and o s ip z = - 0 .1 . This shown tha t
the stress field has been rotated through 90° as compare d

with that for k = 0 .5 and that the stress values are twice

as hi g h .

	

For the same depth below surface, this situatio n

would result in much less favourable roof stability condition s
than that for k = 0.5 but the sidewalls may only suffer mino r

tensile cracking .
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In choosing an excavation shape for a given stress fiele ,

one of the objectives should be to try to achieve a unifor m

compressive stress distribution around the excavation . Thi s

question has been discussed in some detail by Richards an d

Bjorkma n215 who refer to excavation shapes around which the

stresses are uniformly distributed es "harmonic holes" .

A very rapid method for approximating the optimum excavatio n

shape for a g iven stress Field is to superimpose the two
graphs presented in figure 118 . The excavation shape whic h
gives the same compressive roof and sidewall stresses wil l
be the optimum shape for that stress field . As discussed o n
pa g e 112, the excavation shape which g ives the post unifor m

compressive stress distribution is usually an ovaloid or a n

ellipse with the same axis ratio as the ratio of the in sit u

principal stresses .

The concept of "harmonic holes" has two serious practica l

limitations when applied to underground excavation design .

1. The underground excavation designer seldom has complet e

freedom in the choice of the excavation which is usuall y

being created in order to house a particular piece o f

equipment or to recover an orebody of a given shape .

Hence, it is usually necessary to compromise between

the optimum "harmonic hole" shape and the shape required

in order to fulfil the practical requirements for whic h

the excavation is being created .

2. When the boundary stress values are relatively low a s

compared with the strength of the rock mass, the con-
cept of equalising the compressive stresses by choosin g
the optimum excavation shape is acceptable . However ,

when the in situ stresses are high enough to induce a

significant amount of failure in the rock surroundin g

the excavation, the elastic stress distribution ma y

no Tonger be a reasonable basis for excavation design .

The extent to which extensive fracturing can alter the

stress Field has been demonstrated in figure 110 o n

page 213 .

	

Under these conditions, Fairhurst 216 sug g est s

that the choice of a "harmonic hole" excavation sha p e

may not lead to the best stability conditions .

	

He

suggests that consideration should be given to choosin g

an excavation shape in which high compressive stresse s

are concentrated at sharp corners in order that th e

tone of overstressed rock is limited in extent an d

confined by the surrounding rock mass . The author s

consider that this recommendation has considerabl e

merit when applied to very highly stressed rock an d

that the concept deserves serious consideration b y

rock mechanics research workers .

An example of excavation shape optimisatio n

Suppose that it is required to desinn an underg round power-

house cavern which is to be excavated at a depth of 30 0

metres below surface in massive gneiss . The owner, afte r

discussions with equipment manufacturers and on the basi s

of an examination of some papers on precedent cases o f
underground powerhouses, has proposed the genoral Layou t

illustrated in the margin sketch . This Layout is modelle d

on the Kemano powerhouse in Canada 217 and allows for the

tuebines and transformers to be housed in the same cavern .
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The reader has been appointed geotechnical consultant on th e
project and his First task is to tonfirm and extend the pre-
liminary geological information provided by the owner . An
exploration adit is available and this is extended and severa l
new boreholes are drilled from the adit and from the surface .
The extended exploration adit is carefully mapped and al l
borehole core is geotechnically logged .

	

In situ stres s
measurements are carried out from the exploration adit whic h
has been extended to a depth of 250 metres below surface .

During the early part of the geotechnical site investigatio n
programne, the following information is summarised as a
basis for the preliminary desig n

1. The rock mass in which the powerhouse cavern is to b e
located is projected to be a good quality graniti c
gneiss with clean rough joints spaced at 1 to 2 metres .
The orientation of the cavern, dictated by the penstoc k
and tailrace alignment, is considéred to be favourabl e
in relation to the joint orientations and it is con-

cluded that structural failures will not play a sig-

nificant part in the stability of the cavern .

2. Classification of the rock mass in the exploratio n
adit and from the borehole core gives a CSIR roc k
mass rating of 65 (good quality rock) and an NGI qualit y
index of 12 (good quality rock) .

3. The average uniaxial compressive strength of the intac t
gneiss is found to be 150 MPa (22000 Ib/in '-) .

4. The average ratio of horizontal to vertical in sit u
stress is found to be k = 2 .0 .

5. The unit weight of the rock mass is y = 0 .027 MN/m 3 .

On the basis of this information it is assumed [hat th e
stability of the cavern will be controlled by the stresse s
in the rock surrounding the excavation . Assuming [hat th e
vertical in situ stress can be calculated as the product o f
the depth below surface and the unit weight of the rock ,
PZ = 0 .027 x 300 = 8 .10 MPa . The horizontal stresses are
assumed to be of equal magnitude and are given by k p z = 16 . 2
MPa .

From Figure 118 it will be seen that the maximum roof stres s
for a teil 'horseshoe shaped cavern is given b y

a r = (4 .0k - 1)p ,

Substituting k = 2 and p z = 8 .70, a r = 56 .7 MPa .

The maximum sidewall stress is given b y

a s = (1 .5 - k)P Z

For k = 2 and p z = 8 .10, this gives a s = -4 .05 MPa .

Practical experience based upon observations such es thos e
presented in figure 114 suggests that a ratio of maximu m
boundary stress to uniaxial compressive strength of 56 .7/150 =
0 .38 is high enough to cause significant shear failure i n
the cavern roof . The presence of tensile stresses in eh e
sidewalls is also a cause for concern and hence it is decide d
to investigate the stress distribution around the cavern i n
greater detail .

The geotechnical consultant does not have access to a finit e

element or boundary element program at this stage in hi s

investigations but, being familiar with this book, he decide d

to attempt to use the stress distributions presented i n

appendix 3 for a further study of the cavern stability .

	

I n

order to utilise the appropriate stress distribution directly ,

it is necessary to determine a failure criterion for th e

rock mass which is expressed in the same terms as those use d

in plotting the contours . Note that for k values in excess _

of 1 .0, the stress contours presented in appendix 3 ar e

given as ratios a i /kpz and a 3 /kpZ. The corresponding failure

criterion, derived from equation 43 on page 137, i s

mcc ._i * s( a c) 2
kpz kp z

	

kp ,

Substituting a c = 150 MPa, m = 2 .5 and s = 0 .004 (from tabl e

12 an page 176 for good quality gneiss) and kp, = 16 .2 MPa ,

gives the curve plotted in figure 119 . This curve is use d

to define the zone of overstressed rock shown in figure 120 .

Figure 120 shows that the zone of potential tensile failur e

extends approximately 6 metres into the sidewall of th e

cavern and that a substantial volume of material is included

in the overstressed zono . Thera is also a significant zon e

of potential shear failure in both the roof and floor of the

cavern . At this stage in his investigations the geotechnica l

consultant decides that a different approach is required an d

he approaches the owner for permission to investigate a

rearrangement of the principal components which are to b e

housed in the cavern .

The purpose of this rearrangement is to attempt to achiev e

a better stress distribution while, at the same time, meetin g

the hydraulic and mechanical requirements of the project .

After considerable discussion with the equipment manufacturer s

and the hydraulic engineers, a compromise solution is arrive d

at which involves placing the transformers and valves i n

separate galleries and reducing the size of the machine hel l

as illustrated in figure 121 .

At this stage, the geotechnical consultant has installed th e

boundary element program given in appendix 4 on the compute r

of a total university and he has been able to investigate a

number of possible excavation shapes and spacings . Sinc e

vetting up and running the program for this problem take s

about one half hour, the consultant has no hesitation i n

conducting a number of triel runs and in making adjustment s

after each run to improve the stress distributions .

The excavation Layout finally selected is given in figure s

122 and 123 which show the principal stress distributions ,

the principal stress trajectories and the strength/stres s

ratios. The maximum principal stress distribution show
s

that all boundary stresses are now compressive and that th e

maximum roof stress in the cavern has been reduced to 34 MP a

as compared with 56 .7 MPa for the original tall horsesho e

cavern shape .

	

-

In order to achieve the stress distribution illustrated i n

figure 122, the three caverns are positioned in such a way

[hat the two smaller caverns deflect the stress trajectorie s

around the mein cavern to give a principal stress flow pat h

(79)
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Figure 121 : Alternative arrangement of equipment with provision

of separate transformer and valve caverns in order t o

improve the stress distribution and hence the stabilit y

of the excavations .

approximately similar to that around an ellipse with it s

major axis parallel to ehe largest in situ stress, in thi s

case horizontal . At the same time, the Separation distanc e

between the three caverns is chosen to ensure that the pilier e

between the caverns are uniformly stressed in compression .

By curving the sidewalls and roof of the excavations, in th e

style of recent German cavern designs
218 , the stress distri-

butions around the individual caverns are made as uniform a s

possible .

The strength/stress ratio contoees given in figure 123 show

that the zone of overstressed rock extends approximatel y

1 .5 metres into the rock surrounding the excavations an d

that it is fairly uniformly distributed around the excavatio n

boundaries . At this stage the geotechnical consultant con -

cludes that the stability of the excavations can be maintaine d

by means of a systematic pattern of relatively short rock -

bolts, say 4 m lang, placed in the roofs and sidewalls of al l

the caverns .

As a final refinement, the use of cast in situ concrete cran e

beams, anchored to the cavern walle by pre-stressed grouted

cables, is proposed in place of the column supported cran e

beams planned in the original excavation . This arrangemen t

has the advantage that the crane can be installed very earl y

in the construction programme and it can be used to gai n

access to the roof and to assist in the excavation of th e

turbine pits . The use of anchored crane beams is becomin g

a fairly common Feature in large underground powerhous e

excavations .

In comparing the original cavern design, shown in the margi n

drewing an page 223, to the revised layout given in figur e

121, it will be evident that the excavation volume for the
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Principal stress t r
ajectories and strength/stress contours around th

erevised excavation layout .
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revised excavation Layout could be greater than tha t

for the original design. Unless the increased excavatio n

tost is at least matched by the savi n g s in support costs ,

the owner will be justifiably reluctant to authorise a cha n g e

fron the ori g inal to the revised design . Under such circum-

stances, the geotechnical consultant may have to settle fo r

more modest changes and he may have to be prepared to dea l

with more difficult stability problems which arise durin g

excavation of the cavern .

The inexperienced reader may assume that, having carried ou t

the rather sophisticated analysis presented on the precedin g

pages znd having persuaded the owner to pay for the changes ,

his task as a geotechnical consultant is now complete . Thi s

is far from the case since any real underground excavatio n

design is and must be an interactive process and the desig n

is only complete when the last Ioad of broken rock has bee n

removed and the last rockbolt installed .

The analysis presented in this example assumes that th e

final excavation shape is the only one which is important .

In fact, a careless choice of the excavation stages fo r

each cavern and of the interrelation between the excavatio n

se q uence of the three caverns could easily g ive rise t o

severe stress induced damage to the rock at some intermediat e

excavation stage . Consequently, a task which remains to b e

carried out is an analysis of the stage by stage excavatio n

process . This analysis can be done utilising the boundar y

element pro g ram and its purpose is to check for advers e

stress conditions during excavation . Such adverse condition s

can usually be remedied by relatively minor changes in ex-

cavation sequence or by providin g additional support t o
protect a critical rock area until the unfavourable stres s

condition has passed .

lt has also been assumed that the entire stress analysi s

can be treated two dimensionally . White this assumptio n

may be reasonable for most of the excavation length, ther e

may be regions at the ends of the cavern or adjacent to

the intersections between the cavern and major access tunnel s

and connecti n g g alleries which require soecial consideration .

Depending upon the size of the intersections and the excava-

tion sequence to be adopted, a three-dimensional stres s

analysis similar to that described on page 122 and illustrate d

in figure 60 may be necessary .

There are many other problems which will face the geotechnica l

consul tant before the project is completed .

	

Some *•:ill be

solved by the application of engineering common Sense bu t

others will require detailed study and careful moni torin g

of the actual excavation performance to ensure that reasonabl e

solutions have been achieved .

	

In many cases it may be neces-
sary to draw up contingency plans to be implemented if th e

monitored behaviour indicates that the installed suppor t

is inadequate or that some element of the design is no t

performing as anticipated .

This raises an important questioh of how the contract ha s

been negotiated to accommodate changes during construction .

Since the g eotechnical engineer never has sufficient In-

formation at his disposal and since many of his desig n

methods are less than perfect, he would generally prefe r

to maintain as much flexibility as possible in the desig n

and he mav renvest sienificant desi g n changes durinq con-



struction . On the other hand, the contractor has a critica l
construction path to follow and is usually working unde r

a tight budget control and, consequently, the last thing tha t
he needs is a "design-as-you-ao" consultant .

A full discussion of the contractu al aspects of undergroun d
excavation engineering exceeds the scope of this book bu t
it will be evident to the reader that all possible attempt s
must be made to anticipate major problems znd to keep th e

contractor fully informed of likely design changes and th e

reasons why they may be requested .

	

lt will also be obviou s
that a contract which is written on the assumption tha t

all design details should be absolutely fixed before con-

struction commences will lead to difficulties in all bu t
the most ideal excavation conditions .

Excavation shape changes to imp rove stability

The major changes in excavation Layout described in th e
previous section may not be acceptable to the namer o r

the contractor on a project because of tost or of timing .

The following example is intended to demonstrate that sig-

nificant improvements can still be achieved in some circum-

stances by much more modest changes ,

Consider the Gase of a powerhouse cavern which is to b e

excavated at a depth of 370 metres in massive gneiss which

is characterised by the following material propertie s

uniaxial compressive strength ac = 150 MPa, material constant s
m = 2 .5, s

	

0 .004 (see fable 12 on page 176), unit weigh t

of rock mass T = 0 .027 MN/m 3 . The ratio of horizontal t o
vertical in situ stress in the rock mass is k = 0 .5 .

The excavation designer has based his initial cavern desig n

upon the traditional method used in the 19505 and 1960s i n

which the cavern roof was supported by means of a Full con-

crete arch . The arch reaction was taken by notched haunches

cut into the cavern sidewalls resulting in the cavern shap e

illustrated in figure 124a . For the assumed in situ stres s

conditions and the given rock mass properties, the zon e

of overstressed rock is indicated by the shaded region i n
the drawing .

Most excavation designers would regard the zone of over -

stressed rock shown in figure 124a to be unacceptably }arg e

and two alternatives would have to be considered . Lon g

rockboits could be used to improve the stability of th e

sidewalls or, alternatively, the shape of the excavatio n

could be changed to improve the induced stress distribution .

By using rockbolts rather than a concrete arch to suppor t
the roof and by supporting the Grane beams on columns rathe r

than on the haunches below the arch, the notch in the caver n

sidewall can be eliminated as shown in figure 124b . Thi s

results in a significant improvement in the stress distribu-

tion and in a reduction of the volume of overstressed roc k

adjacent to the excavation sidewall .

A further improvement can be achieved by slightly curvin g

the excavation sidewalls as illustrated in figure 124 c .

This curvature reduces the zone of overstressed rock to a

relatively narrow strip which can be supported by means o f

short rockbolts .

. y
C

	

t



Inlfluence of a fault on excavation stability

An unsupported tunnel in very good rock intersects a steepl y
dipping fault at an acute angle . A typical section throug h
the intersection is shown in figure 125 in which the stabilit y
of the fault under two different in situ stress conditions i s
anaiysed .

If it is assumed that, before any slip takes place on th e

fault, the stress distribution in the rock surrounding th e

Tunnel is elastic, the shear and normal stresses an the faul t
can be calculated from the stress distributions presented i n
Appendix 3 . The equations required for this calculation ar e
as follows :

Shear stress : t = :( GI - a 3 )Sin 28

	

(80 )

Normal stress : a = }{( dl + a 3 ) - (Q! - a 3 )Cos 28} (81 )

where ß is the angle between the fault ând the direction o f
the major principal stress d l .

The shear strength T 5 of the fault is defined b y

Ts =c + aTanq

	

(82 )

where c and q are the cohesive strength and the angle of fric-
tion of the fault surfaces or of the goug e in the fault .

Substituting equation 81 into equation 82 gives the shea r
strength of the fault in terms of the principal stresse s
and the angle ß :

T s = c + 3{( a l +a3) - (°i -o 3 )Cos 2ß }TanG

	

(83 )

In figure 125, the major and minor principal stresses a l an d
c 3 and the ang le ß, determined from the stress distribution s
given in appendix 3, are listed for selected points along th e

fault . Assuming a cohesive strength c = 0 and a frictio n

angle e = 20° (typical material properties for a gouge-fille d

fault), the shear strength rs has been calculated for each

point by means of equation 83 . The corresponding shear stres s
has been calculated fron equation 80 .

The strength/stress ratio gives an indication of the potentia l
for slip on the fault . The values given in figure 125 Show
[hat the fault is likely to slip for a limited distance i n
the footwall of the tunnel subjected to a horizontal stres s
of twice the vertical stress (upper drawing) . When the vertica l

in situ stress is twice the horizontal stress (lower drawing )

the fault is potentially unstable for a considerable distanc e

into ehe rock above the roof of the tunnel .

	

lt will be obviou s

that this latter case is the more dangerous in terms of th e

overall stability of the tunnel and that serious consideratio n

wouid have to be given to supporting the tunnel roof .

Techniques for reinforcing faulted rock masses surroundin g

underground excavations will be discussed in chapter B .

The very simple analysis presented above is intended to provid e
the underground excavation designer with a means of carrying
out a rapid preliminary analysis of stability problems associ -

ated with faults . This analysis should be used in conjunction

with the structural analysis presented on pages 183 to 19 4

to ensure that wedges which are free to fall or slide are not
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formed by the Fault and other Faults or joints .

In the case of a major excavation such as an undergroun d
powerhouse cavern, the simple analysis discussed on the pre-
ceding pages may not be adequate for design purposes

. Unde r
such circumstances, it may be justified tc use the Finit

e
element technique described by Goodman 117 . 'This analysi s
incorporates both strength and deformation characteristic

s
of joints (or faults) and takes into account the redistribu-
tion of stress associated with slip on these structura l
Features

. Such an analysis is obviously more realistic tha n
that discussed above but the reader should not under-estimat

e
the effort and expense involved in obtaining realistic inpu

t
date and in setting up the finite element mesh .

8uckling of slabs parallel to excavation boundarie s

The Photographs reproduced in figures li. and 117 sugges t
that buckling of slabs or plates of rock play a significan

t
rote in the failure of the rock in the sidewalls of highl ystressed excavations

. Figure 126 illustrates the bucklin g
of slabs in the roof and floor of an excavation in a hig

h
horizontal stress Field . This type of failure was observe din model stedies conducted by the Australien Coat Industrie sResearch

Laboratory in an attempt to simulate the structura l
and stress conditions in the coalfields near Sydney, Australia

.

Fairhurst and Coo k 155 have postulated that slabs can form i n

massive rock under the conditions of nearly uniaxial compre s -

sive stress which occur adjacent to the boundaries of under-

ground excavations (see discussion on page 152) . In jointed

or bedded rock masses, the presence of structural Feature s

parallel to the excavation surfaces will result in the form a -

tion of plates and slabs . Whatever the reason for the pre-

sence of these slabs, it takes very little imagination t o

visualise that they are susceptible to buckling under axia
l

stress .

Referring to the margin sketch, the axial stress o a at whic h

a plate will buckle is given b y

r 2 E

	

(84 )

12g 2 (C/t) 2

where E is the modulus of elasticity of the rock ,

C/t is the xtanderness ratio of the plate and

q is a constant which depends upon the end condition s

of the plate . The constant q has the followin
g

values

Both ends pin-jointed

	

q = 1

Both ends clamped

	

q =

One end clamped, one free

	

q = 2

One end clamped, one pin-jointed

	

q =

Equation 84 shows that the axial stress which can be carrie d

by the plate before it buckles is inversely proportional t o

the square of the slenderness ratio .

	

Consequently, thi n

plates will buckle more easily than thick plates .

	

Thi s

suggests that an effective method for reinforcing an under-

ground excavation in which slab buckling is considered t
o

be a problem is to pin the slabs together by means of shor
t

rockbol ts .

Excavations in horizontally bedded roc k

As illustrated in Figure 126, the roof and floor of an openin g

in horizontally bedded rock can suffer from buckling failur e

when ehe rock plates are relatively thin and when the in sit u

horizontal stress is high . When the in situ horizontal stres s

is low, the roof slabs in a similar opening car feil as a

result of the tensile stresses induced by bending of the slab s

under their own weight .

This problem has been studied in some detail by Obert an d

Muvall o ° who gIve the following equations for the maximum

vertical deflection and the maximum tensile stress in a thi n

roof slab overlain by thicker slab s

yC 4

32Re2

y t 2

2 t

where öma,. is the maximum vertical deflection at the centr e

of the roof span ,

a ; .^,00
is the maximum tensile stress in the top of th e

sleb near the pillars .

Figure 126 : 8uckling of roof and floor slab s
in a coal mine model subjected to high horizonta l
stress . (Model by Australien Goal Industrie s
Research Laboratory) .

oa =

ö

	

= (85 )

(86)
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y is the unit weight of the rock ,
E is the modulus of elasticity of the rock

.
Z is the span of the open ing an d
t is the thickness of the roof slab .

When a relatively thick roof slab is overlain by thinne r
slabs, the larger deflections of the upper slabs will caus

e
[hem to rest on the roof slab, thereby incre$sing the stres

sin this slab
. This increase can be taken into account by

by replacing the unit weight y in equations 85 and 86 by a
nadjusted unit weight ya which is calculated as Fellow s

E1t12
(Yltl + y 2 t2 + . .+ yn O,)

E 1 t 1 3
+ E2t2 3 + . .+ Er,t0 3

where E 1 , E, . . . E„ are the elastic moduli i
Y1 . y 2 . . . Y ;, are the unit weight ;, an d
tl, t 2 .•

	

are the thicknesses'of successive slabs .

IF the roof slab is subjected to a uniformly distribute d
pressure due, for example, to water or gas pressure betwee n
it and the upper layers, the maximum deflection and the maxi-
mum tensile stress are increased as Fellow s

A few triel calculations will soon convince the reader tha t
the increase in tensile stress due to the presence of wate r
or gas pressure above the

roof slab can be significant . Thi ssugg ests that, if this problem is suspected, dreina g_ e hole s
should be drilled through the roof slab in Order to reliev

epressur .s which could build up behind the slab .

Equations 85 and 86 show [hat the slenderness ratio of the
roof slab plays an important rote in determining the stabilit y
of gravity loadea roof slabs, as it does in the case of slab

s
which buckle under axial loads .

	

This means [hat the instal -
lation of short rockbolts which pin the roof slabs togethe

r
to decrease the slenderness ratio can be effective

in stabi-
lizing openings in horizuntaily bedded rock .

Stiffness, energy and stabilit y

The discussions presented so Fee in this chapter have been i n
terms of peak strengths and strength/stress ratios .

	

However ,
factors other than induced stress levels and rock mass strength s
may influence the behaviour of an underground excavation

. A s
was noted on page 203, the violence and the completeness of th e
collapse of a component such as a pillar once the peak strengt h
of the rock has been exceeded, will depend upon the relationsli p
between the stiffness of the pillar and that of the surroundin g
rock .

	

This important aspect of the stability of undergroun d
excavations has been discussed i n detail by authors such a sFairhurst 216 , Brady 219 . Se lamon- 04

, Petukhov and Linkov 2 - 0
and Starfield and F airhurs, t 22 : and only the basic concept s
will be outlined here .

The possibility of local instabilitq or sudden collapse in

a mine structure arises when the strain energy stored locall y

in the structure exceeds the total energy required to crus h

the pillar support . The saure basic concept governs the pheno -

mena of controlled or uncontrolled failure of brittle roc k

specimens in laboratory compression tests referred to on pag e

133 . Techniques for the determination of the required stiffnes
s

and the assessment of pillar stability have been developed by

Starfield and Fairhurst 271 , Salamon 204 and Brady 212 and th e

followin g discussion is based upon these contributions .

	

lt i s

assumed that the country rock is continuous and linearly elasti c

and that only the pillars exhibit non-linear behaviour .

Consider the situation shown in the upper margin sketch in whic h

one of the pillars in a simple mining lay-out is replaced b y

a jack. Say the initial load on the jack is P
o and that i t

is then slowly retracted to simulate a pillar collapse . As the

jack is retracted, the load P will fall and the roof and floo r

will converge . Provided that the roof remains intact, th
e

curve relating jack force and convergence, S, will be as shown

in the lower margin sketch .

	

If the roof feile at some stage ,

the jack will be required to support a gravitational load, an d

in this case, the force-convergence curve may follow the dashe d

line . The negative slope of the P-S curve will depend upo
n

the mechanical properties of the roof and floor, the width s

of the openings, the sizes of adjacent pillars and abutment s

and the location of the jack . This slope is called the Zoec Z

mine-stinpness .

Now replace the jack by a pillar . The deformation of the pillar
,

which corresponds to the contraction of the jack, will depen d

on the force exerted on it by the roof and floor . A typica l

force-deformation curve for a pillar is shown in figure 127 e

on page 238 . As the pillar is loaded, it compresses alon g

the line OA until its peak load bearing capability, Pmax, i s

reached . At this point the pillar may be internally fracture d

and some slabbing of the sides may be in evidente . However ,

the pillar still has the capacity to support loads less the n

Pmax if it is deformed along the post-peak curve AB .

	

lt i s

this post-peak behaviour that is influenced by the local mine -

stiffness .

Two different local mine-stiffnesses AE (low) and AG (high )

are shown superposed on the pillar load-deformation curve i n

figures 127b and 127c . In the case of the example in figur e

1276, an increase in conver gence of As beyond Pmax woul d

result in a force PH being exerted on the pillar by the roof .

Since the pillar can only sustain a force PJ at this new de -

formation, the situation is unstable and the pillar will col -

lapse as soon as Pmax is reached .

	

In this case, the energ y

released by the mine ( the area AHDC ) is greater than th e

energy required to deform the pillar (the area AJDC ), an d

excess energy represented by the shaded area in the sketch i s

available to crush the pillar .

If, on the other hand, the pillar is in a region of high loca l

mine-stiffness, the roof is unable to supply the force necessar y

to deform the pillar beyond A and the situation is stable .

That is to say, the elastic strain energy released locally b
y

the mine during the convergence increment As, is less than tha
t

re q uired to deform the pillar along the curve AK
. Controlle d

failure of the pillar, but not violent collapse, may occur .

In practice, the local stiffness will vary over the life of th e

pillar so that the pillar may exhibit both stable and unstabl e

behaviour durin g its history .

	

The pillar stiffness will not

	

b e

Ya

(88 )

(89)
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a . Typical load-d eformatio n
curve for a pillar .

0

P max

	

A

Figure 127

	

In teraction between post-peak pilla r
deformation and total mi ne-stiffness .

6 . I nteraction of pillar an d
rock mass wich low tota l
mine-st iffness .

c . In teraction of pillar an d
rock mass wich high tota l
mine-sti ffness .
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constant but will vary with convergence .

Salamo n 204 has shown that the condition for pillar stabilit y

may be expressed mathematically a s

k + a > 0

where k is the total mine-stiffness (a positive number) an d

A = f(s) is the slope of the force-deformation curve for th e

pillar (negative in the post-peak region) . The System become s

unstable at the point at which k + A = 0 .

As the width to height ratio of the pillar increases, th e

post-peak portions of the force-deformation curves becom e

Flatter and the likelihood of sudden collapse of any give n

pillar decreases . The determination of this post-peak behaviour,

is no simple matter . Some indication of the types of behaviou r

to be expected can be obtained from the results of the large-
scale tests an Goal pillars conducted in South Africa b y

Bieniawski 211 and Van Heerden 222 and from laboratory mode ]

tests such as those described by Starfield and Wewersik 2223 .

As noted above, the local mine-stiffness, k, varies with th e

total mine geometry and with the mechanical properties of th e

rock mass . Analyses which permit the calculation of loca l

stresses and displacements at points of interest in the min e

structure are required in order to determine appropriate value s

of k . Salamon 204, Starfield and Fairhurst22t and Brady 21 9

describe procedures For doing this for specific raine config-

urations .

Figure 128 shows the results of an analysis for pre-failure

conditions carried out by Brad y 219 using the boundary elemen t

method. In this problem the extraction has been examined o f

an 8m thick horizontal orebody using Jong rooms and rib pillars .

The orebody and the country rock were assumed to behave elas-

tically and to both have a Young's modulus of 50 GPa and a

Poisson's ratio of 0 .25 . Thè pre-mining principal stresse s

were taken as px = 9 MPa (normal to the Jong axis of the ex-

cavation), py = 6 MPa (parallel to the Jong axis of the excav -

ation) and

	

= 12 MPa (vertical) . Two stopes of equal span ,

Ss, were excavated to generate a 12m wide pillar .

	

In orde r

to determine the total mine-stiffness characteristics, th e

pillar was replaced by a series of uniformly distributed load s

of various magnitudes and the displacement distrieutions cal -

culated . For figure 128, the pillar performance characteristi c

was obtained by plotting pillar load against convergence acros s

the centre line of the pillar, while the country rock perform-

ance characteristics for various stope spans were obtained b y

plotting the applied strip load magnitudes against averag e

displacements under the loaded strip .

	

In any given case, the

intersection of the two characteristics given the load-conver -

gence equilibrium condition . tlearly, any calculation involv-

ing post-peak pillar behaviour will be more complex than tha t

required for this example .
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Figure 128

	

Load-convergence char acteristics for hy pothetica l
example computed using boundary element method

.After Brady- l9 ,

24o
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Chapter 8 : Underground excavation support desig n

The principal objective in the design of underground excavatio n
support is to help the rock mass to support itself .

Consider the example illustrated in figure 129 which shows a
tunnel being driven by fuil face drill and blast methods wit h
steel set supports being installed after zach mucking cycle .
The horizontal and vertical in situ stresses are assumed t o
be equal and to have a ma g nitude p p .

In step 1, the tunnel face has not yet reached section X- X
which defines the tunnel section under consideration . Th e

rock mass inside the proposed tunnel profile, shown dotted

in the step 1 cross-section drawing, is in equilibrium wit h
the rock mass surrounding the tunnel . The internai suppor t
pressure ei acting across the proposed excavation profile i s
equal to the in situ stress po (point A, Fegere 129) .

In steil 2, the tunnel face has been advanced beyond sectio n

X-X and the support pressure pi, previously provided by the

rock inside the tunnel, has dropped to zero . However, th e
tunnel will not collapse because the radial deformation u
is limited by the proximity of ehe tunnel face which provide s
a significant amount of restraint . If this restraint provide d
by the face were not available, an internal support pressur e
pi, given by points 8 and C in the graph in figure 129, woul d
be required to Limit the radial deformation u to the saure

value . ilote that the support pressure pi which would b e

required to Limit the deformation of the roof is higher tha n

that required to Limit ehe sidewall deformation because th e

weight of the tone of loosened rock above the tunnel roof mus t
be added to the support pressure required to Iimit the stress-
induced displacement in the roof .

ih step 3, the tunnel has been mucked out and steel set s

have been installed close to ehe face . At this stage, th e

supports carry no Ioad, as shown by point D an the grap h

in figure 129, because no further deformation of the tunne l
has taken place . Assuming that the rock mass does not exhibi t
time-dependent deformation characteristics, the radial de-

formations of the tunnel are still those defined by point s
6 and C .

In step 4, the tunnel face has been advanced about lx tunne l

diameters beyond section X-X and the restraint provided by

ehe proximity of the face is now considerably reduced . Thi s

causes further radial deformation of the tunnel sidewalls an d

roof as indicated by the curves CEG and BFH in figure 729 .

This inward radial deformation or convergence of the tunne l

induces foad in the support system which acts like a stif f

spring . The support pressure p; available from the blocke d

steel sets increases with radial deformation of the tunne l

as indicated by the line DEF in figure 129 .

In step 5, the tunnel face has advanced so far beyond sectio n

X-X that it no longer provides any restraint for the rock mas s

at section X-X . lf no support had been installed, the radia l

deformations in the tunnel would increase es indicated by th e

dashed curves marked EG and PH in figure 729 . In the case o `

the sidewalls, the pressure required to Limit further deforma-

tion drops to zero at point G and, in this case, the sidewall s

would be stable since there is no remaining driving forte to

induce further deformation . an the other hand, the support
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where

	

W is the weight of the wed g e or block ,
T is the load in the bolts or cables ,
A is the base area of the sliding surface ,
y is the dip of the sliding surface ,
B is the angle between the plun g e of the bolt o r

cable and the normal to the sliding surface ,
c is the cohesive strength of the sliding surfac e

and f is the friction an g le of the sliding surface .

Support of wedges or blocks which are free to slid e

Another special case in which ehe stress-induced deformation s
in the rock mass are not significant is that of wedges o r
blocks which are free to slide . This case is similar to tha t
discussed above except that the frictional resistance of th e
sliding surfaces should be taken into account in designin g
the support system . Once again, the use of rockbolts o r
cables is preferred to steel sets or concrete lining .

The use of stereographie techniques to determine ehe weigh t
and the sliding direction of wedges in the roof or the side-

eells of an excavation has been discussed in chapter 7 ,
pages 183 to 192 . The factor of safety of a block or a wedg e
which is reinforced against sliding on a sin g le plane i s
given b y

The len g th of the rockbolts or cables should be chosen t o
ensure that they are anchored well beyond the boundarie s
of the block . The choice of whether to use one hundred 3 0
ton rockbolts or twenty 150 ton cables depends upon th e
nature of the jointing in the block and in the rock mas s
surrounding the block .

	

In the case of massive hard rock wit h
widely spaced joints, the use of cables may prove to be th e
best and most economical solution . an the other hand, if th e
rock mass is closely jointed, it may be necessary to use bolt s
to ensure that small wed g es do not fall out between the bolts .
As a general rule, the maximum soacing between the bolts o r
cables should not exceed three times the average joint spacin g
in the rock mass when support is required for dead wei g h t
loading .

In desi g ning rockbolt or cable support for blocks or wedges ,
the authors recommend that a liberal allowance be made fo r

variations in the strength of the installed bolt or cabl e

and for time-dependent strength reduction due to corrosion
or creep at the anchor points . Typically, one hundred on e
inch diemeter mechanically anchored rockbolts with an averag e
failure loed of 30 tons (determined from pull-out tests )
would be used to support a 1500 ton block . This gives a
factor of safety of 2 for the system . When the bolts o r
cables are grouted, as they should be for all permanen t
instelletions, this factor of safety can be reduced to abou t

1 .5 .

F = cA + (W Cosg+ T Ces "a)Ta n

W Sing - TSie El
(90)
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Hence, the total bolt or cable load required i s

W( F . S i n i - Ces P Ta n q) - cA
Ces0Teep + F . Sie b

A factor of safety of 1 .5 to 2 should be used, deeending upo nthe damage which would result from sliding of the block o r
wedge and upon whether or not the bolts or cables are to b egrouted .

When the geometry of the wedge or block is such that slidin g
would occur along the line of intersection of two planes ,
the analysis presented above can be used to give a Firs tapproximation of the support load required . The plunge o fthe line of intersection should be used ,,in place of the di p
f of the plane in equations 90 and 91 .1'This solution ignore sthe wedging action between the two planes and the answe robtained would be conservative, ie . a lower factor of safet y
would be given by equation 90 than [hat which would be obtaine dfrom a Full wedge analysis . This would result in a hi g he r
bolt load being calculated from equation 91 than would actuall ybe required .

	

in many practical applications, the qualit y
of the input date and the economic importance of the savin gin rockbolts would not justify a more refined analysis . I n
the case of very large underground caverns, the sizes o f
wedges or blocks can be considerable and hence a more precis eanalysis may be justif ied .

Hoek and Bray2 haue dealt with the problem of the reinforce-
ment of sliding wedges in rock slopes and the problem i s
identical to [hat which occurs in underground excavations .
Computer programs, such as that written by Croney, Legge an d6halla '- 95 are available to identify wedges or blocks whic hslide or fall and to calculate the support loads require dto achieve g iven factors of safety . A simplified analysis .suitable for use an a pro g rammable calculator, is presente din Appendix 6 at the end of this book .

Before leaving this topic, it is worth noting that the plung eand trend of a bolt or cable which will g ive ehe hi g hes t
factor of safety when used to reinforce a wedge which ca n
slide along the line of intersection of two planes are de-
fined in the mergle Sketch . The plun g e of the bolt is a tan ang le equal to the friction angle of the sliding surfaces ,measured from the live of intersection . The trend of th e
bolt is parallel to ehe live of intersection .

Rock-support interaction analysi s

Having dealt, albeit rather briefly, with the most importan t
types of dead weight loading in underground excavatien suppor t
design, we can now turn to tbe problem of designing suppor tsystems to resist stress-induced deformations .

As pointed out in the introduction to [his chapter, th e
analysis of rock-support interaction is a formidable theore-
tical problem because of the large number of factors whic h
have to be taken into account in Order to derive meanin g fu lsolutions . A number of simplifying assumptions have to b e
made in Order to reduce this problem to manageabie proportion sand these assumptions will be discussed in detail in thefollowing text . The interested reader who wishes to pursu ethe subject of rock-support interaction further is referre dto the papers by p aemen 224 , 225 , Rabcewicz 227 , Ladanvi 223

Lombardi 229 - 230 , E g ger 231 and Panet 232 . The solution presente d

below is based upon that derived by Ladenyi 22a but it utilise s

the rock strength criterion discussed in chapter 6 .

Basic assenptions

Tunnel oeomefry : The analysis assumes a circular tunne l

of initial radius ri . The length of the tunnel is such
that the problem can be treated two-dimensionall y .

• In situ stress Field: The horizontal and vertical i n
situ stresses are assumed to be equal and to have a
magnitude po .

• Support pressure : The installed sup port is assumed to
exert a uniform radial support pressure pi en th e
Walls of the tunnel .

• Material properties of original rock mass : The origina l
rock mass is assumed to be linear-elastic and to be
characterised by a Young ' s modulus E and a Poisson ' s

ratio v .

	

The failure characteristics of this materia l

are defined by the equatio n

ci = e3 + (mcc .c3 + sag) `

	

(92 )

Material propereies of broken rock mass : The broke n
rock mass surrounding the tunnel is assumed to b e
perfectly plastic and to satisfy the following failur e

criterio n

(91)

eI = g s + ( mroc . e 3 e s r e,') '

	

(93 )

(lote that, in the interests of simplicity, it i s
assumed that the strength reduces suddenly from tha t
defined by equation 9 2 to that defined by equation 93 .

Daemen 22b,225 , Egger 231 and Panet 2 ' t have allowed for

pro g ressive strain-softening post-failure behaviour i n
their analyses .

tiotzmeoric ,streine : In the elastic region these ar e
governed by the elastic constants E and e . At failure ,

the rock will dilate (increase in volum-e) and th e
strains are calculated using the associated flow rui e

of the theory of plasticity .

Time-dependen.t hehaviour: In is assumed that bot h
the original and broken rock masses do not exhibi t
time-dependent behaviour . Ladanyi '- 2a allowed fo r
both short- and long-term material behaviour in hi s

solution .

tent of p tcs ic zolle : It is assumed that the plasti c
zone extends to a radius re which depends upon th e

in situ stress p

	

the support pressure =i and the
material characteristics of both the elastic and th e

broken rock mass .

Radial syzoneerg : Note that, in all details, the proble m
being =_nalysed is symmetrical about the tunnel axis .

If the weicht of the rock in the broken zone vier e
included in this analysis, this simplifying symmetr y

would be lost . Since the weicht of this broken roc k
is extremely important in the support desi g n, an
allowance for this weight is added efter the basi c
analysis has been completed .
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Analysis o: s tressec

For the case of cylindrical sy mmetry, the differentia l
of eq uilibrium is eq uation

dar +

	

( a r - a8 )dr

	

-- = 0r

tion for Stresses aroun d
nneZ

Notation for dispZacements

around tanne Z

(94 )

S atisfyine this
equation for

linear-elastic behaviour an d
the boundary c onditions ar = a

re at r = re and a rr = m gives the followin g
region

	

9 equations for the s [resses**in t th e

ar = Po - ( Po - a re)(r e/n ) 2

a8 = Po + (po - a re)( re/ry ) 2

Within the
broken zone, the failure

criterion defined b y
equation 93 must be satisfied .

	

Reconnising that, in thi
s

problem ae = al and a
as

	

r = °3+ e quation 93 may be r e-writte n

ae

=
Cr + (mrac .ar +

sraj)i

	

(97 )I ntegration of equation 94 and Sub stitution of the boundary
condition a r

= pi at r = ri gives the
following equation

fo r
the radial

stress in the broken rock :

c = mra c
r 4 (ln(r/ri))2

+ ln(r/ri) (mra cpi + src2) } + pi (98 )

In order to find the value of a re and the radius re of th e
broken

zone, use is made of the fact that the
failure c riterio n

of the original
rock mass must be satisfied at the i nterna l

boundary of the elastic region, ie at r =equations 95 and 96, the
principal stress

d i where, from
rfe rence i s

°8e - a re = 2(po - a re )

Equating the values of a fe given by equations 101 and 10 3
results in the following equation for the plastic zone radiu s

i J
re = ri .e (P1 -

moc (m ra cPi

	

s ra

	

)

2

mrCc(mracPo + sra* - m roiM) 2
r

lt will be seen, from equation 101, [hat the zone of broken

rock will exist only if the internal support pressure pi i s
lower than a critical value given by

Pi ` p i,, = Po - Ma c

	

(106 )

Analysis of deformations

The radial displacement of the elastic boundary u e produced

by the reduction of C . from its initial value of p o to a r e
is found from the theory of elasticity to b e

(1

	

+ v )
ue =

	

E

	

(Po-are) .,,

or,

	

using equation

	

101

(107 )
z

(1

	

+, )ue =

	

E

	

Ma
o-
re (108)

let e av be the average plastic volumetric strain (positive

for volume decrease) associated with the passage of the roc k

from the original to the broken state . By-comparing the

volumes of the broken zone before and after its formatio n
we obtai n

ir(re 2 - ri2) = v((re + ue) 2 - (e i + ui )') (1 - eav )

(l09 )
Simplification gives(99)

where

	

N =

(104 )

(los )

The failure cr
iterion for the original

rock mass is given b y
equation

92 which may be re- expressed as

l
;

ui = %. (l -
f 1

L 1

	 - ea v
+ A J

(110 )

- a3 = a (ma 3c

	

/
ac

+
(100 )

Substitution of al =

	

and ag= a

	

in e q uation 100 an d
then equating the ri ht

	

r
leads to the result

q

	

hand sides ofeequations 99 and 10 0

a re

	

Po -

where

M = 3((u)2 + m ;
'

The failure cr iterion for the
broken rock must also be satisfie d

at r =

	

and hence , re

	

from e q uation 9 8

mraC
a re = a

	

(ln(re/,.i))2 +
lo(re/ri)(mracPi srac)_+

p i

(103)

where

A = ( t ue /r e - e av)( re/ri)
2

Substitution for the terms re/ri and ue/re from equation s
104 and 108 gives

4

A = f 2(1+ v) Ma

	

2N - mac ( m r ac Pi + s r al )
E

	

c e av) e

(112 )

The derivation of the expression for e av is beyond the scop e

of this book but it can be found in the paper by Ladanyi 228 .

2(ue/re)( r e/ri) '-

eav = (( re/ri) 2 - 1)(1 + 1/R )

The value of R depends upon the thickness of the broken zone .

(102)

(113 )
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For a relatively thin broken tone, defined by
re/r

i e

R= 2D In re/ri

For a thick broken tone, where
re/ri

R = 1 .1 D

where

- m

m+b(mar e-
ac

	

s) =

Equation for the required support Irinar(re ri)

aod Piorequation poor the required of the rock mass is elasti c

n

	

support line is given b y

?i

	

(t+v )

rio

	

E

	

(Po - Pi)

	

( 1 17 )

u , -,_
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The required support line defined by
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the tunnel since

	

17 * can
the s tresses and def

ormations in these re i
are not inf

luenced, to any significant
extent ,weight of the broken

	

9 on
s byt

	

rock sur rounding the tunnel . In dea
d

o to allow for the dead weight of the broken

	

in [he

e r o r
and in the floor of the tunnel,

	

rou

	

canoo fbe in creased or d

	

as

	

nnel, the support p ressur eecreed by the amount y r (re - r i) wher eyr is the unit weight of the broken rock
. Note that thi s

cor
rection can only be done alter

the required support lin
efor the weightless conditions has been

ca lculated b y
eq uations 110 and

117 . Y mean s

This correction muss be recognised as a gross
simp lificatio nbut, within the Overall accuracy of the analysis

pr esente d
above, it give

s dead wei ht

	

broken rock .
estimate of the effect of th

e
g t

	

the broken r o

Analysis of dvaiZahle suppor t

As ill
ustrated in figure 129, support is usually

i nstalle dalter a certain amount of
con

vergence has already taken plac
e

in the tunnel
. This initial convergence, denoted by

	

i sshown in the margin sketch .

The s
tiffness of the support installed within the tunnel i

s
ch
aracterised by a stiffness constant k

. Th epressure Pi p
rovided by the support is given

by
dial suppor t

Pi = r - uie/r .Z

	

(118 )
where uie

is the elastic pari of the total
deformation '- !Hence

(119 )

D =

support curve

:rotz

	

The analyeis presented
aposiae assume s

y

	

a elcs_

U
rin g

cif ncr - or .,hotaretean d
tauch of the support

	

',-'ne .,
2er-tuet; frort the coitinity o f
• ring . WCen applyine ahi e
anaZysis to Hott-eircular or t o
• -ial concrere or shotcrete

n_i

	

:'are taust b take n
.. ..-J the .._ailab e e_ Fort l e
not oaer-esti,aeed.

Equation 119 will apply up to a point at which the strengt h
of the support system is reached . In the case of concret e
or shotcrete lining, blocked steel sets or grouted bolts o r
cables, it will be assumed that plastic failure of the suppor t
system occurs at this point and that further deformation occur s
at a constant support pressure as illustrated in the margi n
sketch on page 252 . Thé maximum support pressure is define d
by Psmax .

In the case of ungrouted mechanically anchored bolts, sudde n

failure of the bolt system can occur when the maximum suppor t
pressure Psmas is exceeded . This is a situation which shoul d
be avoided since it can have unpredictable consequences .

c

Asaiiable support for concrete or shotcrete Zining

A cast in situ concrete or a shotcrete linin g of thicknes s
to is placed inside a tunnel of radius ri . The support pressur e

generated by this lining in response to convergence of th e
tunnel is given by equation 118 wher e

*o

	

(1 + v c)((l - 2vc)r + (ri - to )2 )

	

(120 )

where

Ec = elastic modulus of concrete ,
v c = Polssoe i s ratio of concrete ,

• = tunnel radius ,

• = concrete or shotcrete thickness .

Note that the influence of light reinforcing in the linin g

is not taken into accout in this stiffness calculation .
Reinforcement such as mesh in shotcrete or light rebars i n
concrete plays a very importart role in controlling and dis-

tributing stresses and cracking in the lining but it does no t
significantly increase the stiffness .

When very heavy reinforcing is included in the lining, fo r
example when concrete is cast over steel sets, the contri-

bution of both systems should be taken into account . The

action of combined support systems will be discussed iate r
in this chapter .

It should also be noted that the concrete or shotcrete linin g
is assumed to be permeable so that any internal or externa l
wat .er pressures do not influence the support pressure F- . .
In the case of hydraulic tunnels in which the lining i s
irrpermeable, the additional stresses induced by water pressur e
misst be taken into account . It is not particularly difficul t
to extend the analysis presented hexe to include this effec t
and the dedicated reader is left to carry out this modification .
Alternatively, reference is made to textbooks such as thos e
by Szechy 19'- or Peeuignot 10 for detailed discussions on thi s
subject .

The maximum support pressure- which can be generated by a

shotcrete or concrete lining can be calculated from the theor y

of hollow cylinders under external pressure 67 and is give n

by

r
*1

	

- (121 )
t .conc .reenact _



50where cc
.conc . is the uniaxial compressive strength of shot -

crete or concrete .

Note that equation 121 can only be applied when the Iining i scircular and the amount of overbreak is limited .

Availeable support for blocked steel sets

3locked steel set

The stiffness of a blocked steel set is defined b y

1

	

S.ri + S. rti3 0(B+Sin co s08)

	

y 2S. g . ti
ks

	

EsAs

	

EsIs

	

2 Sin = B

	

(122 )E0W '

where

r i = tunnel radius ,

S = set spacing along length of tunnel ,
E = half angle between blocking points (radians) ,
W = flange width of set ,
As = cross-sectional area of stee ly section ,
I s = moment of inertia of steel section ,
E s = Young's modulus of steel ,

thickness of block ,
Eg = modulus of elasticity of block material .

The block is assumed to be square in plan and to have a sid e
length equal to W, the flange width of the steel set .

The maximum support pressure which can be accommodated by the
steel set is

(123 )

where

oys = yield strength of steel ,
X = depth of steel section .

Aaai lob le support for un grouted rockhops

The available support for an ungrouted mechanically or chemicall y
anchored rockbolt depends upon the deformation characteristic s
of the anchor, washer plate and holt head as well as upon th e
deformation of the bolt shank .

	

The results of a typica l
pull-out test on a mechanically anchored bolt are presente d
in figure 130 . The displacement

Ueb due to the elastic strai n
in the bolt shank is given b y

42T b

ndb t Eb

	

(124 )

*ab = QTb

	

(125 )

where Q is a quantity related to the load-deformation character -
istics of the anchor, washer plate and bolt head .

Pssmcz

3A,I s c

2S .ri . 0 [3Is + XA s

ueb =

where

= free length of bolt between anchor and head ,
bolt diameter ,

Young's modulus of bolt material ,
load in bolz .

db =

Eb =

Tb =

To this elastic displacement must be added a quantity

o
2 0

10
f

2 .0

	

2 . 5

BOLT EXTENSION - u - Inches .

Figure 130 : Typical bolt load-extension curve determined by mean
s

of a pull-out test on a 1 Inch diameter, 6 foot lan g

bolt anchored by means of a 4 leaf Rawlplug expensio n

shell . After Franklin and Woodfield 2L6

The value of Q can be determined from the load-extension curv e

obtained from a pull out tes t

(u '- - ueh2)
- (ml -	 `'ebl )

Q =

	

T, - T i

where (r l
,T1) and (u„T,) are two points on the linear portio n

of the load-extension plot as shown in figure 130 .

In order to eliminate the non-linear response of the bol t

system resulting from initial bedding in of the components o
f

the mechanical anchor and washer, mechanically anchored bolt s

are normally preloaded immediately after installation
.

	

I n

the example illustrated in figure 130, a preload of 20000 l b

would normally be used and this would have the effect, in term
s

of the rock-support interaction analysis, of moving the load
-

extension curve to the position shown by the dashed line . I f

no preload viere applied to the bolt, it mould follow th
e

(126 )

l
0 .5
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1 .0
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original load-extension curve and would be significantly les e
stiff in its response to deformations within the rock mass .

lt is important to remember [hat load is induced in the bol t
by deformation in the rock mass . Consequently, the preloa d

applied to the bolt after installation should ;not be too
high otherwise the remaining capacity of the *)lt to accep t

load from the rock mass will be too smell . In the Gase

illustrated in figure 130, the preload should lie betwee n

20000 and 30000 lb for optimum performance of the system .

An ungrouted mechanically anchored bolt can feil suddenly ,

es shown in figure 130, if the strength of the bolt shan k

is exceeded . Usually, failure occurs in the threaded portio n

of the shank at either the anchor or the head end .

	

If failure

occurs as a result of anchor slip, the failure process i s

generally more gradual .

Table 13 an page 257 liste typical values for the quartity Q

and for the pull-out strength Tbf of a variety of mechanica l

and chemically anchored rockbolts .

The stiffness kb of a mechanically or chemically anchored

ungrouted rockbolt is given b y

ScSz

	

Iil.
- db 'g b

where
s, e circumferential rockbolt spacing ,

s t = longitudinal rockbolt spacing .

The maximum support pressure 'nich can be generated in a

rockbolt system by deformation in the rock mass is given b y

P sb,^c.

	

Tbf

	

(128 )
seS C

where

Tbf e ultimate strength of holt system from pull-ou t

test on a similar rock mass to that for which

the rockbolt system is beleg desigeed .

Ssw o :'t provided bL grouted rookbol.ts or cable s

The rock-support interaction concepts, applied to the suppor t

systems discussed on the preceding pages, cannot be applied t o

grouted rockbolts or cables . This is because they do no t

act independently of the rock mass and hence the deformation s

which occur in both rock mass and support system cannot b e
separated .

Alternative theotetical solutions to this problem have no t

been explored in detail by the authors of this book and, hence ,

the support mechanism of grouted reinforcing elements will b e

discussed in a qualitative manner .

In the opinion of the authors, the support action of groute d

rockbolts or cables arises from interne] reinforcement of th e

rock mass in much the Same way as the presence of reinforcin g

steel acts in reinforced concrete . By knitting the rock mas s

together and by limiting the separation of individual block s

Q (127)
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TAKLE 14 - CALCULATION SEQUENCE FOR ROCK-SUPPORT INTERACTION ANALYSI
S

1	
1 . Required support line for rock mass

Input data require d

ac = uniaxial compressive strength of intact rock piece
s

m } material constants for original rock mas
s

s

	

(see table 12 on page 176 )

E = modulus of elasticity of original rock mas
s

v = Poisson ` s ratio of original rock mas
s

m r

	

material constants for broken rock mas
s

s r
)

(see table 12 on page 176 )

y r = unit weight of broken rock mas s

Pc = in situ stress magnitud e

ri = radius of tunne l

the grouted reinforcing elements Limit the dilation in th e
rock mass immediately surrounding the tunnel . This ha s
the effect of iimiting the extent to which the origina l
rock mass material constants m and s reduce to m r and s r.
Sensitivity studies of the influence of the values of m r
and sr upon the required support line for the rock surroundin o
a tunnel (see page 252) show that the deformation ui i s
sharply reduced for relatively modest increases in mr and Sr

.

Unfortunately, no direct evidente is available on the strengt h
of reinforced rock masses and hence the mechanism discussed
above cannot be quantified . A few sample calculations wil l
be presented later in this chapter to demonstrate the impor-

tance of this reinforcing but the practicai design of groute d
reinforcing systems is current}y a matter of engineering
judgement .

Reaetion of combined support systems

When two support systems, for example rockbolts and shotcret e
lining, are combined in a single application, it is assume d
that the stiffness of the combined support system is equa l
to the sum of the stiffnesses of the individual components :

k' = k, +

	

(129 )

where

k l = stiffness of first system and
k 2 = stiffness of second system .

Note that the two su p port systems are assumed to be installe d
at the same time .

The available support curve for the combined system is define d
by

0 :r:

Y ,

	

(130 )

(see equation 179 on page 252) .

Equation 131 will apply untii the maximum deformation whic h
can be tolerated by one of the systems is reached . At thi s
point the remaining support system will be required to carr y
most of the load but its response will probably be unpredict-
able . Consequent}y, the faiiure of the first system is re -
garded as faiiure of the overall support system .

The maximum deformation which can be tolerated by each suppor t
system is determined by substituting the appropriate valu e
of the maximum support pressure Psmam (from equations 121,122 ,
124 and 729) in equation 119 .

An example of the use of combined su pp ort will be discusse d
later in this chapter .

SunJnari of rock-support interaction equation s

For the convenience of the reader, the rock-support interactio n
equations which have been derived on the preceding pages ar e
summarised in table 14 . These equations are listed in th e
sequence in which they would be used for calculation o n
a programmable calculator .

Calculation sequere e

m„

	

+ s

	

m

a . m

	

- m

m+4( m/ac (Po - Ma c) + s) -

r PO -ho c

c . N = 2 L n,r6 a

._d . For Pi > Po - Mac ,
deformation around tunnel is elasti

c

=1i

	

(1 +v)
(D

	

- Pi )1 Input pi -

	

r
io

	

E

	

o

-e . For Pi
< Po - Mac , plastic failure occurs around tunne

l

ug - (1 + v)
Ma

E
r e

re

	

N - 2 P
i

f•

	

= e

	

(mra c

9 .

h .

i .

For re/ri < /'

For r e/ri >

2( u e/re)(r e/ ri) 2	

eav

	

[( r</ri) 2 - 1) ( 1
+i/ R )

A _ (tue / r a - e oo)( ra/
r i) 2

R 28 In ra/r,;

R e 1 .1 D

1- ea'p--

o

	

1 + A

C . For roof of tunnel, plot '
C i/rio against

r

m. For sidewalls of tunnel, plot ui/rio against pi/P o

-Yr(re - r i)

PaFor floor of tunnel, plot
ui/ri o agains



Input data require d

Es =

	

modulus of elasticit
y =

	

Poisson's ratio of y concrete on or re te
toc ete °ret e

te =

	

th ickness of lining

	

sho r
ri =

	

tunnel radiu s
o c .conc . = uniaxial compressive strength of concrete or shotcret eSupport s tiffness and maximum support pre ssure

	

Ec(ri 2 - (r

	

2
)

	

i

	

tc )
(7 + vc)((7

	

2 v,)ri 2 t ( ri -
tc )-' )

1

	

(ri - tr ) 2

ri s

r e q uire d

W

	

= flange width of steel se t
X

	

depth of section o f
As = cross-sectional areas

ofel se t

el
Se se iI s = moment of inertia of ste

stee l

E s = modulus of elasticity
f s sectio n

er, = yield strength of steel

	

steel section
= tunnel radiu s
= steel set spacing along tunnel axi s6

	

= half' angle between
blOCk '^9 points (radians )„g = t h ickness of bloc kEB = modulus of e lasticity of block materia l

Support st lfne .ss and ma.^imzcm support pressure

Esl*S

	

Esls Iks

2S.ri .6 3I +

	

3A5+50y
s

XA s r

Support s tif f ness and maximum support p ressure for un groute d
me chanically or chemically anchored rockbolts or cable s
Sn put date r•eouirec

= free bolt or cable lengt h
c

	

= bolt diameter or equivalent cable diemete rb

	

elastic modulus of bolt or cable materia lQ

	

= load-teformation constant for anchor and hea dTbf = ultimate failure load from p ull-out tes tri = tunnel radiu s
s, = circumferential bolt spacin gs Z =

	

Iongitudinal bolt s p acin g
Support sti;' °nes s*

	

and maximum support pressure

sscs

	

4 1o

	

ri no 2E b

`smax - Tbf /s es Z

5. Available support curve for a single support syste m

Input dato required

k

	

=

	

stiffness of support system under consideratio n

psmax= maximum support pressure which can be accommodate d
u. . o =

	

initial tunnel deformation before installation of suppor t

AvaiZabZs support curve

For pi <
psmax

6. Available support curve for a combined support syste m

Input data required

k,

	

= support stiffness of system 1
P

	

smax l = maximum support pressure for system t
stiffness for support system 2

▪ maximum support pressure for system 2
initial tunnel deformation before installation of suppor t
(Ilote that the two support systems are assumed to be
installed at the same time and to start responding t o
tunnel deformation simultaneously )

Calculation secuence for available support curv e

ums 1

	

ri IPsmax l /r. l

u

	

=

	

r
.o

	

/ .max2

	

e i ' Psmas2 v ,

u .

	

u .
1 _

	

O _

	

(130 )
L

ul 2 >

	

< umax 1

	

r ,

	

k l

	

2 )/r

u

	

< u
.la.r2

	

max l

:max1 ,

	

u ... .x2(kl + k2)/r .

a .

	

kc =

o .
Psemax

(720 )

(121 )

2 Sin'-e -1
J (122 )

2S . 6 . t3
EgW=

Ps ,ax _

(123 )

(127 )

(128)

	

u• _ u_•o

	

P i

	

- ri

	

k
(119 )

k 2 )e . ta t =

	

ri .pi /(k l

Fo r

Fo r

For u 12



TABLE 15 - TYPICAL VALUES FOR MODULUS OF DEFORMATION AND MODULUS OF ELASTICITY FOR USE I
NROCK-SUPPORT INTERACTION ANALYSIS . After Lana and Vutukuri 23 3

Test deseriation Modulus of Modulus of
deformation elastieity 'f *

GPa`

	

G2a
Czechoslovakian dams

	

0 .71m 0 jack

	

2 .5-15 .6

	

1 3 . 5-35 . 9
Koshibu dam, Japan

	

pressure chamber

	

23 . 7

Oroville power plant, jack test
60 . 3USA .

	

cavern deformn .

	

56 . 5
Japanese hydroelec-

	

0 .18m 2 jack

	

4 .9-10 .1

	

30 .3-32 . 4
tric project s

Cachi da m

Test location

262

pressure chamber 2 .1-15 .8

Rock type an d

descviption

Test locatio n

Pongolapoort dam,

	

jack fes t

South Africa

Kloof gold raine ,

South Afric a

Zillierback dam ,

Germany

Test description Modulus of Modulus of
deformation elastieit y

GPa

	

G2a

26 3

Japanese hydroelec-

	

0 .18m 2 jack

	

1 .2-3 . 2tric project s

Amsteg pressure

	

pressure chamber

	

31 . 7tunnel, Switzerland

Czechoslovakian dams

	

0 .77m 0 jack

	

2 .5-15 .6

	

1 3 .5-35- 9
Kariba dam, Rhodesia

	

jack test

	

6 . 2
cavern deformn .

	

3 . 4-6 . 9

South Moravia,

	

0 .71m x 0 .71 m
Czechoslovakia

	

plate jacking

2 .5-10 .0

	

6 .0-15 . 0
1 .0-2 .5

	

2 .5-4 . 0
0 .25-1 .0

	

1 .0-2 . 5
Mica project, Canada

	

0 .06m'- jack

	

1 .0-6 .2

	

3 .6-26 . 1
Andermatt,

	

plate jackin g
Sur tzerland

8 .5-79 . 1
6 .9-8 . 4

Nagase dam, Japan

	

0 .25m 0 jack

	

2 . 3
Nagase dam, Japan

	

0 .25m 0 jack

	

1 .7-9 . 4
Not known

	

pressure chamber

	

2 .8-3 . 1

Nuclear power plant,

	

jack tes t
Japan 3 .7-4 . 4

Bhakra dam, Indi a

Iznajar dam, Spai n

Kaunertal, Austri a

Nauvoisin dam ,

Switzerlan d

Rothenbrunnen press .
shaft, Switzerland

Sabbione dam , Ital y

Grocio dam, Ital y

Witbank , o . Afric a

Aari River, Ital y

Dez dam, Ira n

Grader dam, Spain

28 . 0

8 . 0

plate jacking

	

2 .7-7 . 6

plate jacking

	

1 .0-33 .8

	

6 .0-50 . 0

radial jacking

	

3 .0-6 .0 5 .0-10 . 7

plate jacking

	

4 .0

	

28 . 0

pressure chamber

	

7 .9-11 . 3

overall deformn .

	

34 . 5

jack test

	

22 .6

	

36 . 9

in situ compression

	

3 . 6

jack test

	

11 . 4
pressure chamber

	

1 .2-1 . 8

jack fest

	

1 .8-50 . 0
pressure chamber

	

4 .9-16 . 2

jack tes t

Slavia, Czechoslovakia 0 .5e 2 plate jack

	

0 .08-0 . 1
2m radial jack

	

0 .07

12a = 1 .02 x 10 4 kyf /cm= = 1.95 x 10 0 ltf ,'in'- .

	

Riodulus of 2asticity deterrnine dlinear Portion of load-deformation curve, Modulus of Deformation from overall lcad versu s_ 'emen t

1 Rock type and
rction

Amphibolit e

Amphibolit e
granodiorit e

Amphibolit e

Andesit e

Agglomerate and tuf f
with some andesit e

Arkose sandston e

Biotite gneis s

Biotite gneis s

Biotite g neis s

Biotite gneiss an d
amphibolite s

unweathered -

partly weathered-

highly weathered -

Biotite shal e

Biotite shal e
parallel bedding-

normal to bedding -

Calcareous siltston e

Calcareous mar l

:_lcareous schis t

Calcareous shal e

_alaareous shale ,
e ndy, faulte d

Calcareous schis t

Chlorite schis t

_oa 7

Conglomerate sandston e

:'ro lome rat e

0 lome ra t e

rtical -

horizontal -

onglomerate, fissured

tnglomerate sandston e

giomera t e

ng i omerat e

_ticeous sandstone

Daci t e

Diabase ,

weathered, jointed

Diabas e

Diabas e

Diorit e

Diorite gneis s

Diorit e

Diorite gneiss an d

granodiorite gneis s

Dolomite, stratifie d

and fracture d

Dolomite & limeston e

Dolomit e

Dolomit e

Dolerite, Triassi c

intrusion ,

massiv e

fractured

Gabbr o

Gneis s

Gneis s

Gneis s

Gneiss, altere d

dry

we t

Gneis s

Gneiss, fine graine d

Gneis s

Gneiss, fine grained ,

fol iate d

Gneiss pegmatit e

Gneis s

Gneis s

Gneiss, slightl y

laminated

Gneis s

Gneiss, schistos e

Gneiss, altere d

Granit e

parallel beddin g

normal to bedding

Nuclear power plant ,

Japa n

Nuclear power plant ,

Japa n

Tehachapi, USA

Karadj, Ira n

Edmonston pump plant ,

US A

Glagno dam, Ital y

Mis dam, Ital y

Sylvenstein dam ,

German y

Val Vestino, Ital y

Khantaika hydr o -

plant, USS R

Nuclear power plant ,

Japa n

Bort dam, Franc e

Besserve dam, Franc e

Funil, Brazi l

Irongate dam, Romani a

Kaunertal, Austri a

Lake Delio, Ital y

La Bathie, Franc e

Lago Deb o

Morrow Point, US A

Malpasset dam, Franc e

1lanapouri power proj .

New Zealan d

Sufers dam ,

Switzerlan d

St . Cassein, France

St . Cassein, Franc e

St . Jean du Gard . ,

Franc e

Andermatt ,

Switzerland

jack tes t

2 .2m 0 pressur e

tunnel tes t

jack tes t

radial jac k

0 .25m 0 jac k

p r essu r enete r

pressure chambe r

jack tes t

deformation analysi s

0 .86m 0 jac k

jack tes t

plate loadin g

flat jac k

overall deformn .

jack tes t

pressure chambe r

jack tes t

jack tes t

TABLE 15 continued .

0 .5m 0 jac k

deformation

analysi s

jack tes t

jack tes t

jack tes t

jack tes t

plate loadin g

relaxatlo s

jack tes t

pressure chambe r

jack tes t

jack test

43 . 2

3 . 5

1 . 0

2 . 0

1 . 8

2 .6-11 . 7

7 .4-17 . 1

2 .4-11 . 0

3-7-5- 1

6 . 6

6 .7-14 . 6

3 .7-1 6 . 5

15 .0-20 . 0

2 . 2

2 .8-18 . 5

0 .6-9 . 5

36 . 2

14 . 9

9 .6-26 . 2

6 .9-20 . 7

6 . 6

20 . 0

2 . 4

0 .7-5- 4

3 . 8

4 . 0

0 .4-6 . 2

3 .3-4 . 5

10 .4-37 . 0

5 . 9

p ressure chambe r

jack tes t

jack test

	

7 .3-30 . 3

1 .5-2 . 0m 0 jack
1 .0-9 . 5

0 .4-4 . 5

35- 2

9 . 5

34 . 7

6 .2-11 . 7

0 . 5

10 . 0

4 .8-32 .0

1 .o-52 . 5

1 .0-2 .8

	

2 .3-4 . 1

40 . 0

25 .0



Cabril dam, P ortuga l

Canicada dam ,
Portuga l

Landes dam, France

Dworshak dam, US A

Grimsel dam ,
Swi tzer lan d

Inner K irchen ,
Switzer lan d

Kurobe dam, Japa n

Granite gneis s

Granit e

Granite, biotite an d
feldspa r

;ranite, massive

ranit e

ranite granite gneiss Tumut 1,
Au strali a

-an odiorit e

an( t e

3nit e

modiorit e

atite or e

IfeI s

s ton e

eng it e

j ointe d

unwea there d
weathered, join t

fillin g

Granit e

weathered, j ointe d
weathered, highl y

jointed

unweathered, j ointe d

Granite gneiss

Germany

Emosson dam ,
Switzer lan d

Place Moulin dam ,
Ital y

Ambiesta, Ital y

Villefort dam, Franc e

Valdecanas, P ortuga l

Japanese hydro . proj .

Pantano D'Avio dam ,
Ital y

Tumut 2, Au strali a

Tsruga dam, Japa n

Lyse pressure shaft ,
Norwa y

Mica project, Canad a

Nagawado dam, Japa
n

Salamonde dam ,
P ortuga l

Schwarzenbach tunnel ,
German y

Kariba dam, Rhodesi a

pressure chambe r

pressure chambe r

jack tes t

jack tes t

pressure chambe r
deformation an alysi s
jack tes t

pressure chambe r
plate loadin g
deformation analysis 5

.5-48 . 3
jack tes t

jack tes t

jack tes t

pressure chambe r
dam disp lacemen t
overall s tructur e

2m2 comp ression

jack tes t

pressure chambe r

0 .06m2 jac k

2m2 shear tes t

1m2 jac k

pressure chambe r

pressure chambe r

triaxial

1 1 .7-16 . 5

0 .6-23 . 0
0 .8-6 . 3

24 . 6

7 .5-84 .0

	

1 5 .2-86 . 0

3-0-10 . 0

1 5 . 0-25 . 0

1 2 .0-24 . 0
1 7 . 0-32 . 0

70 . 0

46 .0

1 .1-1 . 2
1 .6-3 . 4

8 .0-15 . 0

12 .5

13-5

	

40 . 0

	

4 .3-6 .0

	

6 . 2

38 . 5

Finodal pressure

	

jack test

	

22 . 3
shaft, Yugoslavi a

Greoux dam, France

	

jack test

	

3 .2

	

5 . 1
pressure chamber

	

5 .7-12 . 3

Hydro . power projects, 0 .8m 0 jac k
USSR

	

57-5

	

81 . 1

166 .3

	

173 . 0

3 . 3

Kastenbell pressure

	

pressure chamber

	

27 . 0
shaft, Italy

	

0 . 2

Limberg, Austria

	

jack test

	

4 .0-15 . 0

Mratje dam,

	

jack test

	

0 .002-

	

0 .002 -
Yugoslavia

	

0 .016

	

0 .03

Mae dam, Italy

	

pressure chamber

	

A .6-8 .3

	

25 .4-30 . 3

Mis dam, Italy

	

jack test

	

4 .5-7 .4

	

3 .9-11 . 5

Mequinenze dam, Spain jack test

	

18 .2-27 . 6

Niag ra tunnel, USA

	

overall structure

	

17 . 2

Pieve di Cadore,

	

pressure chamber

	

3 .0

	

4 . 0
Ital y

Prutz pressure shaft,

	

radial jack

	

6 .0-6 .9

	

10 .3-12 . 5
Austri a

Tena Termini, Italy

	

jack 5 seismic

	

1 .5-41 .6

	

4 .7-46 . 1

Hydro . projects, USSR jack test

	

0 .5-15 . 2

Vouglans dam, France

	

0 .28m 0 jack

	

3 .2-10 .0

	

7 .0-160 . 0

Val Gallina, Italy

	

pressure chamber

	

2 .7-3 .9

	

2 .8-4 . 1

Vaiont dam, Italy

	

pressure chamber

	

4 .0-12 .0

	

30 .7-46 . 0

Yellow Tail, USA

	

jack test

	

11 .0-33 .1

	

16 .5-40 . 7
overall structure

	

2 .8-9 . 7

Yugoslavian hydro .

	

2 .9-41 .6

	

4 .7-63 . 6
Yug os levi e

Not known

	

lm '- flat jack

	

52 .5-56 . 5

Kawamata dam, Japan

	

0 .8m 0 jack

	

0 .4-7 . 2

Ikari dam, Japan

	

2 . 3

Afourer tunnel,

	

jack test

	

4 .0-5 .0

	

6 .0-7 . 0
Morocco

Iznajar, S p ain

	

jack test

	

2 .3-5 . 0

Beuregard, Italy

	

pressure chamber

	

0 .69-14 .0

	

1 .0-24 . 0

Giovaretto, Italy

	

pressure chamber

	

21 . 5

Morasco dam, Italy

	

dilatometer

	

17 . 5
dam displacement

	

210 . 0
pressuremeter

	

17 . 2

overall structure

	

18 .6-20 . 7

Limestone dolomit e

Limeston e

Limestone with shal e

and sandston e

Limestone, highl y
fissure d

Limeston e

Limeston e

upper Cretaceou s

fissured with cla y

highly fissure d

Limeston e

jointe d

Limestone, laminate d

Limestone, massiv e
Triassi c

Limestone dolomit e

Limeston e

Limestone, massiv e

Limeston e

Limeston e

Limestone 5 dolomit e

Limestone, massive

Adiguzel dam . Turkey

	

0 .58m 0 jac k

Achensee pressur e

shaft, Austri a

Arrens tunnel, France jack tes t

Dubrovnik power plant, pressuremete r
Yu g oslavi a

Fedaia dam, Italy

	

pressure chamber

	

7 . 5

Limeston e

Limestone, bituminou s
with fractured gneis s

Limestone dolomit e

Limestone, fractured

Limeston e

Limeston e

Limeston e

Limestone, massiv e

Liparite fault, hard

Liparit e

Mar l

Mar l

Mica schis t

Micaceous g neis s

Mica schist



Rock type ana

	

T est location

descriptio n

0 .1-0 . 8

2 .4-8 . 3

16 . 5

3 .5-14 . 5

1 .1-34 . 9

	

0 .9-6 .1

	

2 .4-9 . 1

	

1 .3-1 .8

	

3 .8-4 . 6

	

2 .5-3 .0

	

4 .1-5 . 3

21 . 4

2 .8-5 .4

1 .8-7 . 0

0 .8-2 .0

	

4 .9-7 . 1

11 . 7

3 .1-8 . 5

1 .4-7 . 3

41 . 4

0 . 6

0 . 4

2 .4

7 .4-9 . 6

12 .3-24 . 0

7 . 3

5 .2-16 . 3

10 .8-47 . 9

9 .8-10 . 6

5 .0-10 . 0

40 . 0

25 .5-43 . 0

6 . 0

3 .5-5 . 0

46 . 2

24 .0-35 . 0

23 . 4

5 .5-12 . 5

5 .6-28 . 0

1 . 0

16 .6-22 . 1

3 . 2

30 .0-40 . 0

6 .1-13 . 4

1 .0

Sandston e

Sandston e

Sandston e

Shale

Switzerlan d

Ogochi dam, Japa n

Test description Modulus of Modulus of
aeforteazion elasticvy

G?a

	

GPa

Sandstone 5 conglomerate Inferno dam, Ital y

Sandstone E slate

	

Japanese hydro . proj .

Sandstone

	

Kamishiba dam, Japa n

82 . 7

10 .0-35 . 0

7 .0

	

15 . 0

38 .0-45 . 0

2 .5-16 . 9

7 . 8

0 .6-3 . 2

1 .1-8 .9 Shale

	

Neudaz, Switzerlan d

Slate

	

Wallsee dam, Austri a

Slate

	

Nuclear power plant ,

Japa n
2 .4-4 . 4

26 6

TABLE 15 continued .

Rock tone and

	

Test location.
description.

Roujanel dem, France

	

pressure chambe r

Nuclear power plant ,
Japa n

Poatina power plant,

	

overall structur e
Tasmania

	

jack tes t

Kameyama dam, Japan

	

0 .3m 0 jac k

Telessio dam, Italy

	

jack tes t

Teisnach dam, Germany jack tes t

Alvito Sussidenea,

	

jack tes t
Portuga l

Careser dam, Italy

	

pressure chambe r
pressuremete r

Fallone dam, Italy

	

0 .6m 0 jack

267

Quartzite schis t

Quartzite & phyllit e

.uartz- Feldspar-
_riotite- granite-gneis s

_'uartzite, jointed

Cuartzite sandstone

:;oartz-seri tic shal e

artz diorit e

C .. ,rtzite, micaceou s

vrtzit e

..ua rtz-porphyr y

artz-porphyr y

rtz-diorite

I .

:zite with shal e

.zite, massiv e

sa tzit e

e & gneis s

ton e

e ston e

..atone, compac t

s ton e

ton e

. .. ._one , arkos e

eston e

Cstone, clay & shal e

Mlca schis t

Mudstone

Muds ton e

Mudston e

Orthogneiss, massiv e

Peragneis s

5artzit e

erous phyliiti c
gneis s

Quartz-feldspar -

b iot i te-grant te-gneis s

Quartzite wit h

phyllite and shal e

Quartziferous phyllit e

'.uartz-porphyr y

juartz-phyllite

Barbellino dam, Ital y

Bhakra dam, Indi a

Caprile dam, Ital y

Sydney, Australi a

Gien Canyon dam, US A

Cambambe dam, Anglo a

Antioch, US A

Hitotsuse dam, Ja p an

pressure chambe r

0 .3m 0 jac k

jack tes t

pressure chambe r

jack tes t

overall structur e

overall structur e

jack tes t

pressure chambe r

jack tes t

jack tes t

jack tes t

jack tes t

jack tes t

Kariba dam, Rhodesia

	

jack tes t

Latiyan dam, Iran

	

jack tes t

Lovero tunnel, Italy

	

jack fes t

Malga Bissona, Italy

	

pressuremete r
overall structur e

Morrow Point dam , USA overall structur e

Srisailam dam, India

	

jack tes t

Sudegai dam, Japa n

St . Antonio pressur e
shaft, Ital y

Cedar City, US A

Tignes dam, Franc e

Tachian dam, Taiwa n

Zinnoun, Morocco

Not know n

Davis dam, US A

Fontana dam, US A

Frera dam, Ital y

Forte Buso, Italy Pressure chambe r

tierlos pressure shaft, overall structur e
Austri a

D'Avene dam, France

	

jack tes t

Gordon dam, Tasmania

	

jack tes t

Jasse dam, Italy

	

0 .6m 0 jac k

jack test

TABLE 15 continued .

Test description Modulus of
deformatio n

GPa

Modulur o f
elasticity

G?a

14 . 0

0 .18m 2 jack 1 .4-5 .3 5 .1-25 . 4

5 .0-10 . 0

jack test 1 .5-5 .9 1 .9-14 . 7

jack test 0 .8-1 .7 1 .9

21 .5

	

31 .0-34 . 4

60 .0-70 . 0

	

1 .0-2 .0

	

1 .8-5 . 0

	

1 .0-3 .0

	

1 .7-7 . 0

4 .8

	

9 . 0

2 . 0

3 .0-19 . 5

0 .5-1 .7

	

13 .0-16 . 0

Sandstone

	

Latiyan dam, Ira n

Sandstone and shale

	

Latiyan dam, Ira n

Sandy limestone

	

Marmorera tunnel,

	

pressure chambe r

Sandstone

	

Paltinul dam, Romaine jack tes t

Sandstone & schist

	

Poiana Uzului dam,

	

1 .5m 0 jac k

Sandstone

	

Romani a

Sandstone & conglomerate Pietra del Pertusillo ,

Ital y

Sandstone

	

Rossees dam,

	

plate loading

	

0 .8-2 .0

	

1 .3-3 . 6

Switzerland

	

pressure chamber

	

3 .8-7 . 0

Sandstone E mudstone

	

Silisian Beskids

	

0 .8m 0 jack

	

0 .5-8 . 2

power plant, Polan d

Sandstone

	

Tonoyama dam, Japan

	

5 .3-1 3 . 0

Sandstone & shale

	

Tawa dam, India

	

0 .3m 0 jack

	

0 .02

	

0 .02

Sandstone & conglomerate Troné dam, Italy

	

pressure chamber

	

13 .3- 1 8 . 0

2 5 5pressuremete r

overall structure

	

17- 9

Waldshut pressure

	

jack tes t

tunnel, German y

Nuclear power plant ,

Japa n

Schist

	

Adiguzel dam, Turkey

	

0 .6m 0 jac k

Schist

	

Arrens tunnel, France jack tes t

Schist

	

Barbellino dam, Italy pressure chamber

0 .36

	

1 .0-2 . 4

5 .0

	

12 .5-19 . 2

48 . 0

Schist

	

Beauregard, Italy

	

pressure chamber

	

23 .5

	

46 . 1

Schist, micaceous

	

Grandval dam, France

	

jack test

	

9 .0-12 . 0

Schist & gneiss

	

Morrow Point, USA

	

jack test

	

5 .9-11 .3

	

15 .5- 1 8 . 3

0 .6-3 .0

	

0 .9-5 . 0
Schist, Silurian

	

Tihange nuclear power dilatomete r

plant, Belgiu m

Schist

	

Uzbekistan dam, USSR

	

jack test

	

1 .2-4 .6

	

2 .4-36 . 3

Serpentine schist

	

Alpe Gera, Italy

	

pressure chamber

	

6 . 7

jack test

	

7 .3-23 .1

	

8 .9-25 . 6

dem displacement

	

32 . 0

Seritic shale

	

Amsteg, Switzerland

	

pressure chamber

	

2 .7

	

3 .2 - 3 . 5

3 .2-29 . 4
Shale

	

Benposta & Miranda,

	

jack tes t

Portuga l

Shale & quartzite

	

Bargin mine, USA

	

jack test

	

3 .1-3 . 8

Shale

	

Jablanica tannet,

	

pressure chamber

	

12 . 5

Yugoslavi a

Naruko dam, Japan

	

jack test

	

4 . 0

dam settlement

	

4 . 1

pressure ehanbar

	

5 . 1

pressure chamber

	

0 . 1

jack test

	

9 .0-25 . 0
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Rock mas s

Uniaxial compressive strength of intact rock - a b - see table 9 on page 141 .

Material constant for original rock mass

	

- m - see table 12 on page 176 .

Material constant for original rock mass

	

- s - see table 12 on page 176 .

Modules of deformation for rock mass

	

- E - see table 15 on page 262 .

Poisson`s ratio for rock mass

	

- v - 0 .15 to 0 .30 .

Material constant for broken rock mass

	

- mr - see table 12 on page 176 .

Material constant for broken rock mass

	

- S r - see table 12 on page 176 .

Unit weight of broken rock mass

	

- yr - see below

Sedimentary rock,

	

y r - 0 .02500 .003 MN/m 3 - 155±19 lb/ft 3
Igneous and metamorphie rocks

	

y r - 0 .030±0 .003 MN/m 3 - 187±19 lb/ft 3
Monore neralic aggregates (ores)

	

yr - 0 .03400 .012 MN/m 3 - 210±75 lb/ft 3

Degending uvan the degree to which the rock mass is jointed or broken,
these values may be decreased by up to aoproximatsly 20Z .

concrete or shotcrete iining s

Modulus of elasticity of shotcrete or concrete - c̀ c -

	

21=7 GPa - 3 x 10 6 t 1 x 10 6 lb/in 2

Poisson's ratio of shotcrete or concrete

	

- v c -

	

0 .2 5
Compressive strength of shotcrete or concrete - c c .conc . - 35±20 MPa - 5000,_3000 lbfin 2
(Depending upon age and qualit-y )

Blocked steel Sets '

"iehs section 6112 "/odium section 8123 Seavy section ?' l✓ ê5 l

0 .0762m

	

2 .0 inches 0 .1059m

	

4 .16 Inches 0 .3048m 12 .0

i

in .

0 .1524m

	

6 .0 inches 0 .2023m

	

8 .0 inches 0 .3048m 12 .0 in .

0 .00228m 2 3 .52 in '- 0 .00433m 22 6 .71 in 2 0 .01233m '- 19 .12 in '-

8 .74x1 0 -6m` '

	

21 2 .67x1 0 -Sm"

	

64. in" 2 .22x10 -y m" 534 ln"

Young's modulus of steel

	

- E s - 207 GPa - 30 x 105 lb/in 2

Yield strength of steel

	

- ays - 245 MPa - 36 000 lb/in 2

Young's modulus of blocking material - Es -

	

Stiff blocking

	

10 000 MPa - 1 .5 x 10 6 lb/in 0

Soff; blocking

	

500 MPa - 72 000 lb/in 2

Rockbolts

16mm/ 5/gin . - 19mm/'/yin . - 25mm/l in . - 34mm/1 3/ain .

- 207 GPa - 30 x 10 6 lb/in 2

- see table 13 on page 257 .

- see table 13 on page 257 .

TABLE 16 - TYPICAL INPUT OATA FOR ROCK-SUPPORT INTERACTION ANALYSIS .

Flange width

	

W

Section depth

	

X

Section area

	

A s

Moment of Inertia

	

I ,

Bott diamete r

Young's modulus of bol t s

Anchor stiffnes s

Pull out strength
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Uniaxial compressive strength o f
intact roc k

Material constants for origina l
rock mas s

Modulus of elasticity of rock mas s
Poisson's ratio of rock mas s
Material constants for broke n

rock mas s
Unit weight of broken roc k
In situ stress magnitude s

Tunnel radius

°c = 300 MPa

	

(43,500 lb/i n 2 )
m = 7 . 5
s = 0 .1

	

(see table 12 on page 176 )

E = 40,000 MP a
v = 0 . 2

mr = 0 .3

	

{se es r = 0 .00 1

y r = 0 .02 MN/m 2

A - po = 27 MP a

- Po = 54 MP a
C - po = 81 MPa
0 -Pa = 108 MP a

rf = 4m

( 5 .8 x 10° Ib/in 2 )

table 12 on pa g e 176 )

(0 .074 lb/in' )

(3915 lb/in 2 )

(7830 lb/in 2 )

(11745 lb/i n 2 )

(15660 lb/i n 2 )

(157 .5 in )

Examples of rock-support interaction analysi s

Ex mp l e 2

An 8m (26 ft) diameter mine haulage tunnel is excavated i n
very good quality quartzite at a depth of 1000m (3280 ft )
below surface . Due to the proximity of mining o p erations ,
the stresses acting on this tunnel are increased locall y
by varying amounts .

	

lt is required to investigate th e
stabiiity of the tunnel and to consider the support measure

s
which should be used in different stress environments .

For the purposes of this analysis it is assumed that the shap
e

of the tunnel can be approximated by a circular cross-sectio n
and that the vertical and horizontal stresses acting on th e
rock mass surrounding the tunnel are equal . The input dat e
assumed for the determination of the regtl,Mred support line

s
are as foliows :

Substitution of the values listed above into the equation
s

given in table 14 on p age 259 give the results plotted i n
Figure 131 . Note that, in order to compare the required
support lines on the same graph, a dimensionless plot o f
tunnel deformation against support pressure has been used .

From equation 106 on page 251, the critical support pressur e
below which a

-zone of broken rock is Formed around the tunne l
is found to be

Picr/Pa = (1 - Ma c/Pe )

This riet et ionship is plotted as a broken line in Figure 131 .
For values of pi/pc greater than the critical support pressure ,
the behaviour of the rock surrounding the tunnel is elastic .

The results used in plotting Figure 131 are summarised below :

Elastic behaviou r

Minor failur e

Moderate failure

Substantial failure

27 1

Figure 131 : Required su pport lines for a very good quality quartziti c

rock mass surrounding an 8m (26 ft) diameter tunnel subjecte d

to different in situ stresses .

In the case of the tunnel subjected to an in situ stress o
f

n = 27 MPa (line A), the deformation of the surroundin g

c
rock mass is elastic and no support is required

.

For an in situ stress level of po = 54 MPa, the critica l

support pressure is about 1 MPa (145 lb/i n2 ) and hence ,

without support, some fracturing will occur around th e

tunnel . Figure 131 shows that the tunnel deformation i
s

r,
i

= 0 .22% (ui = 8 .8mm = 0 .35 in)
. The authors conside r

it
'
't
likely that the relatively minor amo unt of spalling whic h

would occur under these circumstances could be tolerated i n

a mining application and that support would not be necessary .

If small rockfalls and ravelling proved to be a problem
,

wire mesh pinned to the tunnel walls with short grouted bolt
s

would probably be sufficient to control the problem i

lt should be noted that any attempt to prevent non-elasti c

deformation of the tunnel under in situ stress conditions o
f

p = 54 MPa would be totally uneconomic
. Table 17 an pag e

269 shows that a support pressure of 1 MPa for e tunnel o
f

4m radius would require a concrete lining at about 300m
m

thickness or the use of heavy steel sets . As pointed ou t

above, the non-elastic deformation which occurs withou t

sup p
ort is probably unimportant in this case and, hence, an y

attempt to prevent this deformation would serve no usefu
l

purpose .

When the in situ stress magni tude reaches pe = 81 MPa (line Cl .

the critical sup p ort pressure Pier
= 6 MPa (870 Ib .in 2 ) an d

the deformation which occurs without support is ui = 39m
m

(1 .5 inches)
. Under these conditions the euthors conside r

po = 27 MPa, po/ec = 0 .09

E , Po = 54 MPa, Po/°c = 0
.1 8

C : po = 81 MPa, pc/°c = 0 .2 7

D : pc = 108 MPa, po/°c = 0 .3 6

1 .0

	

2 .0

	

3 .0

	

4 .0

	

5 . 0

Percentage ratio of tunnel deformation/tunne l radius ui/ri%

Zn siru stress
p,-?a

2 7

54

8 1

10 8

Line Crsied support Da, armation

	

Remarks
pressure Pier/Po

	

ui/es

< 0

0 .078 4

0 .074 1

0 .7139

0 .0 9

0 .2 2

0 .9 8

4 .40
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atz of lila severe deforma -
indvcated

	

time huchlie d
iess,

	

ibieg of' this saue
:cife ation kitte-

	

.Beien controlled
the applicatan of a thi n

o rarere aye•• and stahi . ty _ e
saugte for tesrcoras'w aeceeis .

it probable [hat the spalling and fracturing problems woul d
be severe enough [hat some form of support would be required .

An obvious solution to this support problem appears to be the
provision of a concrete lining or heavy steel sets which woul d
apply a support pressure of 1 or 2 MPa (see table 77 an pag e
269) to limit the deformation co say 20mm . Dr P .K .Kaiser `

points out that this would be the incorrect solution since ,
in this case, support should be used to control spallin g
rather than prevent deformation .

	

In spite of the fact tha t
the deformation is non-elestic and that its magnitude i s
relatively large, the tunnel does reach a stete of equilibrium
without su p port . Hence, provided that the fractured rock
can be kept in place to prevent progressive ravelling, there
is iittle danger of the Fracture zone propagating to the poin t
where the tunnel would collapse .

A good solution to this problem is to use light support whic h
is installed close to the advancing tunnel face and whic h
accommodates the tunnel deformation while preventing ravel-

lieg and spalling .

	

Light steel sets with relatively sof t
blocking would be an acceptable solution but an even more

economical solution would be the instaliation of untensione d
grouted reinForcing bars or of "spiit sets" (see discussion
an this type of sup port in Chapter 9) .

An example of the problem discussed above is illustrated i n
Figures 132 and 133 .

	

in this case, heavy steel sets viere
used in an attempt to control fracturing around a min e
tunnel and, as shown in Figure 132, these sets proved to b e
too stiff and were unable to accommodate the deformatio n
to which they were subjected . An alternative approach to th e
same problem was to install untensioned grouted reinforcing
bars ie holes drilled into the roof and sidewalls of th e
tuneef . These bars were installed close to the advancin g
face and viere tensioned by the deformation of the rock mas s
as the support provided by the face was removed and th e
rock allowed to relax .

	

Figure 133 shows that this system
has worked very well and there is very iittle spalling i n
the roof and sidewalls . The tower sidewalls, which were no t
supported, have suffered from Fairly severe spelling .

As pointed out an page 256, the support provided by g route d
reinforcing elements cannot easily be quantified and ther r
action is believed to be related to the " knitting together "
of the rock mass rather than to the controi of deformation .
ln spite of this lack of adequate theoretical background ,
practicai experience has demonstrated that untensione d
reinforcing elements can be very efFective when used in th e
correct way .

	

This subject will be discussed further in a
later section of this chapter .

When the in situ stress level reaches p o = 108 MPa, the de-
formation which occurs without support is u = 176 mm (7 in )
and this case represents a more severe example of the proble m
discussed above .

	

While it may be possible to control spalling
and ravelling with grouted reinforcing bars with the additio n
of mesh, it may have to be accepted that it is not practica l
to maintain an 8m diemeter tunnel under these stress conditions .

Personal communication with the authors . Dr Kaiser is a
member of the Department of Civil Engineering at th e
University of Alberte, Edmonton, Canada .

Figure 132

	

Use of heavy steel sets in an attemp t

to control fracturing around a mine tunnel subjecte
d steel sets are too to high stresses.

an d - cannot accommodate the ' deformatio n
this ap p
to which they are subjected .

Figure 133 Grouted untensioned reinfor -

cing bars installed close to the advancin g

tunnel face have been used to control }}s
,

spalling in the roof and uppe

r

Note that severe spalling has occurred i n

the unreinforced lower sidewalls
. Th e

projections from the reinforcing hole s

are wooden wedges used to keep the bar s

in place during the setting of the grout .



2 7 4
27 5

0

1 - 8 1 23 steel sets at 5ft centre s

with good blocking .

2 - 8 I 23 steel sets at 5ft centre
s

with paar blocking .

3 - 2in thick shotcrete .

4 - 1in diameter 10ft Jong mechanical l y

anchored rockbolts at 5ft centre s

installed within 10ft of face .

5 - 1in diameter 10ft lang mechanical l y

anchored rockbolts at 5ft centre s

installed about 30ft from face .

in .

Eigute 134 :

	

Rock-support interaction analysis of a 35ft diamete
r

tunnel in fair quality g neiss at a depth of 400 Fee
t

below surface .

In plotting the required support lines for the massive quert-

zite considered in example 1 ( figure 131 ), the influence

of the dead weight of the broken rock surrounding the tunne l
has been ienored . This is because, under the high stres s
levels considered in this example, the weight of the broke n
rock makes a very small contribution to the stress level s
around the tunnel . This can be checked by caTculating a

few points on the required support lines for the roof, side-

walls and floor of the tunnel by means of steps Z, m and n
listed in table 14 on page 259 .

	

It will be found that thes e
points are practically coincident and hence, only one lin e
has been plotted for zach stress level in fi g ure 131 .

..xwnoZe 2

A 35 ft (10 .7m) diameter highway tunnel is driven in fai r
quality gneiss at a depth of 400 ft (122m below surface .
The followi n g date are required to calculate the require d
sup p ort lines for the rock mass surrounding the tunnel :

Uniaxial compressive strength of rock

	

s = 10,000 lb/in 2

	

(69 MPa )
Material constants for original rock

	

m = 0 . 5

mass

	

s = 0 .00 1
Modulus of elasticity of rock mass

	

E = 2 x 10' lb/in 2 (1380 MPa )
Poisson's ratio of rock mass

	

v = 0 . 2

Material constants for broken rock

	

m r = 0 . 1

sr = 0
Unit weight of broken rock

	

(r = 0 .074 lb/in 3

	

(0 .02 MM/m 3 )
In situ stress magnitude

	

p o = 480 lb/in 2

	

(3 .31 MPa )
Tunnel radius

	

= ZIG i n

The required support lines for the roof, sidewalls and floo r
of the tunnel are plotted in figure 134 .

	

In this exampl e

the dead weight of the broken rock surrounding the tunne l

plays an important role in determining the stability of th e
Tunnel .

	

It will be seen in figure 134 that the sidewall s
stabilise at a deformation of about 5 inches but that th e

roof deformation continues to increase in an unstable manne r

for support pressures of less than about 12 lb/in 2 .

A traditional approach to the choice of a support system fo r

this tunnel would be to use steel sets desi gnec on the basi s
of Terzaehi's Rock Load Factor (see table 1 on page 77 ) .
Assuming that the rock mass surrounding che tunnel can b e
described as "moderately blocky and seamy", table 1 show s
thet the rock load to be supported by the steel sets range s
from about 8 lb/i n '- (0 .055 MPa) to about 25 lb/i n 2 (0 .172 MPa) .
This range compares well with that given by the analysi s

presented in figure 734 and, from table 17 on page 269 ,
medium weight steel sets (category F) are chosen as the mos t
appropriate support system .

The input deta required for an analysis of the suppor t
available from these steel sets are :

Flange width of steel set

	

12 e 4 .16in

	

(0 .1059 m )
Depth of section of steel set

	

X = Sie

	

(0 .2023 m )
Cross-sectional area of steel

	

A s = 6 .71in2

	

(0 .0043 m2 )
Moment of inertia of steel section

	

I s = 64in ' (2 .67x l0-S m" )
Yo ung's modulus of steel

	

E s = 30x l0e lb/in =

	

(207000 MPa )
Yield stren g th of steel

	

oys = 360001b/in 2

	

(245 MPa )
Tunnel radius

	

_ = 210in

	

(5 .33 m )
Set spacin g

	

S* = 60in

	

(1 .52 m )
Half angle between blocking points

	

5 = 11 .25°

(5 .33m)
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Block th icknes s
Modulus of blocking material

	

tB = 10i n

1-5 x I O6 16/in 2
Deformation

before support ins tallation uBo
=

In situ stress magnitude

	

3' n

po = 4 8016/in 2

nife-cuat
. J blacked 3f-sei Setsa Ia9 e hard rock trennet .

E c = 3x l Ob lb/in '-
v c = 0 .2 5

2i n

= 270i n
°cc= 50001b/in 2
u fa = li n

po e 4 801b/in 2

(0 .25 m )

(10,000 MPa )
(0 .075 m )

(3 .31 MPa )
lt has been assumed

that the steel sets are installed afte r
a deformation uy o

of 3 inches has already takén
place . From

the load-deformation curves p lotted
in figure 134 this can

b e
estimated to occur at a distance

of about 25 feet behind th e
face of the tunnel since the

Full tunnel def ormation of 5inches would be expected to occur about 40 to 50 Feet behin d
the face (between 1 and 1- tunnel di ameters) .
lt

has also been assumed that stiff
blocking is cor rectl y

installed
et an even spacing of 2B = 226° around the tunnel .

The available support
for these 8123 steesets at 5 F tspacing is given as curve number

1 in fi gure 134 and i t
will

be seen [hat the maximum
support capacity of abou t

25 lb/in '- is adequate to
stabilise the broken rock su rround-

ing the tunnel . However, since the
spacing of the set s(5 Feet)

is rel ati v
be ly large for " blocky and seamy rock" ,

it
would

	

n ecessary to use wire
mesh or shotcret e

support small
rock pieces between the sets

.
The imp

ortance of correct blocking in
steel set installation s

can be demonstrated by chan g ing the block spacing and th e
block s tiffness in the analysis presented above . Curve 2
in figure 134 has been calculated for a

block spacing o f
29 e 40° and an

elasticity modulus o f(500 MPa) for the blocks .

	

lt will be

	

e - 7 2
` n

	

the Suppor tfor the stabil isation of the
tunnel roof,

	

not a dequat e

Since, as stated above, it
would be n ecessary to use wir e

mesh or sh
otcrete to stabilise small pieces of rock, th eobvious question which arises is - can

s hotcrete or mesh -reinforced s hotcrete
be used to stabilise the tunnel w ithou t

the steel set s

The following input
data are used to c alculate the av ailabl e

support
curve for a 2 inch thick shotcrete

Iaye rModulus of e lasticity of sh otcret ePoisson's ratio of
s hotcret eThickness of shotcrete laye r

Tunnel radiu s
Compressive strength of

s hotcret e
Deformation before shotcrete

pp acin gIn situ stress magnitude

(20700 MPa )

(0 .05 m )
(5 .33 m )

(34 .5 MPa )
(0 .025 n )

(3 .31 MPa )
Curve number 3 in figure 134 rep resents the av ailable suppor t
characteristics

of a 2 inch s totcret e bysub
stituting the data listed above lint or the equaation s

summarised in table
14 on pages 260 and 261

. This curveshows that the shotcrete
layer has a dequate strength an d

stiffness to s tabilise the broken rock sur rounding the tunnel .
Many engineers find it diffficuit

to believe that a [hi
n

layer of s hotcrete can provide effective tunnel suppor t
and these en gineers

would generally prefer to
use stee l

rather than shotcrete .

	

However, the eising
price of steel

[ sand of the
labour required to ma nufacture and place steel
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sets will forte these engineers to examine alternativ e

support systems . Those who have had experience of usin g

shotcrete will have little doubt that this is a viabl e

alternative which will find more and more applications i n

under g round excavation support .

The brittle behaviour of concrete is one of the problem s

associated with the use of shotcrete or concrete linin g

in tunnels . This problem is particularly troublesome i n

mining operations in which mining activities induce a con-

stantly changing stress field in the rock surroundin g

underground excavations .

	

In excavations such as stop e

access tunnels and draw-points, the use of shotcrete o r

concrete should be avoided because these excavations suffe r

from large stress changes during mining .

In order to overcome this problem, the use of wire mes h

reinforcement is common and an increasing amount of attentio n

is bein g given to steel fibre or glass fibre reinforcemen t

of shotcrete . This subject will be dealt with in g reate r

detail in Chapter 9 .

A further problem with the use of shotcrete is associated

with the irregular excavation profile which is usuall y

achieved in a drill and blast tunnellind operation .

	

Du e

to the jointed nature of the rock mass and to careles s

blasting practices, substantial overbreak is common i n

hard rock tunnelling and, while this situation can be

improved by the use of correct blasting techniques, it i s

not possible to avoid it completely . A study of the deriva -

tion of the support reaction equations for concrete linin g

will soon convince the reader that the action of the linin g

depends upon a uniform stress distribution in a continuou s

ring in intimate centact wich the rock mass .

	

In the cas e

of e thick concrete lining, the variation of lining thicknes s

due to variations in the tunnel profile does not give ris e

to serious p roblems . However, in the case of a thin shotcret e

linin g , the abrupt changes in tunnel profile can induce hi g h

stress concentrations in the shotcrete lining, causin g

cracking and a serious reduction in the load bearin g capacit y

of the lining .

	

In geriere], the Guthors do not recommend

	

th e

use of shotcrete as the sole means of excavation suppor t

in situations in which the tunnel profile deviates by more

than a Feet percent from the design profile .

Rockbolts are obvious candidates for consideration as th e

support system for this 35 foot diameter tunnel . Table 1 7

on page 269 suggests that a patt e_en of t Inch diameter hol_ s

spaced at about 5 feet centres should provide adequate sup-

port capacity for this application and the following dat a

are used in the calculation of the available support curve s

for such a system .

Rockbolt lengt h

Rockbolt diamete r

Modulus of elasticity of holt stee l

Anchor/head deformation constan t

Ultimate strength of bo j t syste m

Tunnel radius
Circumferential bolt spacin g

Longitudinal bolt spacin g

Deformation before bolt installatio n

In situ stress magnitude

= 120i n

dt =lin

E b = 30 x 10 n ib/in '-

Q = 2 .5x10 7 'inil b

T bf= 65 .0001 6

• = 210i n
• = 60i n

• = 60i n

uio= li n

p c = 4801b/in '-

(3 m )
(0 .025 m )
(207,000 MPa )

(0 .143 m/MN )

(0 .285 MN )

(5 .33 m )
(1 .52 m )

(1 .52 m )

(0 .025 m)

(3 .31 MPa)



Curve number 4 in figure 134
r e p

resents the available suppor
tgor this rockbolt system and it shows that adequate s

uis provided for the tunnel .

	

PPor t

Curve number 5 has been calculated using
id entical input dat a

to those listed on the pr
evious page with the exc pthe value of u i° , the deformation

	

e before
the ins tallation

	

assumed to occur tellreof the rockbolts .

	

If the bolt z ins tallationis delayed until 4 inches of tunnel deformation have
o ccurred ,

the support r
eaction curve of the rockbolt system will no

t
i
ntersect the characteristic curve for the rock mass in th

eroof until it is too late

	

Under these circumstances, th
e

rock mass will c
ontinue to ravel around the bolts and th

e
bolts will ev

entually end up sticking out of a pile of roc
kon the floor of the tunnel

!

This hypothetical example
demonstrates the 'ixtreme imp ortanc e

oF timing when using r
ockbolts for underground e xcavatio n

support .

	

Because of the fl
exibility of the rockbolt system

,
letz ins tallation can allo•

.,i ercessive def ormation to occu r
before the bolt r eaction is fuliy mobilised

. As a genera lrule, rockbolts should be
in
stalled as early as p ossibl eand, ideally, the rockbolt installation procedure shoul

dbe integrated into the drill-blast-muck cycle
.

	

This subjec t
w i

ll be examined in greater detail later in this chapte
rand in Chapter 9 when some of the practical aspects o

f
underground sup port design are di scussed .

Curve number 4 ill
ustrates a further important aspect o

frockbolting as a s u p port system for underground
excavations .

Ob viously, a higher suppor
t broken rock in

	

op ssure

f[he t u

the t is l than [ha t t in t h esidewalls .

	

the roof o unnel than

	

t in th e
This v

ariation in support p
ressure can be achieve dby varying the spacing between individual bolts and, in

a
t y pica ll app licatio❑

the spacing could be
in creased Fro m

1 .

	

x

	

Sm in the roof to 2 x 2m in the sidewalls
. This re -duction in bolt density in the

si
dewalls can result i nnificant r

eductions in cost, due mainly to sig -
of drillind required Alternas'

	

s
necessary a

t oun tmaintain a constant

	

aller

	

it
i

netz ho

	

r
bolts can be used in

[Patte srin

,d sewaallllle to reduc e

ducth

e

and veral
ls tocost of the bolting system

. o

	

rol l

A large cavern is to be
ex

cavated to house a number of turbine
s

for power g en
eration in a hydro-el=_ctric

pr oject . The caver n
i
s 250m (820 Ft) below surface in a good qualiry

q uartzite .
T h e span o f the ex

cavation i s to be 25m (82 f
t

In situ stress measurements have been carried out in an ex-pl
oration tunnel and finite element studies have bee

nto investigate the stress'distribution around the
prosed

excavation . These

	

p erforme d

the rock abovz

	

studies have shown [hat the s ee s esin

	

the roof of the cavern

	

[ esse[ n
those which would be induced in

tto roc k cke sh o urr
iro similar [ o

tunnel of 25m diameter
s ubjected to

	

ual

	

zontal a circula r
vertical stresses of p

	

1h 0q lb horizontal an d
of these

	

o

	

IOMPa (1L50

	

/in--) . On tie tost [studies it has been decided to use the rock-s
u

interaction
analysis, presented earlier i ns tun

	

pPOr t
Y the characteristl

	

this cheter, t o
cs of possible support System

e
Th e

roof ri gquired support line for the rock mass above the caver
ncalcüiated by means of the equations listed in fable

Uniaxial compressive strength of roc k
Material constants for original roc k

mas s
Modulus of elasticity of rock mas s

Poisson's ratio of rock mas s

Material constants for broken roc k

mas s
Unit weicht of broken rock mas s

Equivalent in situ stres s

Equivalent tunnel radius

a c

m

s

E

m r

s r

Y r

P o

n2

The resultind required support line is marked A in figur e
135 .

The proposed method of excavation involves mining a pilo t
tunnel along the axis of the cavern at roof level, as show n
in the margin sketch . The cavern arch will be opened ou t
from this central pilot tunnel and, once the roof has bee n
opened to futil span, the remainder of the cavern will b e
excavated by benching down Fron this top heading . As th e
pilot tunnel is mined and as each successive stage of th e

final roof profile is excavated, rockbolts will be installe d

to provide both temporary and permanent support for the rock .

In order to investigate the adequacy of rockbolting as a mean s
of supporting this cavern roof, the available support lin e

for a 2 x 2m pattern of 5m long 25mm diameter mechanicall y

anchored bolts is calculated from the dato listed below .

Length of rockbolt s
Diameter of rockbolt s

Modulus of elasticity of bolt stee l

Anchor/head deformation constan t
Ultimate strength of bolt syste m

Equivalent tunnel radiu s

Circumferential bolt spacin g

Longitudinal bolt spacin g

Deformation before bolt installatio n
E q uivalent in sitz stres s

The resulting available support line is marked 1

	

in figur e
135 and it will be seen that this curve does not intersec t
the characteristic curve A for the rock mass in the caver n
roof . Consequently, the proposed bolt pattern will not pro-
vide adequate sup p ort for the cavern roof .

An obvious solution to this lack of support capacity is t o
reduce the bolt spacing . Curve number 2 is the support reactio n
curve obtained by placing an additional bolt at the centre o f
each 2m x 2m grid, thereby reducing the effective bolt spacin g
to 1 .41m x 1 .41m .

	

From equatton 128 on page 256 it will b e
seen that the maximum supp ort pressure p smax provided by e
bolt system installed in a square pattern is proportional t o
the square of the bolt spacing .

	

Hence, a relatively smal l
r-eduction in boit spacing can be used to give a significan t
increase in maximum support pressure .

An alternative solution is to add a second sup p ort system ,
such as a later of shotcrete, to the original 2 x 2m rockbol t
pattern . This solution, provided [hat it gives en adequat e
increase in support capacity, would make a great deal o f

practical sense because it would erobably be necessary t o

= 200 MPa

	

(29,000 lb/in 2 )

= 1 . 5

= 0 .00 4

= 12,000 MPa

	

(1 .77 x10' lb/in 2 )

= 0 . 2

= 0 . 1

= 0

= 0 .02 MN/m 3

	

(0 .074 lb/in 3 )

= 10 MPa

	

(1450 ib/in 2 )

= 12 .5m

	

(492 in )

5 m

0 .025 m

207000 MP a

o .143 m/M N

0 .285 M N

12 .5 m

• 2 m

• 2 m

• 0 .005 m
10 MPa

(197 in )

(1

	

in )

(30x1 0 6 Ib/i n ''- )

(2 .5x i0 2S in/Ib )

(85,000 lb )

(492 in )

(78 .7 in )

(78 .7 in )

(0 .2 in )

(1450 ib/in 2 )
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stabilise the rock surface between the bolts in order t o
protect men and equipment in the cavern from small fallin g
rocks . Consequently, a support system comprising rockbolt s
on a 2 x 2m grid with a layer of mesh reinforced shotcret e
covering the rock surface may meet all the support requirements .

The

	

Input data needed

	

to calculate the available support

	

fo r
a shotcrete

	

layer are

	

listed below :

Modulus of elasticity of shotcrete E c = 20700 MPa (3 x10 6

	

lb/is 2 )
Poisson's

	

ratio of shotcrete v

	

= 0 .2 5
Thickness of shotcrete

	

layer t, = 0 .05 n (2

	

in )
Tunnel

	

radiu s

Compressive strength of shotcrete
Z = 12 .5 m (492

	

in )

(5800

	

lb/in 2 )c c m 40 MP a
Deformation

	

before shotcrete placin g uz0= 0 .005 m (0 .2

	

in )
Equivalent

	

in

	

situ

	

stress p o = 10 MPa (1450

	

lb/in 2 )

The available support line for this shotcrete layer is marke d

3 in figure 135 and it will be noted that the support capacit y

of this layer is only just equal to that required to stabilis e
the rock in the cavern roof . However, taking the combine d
support reaction of the 2 x 2m rockbolt pattern and the 50mm
shotcrete layer (usin g the e q uations listed in table 14 o n
pa g e 261) gives the available support line marked 4 in figur e
135 .

	

Considering that, at this stage, the rockbolts hav e
not been g routed, this combined support reaction is helieve d

to be adequate to provide support during excavation of th e
cavern roof .

Since the rockbolts are intended to provide permanent suppor t
of the cavern roof as well as the support during excavation ,

it will be necessary to provide some form of Jon g term
corrosion protection for the bolts . The simplest and cheapes t
solution to this problem would normally be to inject grou t
into the annulus surrounding the bolt . The question whic h
then arises is - what does groutin g the bolt do to it s
support reaction curve ?

This question has already been discussed on pages 256 an d
2 5 8 where it was pointed out that a direct calculation of th e
support reaction of grouted rockbolts cannot be made on th e
basis of the rock-support interaction anaiysis presente d
in this chapter .

	

However, a very approximate analysi s

can be made by essuming [hat the effect of grouting is t o

knie the broken rock mass together and to increase it s
apparent "tensile" strength .

	

This anaiysis can be carrie d
out by increasing the values of m r and/or s r in the equation s
listed in table 14 on page 259 .
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Roof d eformatio n

0 .5

	

1 .0
.5

	

2 . 0

- in

9 0

= 0

sr = 0 .0000 5

sr = 0 .0001 0

s r = 0 .0001 5

5m x 25mm bolts at 2m x 2m

5m x 25mm bolts at 1 .4m x 1 .4 m

3 - 50mm shotcret e

4 - shotcrete and bolts

5 0

2

S

r 1020
30

	

4 0

Roof deformation mm

50

	

6 0

A -

B -

C -

D -

1 -

2 -

6 0

0

10

80

7 0

Figure 135
: Required and available support curves for a 25m spa

n
cavern roof arch in good quality quartzite

In order to avoid confusion, only one of these materia l
constants has been varied in the analysis presented i n
fi g ure 135 . The curves marked A, B, C and D have bee n
calculated using the following values of the constant sr :
0, 0 .00005, 0 .0001 and 0 .00015. These relatively modes t
increases (compare the values with those listed in tabl e
12 on page 176), result

	

in a remarkable improvement in th e

stability of the broken rock in the roof of the cavern .

The authors are uncertain of how realistic this anaiysis i s
but it does tend to confirm practical observations whic h
s u ggest [hat grouted rockbolts perform very weil in providin g
support in underground excavations .

A further question which arises from the discussion presente d

above is - if the bolts are to be grouted, is it necessary t o
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tension these bolts before grouting ?
The answer to this question is

directls relate d of both bolt
installatoon and grouting .

	

If the bolt
s th ealled very

	

timin gi n s e e a pultclo

	

`he face of a tunnel or durin ar e
stage foak mass before excavation sequence,

	

fo 9
rmati

io hminimal .

	

efor_

	

the the

	

fo nSubse

	

* *" s talla tion of the bolts wil ltionminn

	

quent excavation will induce f

	

b enh which will mobilise the support

	

'umhe re bolt .

	

If

	

reaction

	

def orma -
bolt

	

the holt is g routed

	

at ly after rrst c sfact,

	

is no need

	

e-tensio' the a lter ial-`here is no need to

	

to pt

	

n n
ing of a lengih of reinforcing

	

the bolt and the bolt .

	

I n
orcing s teel will do

a just dowe l as e o nsist -Mla rge undzr

	

just as well .Many
a neaas -

	

ground excavations in Sca ndinavi a°' "Perfobolts" w hich ar ewhich are filled

	

perforated

	

are supporte dwith g rout ad i ube snnser ed
i nto

dri lledtholes ;the centr
e the

own ro

	

cs thenf extruded when reinfoAcin

	

hol ehave gt
iromut is

	

the grout-filled tuee .
a

9 ro dnu is pufm
grou

	

ck shaue

inplified
this systehenven furt er by p umpiino al

h
it

	

hole sgrout b efore it sets
. and t

	

th e These

	

ushing
will

dowels into [hic kdowels are installed and r outed t*very ri 11 anfte
the roc k

er the roc kdto be supported has been exposed and

	

son ndeformation has ta ken
plag

	

before signi fican t

When the grouting has to be delayed for any reaso
n

is ad
danger that a contractor will fal lbojt installation

	

if ther zr igid bo

	

lation and grouting

	

t o
s adher

e chedule, the t o ta ver yec cri

	

that b olts be anchored an
ts e , .

Thi s
his re m

a [icas l
ef

l Support tuntil he grouti g c atensioned the bolts out ,
tp rovid ehe cr u

	

a int s
g can be carried out .in the case of the 25m

thisr example at hsugreste span

	

nsyunder

	

nideratio i nstem and tschedule n fo ris es follows
1

	

Excavate the pilot tunnel and instal lanchored b olts on a 2m x 2 mtunnel

	

grid

	

5m mechan icall yshould be about 6m wide

	

Glotz that the p ilo teff icient dri

	

and 6 to S high t o
m

an

d

Ion gr obolts .vide enough room' for the
Installation

n o
f
f

5m
dlao o m

2
. Tension the bolts to about i5 tonnes (hal

f
capacity), preferably with a

hydrauli cA gradual

	

the bol t
Works

	

drop in bolt load will

	

holt

	

a r .
nch ou r as

	

ain the rock under

	

influence

	

ancho ring and general

	

`he *nfl
uare

	

da

	

mo vement in the rock
. of edj the

	

blast -
are i

	

y tensioned before

	

as re dIoad

	

Y be as l

	

as 10

	

e grouting, the m eaue dow tonnes .3
. Excavate the remainder of the cavern roof stage b

y
installing

and tensioning 5m long bolt
s

grid at each stage .

	

on a Zn

	

stage ,
x 2 m

goodOn cozplbion of the cavern roof excavation an
ddown access

	

available, ie before

	

whil e
gdost

	

ces, retension all

	

ngchi
nh ydrauli cbolt tensioner, rou

Injecttako;t
the bolts t the

ibolt holes
,

sioning to avoid loss ofPlace within 24 hours o fioad .5 . install
weldmesh ovzr the entire cavern roof,

at taching it
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to the grouted rockbolts by means of a second washe r
and nut and fixing it et intermediate points with shor t
grouted mesh fixing pins .

	

Details of bolting, grouting ,
mesh and mesh attachment will be discussed in the nex t
chapter .

6 . Apply a 50mm layer of shotcrete, ensuring that i t
penetrates the mesh and adheres to the rock and tha t
the mesh is completely covered . Thicker shotcret e
layers may be required in areas where the excavatio n
profile is irre g ular .

	

lt is important [hat the weld-
mesh be completely covered in order to avoid late r
problems with corrosion of the mesh .

There are many alternative methods of carrying out the jo b
described above . These will vary with the excavation
schedule and with the equipment bein g used by the contractor . ,
Provided [hat the basic principles outlined on the precedin g
pages are used, the exact method of execution will not hav e
a significant influence on the final result .

Examole 4

Cycloned mill tailings play an important role in the minin g
of massive base metal orebodies . The coarse sind fractio n
from these tailings is placed hydraulically in s[opes and ,
when drained, this sind provides support for ehe surroundin g
rock . The mechanics of the support process are g enerall y
poorly understood and it is interestin g to consider whethe r
the rock-support interaction analysis presented in thi s
chapter can be used to investigate this problem .

Suppose that a near vertical orebody stope is approximate d
by a vertical shaft which is subjected to equal stresses
in a horizontal plane of pp = 3000 lb/in2 (20 .7 MPa) .
The equivalent radius of the excavation is assumed to b e
r . = 20 Feet ( 6 .1 m ) . The followin g input date are use d
in the calculation of ehe required support link for the roc k
mass surrounding the stope :

Uniaxial compressive stren g th of roc k
Material constants for original roc k

mas s
Modulus of elasticity of rock mas s
Poisson's ratio of rock mas s
Material constants for broken roc k

mass (see table 12 on page 176 )

s r =0
(0 .02 MN/m 3 )Unit weight of broken rock mass

	

y r = 0 .074

	

lb/in 3
In

	

situ

	

stress magnitude

	

po = 3000

	

lb/in 2 (20 .7 MPa )
Equivalent

	

shaft

	

radius

	

r4 = 240

	

in (6 .1 m)

Note that the material constant m r has been varied to giv e
the approximate required Support lines for fair, poor an d
very poor rock surrounding the excavation . The conditio n
of the broken rock surrounding the stope will depend no t
only upon the inherent quality of the original rock mas s
but also upon the excavation method used and the amount o f
damage inflicted on the rock by the stope blasting . Method s
such as cut-and-fill mining or vertical crater retrea t
stoping will cause less damage to the rock than open stopin g
techniques involving massive blasts .

g c e 10,000 lb/in 2

	

(65 MPa )
m = 1 .5 (see table 12 o n0 4s = 0

.E _ ' x

	

lb/in 2
v e 0 . 2

m r = 0 .30 (Fair )
mr = 0 .08 (Poor )
m r = 0 .015 (Very poor)

page 176 )
(27,600 MPa )



calculation of the available support curves .

The initial deformation before filling has been assumed a t

u,,, = 0 to correspond to immediate filling of the stope .

In order to construct the available sup p ort line Fo r

a particular fili for a given value of initial deformation ,

the plotted curve is shifted parallel to itself to pas s

through ehe specified veule of 2/ 0 .

The fol lowing general conclusions can be drawn fron th e

results presented in figure 13 6

When the rock mass is of inherently good quality and whe n

sufficient care is taken to minimise damage to the stop e

Walls by careful blasting, the stope will probably stabilis e

without the need for internal support . This situation i s

illustrated by the rock mass characteristic curve marke d

"fair" in figure 136 .

As the rock mass quality deteriorates and/or as the dama g e

to the rock surrounding the stope increases, ehe need Fo r

internal support becomes greater . This is illustrated b y

the deformation of more than 20 Inches which occurs befor e

the rock nass designated "poor" reaches stabil i ty .

	

In a

typical cut-and-fill Operation in which the fill is place d

close to the excavated face, the available Support provide d

by cycloned tailings should be enough to stabilise the stope .

If fillin g is delayed as would be the case in a post-fille d

open stoping operation, it nay be necessary to use cemente d

cycloned tailings in order to achieve ehe required degree

of support .

Figure 136 : Ap
proximate analysis of support characteristics o f

Fill in base metal mining .

In Order to in
vestigate the available support characteristic s

oF different types of fill, the equations for concrete linin
g(tabie 14 on page 260) are used wit h

the fill moduli have been have

	

estimated
f
fr ron publishe d hed paper sdealing with mine filling 2 " -Z27,

	

The following input dat a
have been used to calculate the available support line

splotted in figure 136 .

Modulus

	

of

	

elasticity

	

of

	

ril l
Partially drained

	

raw

	

tailings

	

E c =

	

7000

	

lb/in 2Partiaily drained (6 .9 MPa )cycloned

	

tailings

	

Ec = 5000

	

lb/in 2Drained (34 .5 MPa )cycloned

	

tailings

	

E c=

	

10,000

	

lb/in 2cemented (69 MPa )cycloned

	

tailings

	

E c= 20,000

	

lb/in 2Cemented (138 MPa )waste

	

rock

	

Fill

	

E c = 50,000

	

Ib/in '-Poisson's

	

ratio

	

of

	

Fill (345 MPa )
= 0 .2 5Thickness

	

of

	

fil l
Equivalent

	

240

	

in (6 .1 n )shaFt radius

	

ri= 240

	

i nUniaxial

	

strength of

	

fill
°cc

	

(see note below )Deformation

	

before

	

fill

	

placing

	

0a=

(6 .1

	

n )

Equivalent in

	

situ

	

stress
po = 3000

	

Ib/in 2 (20 .7 MPa)

Since the fill is almost completely confined by the stop
ewalls, F

ailure of the Fill does not result in a si g nifican tlass oF stiffness
. Consequently, the compressive strengt h

of the Fill is arbitrarily chosen as some high value For the

In poor rock nasses or when the damage to the stope Wall s

very severe, the required support Iine marked

	

ery poor "

shows that unusually high support pressures would be require d

in order to achieve stability .

	

Under such ciecumstences ,

the use of cemented cycloned tall ines or of cemented wast e

rock fill nay be required .

	

In extreme cases, i,. .-y b e

necessary to introduce the rockfill into the to :: of the stop e

et the same time as the ore is drawn fron the botton t o

ensure thzt the stope Walls are not left ensupporeed at an y

time during the mining oo=_ration .

Obviously, this analysis is extremely Grude bot it d ee s

il iustrete many of the Facts relat=_d to the use of fill i n

stope support . The authors do not believe that any usefu l

purpose would be served by attempting to carry out a mor e

refined analysis than that presented above and they emphasise ,

once again, that the purpose of this exameie is to illustrat e

some of the basic principles rather than to ob[ain quantita-

tiv e information .

Discussion on rock-support interaction analysi s

The simpl ified analysis and exampies presented on the pre-

ceding pages are intended to provide the reader with a basi c

understanding of the mechanics of rock support . As state d

earlier in this chapter, a number of assumptions (listed o n

page 249) have been made in deriving the equations used i n

the rock-support interaction analysis and these essemistion s

inpose some eerious limitations upon the accuracy and appli -

cability of this analysis . The post serious limitation i s

that it is only strictly correct for a circular tunnel sub -

jected to equal horizontal and vertical in situ stressec .



2 8 6

In spitz of these limitations, the authors have found thi s
analysis to be of great value in developing their own under-
standing of the mechanics of rock support and in teach in g
others some of the basic concepts of this relatively poorl y
understood field .

	

lt is hoped that the reader will fin d
the discussion presented earlier in this chapter to be o f
va lue in the Same way .

lt will be clear to the more mathemati cally tnclined reade r
that some of the concepts used in developing the rock-suppor t
interaction analysis are amenable to considerable refinement .
As our knowledge of rock mass behaviour impreves and as ou r
ability realistically to model this behaviour by compute r
techniques increases, it is probable that techniques fo r
analysing rock-support interaction will advance far beyon d
those currently available . Numerical studies of tunne l
sup p ort using finite element techniques have Seen publishe d
by a number of authors 23a-24a and Cundall and his colleauges
at the University of llinnesota 241 , 2

' 2 have discussed th e
use of "distinct element" numerical modeis in which individua l
blocks of rock can be incorporated in rock-support interactio n
studies . The authors have no doubt that these numerica l

studies are forerunners of a vast array of numerical technique s
which will be developed in the Future .

The authors have no objection to these developments provided
that both the numerical analysts and the users of thes e
methods bear in mied the real world in which elegant theore-

tical models can be rendered invalid by the presence of a
clay filled fault, the careless design of a blast resultin g
in a poor excavation profile, or the failure of a grout pum p
during a concrete lining operation resulting in voids behin d
ehe lining. The essential ingredient of any successfu l
rock support programme is the ability of the undergroun d
excavation eng ineer to adapt to the actual conditions encount-
ered in the Field .

	

lt is important [hat this engineer shoul d
start out with a clear understanding of what he or she i s
trying to achieve and a sound idea, based upon theoretica l
studies or on precedent experience, of what support option s
are available .

	

lt is even more important that this en g inee r
should be able to adapt these options to the constantl y
changing conditions encountered underground . The rigi d
adherence to a single sup p ort design, however ele g ant, doe s
not produce an effective or economical underground excavation .

Use of rock mass classifications for estimating suppor t

An alternative to the theoretical approach to rock suppor t
is to use precedent experience as a basis for estimatin g
the support requirements for underground excavations . Thi s
approach tended to develop in a rather haphazard manner unti l
the advent of rock mass classification systems provided a
rational framework for relating previously isolated piece s
of practical experience .

A Full discussion of the development of rock support desi g n
on the basis of precedent experience is beyond the scop e
of this chapter and the interested reader is referred t o
chapter 2 and to the numerous references cited in tha t
chapter .

	

ln the following pages, the discussion will b e
concentrated upon the use of the rock mass classificatio n
systems developed by Barton et al of the Norwe g ian Geotech-
nical Institute ]. and by Bieniawski of the South Africa n
Council for Scientific and Industrial Research 2S,25 _
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!Jaximum unsupported excavation Spans

Barton LS has compiled a collection of about 30 cases o f

permanently unsupported excavations in a variety of roc k

masses . The spans of these excavations have been plotte d

against the rock mass quality (Q) in figure 137 and th e

authors consider that this Plot provides an excellent basi s

for estimatin g the maximum unsupported span which could b e

excavated in a rock mass of known quality .

As pointed out by Barton, there is no way of knowing how

close these excavations are to failure and hence it coul d

be argued that figure 137 will always provide a conservativ e

estimate of unsupported excavation span . White this i s

certainly true, the reader would do well to renember tha
t

it has taken very brave men to raine some of these excavations '

and that, before deciding upon a less conservative desig
n

it is worth spending a few moments contemplatin g the conse -

quences of being too daring .

In figure 138, the maximum unsupported spans for differen t

Excavation Support Ratios (ESR - see Page 30) have bee n

plotted against the rock mass quality Q . The equation whic
h

defines the lines plotted in figure 138 i s

Span = 2 . ESR . Qa-4

	

(131 )

Alternatively, the critical value of Q for a given excavatio n

span can be found by rearranging equation 131 as follow s

Q = (Span/2 . ESR) 2-5

	

( 1 3 2 )

Barton suggests that, during mapping of a tunnel reute o r

the evaluation of an underground excavation site from dril l

core, a knowledge of the critical value of Q (from equatio n

132) will enable the geologist or engineer to identify thos e

sections which can probably be left unsupported and thos e

'eich will require detailed consideration in terms of thei r

support requirements .

A comparison between Scandinavian . South African and Austrian

estimetes of maximum unsupported span for different roc k

mass qualities has been made by Bieniawski
]=6 and a pert o f

one of his graphs is reproduced in figure 139 . Note tha t

this g raph has been plotted in terms of "stand up" tim
e

(see discussion on Page 27) and, consequently, is not directl y

comparable with Barton ' s results presented in fi g ure 137 .

However, figure 139 does show that the maximum unsupporte d

span estimated from figure 138 will usually be less conserva -

tive than that estimated from Bieniawski ' 5 25 ' '-5 or Lauffer's u

classifications .

A Final word of warning on estimating the maximum unsupporte d

span of an excavation - none of the classification system s

adequately cosers the situation in which a fee isolate d

structural Features intersect to release a block or wedg e

from the roof or sidewalls of an excavation .

	

Consequently .

when excavatin g a tunnel or a cavern in which no systemati c

support is considered necessary on the basis of figure 138
,

the need for isolated support to stabilise blocks or wedge s

raust always be kept in mind . The techniques discussed o n

pag es 185 to 194 are apelicable in these situations
.
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Figure 137 r Man-mode and natura l
unsupported exeavations in differen t
quality rock massec . After Barton" .
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Figure 135 r Comparison between stand up times for unsudaorte d

excavation spans predicted by Scandinavian, Sout h

African and Austrian rock mass classification sysrems .

Ratings are for CSIR Geom .echonies Classification .
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Q'hen the span of an underground excavation exceeds tha t

ored i cted by equation 132 or Figure 158, it becomes necessar y

tP insta1I some form of support in order to maintain th e

rock ..ass surroundin g the exeovation in an acceotebiv stabl e

cor :ition .

	

Barton, Lien and Lunde f , in their original pupe t

0 n .rock mass diassification, pro p osed 38 cacehor i es of supPort ,

seoending upon the Tunneliing 0oalitv Inders Q and u pon th e

Exeovation Su p port Ratio ESR .

	

The interested reader is urge d

to consult this original paper for details of these cate g orie s

and for a very comorenenslve eiscussion an the derivation o f

the support recommendations proposed .

Since there is little point in simply repeating the detail s

published by Barton, Lien and Lende, the authors have take n

it upon themselves to present the NGI support recommendation s

in a different formet . Care has beeis taken to adhere to te e

original recommendations as accurately as possible but it i s

hooed that this presentation will assist the reader in th e

cractical application of these recoramiendations . The author s

have added their own comments to thcse offered by Barton ,

Lien and Lende when they consider that some point need s

additional clarification or iahen it is feit that the Scan -

dinavian bias of the original dato should 'De keilt in mind when

applyin g these support recommendations to situations in whic h

different conditions aoolv .
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TABLE 78 - RECOMMENDED SUPPORT BASED UPON NGI TUNNELLING QUALITY INDEX

	

Q

001 1 0

13 .01- 4-
13 .001* 1 0

l Supplementary rotes by 3erta^, Lien and Junge

1
. The type of support used in extremely good and exceptionally good rock will depend upo

nthe blasting technique
. Smooth wall blasting and thorough barrin g -down may remove th eneed for support .

	

Rough well blasting may result in the need for a single applice tio
nof

shotcrete, especially where the excavation height exceeds 25m
.

For cases oF heavy rock bursting or "popping", tensioned bolts with enlar
g ed bearin gelates often used, with spacing about Im (occasionall y 0,8m) . Final support whe n" popping" activity ceases .

3
. Several bolt lengths often used in same excavation, ie 3, 5 and 7m

.

-
. Several bolt lengths often used in same excavation, ie

2, 3 and 4m .
5
. Tensioned cable anchors often used to supplement bolt support pressures

.2 to 4m .

6
. Several bolt lengths often used in same excavation, ie 6, 8 and 70m

.

Tensioned cable anchors often used to supplement bolt support pressures
. Typical spacin gto 6m .

..
. Several older generation power stetions in this category employ systematic or spot bolt

-
eg with areas of chain link mesh, and a free span concrete arch roof (250 - 4DOmm) a

spermanent support .

Ceses involving swelling, for instance montmorillonite clay (with access of water)
.Boom for expansion behind the support is used in cases of heavy swelling

. Drain a g eensures are used where possible .

.cses not involving swelling clay or squeezing rock
.

. Seses involving squeezing rock
. Heavy rigid support is generally used as permanen tsupport .

_ . ccording toauthor's experience
(Barton

et ei), in cases of swelling or squeezing, th etemporary
support required before concrete (er shotcrete) arches are Formed may consis

tof bolting (tensioned s h
ell-expansion type) if the value of RQD/Jn is sufficiently hig

h( ie > 1 .5) , possibly combined with shotcrete
. If the rock mass is very heavily jointe dor crushed (ie RQD/Jn < 1 .5, for example a " sugar cube" shear Tone in quartzite), the

nthe
temporary support may consist of up to several applications of shotcrete

. Systemati ceolting
(tensioned) may be added after casting the concrete (or shotcrete) arch to re-

tece the uneven loading on the concrete, but it may not be effective when RQD/J
n <7 .5 ,

when a lot of clay is present, unless the bolts are grouted before tensioning
. A. r ficient length of anchored holt mi g

ht also be obtained using quick setting resi n. ehors
in these extremely poor quality rock masses

. Serious occurrences of swellin g:edler
squeezing rock may require [hat the concrete arches be taken right up to th

e-- , possibly using a shield as temporary shuttering
. Temporary support of the workin gce may also be required in these cases .
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TABLE 18 - RECOMMENDED SUPPORT BASED UPON NGI TUNNELLING QUALITY INDEX

	

Q

Supplementary notes by Barton, Lien and Lunde (Continued)

13. For reasons of safety the multiple drift method will often be needed during excavatio n

and supporting of roof arch . For Span/ESR > 15 only .

14. Multiple drift method usually needed during excavation and sup p ort of arch, walle an d

floor in cases of heavy squeezing . For span/ESR > 10 in exceptionally poor rock only .

Supplementa:y rotes by Aoek and Brart n

a. In Scandinavia, the use of "Perfobolts " is common . These are perforated hollow tube s

which are filled with grout and inserted into drillholes . The grout is extruded to fil l

the annular space around the tube when a piece of reinforcin g rod is pushed into th e

grout filling the tube . Obviously, there is no way in which these devices can be ten-

sioned although it is common to thread the end of the reinforcing rod and place a norma l

bearing plate or washer and nut on this end .(See figure 154 on page 328) .

In north America the use of "Perfobolts" is rare .

	

In mining applications a device know n

as a "Split set" or "Friction set" (developed by Scot , 243 ) has become popular . This i s

a Split tube which is forced into a sl ightly smaller diameter hole then the outer die -

meter of the tube . The friction between the steel tube and the rock, particularly rohe
n

the steel rusts, acts in much the saure way as the grout around a reinforcing rod . Fo r

temp orary support these devices are very effective
. (See figure 153 on page 326) .

In Australien mines, untensioned grouted reinforcing is i ns tal led by pumpi ng thick grou t

into drillholes and then simply pushing a piece of threaded reinforcing rod into th e

grout . The grout is thick enou gh to remain in an up-hole during placing of the rod
.

b. Chainlink mesh is sometimes used to catch small pieces of rock which can become loos e

with time . lt should be attached to the rock at intervals of between 1 and 1 .5m an d

schort grouted pins can be used between bolts . Galvanised chainlink mesh should b e

used where it is intended to be permanent, eg in an underground powerhouse .

c. Weldmesh, consisting of steel wires set on a square pattern and welded at each inter-

section, should be used for the reinforcement of shotcrete since it allows easy acces s

of the shotcrete to the rock . Chainlink mesh should never be used for this purpos
e

since the shotcrete cannot penetrate all the spaces between the wires and air pocket s

are formed with consequent rusting of the wire . When choosing Weldmesh, it is importan
t

[hat the mesh can be handled by one or two men working from the top of a high-lif t

vehicle and hence the mesh should not be too heavy . Typically, 4.2mm wires set at 100mm

intervals (desi g nated 100 x 100 :e 4 .2 weldmesh) are used for reinforcing shotcrete .

d. In poorer qualit y ity rock, the use of untensioned grouted dowels as recommended by Barton
,

Lien and Lunde depends upon immediate installation of these reinforcing elements behin d

the face . This depends upon integrating the support drilling and Installation into th
e

drill-blast-muck cycle and many hon-Scandinavian contractors are not prepared to conside r

this system . When it is impossible to ensure that untensioned grouted doweis are goin g

to be installed immediately behind the face, consideration should be given to using

tensioned rockbolts which can be grouted at a later stage . This ensures that support i
s

available during the critical excavation stage .

e. Many contractors would consider that a 200mm thick cast concrete arch is too diff icul t

to construct because there is not enough room between the shutter and the surroundin g

rock to permit easy access for pccri n g concrete and placing vibrators . The US Army Corp s

of Engineers 214 sug g ests 10 Inches (254 mm) as a normal minimum while some contractor
s

prefer 300mm .

f. Barton, Lien and Lunde sug g est shotcrete thicknesses of up to 2m . This would re q uir e

many separate applications and many contractors would regard shotcrete thicknesses o f

this magnitude as both impractical and uneconomic, preferring to cast concrete arche s

instead . A strong argument in favour of shotcrete is that it can be placed
very coos e

to the face and hence can be used to provide early support in poor quality rock masses .

Many contractors would argue that a 50 to 100mm layer is generally sufficient for thi
s

purpose, particularly when used in conjunction with tensioned rockbolts as indicated b y

Barton, Lien and Lunde, and that the placing of a taut concrete lining at a later stag e

would be a more effective way to tackle the problem .

	

Obviously, the final choice wil l

depend upon the unit rares for concreting and shotcreting offered by the contractor and ,

if shotcrete is cheaper, upon a practicel demonstration by the contraetee that he ca n

actually place shotcrete to this thickness .
In north America, the use of concrete or shotcrete Iinings of up to 2m thick would b e

considered unusual and a combination of heavy steel sets and concrete would normall y

be used to achieve the hi g h support pressures required in very poor ground .
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mass characteristics incorporated in table 5 on page 2 6
and to allow for the differentes in support practices betwee n
mining and civil engineering .

The adjustments proposed by Laubscher and Taylor are mod e
by modifying the original value of a particular parameter ,
chosen for incorporation in table 5, by a percentage deter-
mined by the influence of weathering, stress change or blast -
ing on that p arameter .

	

Hence, if an RQD value of 75 i sestablished from an examinetion of diemond drill core an d
it is knoten that the blasting techniques to be used for minin g
in this rock are poor, the RQD is reduced by 20% to give e n
adjusted value of 60 . The g uidelines for naking these adjust-
ments, published by Laubscher and Taylor 2 " 5 , are summarise d
below .

Weathering .
Certain rock types weather rapidly on exposure and thi s
aspect tust be taken into account in deciding upon per-
manent support measures . Weathering affects three o f
the parameters listed in table 5 on pa g e 26 :
Inoeoe

	

-ren . e ;; - decrease by up to 96% i f weatherin g
takes pla g e along micro-structures in the rock .
.Rock, C-Cov Designnüon - decrease by up to 95% as th e
rock weathers resulting in an increase in fractures .
Coedition of joints - Reduce the rating for the conditio n
of joints by up to 82% if weathering is considered t o
cause deterioration of the joint wall rock or the Join t
filling i

b . Field and induced stresses .
Field and induced stresses can influence the- condition o r
joints by keeping the joint surfaces in corpression o r
by allowing joints to loosen and hence increase th e
possibility of shear movement .
Coedicion

	

;irdnes - •.hen the stress coneitions ar e
such that joints will be keot in compression, increas e
the rating by up to 1202 . If the eossibili :y of shea r
movement is increased, decrease the rating b ;/ uc to 902
If the joints are oo•en and can be n_quated te joints wit h
sein gou g e filling . decrease the rating by up to 762 .

Changes in stress .
When lerye stress coanges are induced by mining operations ,
for exemole during the extraction of c<VWn pillars or th e
euer-rining of dran:,-poln .s, the condition of title j oint s

. . .

	

. chan g ed in tne samt wey es in b . above .
.it

	

:feie-5,7s - ,x n stress' cranges are u_ . tha t
joints

	

el,a s be in conpression, inc

	

a

	

r atin g
b . es to 120' .

	

When stress ehenges are li el+ to caus a
rious shear movement or Joint opening, decrease ratin g

by up to 60 .

d . Influence of strike and di p orientations .
The size and shape and direction of advance of an Under-
g round excavation, i•,hen considered in relation to th e
jointing in a rock mass, will heve an influence upon th e
stability of the excavation . This is taken into accoun t
in fable 6 and table 50 an page 26 in Bienia.,ski's origina l
classification but Laubscher and Taylor consider that a
further adjustment is necessary . They consider that th e
atability of an excavation in jointed rock depends upo n
the number of joints and excavation Faces which are in-
clined away From vertical and they recommend the Foliowieg
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Combined adju stments .
In some situations the Geomechanics

Classi ficatio nwan d illTayl subjectedt to moreh e
than one adjustment . La ubsche r hat exceed 50%.

	

total adj us iment should no
t

g . Support
recomme ndations .

Based upon the adjusted classification rati
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MODIFIED GEOMECHANICS CLASSIFICATION GUIDE FOR SUPPORT OF MINING' EXCAVATION S
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ratings

Original Geomechanics

	

rating s
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TADLE 21

	

-

	

CLASSIFICATION OF ROCK MASSES ENCOUNTERED 6Y KIELDER EXPERIMENTAL TUNNE L

GREAT LIMESTONE FOUR FATHOM
LIMESTONE

FOUR FATHOM
MUDSTONE

NATRASS GIL L
SANDSTON E

a) CS=R Geomeehanies C'assi-ioation
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The required support lines for the different rock masses ar e

plotted in figure 141 . These show that the tunnels in bot h

the Great Limestone and the Four Fathom Limestone behave

elastically . Assuming that this analysis is reasonabl y

representative of the average rock conditions surroundin g

these two tunnels, they will remain stable without the

assistance of support except that required to secure loca l

blocks and wedges defined by intersecting structural Features .

0 .1

0 . 1

0 .1

	

0 . 2
Tunnel d eformation u i mm

a) Great Limestone - depth 0 0m

5

	

1 0

Tunnel deformatio n

r Fathom Mudstone - depth 100 m

00

1 5

mm

0 . 5

0 . 4

' 3

0 .2

0 i

0

	

0 .1

	

0 . 2
Tunnel d eformation u mm

c) Four Fathom L i mestone - depth 110m

0 . 3

d) Natrass 0111 Sandstone - depth 120
.

Tunnel d e f ormation
6

mm

0 . 5

0 . 4

0
0

Eigare 141

	

Required Support lin
.es for rock masses surrounding 3

.3m d iameter tunnel .

The rock surrounding the tunnel in the Four Fathom Mudston e

is highly unstable with the deformation of the roof showin g

no sign of reaching stability for support pressures of les s

than 0 .2 MPa . The recommended and actual support measure s

for this tunnel will be discussed latee in this example .

The tunnel in Natrass Gill Sandstone is considered to b e

marginally stable . In a mining situation it is possible tha t

the roof deformation of approximately 6 mm could be tolerate d

and [hat, for temporary use, the tunnel could be left un-

supported .

	

In most civil engineering applicaticns and fo r

permanent mining access, some support would be required i n

this tunnel .

On the basis of the rock mass classifications listed in tabl e

21 and the rock mass characteristic curves given in figur e

141, a listing of support recommendations has been compile d

and is presented in table 22 .

	

Note that , in addition t o

the CSIR and NGI support recommendations, a series o f

support recommendations derived by Houghton 246 from a pape r

by Wickham et al-- '- have been included in table 22 .

	

lt shoul d

also be noted that the support recommendations for the CSI R

and the NGI systems have been derived from tables 19 and 1 8

and do not correspond precisely with the recommendation s

derived by Houghton .

	

Such variations in interpretatio n

between different users are not uncommon and emphasise th e

fact that these classifications are intended to provid e

general guidance rather than precise quantitative values .

In compiling table 22, the CSIR recommendations an bol t
lengths given in table 19 an page 296 have been reduced t o

take into account the fact that the tunnel diameter unde r

consideration is 3 .3m as compared with the 10m tunnel fo r

which . table 19 was prepared .

The relative merits of the different support recommendation s

contained in table 22 will be discussed at the end of thi s

example after consideration of the actual support system s

used in the Kielder Experimental Tunnel .

Figure 142, reproduced from the paper by Freeman 2 ' 9 , show s

the excavation methods and the different support system s

used in the 112m long tunnel section in Four Fathom Mudstone .

Oetailed description of the support systems are listed here-
under .

1) 5 in x 4, in x 20 lb/ft H section ribs at 1 m centres .
(W = 127mm, X = 114mm, A 5 = 0 .0038 m 2 , I S = 1 .042 x

10 5 m 5 for use in equations 122 and 123) . Stee l

bank bars and licht galvanised sheeting for backin g

with waste rock packing as req uired .

2) Rows of seven 25mm diameter x 1 .8m Jong untensione d
grouted bolts (dowels) at about 0 .9m centres wit h

50 x 50 x 3 .2mm weldmesh .
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TABLE 22 - SUPPORT RECOMMENDATIONS DERIVED FROH
ROCK MASS CLASSIF ICATION S

SUPPORT INTERACTION
A
NALYSES FOR KIELDER EXPERIMENTAL TUNNEL

.
AND FROM ROCK

-

20mm di amete r
2m lone bolt s
at 1-5m centre s
with oc casiona l
mesh and 50mm
shotcrete wher e
r equired .

2Omm di amete r
2m long bolt s
at 1-5m centre s
with o ccasiona l
mesh and 50mm
shotcrete wher e
required .

Assume suppor t
p ressure 0 .3-
0 .5 MPs : 50-
lOOmm shotcret e
with 2 5mm, 5 m
grouted bolts a t
Im centres o r
medium steel set s
at 1 m centres .

75-100mm

shotcrete o r
tensioned bolt s
at 1m centre s
with 25-50mm
shotcrete .
Approx . suppor t
pressure 0 .6 MP s

20mm di amete r
3-4m groute d
bolts at i-1 . 5 m
centres wit h
mesh and 100-
150mm- shotcret e .
Ribs at 1 .5 m
centres i f
required .

Assumed suppor t
p ressure 0 .15 MPs :
50mm s hotcret e
or 25mm, 2 . 5m

lohe crouted bolt s
at 1 .5m centres .

3) One layer of shotcrete in roof plus rockbolting as i n
2), followed by 200 x 200 x 6 .4mm weldmesh with a
further lauer of shotcrete to form an arch coverin g
roof and walls (but not floor) . Average shotcret e
thickness approximately 140mm .

4) Identical to 3) but without rockbolts .

5) The saure as 3) but with rows of 5 (as compared with 7 )
rockbolts .

6) A special circular liner of 12 .7mm thick mild stee l
plates consisting of eleven 0 .7m long rings, eac h
ring comprising tour equal segments, butt-welded
together in groups of two, three and four rin g s .
The space between the liner and the rock was fille d
wich a weak, fast-setting grout consisting of 4 part s
of pulverieed Fee] ash to 1 Part of Portland cemen t
with 0 .2 times the cement weight of sodium metasilicate ,
added .

7) A complete circular ring of shotcrete applied in two
layers with 200 x 200 x 6 .4mm weldmesh between . Th e
assumed total shotcrete thickness is 140mm .

8) Completely unsupported but with steel arches, mes h
and timber providing a protective screen for Saf e
access .

F
i u

Scaie - metre s

Figure

	

142
: Actual support S y

stems used in the Y,ielder
Experimenta lTunnel in Four Fathom fludstone

. After Fr eemae 2S '
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The First 72m of the tunnel was excavated by normal dril l
and blast methods . The remaining

	

was mined by mean s
of a Dosco road header with the invert beine mined by han d
to complete the circular profile .

Extensometers were installed e t verious locations along th e
tunnel and these instruments teere used to monitor the movemen t
of the rock mass surrounding the tunnel . One such extenso -
meter array was installed in the unsupported tunnel sectio n
(S) and the locations and responses of these extensometer s
are shown in the mergin drawin g . In this cese the extensomete r
was installed in a borehole drilled fron surface before ex-
cavation of the tunnel and it provides an excellent recor d
of the complete movement pattern in the rock surroundin g
the tunnel .

	

-

According to Ward, Coats and Tedd 2t2 , less than 1mm of move-
ment of extensometer head A (in the roof of the tunnel) ha d
occurred before the face reached the extensometer position .
W :Hen the face had advanced 2m beyond this position, the poin t
A had moved downwards about 6mm . The next day ehe face wa s
advanced to its final Position 5 .6m beyond the extensomete r
position and point A moved a further 2mm . After about 20 0
days of observation, this point had moved down about 30mm .
Note that, as would be expected fron figure 1416, the floo r
of the tunnel has eisen by a si g nificant amount .

In the rock-support interaction analysis presented earlie r
in this chapter, the influence of time-dependent movemen t
of the rock mass was not included . Hence, only the shor t
term movement whi ch occurred wi thin a few days of excavation
can be compared with the calculated dis p lacements shown i n
figure 1416 .

Displacement versus time plots for each of the 8 suppor t
sections in the tunnel are given in figure 143 and thes e
will be discussed in detail an the following pages .
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. Ava ì lab ll e eBuspo d in

	

for a number of Support svstems are als
oare te

	

l this figure, a
ssuming that all Support System

sthat the

	

3 .3m tunnel has deformed 5mm. Not ethickness of the broken rock tone surrounding th
e

tunnel (

	

- ri from eq uation

	

u ) has Seen pl oPPOrt Pressures s in n figure 1 744
.

	

[[ed fo r

lt is ins
tructive to discuss the results
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INPUT DATA FOR SUPPORT REACTION ANALYSI S

1 .Steel liner grouted in plac e
(Use equation 120 )

E s = 207000 MP a
v s = 0 . 3
ts = 0 .0127 m

r . = 1 .65 m

2 .Shotcrete rings 50mm and 150mm
thick ( equations 120 and 121 )

E c

	

28000 MP a
v c = 0 .2 5
t0, = 0 .15 and 0 .05 m

= 1 .65 m

acc= 35 MPa

3 .8H20 steel sets at 1 m spacin g
(equations 122 and 123 )

W = 0.127 m

X = 0 .114 m
A s = 0 .0038 m 22

Figure 144 : Required and available support curves and variation o f

broken zone thickness for 3 .3m diameter tunnel in Fou r

Fathom Mudstone .

See Table 14 an page 260 )

Steel sets (continued )

1 .042 x 10 -5 m 4

4 .Resin anchored rockbolt s

Z = 5m (use two 2}m bolts coupled )

db = 0 .025 m

Eb = 207000 MP a

Q = 0 (resin anchored )

Tb { = 0 .3 M N

r: = 1 .65 e

s e = 1 m

sZ = 1 m

(equations 12 7

207000 MP a

• 245 MP a

• 1 .65 m

• 1 m

11 .25 an d

• 0 .2 m

500 MPa

and 128 )

Oo



packing and the pr otuberances of rock beari ng her eand there . "

In spite of these comments, Ward et al go on to sa
ythzt "

the steel ribs with their partial lagging ar
e

likely to be safe for some considerable time"
. Thi s

comment highlights one of the important advantages o
f

steel sets in that, even when they are badly installe
dand p

oorly blocked and even when they are badly de-

formed, sets will continue to provide some measur
eof support . This support is visible and most under-

ground engineers and miners will enter a badly deforme
d

tunnel supported by twisted steel sets, as shown i
n

figure 745, while they would feel extremely nervou
s

about entering a similar tunnel supported by strainin
grockbolts or cracked shotcrete .

Rorkbolt Pattern used in dri ;:a s
and crors-cuts in 570 conner
nrebody h Plant ioa, Austrelie .
Fall parterre i.s Zlr :t . i?'otev-
'1•ential and 4

	

lonyitudinr.Z ,
Zenctlw as indirated.

r.r Mac heus and _rr,crr_n 5 '

1 2 '

Figure 145 :
Deformed steel sets providing support for a critica

l
access tunnel in very poor quality rock under high stress

.

5 0

2) Rockbolts only - the behaviour of these polyeste r
resin grouted untensioned bars is discussed in th e
papers by Freeman 24 ° and Ward et a1 2a0 and it is clea r

that the poor performance of this support system is du z

to the failure of the bond between the resin and th e

Figure 144 shows that the thickness of the zone o f

broken rock surrounding the tunnel varies from abou t
2 to about 7 metres, depending upon the suppor t

Pressure acting on the rock- Even if this analysi s

iswrong by a factor of 2, the conclusion which mus t

be drawn is that the 1 .8m dowels used in this experimen t

were too short . This means that the entire lengt h

of the grouted dowel would have beenachored in poo r

quality rock in the process of breaking up and tha t

the untensioned dowels neuer realiy had a fair chance

of working .

In general, the length of a rockbolt should be chose n

so that it is anchored beyond theboundary of the

broken rock zone in the original rock e mass . l t i s

appreciated that this depth is difficult to determine

but some indication can be obtained by rock-suppor t

interaction analyses or bv numerical mode] studie s
such as those described on pages 219 and 225 .

	

In thi s

case, figure 144 suggests that, for a support pressur e

of about 0 .2 MPa, the bolts should be about 5m lang .

Obviously a single 5m bolt len g th cannot be installe d

in a 3 .3m diameter tunnel and this would necessitat e

coupling two 2*m bolts together .

In some cases it may not be possible to anchor th e
bolts or dowels in g ood rock and Mathews and Edwards - 5 1

have described a very interesting case at Mount Is a

in uhich bolts were used CO Support very friabl e

leached ground at depths of 1200 feet (366 m) . The

bolting layout is illustrated in the margin, utilisin g

3/4inch ( 19mm ) hi g h tensile bolts of 6 to 12 Fee t

length (2 to 4m) . The ends of these bolts were deform-

ed into "pigtails" to improve the anchorage and a

mixture of Sand, cement and water was pumped into th e

holes through two plastic tubes. This "grout" ancho r

extended about one half the length of the bolz, leavin g

a free bolt length for tensioning . Weldmesh was use d

to support the small pieces of rock between the washe r

plates which were spaced at 30 inches ( 0 .76m) circum-

ferentially and 48 inches ( 1 .22m ) longitudinally .

In most cases this bolt pattern was effective in sta-

bilizing the rock surrounding these drives and cross-

cuts and in limitin g the deformation .

	

In very poo r

ground at depths of 1200 Feet the deformation wa s

very larg e - up to 5 feet (, 1 .5m ) - but the roc k

mass above the roof was maintained in a reasonabl y

stable condition as illustrated in fi g ure 146 .

3) Rockbolts and shotcrete - this support section provide d

the most satisfactory support in the blasted tunne l

len g th, stabilising the deformation at about 2 .5mm

as shown in fi g ure 143 . Ward et al report [hat strains .

which were measured by means of gauges attached to the

shotcrete surface, and observed crack development ,

indicated that the lining is influenced by the join t
pattern in the rock mass and the fact that the shotcret e

was applied in the form of an arch rather than a close d

ring . This means that the lateral stiffness of th e

open end of the arch is very low and the sidewalls of
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Figure 146
: Roof deformation and sidewall failure in a driv e

in the 500 copper orebody in Mount Isa mine, Australia
. The

height of the drive has decreased from 10 feet to about 5 fee
t

as shown in this photograph but the bolts and weldmesh hav e
maintained reasonably stable roof conditions

. After Mathewsand Edwards 251 . Mount isa Mines Limited ohotograph .

the tunnel can move inwards more easily than the roo f
can move downwards

. The differential strain in the
shotcrete induced cracking within a week of placement .
These observations resulted in the decision- to plac e
a full shotcrete ring in experimental section 7 o f
the tunnel .

4) Shotcrete arch only - the behaviour of the shotcret
e

arch was similar to that of the shotcrete arch wic
h

bolts discussed in 3) except that the roof deformatio n
was greater due to the absente of the bolts .

5) Rockbolts and shotcrete - this Lest section was simila r
to section 3) except that the tunnel had been excavate d
by machine rather than by drill and blast methods

. No
significant differente between the behaviour of thi

s
section and section 3) was observed .

6)
Steel liner - as shown in figure 743, this line r
provided the stilfest support system of all those used

.
A crude analysis of the support reaction curve fo r
this steel ring was carried out using equation 120 an d
the results are plotted in figure 144 .

	

This analysi s
confirms that the ring is very stiff but the author

s
suggest that a critical factor in this behaviour i s
the effectiveness of the grouting of the gap betwee n
the rock and the steel . Any de f iciencies in thi sg
routing would result in eccentric loading and a

serious drop in the support capacity of the ring . Fo r
this reason it is su g gested that this form of suppor t
should only be used in very special circumstance s
in which the exoense of fabrication and grouting woul

dbe justified .

c )

310

Shotcrete ring - the behaviour of this support syste m

was very satisfactory and conforms closely to tha t

which would be expected from an idealised analysi s

such as that used in deriving equation 120. As show n

in figure 143, the tunnel has been stabilised by thi s

shotcrete ring and Ward et al report that it has con -

tinued to behave in a satisfactory manner .

A question which does arise is whether the shotcret e

lining is too thick at 140mm in a 3 .3m tunnel . A s

shown in fi g ure 144, a shotcrete thickness of 50m
m

should do an adequate job in this small tunnel . A

factor which would influence the choice of shotcret e

thickness -would be the accuracy of the tunnel profile .

As pointed out earlier in this chapter, thin shotcret e

linings should not be used when the tunnel walls are

very irregular since the stress distribution in th e

shotcrete layer will be significantly different from

the ideal and cracking will be induced in corners an d

at changes of section .

On the basis of the detailed analysis presented an the pr e -

ceding pages and with the benefit of a great deal of hind -

sight, the authors offer the following conculsions on th e

Kielder Experimental Tunnel and on the comparison betwee n

the support predictions summarised in table 22 and th e

support systems used in the tunnel .

a) On the basis of Moughton ' s description
246 of the Fou r

Fathom Mudstone es "prone to rapid deterioration " upo n

exposure, the authors feel [hat the application of a

thin layer of shotcrete as soon as possible after ex-

cavation should be the first step in the support programme .

This layer, about 25mm thick, woüld serve to seal th e

surface of the rock and would prevent the rapid meister e

content changes which induce slaking in ghales an d

mudstones .

b) Because of the bedded nature of the mudstone and the

presence of a number of near vertical joint sets, i t

is anticipated that it would be very difficult to

achieve a good excavation profile by drill and blas t

methods and that immediate wedge failures may occu r

even in the rase of machine excavation . This suggest s

that support systems such as steel sets, which requir e

uniform load transfer from the rock to the steel, woul d

be difficult to use .

	

Blocking steel sets, if it wer e

to be done correctly, would be very time consuming and

hence expensive .

In jointed rock masses of the type under consideratio n

here, the authors consider rockbolting to be the mos t

convenient and economical support system . Lonsequently ,

the second stage in their support programme would be t o

attempt to establish the correct bolt length and bol t

pattern to ensure that the money invested in rockbolt s

served a useful purpose .

	

lt is fett that the rock-

support interaction analysis or some similar form o f

numerical model study should form the basis for the

choice of the correct bolt length which, in this case

should be about 5 metres . None of the rock mas s

classification systems appear to provide an adequat e

prediction of rockbolt length .
The support pressure and the associated rockbolt siz e

7)
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and spacing seems to be subject to a wide range of possibl e
interpretations . The bolt spacing derived from the CSIO,
and the NG! classifications compare reasonably well wit h
those suggested by the rock-support interaction analysi s
(table 22) . The spacing suggested by Wickham et al 21 i s
clearly too wide for this smali tunnel and would no t
induce a high enough support pressure .

d) Because of the poor quality of the rock mass and the lo w
strength of the intact mudstone, mechanical anchors ar e
considered to be inappropriate for the bolts to be use d
in this tunnel .

	

It is recommended that a two-stage grou t
system, either resin or cement, would be the most appro-

priate anchoring and grouting method for this application .
This would involve p p acing a grout anchor, tensioning the
rockbolt and then grouting the remainder of the bolt length .
Techniques for carrying out this operation will be discusse d
in the next chapter .

e) Because of the irreguter tunnel profili and the danger o f
the initial shotcrete layer cracking and releasing smal l
pieces of tack which could fall out between bolts, i t
is recommended that a layer of weldmesh be atfathed t o
the bolts and anchored et intermediate points to th e
shotcrete .

	

A final layer of shotcrete, 25 to 50mm [hick ,
p laced over the weldmesh would complete the support system .
This would give a Final layer of 50 to 75mm of mesh rein-
forced shotcrete which, together with the tensioned an d
grouted rockbolts, is considered to be the most economica l

support system which could be used to stabilise this tunnel .

p re-reinforcement of rock masse s

In the discussion presented up to this point, it has bee n
assumed that support is installed a?t p r an excavation ha s
been created . While this is certainly the normal aporoach
to support design, there is no reason why support should no t
be installed eziore excavation, provided that access is avail-
able to place the reinforcement .

A good exampie of pre-reinforcement is illustrated in th e
margin sketch which shows Part of a cavern for an underaroun d
hydroelectric project . Strongly developed structural Feature s
were known to dip out of the proposed cavern sidewall as show n
and it was feared that siiding could occur on one or more o f

these Features when they were exposed in the excavation .

	

I n
order to overcome this potential problem, a gallery was mine d
parallel to the cavern and cables were installed from thi s
gailery as the cavern was benched down . Hence, before th e
dipping structural Features were exposed in the sidewall, th e
blocks or wedges resting on these surfeees had already been
reinforced .

One of the most common pre-reinforcement techniques used i n
tunnelling is aciting or forencvcng which involves installin g
reinforcing rods in angled holes drilled fron the advancin g
face . In very soft poor ground, the spiles can simply b e
driven into the Face as illustrated in figures 147 and 148 .
In mora compe tent rock of better quality, the spiles or fore-

poles are usually forced into holes drilled ahead of the face .
The Iower margin sketch, taken from °roctor and White 6
illustrates a forepoling technique which can be used fo r
tunnelling through cohesionless sand or gravel or "runnin g
ground" . Breasting to prevent raveiling of the face is not

Figure 148
: Detail of figure 147 showing spiles drive

n

between steei sets to provide an umbrella under whic
h

excavation of the face and the installation of the nex
t

mat e

materia l

set could be carried out .

	

In this case, the faul t

was soft enough for the spiles to be driven in by
m

a heavy hand-held Kammer .

usually required if a slight amouet of cohesion is preven
t

in the rock mass and if

	

vertical face will stand lon g

a enough for the rib installation and spiling to proceed
.

Brekke and Korbl e 252 describe some i n terestindi
ssnnellin q

applications of spiling or forepoling .

action of spiles in terms of the rock-support
interaction

concept and suggest that, because the support From thes
e

spiles is available at the very start of tunnel deformatio
n ,

they provide very *ffeCtlYe support .
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Figure 149 : Use of grouted reinforcing bars to
pre-support a

drawpoint in a large mechanised mine
. The brow area, show n

shaded, is blasted last after reinforcement has been installe d

from the drawpoint and from the trough drive .

A support method which is increasingly being used in the
mining industry is the pre-placement of grouted dowels o r
cables before the mining of pert of an excavation or befor e
the excavation is subjected to stress .

A good example of this technique has already been discussed
on pa g e 272 and illustrated in figure 133 .

	

In this cas e
reinforcing bars were grouted into holes drillen into th e
roof and sidewalls during the excavation of a mine tunnel .
This tunnel was subjected to a high stress level at a late r
stage when adjacent ore was being mined and the grouted bar s
provided very effective support during the period in which
the tunnel was subjected to high stress . Note that Thes e
bars were grouted in place in anticipation of the high stres s
conditions encountered later in the life of the tunnel . On e
of the difficulties in using this approach is convincing th e
miners that the installation of support during excavation ,
when the stability of the tunnels is usuell,y excellent, i s
not a complete waste of money .

	

lt is very'difficult t o
believe that untensioned grouted reinforcing bars will wor k
as well as they do unless one sees practical evidente such
as that illustrated in figure 133 .

Another example of the use of grouted dowels is illustrate d
in figure 149 which shows the system which can be used t o
provide support for a drawpoint in a large mechanised meta l
mine . Stability of drawpoints is criticai in mining opera-
tions in which broken ore is drawn from the bottom of a mined
opening . In particular, failure of the brow of the drawpoin t
can result in complete soss of control of the drawing opera-
tion .

The drawpoint is excavated before the ore is broken and, a t
this stage, it is normally subjected to tow stresses an d
its stability is generally adequate .

	

Ouring blasting an d
drawing of the ore, the drawpoint is subjected to high stresse s
and considerable wear and, unless the rock is correctly sup-
ported, failure of the drawpoint can occur . Clearly, onc e
the draw point is in use, support is very difficult to instal l
and it is extremely important that the required su p port b e
installed before the ore is broken and drawn .

A typical support pattern is shown in figure 749 and consist s
of untensioned grouted reinforcing bars of 2 to 3m lengt h
piaced on a g ird of about 1 ; x 1_m in the roof and uppe r
sidewalls of the drawpoint and scram excavations . The brow
area, shown shaded in fi g ure 149 is blasted last and onl y
when it has been pre-supported as shown . Angled grouted re-
inforcing bars are installed from the drawpoint and from th e
trough drive . These grouted bars reinforce the rock mas s
which forme the brow of the drawpoint and they have been
found to provide excellent stability and resistance to wear .

Practical experience suggests that grouted reinforcing bars
provide the best form of support in the drawpoint brow area .
Since the scram and the intersection of the scram and th e
drawpoint are not subjected to the same stress and abrasio n
as the brow area, tighter reinforcement can be used to suppor t
the rock in these perts of the excavation . Split sets, des -
cribed in Chapter 9, have been found to be a convenient an d
economical form of support for these areas . Mechanicall y
anchored bolts are also suitable for this support duty bu t
they are generally more expensive and take longer to instal l
than split sets .

Figure 150 illustrates an example of drawpoint brow failur e

in a large mechanised metal mine .

	

In [his case the drawpoin t

was unreinforced and progressive failure of
the rock surround -

ing the opening occurred when the draw commenced. Attempts

to reinforce the drawpoint brow wich a heavy steel beam se t

in concrete were not
successful in this case .

In the same mine, ehe pre-support system detailed in figur e

149 was used . Grouted reinforcing bars were
placed durin g

development
of the drawpoint and before the brow area or eh

e

ore had been blasted .

	

Figure 151 shows the conditions in thi s

pre-reinforced drawpoint
during operation and it will be seen

that, es compared with the Situation illustrated in figur e

150, excellent stability has been achieved . The total tos
t

of this pre reinforcement was very
much less that that caused

by the production delay and loss of ore in the
example show n

in fi g ure 150 .
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Figure 150
: Failure of a drawpoint brow in e mechanised

mine resulting in loss of control of the process of drawin
gthe broken ore . No r einforcement had been placed befor e

the ore was blasted and attempts to reinforce the drawpoin
t

brow wich a steel beam set in concrete were not successful
.

Figure 151 : Pre-reinforced drawpoint i n
a mechanised mine

. Reinforcing bars wer e
grouted in place, as illustrated in figur e
149, during development of the drawpoin t
and before the ore was blasted . Excellen t
stability was achieved in this example

.

Since the early 1970s, the Australian and Canadian meta l

mining industries hzve used Jong grouted cables and continuous -
ly threaded reinforcing bars grouted into long holes to pre-

reinforce mine openings .

	

In particular, this pre-reinforce -

ment has been used to support the backs of cut and fill stope s

es illustrated diagrammatically in the margin sketches .

In cut and fill mining, ore is removed in a series or horizo n-

tal slices with fill being placed after each slice has bee n

removed in order to provide a working platform for the remova l

of the next slice . Because the method involves having me n

and equipment working in the stope under the freshly blaste d

back, it is essential that the stope back be stabilised .

Conventional rockbolts and timber support were used befor e

the introduction of long grouted cables, but these prove d

to be both expensive and, in the case of the rockbolts, un-

reliable .

Fully grouted tensioned cables were introduced for cut an d

fill stope back support at the New Broken Hill Consolidate d

Ltd . mine in 1973 2s3 . Twenty metre Jong cables were place d

in 64mm diameter holes drilled an e 1 .8m x 1 .8m pattern i n

the back of the stope . The cables, illustrated in figure

152, consisted of seven 7mm diameter high tensile steel wire s

with an expansion Shell anchor at one end . The cables wer e

tensioned to 180 kN and then grouted in place with a lo w

viscosity cemenc based grout . The grouting procedure i s

illustrated in figure 153 . Clifford
253 showed that, in tria l

areas in which this type of pre-reinforcement was used, a

dramatic improvement in stope back conditions was achieved .

Similar trials carried out at Mouni Isa Mine, using nobles u f

the saure configuration, were equally successfu1 25 4

At the CSA mine at Cobar in Australia, Palmer et a1 255 use d

similar seven strand cable to that used at Broken Hiit an d

Mount lsa Gut they left it unterNionad. Similar improvement s

in back stability were achieved and the elimination of th e

tensioning stage greatly simplified the installation proced u r e .

Very simple anchors were found to be sufficient to suppor t

the weight of the cable during grouting and 18m Jong cable s

reference Zevei

	

were used .

As shown in the margin sketch, the ends of the cables ar e

trimmed (using a friction cutten or e weldin g torch) afte r

each lift has been blasted . An 18 to 20m long set of cable s

will generally pre-reinforce the rock for three or fou r

lifts and then another set of cables is installed .

	

An

overlap of et least 2m has been found to provide sufficien t

continuity of support between one set of cables and the next .

Because of the difficulty experienced with hole deviatio n

for drillhole lengths of 20m, some mines are tending t o

reduce the length of the cables and hence the number of lift s

which can be supported with one installation . No deterioratio n

of the effectiveness of the support has been observed wit h

these shorter cables .

White it is now accepted that pre-placed entencioned groute d

cables give a spectacular improvement in the overall stabilit y

of the rock mass above the back of a stope, there is stil l

e problem with smell pieces of loose rock which can fall fre m

the surface of the back . Some mines use conventional rockbolt
s

to stabilise this near surface rock but the installation o f

these bolts is a time-consuming and expensive operation . I n

order to overcome this problem, Cobar Mines Pty . Ltd .
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Figure 152

	

Seven strand high tensile steel cabl eused for pre- reinforcement of cut and fill stop
ebacks at the New Broken Rill

Consolidated Ltd . rainein Australia
. The expansion shell anchor is used t o

anchor the cable at the top of a Jong hole to permi
t

tensioning before the cable is fully grouted
.

Einure 753 :

	

Grouting a stressed 20m Jon g
high tensile steel cable in a stope bac

k
at the New Broken Hill Con solidated Ltd .mine .

Since 1974, the Commonwealth Scientific and Industrial Re -

search Organisation have been sponsored by the Australie n

metal mining industry to carry out a number of research

studies into the mechanics of pre-placed support . The re-

sults of this research are summarised in a series of papers

and reports 2s4 , 256 , 257 , 258 and the interested reader i s

strongly recommended to consult these publications for furthe r

details .

Fuller and Co x '- 57 found [hat the effectiveness of pre-place d

support is critically dependent upon the grout to steel bon d

to transfer shear stress to the rock mass . Lightly ruste d

steel with no Loose surface material is found to give th e

best bond . A cement grout with a water-cement ratio of les s

than 0 .5 and with an additive to minimise "bleedinc" is re-

commended for use with lightly rusted steel .

Fuller and Cox.- 58 have also proposed a theoretical mode ]

based upon the role of pre-placed support in limiting dis-

placement an rock joints to explain the effectiveness o f

this type of reinforcement . This theoretical model differ s

in detail bot not in overall concept fron the mechanism s

discussed earlier in this chapter in which the retention o f

the interlocking of a rock mass is proposed as one of th e

most critical factors in the behaviour of rock masses .

The openine sentence in this chapter reads - the principa l

objective in the design of underground excavation suppor t

is to help the rock mass to support itself . Pre-piace d

grouted reinforcing elements are probably the most effectiv e

means of achieving this objective and the authors have n o

doubt that the Future will see a greet increase in the us e

of this support technique .

Suggestions for estimating support requirement s

From the discussion presented in this chapter it will b e

obvious to the reader that it is not possible to List a

simple set of rules to govern the choice of undergroun d

support . The optimum support system for a particular under-

ground excavation will depend upon the mechanical charac -

teristics of the rock mass, the in situ stress field, th e

loading history to which the rock mass will be subjecte d

and also upon the availability and tost of different types o f

support .

In order to provide some guidance to the reader, the follow-

ieg steps are suggested for a preliminary evaluation o f

support requirements :

1 . During

	

the

	

site

	

investigation

	

or

	

euploration adit

	

stag e

Trimned end of a grouted sirren of en

	

underground

	

excavation

	

project,

	

classify

	

the

	

roc k

strand high tensile steeZ cable mass

	

by means of either

	

the CSIR or

	

the NGI

	

rock mas s

after the removaZ of a Zirt at classification

	

systems

	

(preferably

	

hoch)

	

as

	

set

	

out

	

i n

e New Sachen Bill Consolidated chapter

	

2 .

Ltd. raine .
2 . Hake a preliminary evaluation of support systems an th e

Stressed end of a 20m Zong grouted
high tensile steel cable used for
cut and fi-ZZ stope back suppor t
at the N i draken r7ill Cansolida-
ted Ltd. mine in austraZia .

have used lômm diemeter threadbar in place of multi-stran d

cables . While this threadbar is significantly more expensiv e

than the cable, it does have the advantage that a nut an d

washer can be attached to the end projecting from the bac k

after a blast and this generally eliminates the need to plac e

additional rockbolts 25 5
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9. If
rockbolts are to

be used for su p p ort ,
various requir ements do not conflic with

	

an other .

Check the

	

that th ee rockbolt design

	

t

	

on eagainst
precedent

experienc

e .

3 .

The following empirica7 rules, originally devised durin g
the Snowy Mountains project in Australia by Lang 25 9
provide a useful check for proposed bolt lengths an d
spacings :

Minimum bolzt lemath
Createst of :

a. Twice the bolt spacin g
b. Three times the width of criticai and potentially en-

stabie rock blocks defined by average joint spacin g
in the rock mass .

c. For spans of less than 6 metres (20 Feet), bolt lengt h
of one half the span .
For spans of 12 to 30 metres (60 to 100 feet), bol t
length of one quarter of span in roof .
For excavations higher than 18 metres (60 Feet), side-
wall bolts one fifth of wall height .

Maximum bolt spacing
Least o f
a. One half the bolt length .
b. One and one half times the width of critical an d

potentially unstable rock blocks defined by the averag e
joint spacing in the rock mass .
When weldmesh or chain-link mesh is to be used, bol t
spacing of more than 2 metres (6 feet) makes attachmen t
of the mesh difficult (bot not impossible) .

10 . Once these estimates have been made, sit down at a drawin g
board and draw a typical cross-section of the excavation .
Superimpose an approximate pattern of structural Feature s
and try to imagine what the final excavation profile wil l
look like and the size and shape of the potential failur e
zone around the excavation . Oraw the support system t o
scale and check that it looks right and that there i s
enough room available to drill holes, install bolts, plac e
concrete .

This final steg may be the misst imp ortant since it wil l
often highlight deficiencies and anomalies which are no t
obvious when examining the results of a numerical mode l
study, the predictionr, of a rock-support interactio n
analysis or the recommendations derived from a rock mas s
classification system .
A typical support drawing is presented in figure 154 .

Additional readin g

Within the scope of this book it is obviously impossible t o
cover all the theoretical and practica1 details of roc k
support . An attempt has been made to give the reader a basi c
understanding of the behaviour of rock masses surroundin g
underground excavations and of the different approaches whic h
can be taken to designing support systems to stabilize thes e
rock masses . The reader is strongly urged to consolidat e
this basic understanding with additional reading in Field s
of particluar interest and a selection of reference materia l
is listed hereunder to assist the reader in finding relevan t
information .

Timher suppor t

Because of increasing concern with environmental factor s
and an increasing tost of both timber and labour, th e
use of timber for underground excavation support i s
not nearly as common as in the earlier part of thi s
century . Many of the techniques used in timbering ,
particularly in mining, have been passed down from g en-
eration to generation as part of the "art " of mining .

c .
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One of the best references of which the authors ar e
aware is the three volume mining textbook by Woodruff ,

timbering being dealt with in Chapter 5 of Volume 2 '- 60 .

Steel sets :

The most widely used reference on steel sets in America

is "Rock Tunnelling with Steel Supports" by Proctor an d
White 6 which contains Terzaghi's paper on rock load s

(see pages 14 to 17) plus a wealth of detail on stee l
supoorts . Woodruff'- 60 , Volume 2 , chapters 4 and 6 ,

discusses both yielding and conventional steel sets .
Szechy 192 gives a number of design details and th e
US Army Corps of Engineers 2" 4 give some detailed ex-
amples on the design of steel set Supports .

Conerste "linin g .
Szechy's book, "The Art of Tunnelling" 162 contain s
a great deal of detail on methods of calculatin g
the support loads provided by tunnel lining, particu-

larly concrete . This book is interesting because i t

makes extensive reference to work carried out in th e
USSR and in Europe and which is not readily availabl e
in the English language .

The US Army Corps of En g ineers manual on Shafts an d
Tunnels in Roc kel"' contains a substantial amount o f

information on the design of concrete tunnel lining s
as well as a listing of 104 tunnelli n g projects wit h
details of geology, construction methods, suppor t
systems and tost .

Woodruff =60 , Volume 2, Chapter 8, gives a very practice l
discussion on concrete lining methods and equipmen t

with particular emphasis on mining applications .

Sâoterete .
The most comprehensive reference of shotcrete of whic h
the authors are aware is a report entitled "Shotcret e
Practice in Underground Construction" prepared fo r

the US Department of Transportation by Mahar, Parke r

and Wuellner of the University of Illinois 261 . Thi s

large report, available from the National Technica l
Information Service, Springfield, Virg inia 22151, USA ,

is essential reading for anyone seriously intereste d

in the use of shotcrete for underground support .
The American Society of Civil Engineers published a n
excellent volume in 1974 containing the proceeding s
of a conference entitled "Use of Shotcreta for Under-

ground Structural Support"- 52 . This volume contain s
35 papers and summaries of discussions held at th e
conference .

Ucck,bcits

In n spitz of the extensive use of rockbolts for th e
support of under g round excavations, surprisingly fe w
comprehensive publications on this subject are readil y
available .

A comprehensive report entitled "Rock Reinforcement "
(Engineering and Design) has recently been publishe d

by the US Army Corps of En g ineers '- 63 and this book wil l
be very useful for civil engineering applications .
Oooks such as those by Szech y 1102 Woodruf f2260 and Ober t
and Duval1 59 contain rather sketchy discussions o n

rockbolting and the authors consider that the mos t

useful information currently available is contained i n
individual papers .

The most important of these papers are those published
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Introductio n

The use of steel sets and concrete linings for the suppor t
of tunnels and other underground excavations has been commor

in civil engineering for several decades . Consequently, th e

practical details associated with the use of these suppor t

systems have been dealt with in a number of readily availabl e
text books and pa p ers .

The Same is not true for supoort systems incorporating rock -
boles as the principal support element .

	

In spite of th e
widespread use of rockbolts and dawels, particularly by th e

mining industry, there are surprisingly few comprehensiv e

books or even papers which deal with this support method .
Because the authors are convinced that rockbolts, togethe r
with mesh reinforced shotcrete, will become the dominan t
support system in the Future, they have decided to includ e
this chapter which summari ses some of the most importan t

practical aspects of the use of rockbolts, shotcrete an d
mesh .

Organisation of a rockbolting programme

Figure 155 illustrates a tra_di tional excavation and suppor t

sequence commonly used by the civil engineering industry i n

ehe construction of large underground projects . Note tha t

two distinct cycles are involved - one for excavation an d
the Installation of "temporary" support and the second fo r
"permanent' ' support installation .

If one reflects on the historical development of the under-

ground civil engineering construction industry, it is easy to

see why these two cycles have developed . When usin g stee l
sets or concrete lining it is very difficult to organis e
an efficient working cycle at the face if the support has t o
be installed after each mucking cycle . The cumberscme opera-

tion required to place steel sets or the bulky formwork re -

quired to cast a concrete lining do not mix well with th e

relatively mobile equipment used in the drill-blast-muc k
cycle . Conseeuently, it has become common to use rockbolt s

for "temporary" support and to install these as part of th e
excavation cycle . Once the face has advanced a convenien t
distance, the "permanent" support system is installed by a
different crew workin g on a completely independent cycle .

A civil e :,gineering tradition which has grown up in paralle l

with the use of independent excavation and support cycle s

is that the Contractor is responsible for the choice an d
installation of the "temporary" support whi le the Eng inee r
is responsible for the detign and supervision of constructio n

of the "permanent" support system .

	

The authors regard thi s

as one of the least helpful traditions in civil engineerin g

since, in their view, there is no logical distinction betwee n
support systems used in under g round c onstruction. l t wil l

be clear to anyone who has read the previous chapter tha t

each support system plays a vital part in controlling th e
ultimate behaviour of the excavation, even if [wo or thre e
support systems are used at widely spaced time intervals .
The only exception to this comment is the pinning of smal l

loose blocks in an excavation which is inherently stabl e

and where a concrete or steel lining is installed at a late r

state for hydraulic or other reasons .

When rockbolts are used as the principal element in a support
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system, there is no logic at all in referring to one rockbol t

system, installed during the excavation cycle, as "temporary "

while a second system installed later is called "permanent" .

Any rockbolt which does not fulfil a "permanent" suppor t
function is simply a waste of money (again, pinning of smal l
Loose blocks excepted) . Consequently, it is much more logica l

to consider the use of an integrated excavation and suppor t

cycle such as that illustrated in figure 156 .

The equipment used to drill for and to install rockbolts i s

very similar to that used in the drill-blast-muck cycle an d

there is no major p roblem in integrating these two activities .

In addition to the organisation of the physical activities ,
it is essential that the division of responsibilities betwee n
the Contractor and the Engineer be fully understood and agree d

before commencement of the work . The traditional arrangemen t

in which the Contractor is responsible for part of the suppor t

work while the Engineer is responsible for another pari wil l
not work when an integrated excavation/support system i s
used .

	

In the authors' experience, it is preferable for th e
Engineer to assume full responsibility for the design an d

construction supervision of all support and to work closel y

with the Contractor in sorting out practical details an d

day to day construction problems .

Readers who are not familiar with civil engineering practic e

may regard some of the preceding comments as obvious and eve n

redundant .

	

Unfortunately, civil engineering traditions are

very deep rooted and change very slowly and anyone who ha s
experienced the difficulties which can arise from an inap-

propriate division of responsibilities between Contractor an d

Engineer on the question of support will appreciate that thi s

not a trivial problem .

A further difficulty which must be resolved, once the inte-
grated system illustrated in figure 156 has been adopted, i s
the organisation of the actual support installation activity .

In the authors' experience, this activity requires a differen t

approach to that required for the normal drill-blast-muc k

cycle in which the emphasis must be on speed and efficienc y

rather than an detail . The emphasis on "producing rock" whic h

characterises a good section engineer or foreman responsibl e

for advancing a heading is inap p ropriate for someone wh o

must ensure that each bolt is correctly installed, tensioned
and grouted .

A good solution, adopted on many jobs there there has bee n

conflict between production and support interests, is t o
create a specialist support crew . This crew should be le d
by an engineer with an interest in engineering detail an d

quality rather than in the grander scale achievement i n

which details are blurred .

	

Deoending upon the size of th e

job, this engineer should have one or more crews of abou t

six men who carry out the bolt installation, tensionin g

and grouting .

After each blast, the support engineer should examine th e
rock conditions, determine the support requirements an d

mark out the rockbolt drillhole positions, inclinations an d

lengths ( a can of spray paint is an invaluable aid in thi s

exercise ) . The holes am? drilled by the normal junbo crew ,

immediately before or after drilling the blastholes, and th e

specialist sup port crew then moves in and installs and ten -

sions the rockbolts . At a later stage, as shown in figure
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FIGURE 157 .
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rockbolt System in the future . The most sophi sticate d
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resin cartridge System (
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cost of the complete
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.

Wooden dowels were used to support laminated coal mine roofs in Britai n
where dry wood dowels were placed in holes with minimum clearance . Th e
moisture in the rock caused the Wood to swell and this resulted in a
radial forte which g enerated frictional resistance to sliding of th e
rock an the wood .

more recently wooden doweis have been grouted into holes as shown i n
th e upper dra win g . Used for a time in Australien base metal mines to
reduce concamination of ore and minimise damage to conveyor belts .
Lower drawing s'nows wooden dowel assembly used in the Drayrock raine i n
Idaho, U .S .A in the early 1950s 25 3

.Abtuen taaes . Inexpensive and simple to manufacture .

	

In coal mines they can be tu t
through without damaging cutting picks .

	

In metal mines they do no t
contaminate the ore and do not dama g e conveyor belts .

Disedyantaces : Very weak and can only be used for very light support pressures . Canno t
be tensioned and hence must be installed close to face .

-Scorion :

	

With increasing cost of timber and because of disadvantages, ..•ooden dowel s
or pins are very rarely used today . Where it is essential that the suppor t
sysiem can be cut through, fibre g lass dowels can be used and are stronge r
and more reliable .



FIGURE 158 : RE-USABLE FULL LENGTH MECHANICAL .ANCHOR,

Background

	

Developed for use in coai mines by 'dorley of Philadelphia, U .S .A . . Th e
assembly is inserted into a drillhole with the anchor collapsed, i e
in intimate contact with the ramps

. When the nut is tightened a g ains t
the washer, the bolt is displaced relative to the anchor which i

s
forced up the ramps and hence expands . Loosening the nut and hammerin g
on the end of the holt will reverse the process and allow the ancho rto collapse .

	

This gives the possibility of re-using the anchor orovide d
that it is not dâmaged or too severely rusted .

Advantages :

	

Anchors along the entire length of the hole and hence gives a stres s
distribution similar to that of a grouted dowel

. Can be collapsed an d
re-used if it is no Tonger required in a particular area . This Featur e
is useful in coal mining where very short term support is required adjacen

t
to an advancing face which is later allowed to collapse .

isadvantages : Expensive to manufacture . Can only be used as an untensioned suppor t
member and hence must be installed close to an advancing face . Onl y
suitable for short term support since it cannot be grouted and henc e
cannot be protected against rusting .

AppZioations

	

Used in some coai mine applications in the eastern U .S .A . but very littl eknown elsewhere .

Same of the systems or components illustrated in this series of drawing sare p rotected by patents
. Potential users intending to manufactur e

similar systems or components should check patent regulations .

Background

	

Developed by Scott 24" in conjunction with the Ingersoll-Rand Company i
n

the U .S .A . .

	

This device has gained considerable popularity in the minin g

industry .

The 1

	

Inch (38mm) diameter split tube is forced into a 1 ''-/g inch (35mm )

diameter drillhole . The spring action of the compressed tube apelie s

a radial Force against the rock and generates a frictional resistance t o

sliding of the rock on the steel
. This frictional resistance increase s

as the outer surface of the tube rusts .

Simple and quick to install and claimed to be eheaper than a grouted dowe l

of similar caeacity .

DisadvantCan n ot be tensioned and hence is activated by movement in the rock in th
e

same way as a grouted dowel . Its support action is similar to that o f

an untensioned dowel and hence it must be installed very close to a face .

The drillhole diameter is critical and most failures during Installatio n

occur because the hole is either too Small or too large .

In some applications, rusting has occurred very rapidly and has proved t o

be a problem where Jong term support is required . The device cannot b
e

grouted .

Increasingly used for relatively light support duties in the minin g

industry, particularly where short term support is required . Very

little application in civil engineering at present .

Same of the systems or components illustrated in this series of drawing s

are protected by patents .

	

Potential users intending to manufactur e

similar systems or components should check patent regulations .

Advantages

ansAt'vlfcat
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27mm
32m m
35mm
44mm

dvav;a es
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Simple and e f fective if recommended sizes are strictly adhered to . Shor tIength can be used to Form anchor for tensioned
bolt .3aadsantages

	

Relatively expensive
compared with grouted dowels .

T-iNeüons

	

Widely used in civii en gineering in Scandinavia . App licatio nlimited . elsewherezre

rnzn'ô *

	

Some of the s y stems or components ill ustrated in this series of drawing s
are pr otected by patents .

	

P otential users i ntending to man ufacturesimilar Systems or components should check patent
regul ations .

Background

	

D eveloped in
Scandinavia for groutinn and anchoring dowels in boreholes

.Perforated half tubes are packed with mortar as shown and the halve s then wired together andi nserted in the dr illhole . The mortar i s
rohen the dowel

	

ar e
extrude dRecommended sizes are has Toll the centre of the tube as shown .s o o .v sReinf'orc"na bar

'/4 in

	

15mm
1
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25mm
i i/d in
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FIGURE 161

	

UNTENSIONED GROUTED DO'WE !

Developed as an inexpensive alternative to the Scandinavian "Perfobolt "
system where use of un[ensioned dowels is appropriate . A thick grou t
is pumped into the drillhole by means of a simple hand pump or a mono-
pump . The dowel is pushed into the grout as shown in the illustration .
For up-holes, the dowel is sometimes held in place by a small wooden o r
steel wedge inserted into the collar of the hole . A Faceplate and nu r
can be add•_d i ; requi red although, for v•_ry Iight support, a pla in dowe l
is sometimes ascd .

dv._.

	

Simple and inexpens i ._ .

wttad'Ncn^acos

	

Cannot be tensioned and hence must be installe d
Formation of the rock mass has Laken place .

before significant de -

Wideiy used in the mining industry for licht su p port duties arid in civi i
engineering For mesh f,xin gg and for susporting ventilation tubing, pipe-
work and similar servi__s .
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ProbabIy the earliest type of mechanical ly anchored rockbolt
. Very simpl eand

inexpensive to manufacture and widely used throughout the world
.The end of the bolt shank is slotted as i llustrated and the wedge is drive nharne by Aushing the assembly against the end of the drillhole

. The wedg eexpands the end of the bolt shank and anchors it in the rock
.

Also illustrated are two bevelled washers which are used to
accommodat ean inclined rock face

. The hardened washer is used when the bolt i s
tensioned by applying a measured torque to the nat

.

	

-avantages :

	

Simple and inexpensive .

	

In hard rock it provides an excellent anchorag eand permits immediate tensioning of the holt .

` odvantagse :
Due to the Small contact area between the expanded anchor and the

rock ,local
crushing of the rock toi th consequent slip of the anchor can

occu rwhen the intact rock stren g
th is less than about 10 MPa (1500 Ib/in-' ) .

	

cations

	

Betaase of the unreliability of the anchor in poor quality rock, th
e

slotted bolt and wedge has given way to the more versatile expansio
nshell anchor .

	

Relatively rarely used today .
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FIGURE 163

	

MECHANICALLY ANCHORED, TENSIONED AND GROUTED ROCKBOL T

Graut return buh e

n ^clot alon . L gth

o' bolt shan k

Grout return, through
entr e

esisank

hole in holt

Eackgrozmd :

	

Expansion shell mechanical anchors were developed to provide more -

reliable anchorage in a wider range of rock conditions than [ha t

for which a slotted bolt and wedg e system can be used . This drawin g

illustrates a number of components which can be used in differen t

combinations . The expansion shell anchor is one of a large numbe r

of different types, all of which operate in basically the sann way .

A wedge, attached to the bolt shank, is puiled into a conical ancho r

shell forcing it to expend against the drillhole Walls .

The rubber grout seal is used to centre the bolt in the hole and to sea l

the collar of the hole against grout leakage . An alternative system i s

to use a quick setting plaster to seal the hole collar .

Different grout tube arrangements are illustrated .

	

In all Gases the grou t

is injected into the collar end of the hole (except in down-holes) an d

the return pipe is extended for the length of the hole . Graut injection

is stopped when the air has been displaced and when grout flows fron th e

return tube .

Advantages :

	

Bolt can be tensioned immediately after installation and grouted at a

later sta g e when short term movements have ceased . Very reliable anchor -

age in good rock and high bolt loads can be achieved .

Di.saduantages : Relatively expensive . Correct installation requires skilled workmen an d

close supervision .

	

Grout tubes are frequently damaged during installatio n

and check by pumping clean waten before grouting is essential .

App leations : Very widely used for permanent support applications in civil engineering .

Mechanically anchored bolts without grout are widely used in mining .

Some of the components illustrated are protected by patents .
lYa_rnine

ow:d



Background :

	

Drawing is a composite of various systems used in rockbolting, particu -
larly in the Australian mining industry . Grouted anchors have th eadvanta g e that they can be used in very poor quality rock nasses . One
system For grout injection is illustrated .

	

An alternative system is t o
inject a dry sand/cement mixture through one pipe and a measured wate

r
quantity through a second pipe, withdrawing both pipes as the ancho r
is Formed .

The load indicating bearing plate illustrated is one of several design s
which give visual load indication by progressive deformation with load .

Inexpensive system wich good anchorage characteristics in a wide rang e
of rock conditions . Load bearing plate gives g ood visual indication o f
holt load and adds "spring" to bolt for certain applications .

Care required to form good anchor . Bolt cannot be tensioned until grou t
has set . Stiffness of bolt and bearing plate may be too Iow For som e
applications .

Principally used in the mining industry where relatively short ter m
support requirements do not require complete grouting of bolt shan k
for corrosion protection . Ungrouted bolt len g th acts as a spring i n
cases where !arge stress changes are enticipated during the life of th e
bolt .

,+on .ing

	

Some oF the systems or components illustrated in this series oF drawing s
are protected by patents . Potential users intending to manufactur e
similar systems or components should check patent regulations .

The most sophisticated rockbolt system currently in use, cembines mos t

of the advanta g es of other bolt systems . Resin and a catalyst ar e

contained in plastic "sausages " , the catalyst being separated in
a

g lass or plastic container in the resin
. These capsules are pushe d

into the hole with a loading stick and the bar is then inserted .

Rotation of the bar during Insertion breaks the plastic container
s

and mixes the resin and catalyst .

In the application illustrated, a fast-settinc, resin capsule is inserte
d

first and forms a strong anchor which permits tensioning of the bolt
a

few minutes alter mining . Slow-settin g resin ihen "grouts " the remainde r

of the bar .
The bar illustrated has a very coarse rolled thread which gives good

Bonding and allows the length of the installation to be adjusted ver y

easily .

Very convenient and simple to use . Very high stren g th anchors can be

Formed in rock of paar quality and, by choosing appropriate settin g

times, a "one shot " installation produces a fully grouted tensione d

rockbolt system .

	

Bissduansegeig

	

Resins are expensive and many suFfer fror a limited shelf-Iife, par -

ticularly in ho_ climates .

	

Zicstions

	

Increasin g ly used in critical epplications in which tost is les
s

Important than speed and rel iabi li ty .

Some of the systems or components illustrated in this series of dra
.aing s

are orotected by patents . Potential users intending to manufectur e

simmiler systems or components should check patent regulations .

A2i:antages .

Diuadt'an tages

A-_

	

ions .

Background .

.:-. g en-r_^oes



atzi arau5ie Rammer -- t
sr articulated arm o" ' a .

eaeooic oai}?û asea bv
. . .. oculaers in a arizp

e

	

ecaipneVr
a3 eeaiisj e n

ocia , .

34 3

Figure 166 : Twin boom jumbo for drillin g holes and installin g

rockbolts . Photograph reproduced with permission from Atlas Copco .

beams to the sideamalls of the cavern so that they are avail -

able during an early stage of the construction for the Instal -

lation of a construction or permanent crane .

An example is illustrated in the three photographs reproduce d

in figures 167, 168 and 169 showing a large cavern for a

hydroelectric project in which the Grane beams viere anchore d

to die cavern Walls . Figure 167 shows the crane beams i n

place before the completion of the cavern excavation . A

temporary construction crane is illustrated in figure 168 .

This crane was used to gain access to the roof and uppe r

sidewalls of the cavern to permit final tensioning an d

grouting of rockbolts which had been installed during th e

sequential excavation of the upper part of the cavern . Th e

availability of this access meant that the completion of th e

roof support programme could be carried out as an independen t

operation, allowing the benching down of the lower part o f

the cavern to proceed without interference .

Figure 169 shows the permanent crane in operation, assistin g

in the excavation of the turbine pits and available for al l

the subsequent equi pment installation .
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Rockboit installatio n

The followina notes give a number of su _c cr :

	

ons on how toapproach some of the practical problems c . rockbolt installa -tion, tensioning and grouting .

Sca iir g

One of the most frequent causes

	

e t :: :

	

in Undergroun dexcavations is inadequate scaling af er

	

I ..rist .

	

Generally ,a scaling crew moves in alter the fumes " . .s a blast hav ecleared and it is their responsibiii ty t

	

;nsere that the
working piece is safe for the muckin_ e r,

	

illing crews .In most cases the scaling crem, eise : :es,: bars to leve r
Loose pieces of rock from the freshly b1=s ;ed roof and side-walls of the excavation .

As a result of poor access, poor visibil itse ise inadequat esupervision, manual scaling is somer ;es intomplete and smal lblocks can become detatched es a result of subsequent blastin g
or deformation of the excavation .

A solution to this problem, increesiegly

	

'eg adopted i n
mechanised mines and in large undergreun, : .._.ustructionerojects, is to use a heavy pneumatic or

	

raulic hamme rmounted on en articulated arm carried or,

	

rubber tyre dvehicle . This mobile unit can be moved in after the blas tand used to scale the roof and sidewal)s mechanically . Thereach of the articulated arm should be suc ! ;. that easy acces sto all freshly blasted areas is evailable

	

d that the muck-pile need not be moved before scaling cc

	

s . The weigh t
and the power of the hammer should be ;uff ;

	

lt to ensur e
that all Loose rock is brought dos-m .

Mechanical scaling is not only safer for the scaling cre w
but it also tends to reduce the need for spot bolting tosecure Loose blocks . This spot bolting is always expensiv esince it is generally carried out as an eist ,

	

-;ctivity an d
may cause delays in the construction schedt e .

anscas tation

Problems of rockbolt installation are generally problems o faccess . With larger and lar g er excavations being used i n
mechanised mines and civil engineering projects, acces sraust generally be provided by some form of Lift vehicle .A good example is illustrated in figure 1.6' 6 , : 'ch shows atwin boom jumbo fitted wich a rockbolting canhighl y
mobile equipment of this type, used by skille ..i Operators ,
can reduce the time and hence the expense of rockbolt instal -lation significantly .

In laying out rockbolt patterns, the ❑ dee g eeund excavatio n
designer should always keep this problem of access in mind .Rockbott length is just as important as Fecati . ard, fro mthe rockbolter's point of view, the instei lati,.. i of a ver ylong rockboit may be a difficult and dang_ ereus neratio n
•whee it has to be carried out from a toe

	

t

	

. ., a high-liFt vehicle . If long rockbolts are required
the use of coupled lengths of rod may be ;a f
operator and just es effective for the deaie,

le the Gase of !arg e caverns in which caases ar :_. 2c be instel -led, consideration should be given to a,turinn

	

cran e

support ,
the
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Igure 168 : Temporary con structio n
:ntry mounted on anchored crane rail

s
d used to gain access co the roo

f
d upper sidewalls of the cavern fo

r
nai rockbolt tens ioning and shot-
ete a pp lication .

Figure 167
: Crane beams anchored to the wall

sof e lange cavern in an underground
hydr oelectri cproject . These beams were i nstalled during a n

early stage of the cavern excavation, befor
ethe main benching down il lustrated in this photo-graph commenced .

.dnerzo r'vy

When rockbol ts are to be tensioned, some form of anchor mus t

be used to secure the end of the bolt in the hole . The thre e

most common anchor types are mechanical, cement grout an d

chemical (synthetic resin) .

Mechanical anchors, such as the expansion shell anchor illus-

trated in figure 163, are very commonly used in both minin g

and civil engineering applications . A large number of dif-

ferent expansion shell designs are manufactured commerciall y

and there is little point in attempting to List all o f

these in this text .

	

Basically, all expansion shell anchor s

operate in much the Same way and the choice of anchor typ e

for e particular job will usually depend more on price an d

availability than upon anchoring efficiency .

In good cuality hard rock, mechanical anchors are very e --

ficient and are both fast and convenient to install .

	

i n

weaker or softer rocks the effect iveness of the ancho r

is reduced by local crushing of the rock by the ribbe d

sleeves .

	

In very weak ;heiles, v,udstones and weakly cemente d

sandstones, the use of mechanical anchors is not recommended .

Cement grout or cement mortar anchors are less convenien t

than either mechanical anchors or resin cartridge anchor s

out they are probaoly the cheapest form of anchor .

	

Placin g

the grout au the end of the hole is the most difficaIt pro-

blem and several methods have been used, with varying degree s

of success .

One method which has been found to be convenient and effectiv e

is to use a short length of "Perfo 'bol t " sleeve such as tha t

illustrated in figure 160 .

	

This sleeve is packed with a

sti f f mortar and nushed uff to the end of the hole by th e

holt .

	

Driving the bolt into the mortar will cause the morta r

to be extruded through the perforations and to fill ehe

space between the holt and the nol,_. E_ceuse tose torte r

stiff it will remain in plece et the ens of the hole .

A typical mix for a stiff mortar is as follow s

Type III Portland cemen t

Sand , clean angular wit h

maximum grein s ize o f

about 2mm

Field fier and expandiee agén t

such as "lnterpiast- r "
or equivalent

	

1 .4 part
_

Water : Approximately 0 .3 water-cement ratio b y

weight .

	

A good mix is one that wil l
"pack lik .e a snowball without exudin g

free water" 271 .

The US Bureau of Mines have developed a cement and wate r

cartridge for anchoring and grouting rockbol ts '-'" A Loose

mixture of dry cement powder and pinhead-size water eropiet s

encased in waxy globules is packed into a sausage-shape d

cartrid g e .

	

The cartridge is inserted in the drillhole an d

a bolt is thrust in and rotated . Crushing of the water cap -

Details are available f r om the Technology Transfer Of f ice ,

Spokane 11ining Research Centre, US Department of the Interior ,

US Bureau of Mines, Spokane, Washington, 99207, USA .

Figure 169

	

Machine halt crane su p ported a nanchored crane beams
. Because of the earl y

installation of the crane, it was available t
o

assist in the excavation of the turbine pit
s

and the construction of the base of the cavern
.

:gil t

in Darts by



sules reieases the water uniformly and rotation of the bol
t

mixes the water and cement . The grout hardens very quickl y
and anchoring strengths of 3500 lb/ft of hole (51 NN/m)
at 24 minutes and 8000 lb/ft (177 MN/m) et 5 minutes hav eSeen demonstrated

. The shelf life of these vater-cemen t
cartridges is reported to be in excess of six months

.

A variety of techniques have been used to pump thick grout
s

into holes or to form grout anchors in place by simultaneousl
y

injecting a dry mixture of sand and cement and •water
2 1

These techniques tend to vary from site to site, dependin
g

upon the equipment available and the ingenuity of the opera-
tors .

Resin cartridges , such as those illustrated in figures 16 5and 770 are i ncreasingly being used in applications i n
which high anchor strength and rapid insta)lation are re-
quired

. The high cost of these cartridges is usually justi-
fied by the speed and convenience of ins{allation and thi

s
is particularly important when it is necessary to integrat

e
the excavation and support cycles, as discussed an page s325 to 337 .

A short shelf life was a problem wich some of the early resi
n

cartridges and, while this problem has been partly overcome
,

the inteeding user should check the manufacturer's specifica-
tions very carefully .

	

In critical applications which are aJong way From sources of supply, air freight is sometime
s

a justitiable means of transporting resin cartridges i n
order to minimise this shelf life p roblem .

	

Currently, th e
most widespread use of resin cartridges is in countries i n
which they are locally manufactured and therefore readil yavailable .

`igure 770
: Typical resin cartridge used for anchoring and groutin grockbolts as illustrated in fi gure 165 . The resin and c=_ta lyst ar e

contained in separate compartmencs in the saure cartridge and are mixe
dwhen the rockbolt is inserted and rotated in the hole

.
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BoBt tensionin g

Rockbolts can be tensioned by applying a calibrated torqu e

to the nut or by applying a direct tension to the bolt .

In the Gase of rockbolt applications in which tensions o f

less than about 10 tons are required, the use of a torqu e

wrench or an Impact wrench set to stall at a calibrate d

torque value is usually adequate . At higher leads, th
e

uncertainty in the relationship between the torque applie d

to the nut and the tension induced in the bolt can give ris e

to very large variations in bolt tension
. Apart from possibl e

inaccuracies in the torque measurement, the tension in th e

bolt is influenced by such factors as the rusting of the bol t

threads and the gouging of the washer by the sharp corner s

of the nut . The substitution of a hardened•washer for a

mild steel washer can change the tension in the bolt by a

factor of two .

The US Bureau of Mines carried out a number of tests an th e

relationship between applied torque and induced tension i n

3/y and 3/g inch diemeter rockbolts 273 ,274,273 and the re-

sults of these tests have been widely used . Rcckbolt manu -

facturers will sometimes supply torque-tension calibration s

for their products and these can be used provided that th
e

field conditions are similar to those under which ehe cali
-

brations were carried out .

The authors recommend [hat, whenever a torque wrench or impac t

wrench is to be used for tensionin g rockbolts, the calibratio n

be checked by the direct measurement of bolt tension (es des -

cribed below) in a random sample of installed bolts .

When high bolt loads are required or when it is considere d

necessary to determine the actual bolt tension with a re -

sonable degree of accuracy, direct hydraulic tensioning o f

the bolt assembly is the most practical approach .

A typical hydraulic holt tensioner is illustrated in figure s

171 and 172 . The important factors to take into accoun t

when buying or building such a device ar e

a. A direct tension must be applied to ehe bolt in suc h

a way that it can be measured without interfering wit h

the functionin g of the bolt as a sup p ort element .

b. lt should be possible to adjust the load in th e

bolt and to lock the nut at a pre-determined loa d

value .

c. The load should be applied in such a way that separa -

tion can only occur between the nut and the surfac e

of the washer with which it is in direct contact .

d. The capacity of the juck should be adequate to permi t

pull-out testing of the entire rockbolt assembly .

The tensioner illustrated in figures 171 and 172 satisfie s

all of these requirements but there are many other designs ,

some of which are commerciall y, available, which do the jo b

equally well .

	

Note that, as shown in figure 171, there i s

sufficient room between the spacer posts to allow a spanne r

to be inserted to lock the nut and, also, the reaction pleit e

bears directly onto the spherical washer surface in th e

application illustrated .

When checking the existing tension in a rockbolt, the hydrauli
c

pressure is increased slowly until the nut is finger-ti g ht



Installation of a rockbolt washe r
across ohe "smJtooth " profile of
a b7ocky rock face makes subse-
quent sealing of the hole diffi-
cuZt .Nut for e tens ion aiece

through holZow ram jack

Figure 771

	

Typical hydraulic rockbolt tensioner .

Figure 172 : Hydraulic tensioner and pump . The unit illustrated wa s
fabricated on a construction site but there are several commerciall

y
available hydraulic rockbolt tensioners .

at which stage the load is measured . In the case of pull-ou t
testing of bolts, it is advisable to attach a safety chain t o

the hydraulic tensioner to prevent accidents when the bol t
fails .

If it is required to keep a constant check on bolt tensio n
as part of a monitoring programme, an electronic or hydrauli c
load cell can be installed between the nut and the washer .

Note that rockbolt load measurement becomes meaningless whe n

the bolt shank is grouted and hence, bolts which are to b e

used for load monitoring should not be grouted or shoul d

be fitted with a bond-breaker . A plastic sleeve fitted ove r

a greased bolt will act as an adequate bond-breaker when th e

hole is to be filled with grout .

Groutin g

Grouting serves two purposes in rockbolt applications :
1. lt bonds the bolt shank to the rock making the bol t

an integral part of the rock mass . As discussed i n
the previous chapter, this im p roves the interlocking
of the individual elements in the rock mass and result s
in a significant improvement in the properties of th e
rock mass .

2. lt protects the .bolt installation against corrosion .

lt is strongly recommended that all rockbolts intended fo r
Jong term applications should be grouted .

A typical pumpable liquid grout mixture is as follows 263 :

Type III Portland cement

	

100 parts by weigh t
Flyash (optional)

	

40 Parts by weigh t
Fluidifier and expanding agen t

such es "lnterplast-C" o r
equivalent

	

1 .4 parts by weigh t

Water approximately 0 .4 water -
cement ratio by weight .

When added, the flyash improves the fluiditity and plasticit y
of the mix without influencing its strength . This grou t

will set relatively slowly and the bolt should not be tensio n -

ed until the anchor has set for about 48 hours .

	

If more r a p i d

tensioning is required, accelerators can be added to th e

grout mix in accordance wich manufacturer's specifications .

One of the most critical steps in rockbolt grouting is th e
sealing of the collar of the hole . The First important ste p
in this sealing is the care taken in preparing the rock fac e
and placing the washer . As illustrated in the upper margi n

photograph, careless location of the bolt and lack of an y

face preparation makes it almost impossible to seal the bor e -
hole collar .

When it is impossible to place a bolz so that the rock face

is reasonably flat, a pad of mortar can be placed under th e

washer to improve the contact and to improve the subsequen t
sealing of the hole . This sealing can be achieved by mean s
of a rubber seal ring such as that illustrated in figure 16 3
or by applying a fast setting mortar or plaster to the bol t
head assembly as illustrated in the lower margin photograph .

Flushing the bolt hole with clean water before commencemen t

of grouting serves to clean the hole and also to check the
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effectiveness of the collar seal .

Figure 163 on page 3 559 illustrates a typical grout tub e
assembly for up-hole grouting . A short plastic tube (abou t
8mm inside diameter and 11mm outside diameter) is used t o
inject the grout . A 6mm inside diameter and 8mm outsid e
diameter plastic tube is taped to the rockbolt for its ful l
length to act as a grout return tube . Note that these two
tubes should be of different dimensions to prevent injectio n
into the grout return tube . The diameter of the grout in -
jection fitting should be such that it will only fit into th e
larger grout inlet tube .

	

In the Gase of down-hole grouting ,
the grout should be injected at the bottom of the bole an d
a short graut return tube fitted to the top of the hole .

A grout return tube taped to the outside of the rockbol t
shank in easily damaged during handling and,,, installation o f
the rockbolt and special care must be taken'to avoid suc h
damage . When the tube is damaged, the bolt should be remove d
and the tube replaced . Alternatively, if the bolt cannot b e
removed, a new grout tube can be pushed into the hole on
a stiff wire and the wire then withdrawn to leave the tub e
in place .

As shown in figure 163 , alternative grout tube arrangement s
which are less susceptible to damage are to place the grou t
return tube in a slot machined into the bolt shank or t o
use a hollow bolt* . While more expensive than the syste m
described above, these alternative arrangements for th e
grout return tube do provide a much greater degree of re-
liability .

Grout injection pressures should generally be kept belo w
172 kPa (2S lb/i n 2 ) in order to avoid "jacking" of the rock
mass .

	

Grouting should be continued until there is a ful l
flow of grout through the return tube .

Patented by the Williams Form Engineering Corporation .

Wire mes h

Wire mesh is used to support small pieces of Loose rock o r

as reinforcement for shotcrete . Two types of wire mesh ar e

commonly used in underground excavations : chainlink mes h

and weldmesh .

ChainZink mes h

This is the type of wire mesh commonly used for fencing an d

it consists of a woven fabric of wire . The wire can b e

galvanised for corrosion protection and, because of th e

construction of the mesh, it tends to be flexible and strong .

A typical mining application is illustrated in figure 174

below which shows chainlink mesh attached to the roof of a

haula g e by means of rockbolts . Small pieces of rock whic h

become detatched from the roof are supported by the mes h

which, depending upon the spacing of the support points ,

can carry a considerable load of broken rock .

As shown in the margin photogreph, chainlink mesh is no t

ideal for reinforcing shotcrete because of the difficulty o f

getting the shotcrete to penetrate the woven fabric of th e

mesh . The authors do not recommend chainlink mesh for thi s

application and prefer touse weldmesh as discussed on th e

next page .

Chaini/nk mesh is not recomsrended

or the reinforcement of shotcrete .

Jrouted haiZcw rochholt .

Figure 174 : Chainlink mesh used to prevent falls of small piece s

of broken rock from the roof of a mine haulage .
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We Zdnesl,

Weldmesh is commonly used for reinforcing s hotcret e
consists of a

square grid
of steel wires , intersection

	

and i t

	

points . A typical

	

hf r

undergroun d
has 4 .2mm wires

	

centres
weldmesh for unr r

mesh)

	

at 700mm
en(designated

	

g 0x4 . us e
0re cnven

and it is supplied in Panel
sizes which 1 are c

for ins tallation by
one or two men .

	

o venien t

Generally, weldmesh is a ttached
to the rock by means of a

second washer plate and nut placed on each e xistin g
bojt . Intermediate an chorage is p rovided b y grouted bolts

	

rock -

or expansion shell anchors
.

Sufficiennt inter-
mediate anchors should

be placed to ensure that the mesh i s
drawn close to the rock face . While a good

shotcrete op erato r
can work with mesh as far as 200mm (8 i nches

)

this tends to b
e thst t

	

mesh

	

very wasteful
of shotcrete

	

from the ro ck ,

	

be fully covered b

	

as it is e ssentia ly sh otcrete .
Mesh is easily

damaged by flyroc
k installation should be delayed

u
n from e blay blas ts fa a raway

	

tilih bistin

	

*

	

it sor it
should be protected

from fiyr

	

9 s

	

enoug h
ock by

	

o f
blasting mats . Damaged mesh should be

repl ce means tout the damaged section and

	

goo d

l a
ens r continuit

	

P r oviding a

	

o deby cuY in g

u ea

	

y of the reinforcement . W eldmesh l has t the
ge of not

unraveliing when damaged as is th e
chainiink mesh . casee

Galvanised weldmesh is dif
ficult to obtain and

henc e
steel will

suffer from serious
corrosion i fencased in

	

th e
shotcrete .

	

Gare should

	

it is not full yair p
ockets are not formed

	

the wires or
the in tha tsection points and

	

behind
the wires or the n

y

	

t vems e t e shotcrete nozzle
can be achieved b

	

°zzle so that the

	

constan t
and the s hotcrete is forced behind angle eimpact

i

s

will
beis varie ddiscussed further

in

	

setionth e of wires
. this chapter .

bea later ec

	

r .

F igure 175 ; Weldmesh is usually attached to the
rock b ya second washer and nut on each existing

rockbolt . Shor t
bolts can be used for

	

1 Placin g
intermediate mesh

fixing .

	

Pans or

Figure 176 : Weldmesh being placed in a permanent min e
excavation in preparation for shotcreting .

Shotcret e

Pneumatically applied mortar and concrete (generally known
as " Gunite" or " Shotcrete") are increasingly being used fo r
the Support of underground excavations . Essential readin g
for any serious intending user of this type of reinforcemen t
are the US Department of Transportation report Shoteret eractiee in Underground Construetion 261 and the proceeding s
of an ASCE conference on Usa of Uhofg rete for Underg roun d
StrueturaZ Su pport '- 6'

	

These excellent publications give a
wealth of practical detail on the use of pneumaticall y
applied mortar or concrete and only a short sumnary of some
of the most important points will be presented in this chapter .

There are two basic typen of shotcrete, a [erm which will b e
used in a generic sense in this chapter . Dry-mix shotcrete ,
as the name implies, is mixed dry and the water is added a t
the nozzle . Wet-mix shotcrete is mixed as a low Slump con-
crete which is then pumped to the nozzle .

	

In the case o f
the dry-mix, accelerator can be added to the mix but, in th e
case of the wet-mix process, it must be added at the nozzle .
Typical equipment layouts for the two processes are illus-
trated diagrammatically in figures 177 and 178 and the pro -
cesses are compared in table 23 on page 355 . The choice o f
which process is to be used on a particular project wil l
depend upon a number of Ions iderations which are not directl y
related to the quality of the final product .
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i

Figure 177
: Typical dry-mix shotcrete operation

. Drawing compile dfrom Shotcrete Fraetiee in Underground Constr*etion 26 1

Figure 178

	

Typical wet-mix shotcrete operation usin
sUrswing compiled from shotcrete p_

	

g 9under type machine .raeszee in Underground Construecfor 2 2e 1

TABLE 23 -

	

COMPARISON BETWEEN WET- AND DRY-MIX SHOTCRETE PROCESSES e

Wet-mix Dry-mi x

•

	

Lower rebound when spraying .

•

	

Lower dusting .

'

	

Control

	

of water/cement ratio .

More adaptable to varying groun d

conditions,

	

particularly wher e

water

	

is

	

involved .

Dry-mix equipment

	

is

	

typicall y

-

	

Quality control

	

in

	

the pre- less expensive and a

	

large r

paration of

	

the materials

	

is inventory of used equipment

	

i s

easier because the manufactur e

of materials

	

is nearly Iden -

tical

	

to concrete .

available .

'

	

Dry-mix machines are

	

typicall y

smaller and are thus more adapt -

•

	

Quality of

	

in-place shotcrete able to

	

tunnels with

	

limited

is not so sensitive to the per -

formance of the nozzleman sinc e

he does not adjust water flow .

•

	

Nozzleman directly control s

the

	

Impact velocity of

	

th e

particles and

	

thus compaction

by

	

regulating air

	

flow at

	

th e

nozzle .

-

	

Easier

	

to clean .

•

	

Lower mainrenance costs .

•

	

Higher

	

production

	

rates .

space .

Mix desig n

The following paragraph is quoted directly from Shotoret e
?ractice in Underground Construetion 22n 1

" The process of mix design is a Jong, complicated proces s

which is an integral part of setting up the operation ,

selecting the materials and equipment and training th e

crew . Any change in this process results in a change i n

the final product . A mix shot at a later stage of pre-

construction testing will probably result in a signifi -

cantly better product than the Same mix shot at an earl y

stage . However certain arbitrary assumptions in the mi x

design must be made at the beginning to get trial mixe s

started . "

The overall approach to mix design is similar for both wet-

and dry-mix processes but there are some important differente s

	

in detail depending upon which process is used .

	

In eithe r

process, the mix design must satisfy the following criteria :

1. Shootability - must be able to be placed overhea d

with minimum rebound .

2. Eariy stren g th - must be strong enough to provid e

support to the ground at ages less than 4 to 8 hours .

3. Long-term strength - must achieve a specified 2 8

day strength with the dosage of accelerator needed t o

achieve shootability and early strength .

4. Durability - Jong-term resistance to environment .

5. Eeonomy - low tost of materials and minimum losse s

duz to rebound .

	

-

From reference 261 .
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TAKLE 24 - AGGREGATE GRADATION LIMITS FOR SNOTCRETE '- 6'•

Fine aggregat e

Siev e

3/8 in . (9 .5mm )

No . 4

	

(6 .75mm)

No . 8

	

(2 .36mm )

No . 16 (1 .18mm )

No . 30 (0 .60mm)

Ne . 50 (0 .30mm )

No . 140 (0 .15mm )

Coarse aggregate

Sieve

	

No .8 to 3/8 in .

1 in .

	

(25 .0mm)

	

-

3/4 in .

	

(19 .0mm)

1/2 in .

	

(12 .5mm )

3/8 in .

	

(9 .5 mm )

No . 4

	

(4 .75mm )

No . 8

	

(2 .36mm )

No . 16

	

(1 .18mn)

U .S . standard
sieve number
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Figure 179 : Recommended gradation range for combined fine and coarse aggregate
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Salecticn. of materials

The following comments apply to the selection of material s
typically used in shotcrete :

Portland Cement - Type 1 Portland cement is most widel y
used in shotcrete applications since it is the mos t
readily available type and it satisfies most of th e
normal shotcrete requirements .

Type II (moderate sulfate resistance) and Type V (hig h

sulfate resistance) may be required when the rock, ground -

water or mixing watet contain sulfates . The rate o f

strength geie of these cements is relatively slow .

Type 111 cement, because of its composi tion and fineness ,
provides high early strength .

Regulated-set cement is a nee) commercially availabl e
cement which conteins calcium fiuoroaluminate . Thi s
results in a very high rate of strength egain for th e
First few hours, without the use of accelerators 26 1

After about one day, the rate of strength increase an d
the physical properties of the shotcrete are similar to
those of a Type I cement shotcrete .

Generally, Type I Portland cement is used in conjunctio n
with accelerators because of the availability of thes e
materials and because of the flexibility which can b e
achieved by smali variations in mix design . Note that i t
is essential to check the compatibility of the cement s
and accelerators used in shotcrete applications sinc e
both early and ultimate behaviour may be influenced b y

mixing components which are not compatible .

Aggregates - Nature) gravels are preferred over crushe d
stone because of the better pumpin g characteristics o f

the rounded natural ag gregate particles . Otherwise, th e

quality of aggregate required for shotcrete is the samt

as that for good quality concrete .

Aggregates should be clean, hart!, tough, stron g an d
durable . No more than 2% of the aggregate should pas s
e Mo . 200 sieve (0 .075mm) . The ag gregate should be fre e
from an excess of silt, soft or coated grains, mica ,
harmful alkali and organic matter . Alkali-reactiv e
ag g regates should be avoided .

Generally, the maximum size of aggregate should not excee d
one third of the smallest constriction in the hole line .

shotcrete machines which will accept aggregate sizes o f

up to 32mm (18 inches) are available but the norma l
practice is to use maximum aggregate sizes of 19mm (0 .7 5
Inch) or less .

Aggregate gradation is critical in mix design, pumpability ,
fiow through hoses, hydration at the nozzle, adherenc e
to the area sprayed and the density and economy of th e
final product . Typical gradation recommendations fo r
concrete aggregates are listed in table 24 and thes e
recommendations can be used as a basis for shotcret e
aggregate selection . A recommended range of gradatio n

for combined coarse and fine aggre g ates for use i n

shotcrete is presented in figure 179 .

An increase in the percentage of coarse aggregate wil l
give better compaction, increased density, leider ware r
and cement requirements, less shrinkage and higher bond
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and flexural stren g th . An increase in the coarse aggre-
gate fraction will make the shotcrete more difficult t o

pump and will give more rebound during shooting . Hence ,
a compromise must be reached and it is recommended tha t
fieure 179 be used as a startine point in establishin g
the Optimum aggregate g radation .

Water - Water used in shotcrete should meet the Same

standards as that used in concrete . lt should be clean
and free from injurious amounts of oil, grease, salts ,
aikali and organic matter . Generally, water which i s
suitable for drinking and having na pronounced taste o r
odour is suitable for use in shotcrete .

Accelerators - When a rapid gain in the early strengt h

of shotcrete is required in order to provide immediat e
support to the rock, acceleratin g admixtures or accelera-
tors are added to the mix . The addition of accelerator s
can also he used to improve shooting condi tions and t o
reduce rebound, particularly when working overhead .

Calcium chloride, a common accelerator used for concrete ,
is sometimes used in shotcrete but is not sufficientl y
fast-acting for most unde r g round applications . Proportion s
of the order of 5% do provide a rapid set but at the tos t
of a decrease in ultimate strength and durability . Hence ,
the use of calcium chloride is not recommended .

A number of special accelerators are marketed for use i n

shotcrete and these are much faster acting than thos e
used for conventional concrete . These accelerator s
generally contain the following water soluble salts a s

active ingredients : sodium carbonate, sodium aluminat e
and calcium hydroxide ie55 . The proportions of these an d
other active in g redients vary from brand to brand an d
the manufacturer's instructions should be used as a start-

ing point in obtaining a trial mix .

	

Accelerators are
available in both liquid and powder form and, because o f
their causticity, care should be taken in the handlin g
of these materials .

Accelerators are normally used for all overhead work an d
on vertical walls where the shotcrete thickness is con-

siderable . Accelerators need not be used in shotcret e
applied to tunnel inverts or ap plied in relatively thi n
layers on a dry clean rock surface or a previously shot-

creted surface .

	

In some applications in which the ton e

term resistance of the shotcrete to an a g gressive environ-
ment is important, specifications may call for the fina l
shotcrete lauer to be applied without the use of accelera-
tors .

Mix proportion s

A typical shotcrete mix contains the following percentage s

of dry components :

cement

	

15 - 20 %

coarse aggregate

	

30 - 40 %

fine ag g re gate or sand

	

40 - 50 %

The water-cement ratio for dry-mix shotcrete lies in th e

range of 0 .3 to 0 .5 and is adjusted by the nozzieman t o

suit local conditions . For wet-mix shotcrete, the water-

cement ratio lies between 0 .4 and 0 .6 .
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Engineering properties of shotcret e

A number of en g ineering properties have an influence an th
e

behaviour of shotcrete in underground excavation suppor t
applications

. These include the compressive strength, bon d
strength, flexural strength, tensile strength and modulus o f
elasticity . A Full discussion on the si g nificance of all o f
diese properties will be found in Shotcrete Practice in Under-

ground Construetion261 . Fon the purposes of this discussion ,
only the compressive strength and modulus of elasticity wil

l
be considered .

A rapid gain in compressive strength wich age is essentia l
if shotcrete is to fulfil a rote as an effective suppor t
member in poor ground . Typical compressive strength value s
for shotcrete are as follows

2. ,

41 .4 MP a

6000 Ib/in '-

34 .5 MP a

5000 lb/in 2

34 .5 MP a
5000 lb/in 2

These values are presented for general guidance only an d
should not be used as a substitute for actual Field tests .
The authors regend the early stren g th values for regulate d
set shotcrete as rather optimistic but they have been in-
cluded because they indicate the extent to which researc

h
into cements and cement-accelerator combinations may improv e
the early strength characteristics of shotcrete .

The modulus of elasticity of shotcrete is very closely re -
lated to the compressive strength and, as wouid be expected ,
shows very similar gains with time to those For compressiv e
strength .

In order to provide the reader with a starting point i n
choosing a shotcrete mix, a List of typical shotcrete mixe s
with their com p ressive strengths and elastic moduli has bee n
compiled and is presented in table 25 . More detailed Informa -
tion can be obtained from Shotcrete Praetice in Undergroun dConscrsiction261 from which table 25 was compiled .

Placement of shotcret e

The quality of placed shotcrete depends upon the material s
used and upon the nix design, as discussed above, but it i s
also heavily dependent upon the method of placement

. I n
particular, the skill of the nozzleman in preparing the sur-

face, controlling the delivery rate and thickness and, in th e
dry-mix process, the water-cement ratio, has a significan t
influence on the final product .

Pr e p aration of the surface to be shotcreted is an essentia l
part of the shotcreting operation .

	

Effective scaling, a s
discussed an page 342, is important Fon the safety of th e
operators and also to reduce the chances of "drummy" shot-
crete caused by spraying onto loose rock. Obviously, if th e
rock is very poor, scaling may not be possible and the shot -
crete may have to be applied as quickly as possible after

36 1

exposure of the rock face in order to provide sup port. I n

such a case, a second shotcrete layer, reinforced by means o f

weldmesh, may be required to complete the treatment of th e

surface .

Surfeces to be shotcreted should be free of all Loose o r

foreign matter if a proper bond is to be obtained . Dust fro m

the blasting operation and gouge from the rock joints shoul d

be washed of` the surface and this is most easily achieve d

by jetting the surface with an air-watet mixture . This jettin g

can be curried out with the shotcrete machine operating a t

normal shotcreting pressure ( 0 .3 to 0 .4 M?a, 45 to 60 lb/i n 2 )

with water added in sufficient quanity to dislodge all the

Loose materials on the rock surface . The nozzle should b
e

held approximately 1 to 2m (3 to 6 ft) from the surface bein g

Ilea ned .

Slickensided surfaces are not easily removed by water jettin
g

and sandblasting is sometimes used to improve such surface
s

for shotcretin g. A normal dry-mix shotcrete machine can b
e

used for sandblasti n g if the r e g ular nozzle is replaced by a

sandblasting nozzle .

	

Since this operation is expensive i n

terms of time and materials, it should only be used fo r

critical applications and only efter air-water jetting ha s

been tried .

Once the surface to be shotcreted has been properly cleaned ,

the shotcreting can commence . The nozzleman selects the ai r

pressure and the gunman adjusts the material feed rate t o

match this pressure . Too low a feed rate will result in slug s

of material rather than a steady stream . Too fast a feed rat
e

will cause the machine to plug .

	

Obviously, it is very diffi-

cult to provide general guidance an this par[ of the shot -

creting process since it depends upon the characteristic s

of the actual machine being used and upon the skill of an d

the cooperation between the nozzleman and the gunman .

The optin :um distance between the nozzle and the surface bein
g

shotcreted is approximately 1 metre (3 .3 Feet) . The amount o f

rebound is significantly influenced by this distance as show
n

in the upper margin dra•wing .

	

Rebound is also influenced b y

the angle of the nozzle to the horizontal as shown in th e

centre margin drawing .

Whether the nozzle is hand held or operated on a robot machine
,

t ra ust be kept moving in a controlled path uhile deliverin
g

shotcrete .

	

Failure to keep the nozzle movin g results i n

a shotcrete of non-uniform compaction and thickness . Whe n

usi n g
a hand-held nozzle, it is recommended that the shotcret e

be applied

	

in a continuous series or overlapping circula r

or elliptical loops .

When spraying shotcrete onto weldmesh reinforcement, car
e

should be taken to ensure that voids are not formed behin
d

individual wires .

	

6ringing the nozzle closer to the fac e

is one method which is used to overcome this problem 2 ° 1 .

Another te c 'nnique which is particularly successful when usi
n g

a robot machine is to vary the angle of the nozzle with re s -

pect to the face . This prevents void formation by forcin g

the shotcrete under individual wires .

The thickness of a shotcrete layer is genenelly estimate
d

from the volume of material placed with an aporopriat e

allowance for losses due to rebound
. When sprayin g very

1- 3 hours

	

3-3 hours

0 .2 MPa

30 lb/in 2

0 .69 MP a
100 Ib/in 2

8 .27 MP a

1200 Ib/i n 2

1 day

5 .2 MP a

750 lb/i n 2

10 .3 MP a
1500 lb/i n 2

13 .8 MPa
2000 Ib/in -'

Shotcrete with n o
accelerato r

Shotcrete with 3 %
accelerato r

Regulated se t

shotcrete (estinate d 279 )

o

5 .2 MP a

750 lb/in 2

10 .3 MP a

1500 lb/in 2
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Figure 180 Robot machine set up t o
spray shotcrete in a Jorge cavern i

n
an underground hydroelectric p roject .

Figure 781 : Shotcrete s p rayin g
using a robot machine

. The machin e
can be controlled from the ca b
mounted on the truck or from

a
remote control box as is beine
dune in this app lication .

F i g ure 182
: Renote control box for shotcret

ep lacement us ing a robot machine
. The n o z zl e

Position is controlled by means of the tw
osmall "j

oysticks" on the control box .

irregular surfaces it is almost impossible to achieve a uni -

form thickness and it may be necessary to apply more shotcret e

than originally planned in order to ensure that all the roc k

is covered . When weldmesh reinforcement is attached to th e

rock face, as illustrated in figure 175, this mesh can be use d

as a gauge for shotcrete thickness . Similarly, if grouted

reinforcing bars are used for rock support, the ends of thes e

bars can be left sticking out of the hole to provide a gaug e

for shotcrete thickness .

Some designers specify that short steel pins of the require d

length should be attached to the rock at frequent interval s

in order to provide a gauge for shotcrete thickness . Thi s

specification is seldom met in practice because of the ex-

pense and the danger of installing the pins before shotcretin g

takes place .

Fibre reinforced shotcret e

One of the disadvantages of normal shotcrete is its low ten -

sile strength and it is not uncommon to see shotcrete whic h

has been severely cracked by movements in the rock mas s

after the shotcrete has set . The placing of weldmesh rein-

forcement, as described an page 352, can be used to overcom e

this problem but the installation of the mesh is a time con-

suming and therefore expensive operation . The idea of mixin g

steel wire reinforcement directly with the shotcrete durin g

application has attracted a g reat deal of attention and a

considerable amount of research on this possibility has bee n

carried out during the past decade 2611 .

Much of the early experimental work involved mixin g 25mm lon g

0 .25mm steel wires with the cement and aggregate in proportion s

of 3 to 6% by weight . Fibre contents of greater than thi s

were found to be difficult to mix and to shoot . Difficulties

with balling of the fibres and rebound losses of up to 60 %

have been reported 261 . More recent work by Sandell 288 involy -

ing mixing the shotcrete and the fibres at the nozzle appear s

to reduce fibre losses to about 15% and to reduce the problem

of fibre balling .

	

Sandell reports a 28 day tensile strengt h

of 8 MPa (1160 lb/in 2 ) for steel fibre reinforced shotcret e

as compared with 2 to 5 MPa (290 to 725 lb/in 2 ) for unrein-

torced shotcrete .

Figure 183 : Equipment for mixin g

steel fibre reinforcement int o
shotcrete . After Sandel1 289
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Introductio n

The following quotation is taken from a paper by Holmber g

and Persson '--° 1 :

The innocent rock mass is often blamed for insufficient
stability that is actua"GZy the result of rough and care-

izss blasting . Where no precautions have been taken to

avoid blasting damalte no kncwledge of the real stability

of the undisturbed rock can be gained from Zooking a t
theremaining rock wall . What one sees are the sa d

remairs of what could have been a perfectly safe an d

stable rock face . "

In underground excavation engineering, good blasting is jus t

as important as the choice of the correct excavation shape t o

conform to the in situ stress field or the design of th e

correct support system to help the rock mass support itself .

Two of the most important factors to be considered in relatio n

to blasting in underground excavations are :

1. The blast should break the rock efficiently and economi -

cally and should produce a well fragmented muckpile (o r

orepile) which is easy to remove, transport, store an d

process .

2. The rock mass left behind should be damaged as little a s

possible in order to reduce the need for scaling an d

support to a minimum .

Obviously, these two conflicting requirements can only be

satisfied by making a number of carefully planned compromise s

in the design of the blast . Such compromises can only b e

made on the basis of an understanding of the mechanics o f

explosive rock breaking .

Basic mechanics of explosive rock breakin g

When an explosive contained in a borehole is detonated, th e

high pressure nasses generated by the explosion impact th e

walls of the borehole and generate an intense pressure wave

which travels outwards into the rock .

	

In the immediat e

vicinity of the borehole wall, the stresses can exceed th e

- eeoth of the rock and shattering and crushing of the roc k

can occur . Since the intensity of the stresses generate d

by the explosion falls off rapidly with distance from th e

borehole, the rock behaviour will range from plastic deforma -

tion to brittle elastic fracturing and the particle siz e

will increase rapidly with distance from the borehole wall .

Outside this zone in which the compressive strength of th e

rock is exceeded, a zone of radial cracks will be forme d

by the tangential tensile stress (hoop stress) component o f

the stress field induced by ehe explosion . These radia l

cracks will continue to propagate radially es Jong as th e

tangential tensile stress at the crack tips exceeds th e

tensile strength of the rock. Kutter and Fairhurst 292 hav e

reported theoretical and experimental studies on the lengt h

of these cracks in homogeneous rock . in actual rock nasses ,

this cracking will be influenced by anisotropy in the rock ,

pre-existing fissures in the rock and the in situ stete o f

stress .

When the borehole is close to e free face created by a pre -

vious blast or by an uncharged relief hole, the fractur e

Chapter 10 : B! tinn in underground excavations
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Chapter 9 references

Not only is the tensile strength of fibre reinforced shotcret
e

higher than that of conventional shotcrete but, even afte
r

the maximum strength has been exceeded, the fibres have
a

considerable capacity for keeping the shotcrete together
.

This means that the shotcrete will stay in place and continu
e

to play a useful although diminished support role
.

A number of projects have been successfully completed usin
g

fibre reinforced shotcrete288,289,290 and the authors hav
e

little doubt that the use of this material will increase i
nthe Future .
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Plough or V-cu t

The Layout of a plough or V-cut is iliustrated in the uppe r
margin sketch . A typical advance for this type of cut i s
45 to 50% of the tunnel width .

	

In wide tunnels, this advance
is limited by drillhole deviation which is typically of th e
order of è5% . Hence, in a 5m lon g hole, the end of the hol e
can deviate by ±0 .25m and this can cause problems with flash-
over from one hole to another during ignition of the charges .
Langefors and Kihistrom29

3
report a case in which an advanc e

of 5 .4m was achieved in a 9m span tunnel (60% of the tunne l
width) by accurately drilling slightly larger than norma l
holes (44mm diameter) and by using detonators of high dela y
accuracy .

Ins tantaneous cu t

A variation of the V-cut involves drilling the holes mor e
nearly parallel, as shown in the centre marg in sketch, an d
igniting all the charges simultaneously .

	

Advances of up t o
83% of the tunnel width can be achieved with this cut .
Langefors and Kihlstrom293 report a case in which an averag e
advance of 5 .5m was obtained and where the width of the bas e
of the cut was only 3 .3m in a tunnel of about 6 .6m span .

A disadvantage of the instantaneous cut is the large thro w
which results in the muckpile being distributed over a con-
siderable distance from the tunnel face . A modificatio n
of the Layout shown in the centre margin sketch which in-
volves truncating the end of the pyramid, is claimed to reduc e
the throw-=93 .

P rcZtcZ hole cutte.

Because of the space required to accommodate a drilling
machine and the rods for drilling an g led holes in a face ,

cuts described above can only be us e d in relativel y
large tunnels .

	

In many civil and mieiee engineering apelice -
tions, the tunnels are too Small to allo,•, these cuts to b e
used and hence parallel hole cuts have tc be used to oétei n
the required advance .

When the blastholes are drilled per endicuia- to the tunne l
face and parallel to one another, the oniv effecti _ way i n
which to provide a free face for the itiel detonation i s
drill a relief hole which is left uncharged .

The relationship between the burden d and the

	

ameter ' o f
the relief hole (see lower margin sketch) is critical for th e
success of the detonation of the First charge in a paralle l
hole cut . Langefors and Kihlstrom29- 3 suggest that for goo d
fragmentation and clean election of the broken material tn e
burden ? should be less than 1 .5 times the relief hole dia -
meter S . Haean29a sug g ests that, even for 200mm diamete r
relief holes, the burden should not exceed 200mm .

The amount of explosive energy per metre of blasthole i s
critical in the detonation of the firnt hole in blasting a
parallel hole cut .

	

If the amount of energy is too low, th e
interlocking network of fracture surfaces will not be un-
meshed and the seg ment of broken rock will remain in place .
In this case the charge will blow out or "rifle" rather tha n
break the burden . On the other hand, if the charge is exces-
sive, a large number of radial cracks (see nage 367) will b e
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and

	

fo r

	

quase expansion
volume for subsequent bl

	

pr ovidin g

Creation

	

asts .
of a free fac e

In bench blasting
operations , a free face is n ormall avail -

able since the blast
is initiated from the

holes
c

[he bench face

	

Y avail -

t

	

n

	

created by the previous blast .

	

In
a

l osest t cg ed bench blast,
each row of

holes will heave the e
r

ro c

fc l

k

l y
away and create a new free face for

the
next row of holes t o

In a tunnel blasting o peration,
no free face is av ailabl e

since the b oreholes are drilled p arallel
to the tunne land there are no free surfaces

p arallel to t eHence an essential

	

axi s

	

First

	

l

	

l a s bare holes .a free cut
. The tut, :whi c

ste s
h
ch is

in fir a ed Firs

t turttbo os

ptroduc
e

t a

p

f

r

e e
f
bel

	

uc e
face, can be achieved in a number of ways which are

di scussed
ow .

Fan tut

9 .5 2 2

When the tunnel
advance is less than the span o fas shown in the margin sketch

oP posite ,to allow inciined holes

	

there
rer mthe is ce .

	

Inde r
these circumstances a fan tocutt

b drilled
can

l l

be

ed ed

	

create e . [h e
expansion volume required rar the subeq

usequent

tto bla sti n
A ty p ical fan

	

S -
cut Layout, adapted fro mand Kihlstroml93,

is shown in
`

	

the bock by Lteg tha t
only the fan cut holes and not the margin

b lasthole s

th. Not er tha tshown

	

The de tonation

	

nc

	

h other

	

a
esigned to

	

sequee
shown in the

	

ar

e vi

	

i sd worein

	

break the rock
sequ entially' so [hat ea ch v hol eg towards a free face .

Obviously there
are a number of alt ernative ways in

whic h
a Fan cut can be drilled and de tonated and the reader s
referred

to the specific
examples given by Lan gefors an d

Kihlstrom2-3,
The char in

	

* l

for the success of

	

S fan cut

	

holes l

	

also cr itica lchar i

	

the fan tut

	

t a Full di scussion an
9 ng exceeds the scope of this text . Once a ain ,

fi cric details can be obtained from Lan gefors and Kihist ;
from the

excellent

	

S

	

speci -
handbooks issued by a

number of

	

pa o rconcerned
with the man ufacture of explosives .
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Mastko la

relief ka lte

-* Pr,Cal parallel ^0 2 ou t

blacthoI e

d parallel hole gu t
gar ,9aaxz29 "

\\ v

formell . The inereese in volume or "sweli" of the broke n
rock tends to be nreater when these radial cracks occur tha n
when spulling o .

	

eflection breakage (see page 368) take s
place .

	

Consequently, insufficient expansion volume is avail -
able and the broken rock tends to "freeze" in the relief hole .
Accord ing to Hageren" , freezing tends to be more common i n
fine g rained rock than in coarser grained rocks because o f
the greater tendency for radial cracks to develop in fin e
grained rocks .

Additional problems in blasting parallel hole cuts ar e
sympathetic detonation and dynamic pressure desensitization .
Sympathetic detonation can occur in a hole adjacent to tha t
being detonated when the explosive beine used has a hig h
level of initiation sensitivity . Most nitroglvicerine base d
explosives exhibit such sensitivity . Dynamic pressure de-
sensitization occurs in many explosives, particularly ANFO-
type explosives (Ammonium Nitrate / Fuel Oil), when th e
density of the

	

nlosive is increased . Th i_! can occur ,yhc n
the pressure wave from an earlier-firing char g e in an ad-
jacent blasthole acts on a charg e . In extreme cases, th e
density can be increased to a point where the explosive
will not detonate .

Dynamit pressure desensitization problems can be r,inimise d
by using adequate delays in the firing sequence .

	

In thi s
way, the firing of Bach successive blasthole is delaye d
Jong enough for the pressure wave from the previous blas t
to have passed and for the explosive to have recovered t o
its normal density and sensitivity level .

Haga n '- 94 gives a detailed discussion on the design of paralle l
hole cuts and suggests that many of the problems discusse d
above are minimised by usin g the Layout illustrated in th e
centre margin sketch . The three relief holes provide a
larger expansion volume for the blasthole and they als o
shield the blastholes from each other which reduces th e
problems of sympathetic detonation and dynamic pressur e
desensitization . Ha g an reports that of 31 parallel hole cu t
configurations tested in a dolomitic limestone wich a stren g
tendency to freeze, the patteen with the three relief hole s
(centre margin sketch) was the most successful .

Because each successive blast in a parallel hole cut enlarge
s

the expansion volume available for later-firing blasts, th e
burden can be increased for each blast . This results in th e
seiral cut configuration illustrated in the lower margi n
sketch .

Langefors and Kihlstrom293 g ive a number of examples o f
parallel hole cut configurations and they also discuss th e
charge concentrations, initiation sequences and the choic e
of delays . They point out that the problems of drillin g
deviation can give eise to severe problems in parallel hol e
cuts_ and sug g est that templates should be used to guide th e
drill, particularly when using hand-held drilling equipment .
Any reader who is likely to become involved in the desig n
or supervision of tunnel blasting is strongly recommende d
to study the text by Langefors and Ni 'hlstrom in detail .

Rock damag e

Good blasting starte with the correct desi g n of the cut an d
of the remaining blasthoies required to break the rock around

37 1

the cut .

	

In order to minimise the damage to the rock whic
h

is to remain, special consideration must be given to th e

Layout and chargin g of the final line of blastholes . Th e

design of these perimeter holes must be based upon an under -

standing of the factors which control rock damage adjacen
t

to a blasthole .

Holmbe r g and Persso n 291 suggest that rock dama g e is related t o

the peak particle velocity induced by the blast . This pea k

particle velocity may be estimated by means of the followin
g

empirical equation

k •'.1g
v

where

	

v is the peak particle velocity in mm/sec . ,

W is the charge weight in kg . ,

R is the radial distance from the point o f

detonation in metres ,

k,a and ß are constants which depend upon the

structural and elastic properties cf the rock

mass and which vary from site to site .

The constants k, a and g used in this equation depend upo
n

the type of blast and the condition of the rock mass in whic
h

the blast is carried out . Holmberg and Persson 291 sugges t

values of k = 700, e = 0 .7 and ß = 1 .5 for tunnel blastin g

conditions in competent Swedish bedrock and they have use d

these values in calculating the results plotted in figur e

184 .

As will be shown later in this chapter, the values of thes
e

constants can vary by large amounts, depending upon th e

conditions and the assumptions made in interpreting the date
.

Ideally, these constants should be determined for eich sit e

by conducting a series of triel blasts and monitoring th e

induced particle velocity at different distances from th e

points ofdetonation .

Note [hat equation 133 is based upon the assumption that the

detonation occurs at a single point and hence it is onl y

valid when the distance R is large compared with the lengt h

of the charge . When the point under consideration is clos e

to a Jong charge, as is the gase in tunnel blastin g , the

peak particle velocity v must be obtained by Integration ove
r

the charge length . Holmberg and Persson '- 91 have discusse d

this problem and have derived the curves presented in figur
e

184 for typical tunnel blasting conditions .

Rock fracture is associated with a peak particle velocity o f

700 to 1000 mm/sec and the zone of damage ssurrcunding a 45m m

diameter blasthole charged with ANFO, with a linear charg e

density of 1 .5 kg/m, is approximately 1 .5m in radius . Thi s

amount of damage is unacceptable when the blasthole is clos e

to the final tunnel wall and steps raust be t aken to reduc e

the damage by reducing the charge . Pi lgere 184 shows tha t

radius of the zone of damaged rock will be reduced to a
.. .

0 .3m when the charge density is reduced to 0
.2 kg !

use of charge densities of [his magnitude in etc .-

holes is the beeis of the technique of s.mooti

blasting which is used to control blast damag e

excavations . This technique is discussed in the

(133)
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Figure 134

	

Peak particle velocities at various distances fro m
a borehole charged to different charge density levels

.After Holmberg and Perssonk9

'Smooth blasting and presplittin g

The techniques most commonly used to control damage in th
e

Final wallt of rock excavationsare smooth blasting and
p re-splitring

. The basic mechanics of failure for these two
techniques are almost identical and will be examined befor

ethe differentes are discussed .

When two adjacent boreholes are detonated s
im ultaneously, th e

circumferential tensile stresses induced by the explosio
n

reinforce one another and cause an increase in the tensil
estress acting p erpendicular to a live drawn between the tw
oholes .

	

This tensile stress, which is higher that [hat actin
g

across any other radial live drawn from either borehole, tend
sto cause pr

eferential crack growth along the live between th
etwo boreholes

. By carefully choosing the correct borehol e
spacings and charge densities, a clean fracture can be cause

d
to run from borehole to borehole around the perimeter of a

nexcavation .

In addition to the need to detonate a live of smooth blas
tor presplit holes simultaneously in order to cause the stress

reinforcement effect discussed on the previous page, it i s

also necessary to deeouple the charge in each hole in orde r

to mimimise the extent of the pulverized zone and encourag e

the growth of radial cracks (see margin sketch on page 367) .

This can be achieved by making the diameter of the char g e

smaller than the diameter of the borehole so that an annula r

air space is provided around the char g e . This air space

absorbs some of the initial explosive ener g y and reduces th e

magnitude of the initial high pressure impact which is re-

sponsible for the crushing of the rock immediately surroundin g

the borehole .

Once the crack runnin g between the simultaneously detonate d

boreholes has been initiated by the interacting stress fields ,

the gas pressure in the boreholes plays an important rote i n

wedging the cracks open and causing them to propagate cleanl y

between the holes .

When these conditions of simultaneous detonation of closel y

spaced blastholes with decoupled charges are satisfied, th e

required crack can be induced to propagate at a low charg e

density which, as shown in fi g ure 164, reduces the amount o f

damage to the rock surrounding the borehole . Consequently ,

not only do the techniques of smooth blasting and presplittin g

g ive a cleanly fractured final surface but they also reduc e

the amount of damage inflicted upon the rock mass behind thi s

final surface .

Smooth blasting

Smooth blasting invoives drilling a number of closely space d

parallel boreholes along the final excavation surface, placin g

loei charge density decoupled charges in these boreholes an d

detonating all of these charges together ei fiter th e

detonetion of the remainder of the blastholes in the face .

This means that the initial cut and the normal tunnel blas t

are carried out es discussed earlier in this chapter and e

final skin of rock is peeled off the undamaged final excavatio n

surface by the smooth blast .

ln most cases, the smooth blast holes are drilled, charged an d

blasted in the saure tueneiling cycle as the cut and main blas t -

holes . Consequently, apart for the requiremen t for additiona l

drilling, the use of smooth blasting does not introâuce an y

delay into a normal tunnelling production cycle .

	

In sone

cases the cut and main blast are carried out durleg one :echt.

and the smooth blast during the following cycle .

	

This ne e

the effect of advancing a Pilot tunnel one round ahead o f

the final trimming blast and some operators consider .ha t

this produces better results than a single cycle blast . Th e

authors believe that the main differente between these two

methods is operational and the reader is Ieft to choose th e

most convenient method .

In smooth blasting, the spacin g between the boreholes i s

usually 15 to 16 times the hole diameter and the Purden (th e

distance between the boreholes and the free face created b y

the previously detonated blastholes) is 127 times the spacing .

The minimim linear char g e concentration for both smooth blast -

ing is given by zsu

w e 5O .d '-

where w is the linear charge density of ANFO-eguivalen t

(134 )

Decounled charge used for smooth
bSassing arid tresplitting
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Figure 188 : Controlled excavatio n
using smooth blasting in the Swedis h
State Power Board's Stornorrfor s
Power Station . Photograph reproduce d
with permission of Atlas Copco .

Figure 187 : Results achieved in a har d
rock mining tunnel using crude smoot h
blasting techniques .

	

In spite of th e
wide spacing of the boreholes (marked
with whi te paint), the results are bette r
than those obtained with normal bul k
blasting .

explosive in kg/m an d
d is the borehole d iameter in mm .

Svanholm et a1295 give the
following recommendations fo rsmooth blasting in underground e xcavations :

Drill hol e
diameter

nun
diamete r*

r
e`

	

9eeoneentrati.crc
kg A IVFO/m

Barde n

m
Spacing

m
2 5-32 11 0 .08 0 .30-0 .1. 525-48 17 0 .25-0 .3 5

0 .20 0 .70-0 .5 051-64 2 2 0 .44 0 -50-0 .7 0
1 .00-1 .10 0 .08-0 .50

186 : Smooth blasting re -
in a tunnel for a hydro-

_ric p roject in South Africa .>cks are weck h orizonta ll v
i sandstones, mudstones and

Some examples of smooth blasting in Underground excavation sare i llustrated in figures 185 to 188 .

Figure 185 : Smooth blastingresults in massive q uartzit e
in a deep level gold mine i nSouth Africa . P hotograph re-

produced with p ermission o` th eSouth African Chamber of Mines .
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cresp Gic tic .

The differente between smooth blasting and
pre s p litting i s

that the presplit holes are
g
enerally more closely space

d
than those used for smooth

b
lasting and the charges are deton-ated simultaneously belore

the main blast
. This means tha tthe presplit crack exists before the main blast is

de tonate dand this crack tends to limit the
pro p agation, of Cracks from

the main bl astholes by pr
oviding a path to allow ventirg o

f
e expanding gasses .

Because of the need to
d etonatz the presplit char

g es i nadvance of the main blast, the use of
pre-

splitting in under-ground excavations may involve a separate
dr illing andcharging cycle ahead of the main blast295

. The inconvenienc eand the delay caused by this additional Operation tends t
o

Limit the use of presp
litting in underground

exc avations .
In ad

dition, the tost of the additional
d rilling and th etendency of the presplit crack to be

deftécted by high i nsitu stresses (since there is no adjacent-free face to reliev
ethese stresses) makes presplitting less attractive than smoot
h

blasting for underground
excavations .

Pre
splitting is generally used in benching operations wher

ehorizontal stresses tend to have been relieved and wher
e

there is g
enerally more room in which to carry out

di fferen tsteps in the overall blasting
pr ocess . Figure 189 shows th e

overall imp
rovement in the stability of a bench face whic

h
can be achieved by presp

litting (on the left) as compare
dwith uncontrolled bulk blasting (on the right)

.

For presplitting the arehole spacing is normally 8 to 1
2

Limes th z
in finite. The le

diameter2"
and thz burden can b echarge di ameters and char

	

considere dl
isted on page 374 can be used

	

nen [ration sfor pr esppllitttting ,

Desi g n of blasting pattern s

When blasting damage occurs during thz excavation of under-

ground openings, there is a tendency to attempt to remedy th e
problem by the introduction of smooth blasting of all fina l
walls .

	

If this is done without consideration of the mai n
blast desi g n, the results can be less than satisfactory be-
cause the rock beyond the smooth blast line may already hav e
suffered excessive damage from the main blast .

Good blasting design can never be done on a piecemeal basis ;
the entire blasting pattern includin g the cut, the main pat t
of the blast and the perimeter holes must be considered if a
satisfactory result is to be achieved .

A typical tunnel face blasting pattern is illustrated i n
figure 190 . The reader can follow the logic of this patter n
Layout by carefully considering the ignition sequence show n
in the figure .

	

If a tria n g le is drawn with its aper at eac h
blasthole and its base formed by the free face created b y
earlier firing holes (see lower margin sketch on page 370) ,
the sequence of rock breakage can be followed .

Langefors and Kihlstrom 203 give a number of examples of blast-
hole patterns and ignition sequences and the reader is strongl y

advised to examine these patterns in order to gain a bette t

understanding of the logic of blasting pattern desi g n than i t

is possible to convey in this brief chapter .

Holmberg 295 has described the use of computers for designi n g
blasting patterns for both su rface and underground blasti n g
and the authors of this book are convinced that the Futur e
will see motz and more applications of the Computer in th e

t imisation of blasting patterns .

IC.

	

1F,

	

16
lé

	

.u IF

	

l p

g1E

	

17

	

e t 4

	

- . .

1

	

» 15

17

7 .5m

5 .2m

Fi g ure 189 : Oif ference in the appearance and s tabilit ya bench face in gneiss achieved by presplitting
( left)*an d

by uncontrolled

	

y o f

bulk blasting (right) .

Figure 190 :

	

Blasthole pattern and initiation seq uence for a typical tunne l
blast using a parallel hole cut and smooth blastin g for the final walls .
The relief hole diameter in the cut is 125mm and the blasthole diameter i s
SOmm . The charge density ranges from 0 .4 to 2 .5 k g /m and the advance i s
4 .3m . After Langefors and :tihlstrom 293 .
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Peak particl e

velocity v mm/s

Figure 192 : Graph for predictin g

induced particle velocity at a

distance R from a blast of W kg o f

explosives .

	

Note that this grap h

applies to Kiruna only and that th e

constants k, c and 9 may ee differen t

at different underground blasting

eitee .

0 . 5

100 6

50 0

as s

20 4

5 0

Damage to adjacent underground excavation s

Diehl and 5ariole 297 report an experiment carried out in th e
Kiruna iron ore mine in Sweden where a 20kg blast was detonate d
and the induced particle velocities were monitored in e serie s
of p arallel tunnels adjacent to the blest site . The result s
of this study are summarised in fi g ure 191 which gives a brie f
description of the damage associated with different ranges o f
peak particle velocity .

A reasonable approximation of the relationship between th e
particle velocity v and the distance R for this blast can be
obtained by substituting k = 200, c = 0 .7 and 8 = 1 .5 i n
equation 133 an page 371 .

This equation has been used to construct the graph presente d
in figure 192 which can be used to estimate the particl e
velocity which would be induced at any distnce R from a
blast of W kg of explosives . This type of ' graph can be o f
considerable assistance in designing blasts an a particula r
site but it must be emphasised that figure 192 applies t o
Kiruna only and that it is essential to determine the con-
stants

	

e and ä for each site . This can be done by carryin g
out a series oF triel blasts and monitoring ehe induced par-
ticle velocities at different disteeees from these blasts .

n•1 10-0

	

50

	

100

	

500 150 5

Distance from explosion R - m

Typical published values for the constant s

listed below .

, a ard 8 ar e

L 300-250mm/s adjacent to blas t

*-- 80-60mm/s - severe rockfalls and crackin g

40-30mm/s - rockfalls and cracking

22-18mm/s - small rockfalls and fine crack s

14-12mm/s - no rockfalls or crack s

`' 'gare 191 : Monitored particle velocities and observed damage i n
a series of parallel tunneis adjacent to e 20kg detonation at adepth of a pp roximately 400m below surface in the Kiruna iron ore min

ein Sweden. After Diehl and sariola '- 97 .

e o

730 0 .66 1 .54
Lundberg

	

et

	

el :r1'F

2 083 0 .53 1 .00 RIW" s >

	

3 .97
Ambraseys and Hendron - 3 9

11 455 0 .93 2 .80 R/w1/3

	

n

	

3 .97
Ambraseys and Hendro n '-

9 9

1 686 0 .71 1 .78
Holmberg 32 0

707 0 .58 1 .56
`larob ' ev

	

et

	

01 30 1

700 0 .70 1 .50 Average Swedish bedrock
Holmberg and Persso n 25 1

193-1530 0 .80 1 .60 Down hole bench blasting Oriard 35 2

37- 148 0 .55 1 .10 Coyote blasting 5 Orierd 30'2

5 958 0 .90 1 .60 Presplit

	

blastin g Oriard 302

To calculate the particle velocity v in in/sec for a distance R in feet from a Charg
e

of W lb of explosive, divide k by 7
.42 and use the Same values for o and ß

3

Coyote blasting involves placing a large concentration of explosives in a tunnel o
r

cavity and it is used to loosen large volumes of rock close to surface
.



380

	

38 1

Chapter 10 references

291. HOLMBERG, R . and PERSSON, P .-A . Design of tunnel perimete r

blasehole Patterns to prevent rock damage . Tans . :ee. Rin .

Metall ., London, Vol . 89, 1980, pages A37-40 . r

292. KUTTER, H .K . and FAIRHURST, C . On the fracture p rocess i n

blasting . Intnl . J . Rock Mech . Mieing Bci ., Vol . 8, 1971 ,

pages 181-202 .

293. LANGEFORS, U . and KIHLSTROM, B . Ine Modern Teohnicee

	

Reel le

Blasting . John Wiley and Sons, New York, 1973, 405 pages .

294. HAGAN, T .N . Understanding the burn cut e key to greate r

advance rates . Trans . Inst. Min . Metall ., London, Vol . 89 ,

1980, pages A30-36 .

295. SVANHOLM, 8 .-0 ., PERSSON, R .-A . and LARSSON, E . Smooth blast -

ing for reliable underground oeenings . ?rot . Ise TntnZ . Syng .

on Storage in Escavaued Rock Taverne, Stockholm, Vo 1 . 3, 1977 ,

pages 37-43 .

296. HOLMBERG, R .

	

Computer calculations of drilling gattet-es fo r

surface and underground blasting .

	

Freiin lFei . gor .

	

R o i . , Roe't

Minn ., 1975, S .L . Gleiseen o C . Feieherst, ece ., Pag e .; 357-36 4 .

297. DIEHL, G .W . and SARIOLA" P .J .

	

The srail-hole drilling metho d

in rock store excavations . Freie . See Inen : . Bgr., en :8erei g

in Iccavaeed Rock Caderoe, Stockholm, Vol . 3, 1977, PPge s

23-27 .

298. LUNDBORG, Ni, HOLMBERG, R . and PERSSON, P .-A .

	

Relation be hone n

vibration, distance and cnarge weicht . Regere

	

ed3ek

	

"r r ieet e

for BuiSding Reeearok, Rll, 1973 .

299. AmgRASEYS, 0 .5 and HENPRON .

	

J Drren i c beheviou e of e et k

n-esses .

	

in Roc k blockirer:2o Se Tegineerieg Rowef e i, edite c

by KiG . Stegg eed r, . u .

	

published P Y Je," Wile y

and Sons, London, 1568 . eeces 203-236 .

300. 80LmSERG, P .

	

Rieselte form single seiet ground vibration -eaeure -

inents . Rerore TeieiiSeh Ttee nie Retoto i,i8 7-ieed e ''- .DS 1979,9 .

1579 .

301. VOROB'EV,I .T . et al .

	

Features of [riet deeeiearent and proea -

gation of the Raeleigm eurfeee eeve ;e [1, Deheeeezger decoei t

Sooiet 'Jie3ng

	

Vol . 3 . 1972 . :eeee 63 4 -63 7 .

302. ORIARL . L .

	

Blasting e f feets end trete reist r ot i n ee, e

mielng .

	

Spot. . :nie: Ioee 1 . 2 in:2

	

: :r3 -1.s ::-g 1 - h ei 2 6 i

Miningg, Vancouver, Canaria, 1571, pubiiseed bi, AlME, Nee fere ,

1972, pages 1 97- 222 .

BZasting for underground construction euergieses i s
a cutting Cool, not hombing operation . ”

This guotation from a paper by Svanholm et 21 295 emphasises
the message which the authors have attempted to convey i n
this brief chapter .

	

Good blasting involves careful attention
to the blasting pattern, the initiation sequence and to th e
amount of explosive detonated per delay . In addition, th e
use of smooth blasting or presplitting (where appropriate )
can significantly reduce the amount of damage to the roc k
mass surrounding an underground excavation .

The authors recommend that whenever this is done, the roc k
mass should be classified according to the CSIR or NGI rock
mass classification systems (see chapter 2) .

	

If sufficien t
information is published relating damage to particle velocit y
in rock masses which are adequately classified, it shoul d
be possible to derive more general relationships for roc k
mass damage than those available at prevent .

Conclusio n

The amount of damage associated with a particular particl e
velocity will obviously depend upon the condition of th e
rock mass before the blast . Unfortunately, very feie author s
report this rock mass condition in sufficient detail fo r
general conclusions to be drawn on the relationship betwee n
damage and particle velocity . The values listed in figure
191 may be taken as a rough guide for damage to undergroun d
excavations but, as in the case of the constants used i n
equation 133, the damage criteria need to be established fo r
each site .

There is ample practical evidente to demonatrate that th e
simple principles which have been summarised in this chapte r
work .

	

Considering the availability of exceilent books suc h
as thatby Langefors and Kihlstrom 233 in which these principle s
are clearly explained, the authors feel that there is no
excuse for poor quality blasting in underground construction .
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Chapter 11 : Instrumentation

Introductio n

In the early days of rock mechanics, a fairly common approac h
to underground problems seemed to be - " If you cannot thin k
of anything eise to do, go and measure something " . Whil e
this was good for the companies manufacturing instruments ,
it did not result in the solution of too many practical problem s
and it gave rise to severe scepticism an the part of owner s
and clients who had to pay for all of the gadgets used .

As the subject has matured, the a p p roach to the use of instr u-
mentation in underground construction projects has becom e
more responsible and there is now a tendency to use instrume n -
tation as part of an overall design and construction contro i
package .

A vaut array of Instruments is available fo.c use undergroun d
and no attempt will be made to deal with a'i of these instru-
ments in this chapter . A few of the most important instrument s
and measuring techniques will be discussed and the reade r
will be left to follow up deteils in the euer growing numbe r
of catalogues available from instrument manufacturers .

Objectives of underground instrumentatio n

Instrumentation is used for the following purposes before ,
during and after the construction of underground excavations :

Befôre construction. - to determine information required fo r
the design of the excavations . Such information includes th e
modulus ofdeformetion of the rock mass, the strength of th e
in situ rock and the in situ stete of stress .

During construction - to confirm the validity of the design
and to provide a basis for changes to the design .

	

In addition ,
monitoring of dispiacements plays an important role in provid-

ing information which can be used to improve the safety o f
the underground construction sites .

After oorsbruetion - to check the overall behaviour of th e
excavation during operation (in civil engineering applications )
or to monitor the response of an excavation to the mining o f
adjacent excavations (in mining applications) .

The objective of an underground instrumentation programm e
should be to satisfy these requirements as efficiently an d
as economically as possible . The requirements fo r
simplici ty, ruggedness and reliability cannot be over-sta te d
since underground instrumentation is required to operat e
under severe conditions of temperature, humidity and roug h
handling . A typical under ground instrumentation site i s
illustrated in figure 193 .

Common inadequacies in instrumentation pro g rammes

Lane 3a3 has listed the most common inadequacies in instrumen-

tation programmes used in the construction of tunnels fo r
civil engineering purposes .

	

Lane's List is equally applicabl e

to other types of underground construction and the followin g
list has been adapted from that published by Lane .

1 . Little systematic pre-planning - what information needed ,
what variables should be r e g ulated for a controlled experi -
ment ; sack of concern for g eologic conditions and for the
need to control certain construction methods .

38 3

2. Initial behaviour patterns not well established (from whic
h

significant subsequent movements measured) .

	

Instrument s

installed too Tate, or installed and not read due to dif
-

ficulty of access .

3.
lnexperience of crew installing and rbserving, often faiiin g

to detect instrument misbehaviour or to reco gnise warning s

of instability .

Initial evaluation and interpretation not made immediatel
y

in the field .

	

in some cases, the delay caused by sendin g

the results to a distant office for

	

terpretation can re-

sult in the opportunity for immediete remedial action t o

be missed . Worse still , the office staff may not be abl
e

to interpret the results correctly without direct knowledg e

of the conditions in the field .

5 . Instruments damaged by construction operations . Lack o f

back-up redundancyin measurements, parcicularly desirabl e

for more sophisticated devices .

b . Contracto r ' s responsibilities (assistance and payment ther
e-

for) not well defined, usually resulting in lack of cooper a -

tion .

7. Instruments inadequate . Plot designed to withstand sever e

exposure in underground environnent . sophisticated device
s

not fully de-bugged before use .

8. Loss of results when cost cutting by mana g ement results i n

Figure 193 : Typical stress measuremen t

site in an underground mine . Instrument s

for use underground have to be extremel y

rugged and reliable to withstand th e

severe conditions of temperature, humidity ,

and rough handling to which they ar e

subjected .
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Figure 194
: Cutting a semi-cir c ula r

slot in a rock face by means of a

diamond blade driven by a hydrauli
c

motor
. Photograph reproduced wit

h

permission of Pierre Londe of Coyn
e

et Belllee, Paris .

curtaiiment of observatiees, analysis and reporting o f

results .

Instrumentation for the collection of design data

Instruments and equipment for the collection of structura l

geology data and rock streneth and deformation eheracteris -

tics have been mentioned in previous chapters and no furthe r

discussion will be included in this chapter . A sarge amoun t

of published information, summarised in books such es tha t
by Lama and Vutukuri 233 , is available to the intereste d
reader seeking further dèteils on this type of equipment .

From the discussion presented in chapter 7 it will be eviden t
to the reader that the in situ stete of stress is one of th e

most important items of design date required by the Under -
ground excavation engineer . The magnitudes and directions o f

the principal Stresses which exist in the tack before the

creation of an excavation play an importan['role in control-

lieg ehe stability of the excavation .

Many methods for measuring in situ stresses in rock hav e

been proposed and these may be grouped under the followin g
headine s

1. yt"au Lie fraceure teehniaues - the only method availabl e

for the measurement of stresses at distances of more the n
about 50m from the point of access . Fracteees are induce d

in the rock by the application of a hydraulic p ressure t o

the interne] walle of a borehole and, from a knowledge o f

the pressure at which fracture occurs and the direction s

of the fractures, the in situ stresses can be estimated .

Unfortunately, certain assumptions regerding the principa l

stress directions and the magnitude of one of the thre e
principal stresses are required in order to interpre t

the date and this Leeds to limit the esefulness of th e

method . Heimsan and his co-workers have described th e

hydraulic Fracturing technique for stress measuremen t

and have given a number of examples of practical applica-

tion of the method aa-e'- .

2. Ddr t etresa measurement t_stnc.- , k jeiciiis - one of

	

e

oldest methods of stress measurement involving the m c-

surement of the pressure required to restore a set o f

measuring pins on Bither side of a slot to the position s
which they occupied before the slot was cut .

	

O'bert an d

Duvall' 3 haue summarised the work carried out by the U S
Bureau of Mines an the interpretation of the results o f
this type of measurement . Londe' üu has described the us e

of flat jecke inserted into >lots tut by means of a
diamond saw and this techni q ue is illustrateé in figure s

194, 195 and 196 .

	

Obviously this method can only be use d

where access is available in an exploration edit or pilo t

tunnel and the technique is not suitable for heavily jointe d

rock or rock which has been severely damaged by blasting .

3- 3crekole .mescodc o` Jtreee measurement currentiy th e

most Dopelee type of stress measurement since the complet e

stete of stress can be determined from a single borehoie .

Leeman t077 , Roche and Silverio 335 , Worotnicki and Walton 30 P

and Blackwood 30t have all described inscrements incor porat -

ing strain gauges which can be used for a complete stres s
determination in a single operation . 4ast 75 , Obert 73 an d

others have described other types of borehole instrument s

which can be used to determine the in situ stress fiel d

by combining measurements from several boreholes .

Se-cially construct
e -

Figaro 19 5
Sems-circular flat jack designe d

to fit into slot cut by saw show
n

in figure 194 .
tlo grouting is re -

uuired and the jack can be reused
.

Photograph reproduced wich permis
-

sion of Pierre Lande of Coyne e
t

Bellier, Paris .
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Figure 196

	

Me
asurement of the hydraulic pressure required t

o
rrestonc l

the pins an either side of the fla
*p lo tositions . Note that the

	

jb ae

	

s al [d efor
the slot is cut in

	

e pins raust

	

io s

	

n . bfo2P hotograph re r

	

order to es tablish the zero Po sition .p s . ed with p
ermission of Pierre Londe of Coyn

e
et Bograh, Paris .

A. Full di scussion an the advantaaes and disadv antages o fall of these borehole stress measuring instruments woul
dexceed the scope of this chapter and the following comment

sare confined to one instrument
. This is the hollow in-clusion stress cell d

escribed by Worotnicki and Walton
30 6

This i nstrument is c
onsidered by the authors of this boo

k
to be the most pr

actical and reliable of the
c urrentl y

	

available
instruments .

	

The Installation pr ocedure i s
almost id

entical to that used for most oF the other bore-
hole instruments mentioned earlier in this

di scussion .Figures 197 to 202
i llustrate the p

rinciples of the stres s
measuring Operation and g

ive some details of some of th e
steps required in order to carry out the complete Opera-tion

. Note that the strain gauges are fully
en capsulate din an epoxy resin tube and that the read-out cable i

spermanently
attached to the i nstrument (see figure 198

)
This construction ensures that the cell is

e xtremel yrugged and fully waterproof . M onitoring of the strai ngauges is carried out during the over-coring operatio
nand this permits

iden tification of any
mal function i nany of the gauges

. Since only six strain readings ar
erequired for a complete

deter
mination oF the stress field

,
the ava

ilability of nine gauges gives an adequate degre
e

of r edundancy to allow for
mal function in one or two o

f
the gauges .

The authors r
ecommend that extreme care be taken in th

e
r
ecording and analysis of the strain readings since i

tis very easy to mix r eadings from d ifferent gauges or t o
rote down an i

ncorrect sign for one of the readings
.

LX/,,. v/, ,X/Xn, I, \Qw- . n\i,AV,/, .«/@ `

(b)
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Fi g ure 197

	

Steps involved in the complete determination of the in sit u
state of stress in a single operation .

a. Drill a large diameter (150mm or 6 in) borehole to the depth ,

at which the stress determination is to be carried out .

b. Drill a small diameter borehole (38mm or 1 .5 in) a distance of abou t
500mm or 18in beyond the end of the large borehole . Install the stres s

measuring instrument in this small borehole .

c. Overcore the stress measuring instrument using a thin wall diamond cor e

barrel of the saure outer diameter as the large diameter borehole .
d. Subjett the core containing the stress measuring instrument to radia l

pressure in a hydraulic cell in order to determine the modulus o f

elasticity at each strain gauge location .

Figure 198 : Hollow inclusion stress cell with nine strain gauge s
fully encapsulated in epoxy resin and a permanently attached cabl e
to permit readout of all strain gauges during over-coring . The
instrument illustrated was manufactured by Rock Instruments, P .0 .8o x

245, East Caulfield, Melbourne, Victoria 3145, Australia from th e

original design by Worotnicki and Walton 30 6

f ¢

44!444, 4

(d )

(c)
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Figure 199 : E poxy resin cement is mixe d
and poured into the cylindrical cavit y
formed by the tube to which the strai

ngauges are a ttached .

Figure 200
: A piston is fitted into th eepoxy resin filled cavity

. The extensio n
rod attached to the piston is used t

o
Position the instrument je the smal

lborehole and to push the-piston in when
the end of the hole is en countered .

Figure 207 :

	

The in strument, Filled :vit h
activated epoxy resin, is carried to th

e
end of the hole by means of a specia

l
tool fitted with guide wheels to centr

ethe in strument
. A mercury switch in th e

tool gives the orientation of the gau
g e s

and a trip wire within the cell
in dicate s

that all the cement has been extruded
.

Figure 202
: Once the cement has se t(usually ov ernight), the cell is over-

cored and the strain ga ug es are monitore dduring the over-coring p rocess . l` al l
gauges are operating correctly, a fina

l
set of strain readings is taken and th

ecell is then p
laced in a biaxial pressur echamber for determination of the elasti

cconstants of the core .

A full discussion on the analysis of the strain gaug e

readings obtained from over-coring a hollow inculsio n
stress cell has recently been published by Duncan Fam a

and Pender 308 Similar discussions, more limited i n

scope than that mentioned above, have been published by

Leeman 107 , Rocha and Silverio 305 and Worotnicki an d

Wal ton 30 ô

In some underground excavations, particularly those associa -
ted with water distribution or hydroelectric projects, th e

movement of groundwater through the rock mass is of consider-

able importance . Rock instability induced by reduction o f

the effective stress acti n g on joints (see pa g e 153), leakag e

from the tunnel and erosion of soft discontinuity filling s

are all important practical problems which have to be anti-

cipated by the excavation designer . Many of these problem s

are difficult to quantify with any degree of precision bu t

it is possible to obtain reasonable estimates of the roc k

mass permeability and the groundwater pressure distributio n

in the rock mass . These estimates can be used in analytica l

or numerical models to study the sensitivity of the desig n

to g roundwater pressure .

A comprehensive discussion on the p ermeability of jointe d

rock masses has been published by Rissler 309 and the interes -

ted reader is also referred to papers by Louis and Main i 3'- t ,

Snow 3'- 1 , Sharp and Maini 312 and Wilson and Witherspoon 31 3

for further details .

In the past, most of the theoretical work and field studie s

on the influence of g roundwater has been restricted t o

slopes and foundations" 5 ' 30 `

	

This is because water pres -

sures in these structures may be of the saure order as th e

stresses acting across discontinuities and this can eive ris e

to serious instability . In the case of undergrownd structure s

the stresses in the rock mass are generally very much highe r

than the g roundwater pressures and the dangers of instabilit y

induced by a reduction in effective stress are not as high.

Consequently, most underground designers tend to trea t

groundwater as a nuisance, to be dealt with when encountered ,

rather than a threat .

As pointed out, an exception to this general rule is the cas e

of tunnels designed to conduct water under Pressure . Hor e
recently, work on the underground disposal of radioactive

.vasste 31 " ,315 and on the storage of oil and gas 31 ' - "' ha s

emphasised the fact that the movement of even small quantitie s

of groundwater may be important in certain applicaticns . Thi s

work has also highlighted deficiencies in instrumentatio n

and techniques for the measurement of low groundwater flows

and pressures . The authors anticipate that many of thes e

deficiencies will be remedied in the next few years as th e

results of current research come to fruition .

Monitoring of under g round excavations during constructio n

Measurements carried out during construction should be de-

signed to provide information which can be used to chec k

the validity of the design or to permit the completion o f

on-going design work .

	

In addition, these measurements shoul d

provide warnings of potential problems in order that remedia l

measures can be im p lemented before the problems have develcp -

ed to a stage where the remedial measures are either ver y

expens ive or impossible to execute .
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_cal live point convergenc e
. _ ay in a tunnei .

Lond e 322 , in discussino the use of instrumentation durin g
tunnel construction, has emphasised the need For ver y
simple and rugged instruments instelled and monitored i n
such a way that interference with construction activitie s
is minimal . Landen- '- and also Hieniawski and Masche k 32 3

consider that the measurement of displacement is the mos t
effective means of monitoring rock mass behaviour durin g
the construction of an underground excavation .

Several methods for monitoring rock mass displacements ar e
available and these are summarised in the following notes .

7 . Optieal surveying - where suitable access is availabl e
and where the measurements can be related to a remot e
stable bare, normal high quality surveying technique s
such as levelling and triangulation can be used to deter-

mine the absolute displacements of targets fixed to th e
surfeees of underground excavations . Tja advantage o f
this approach is that surveying equipment of the require d
quality is normally available an sitz and most competen t
surveyors can carry out the measurements required . The
disadvantages are that the measurements and the computa -
tions are time consuming and tend to interfere with th e
normal duties of the surveyor and that, in Jong tunnels ,
the results may not be precise enough to detect movement s
in a hard competent rock mass .

The advent of electro-optical distance measurement device s
has made the task of surveyors a little easier and , fo r
large underground caverns in which access is difficult ,
measurement from a fixed instrument Position to a numbe r
of reflecting targets attached to the cavern roof an d
walls can give useful information .

2 . Convezoenee measurements - normally carried out by mean s
of a tape or rod extensometer between targets attached t o
the walls and roof of an excavation as illustrated i n
the margin sketch . A number of convergence measurin g
instruments are available and figure 203 shows one o f
these -a tape extensometer manufactured by the Slop e
Indicator Company .

39 1

3 . 3oreho?e extensometers - are used to measure displace-

ments in the rock mass surrounding an underground excav a -

tion . These extensometers consist of either sliding rod s

or tensioned wires, anchored at selected points withi n

boreholes . In the case of the rod extensometers, th e

rods are usually sheathed in plastic tubing or run throug h

nylon bearings to ensure that the friction between th e

different components is kept to a minimum. In the cas e

of tensioned wire extensometers, the wires are generall y

manufactured from creep resistant alloy steels with low

coefficients of thermal expansion . These wires are usuall y

maintained under constant tension by a spring loaded ten -

sion head .

A typical rod extensometer with two anchor positions i s

illustrated in figure 204 . Up to six anchor points are

available in the case of rod extensometers and eight fo
r

wire extensometers .

Figure 205 shows an instrument station in a large under -

ground cavern in a hydroelectric project . A three poin t

rod extensometer head is shown in the upper right portio n

of the Photograph and several pneumatic piezometer con -

nections can be seen in the lower left part of the picture .

Note that the entire station is housed in a drilled reces s

in the rock and that a circular steel cover plate (no t

shown) can be bolted onto the surface to protect th e

instrument connections .

Figure 204

	

Typical rod extensometer for the measurement of displacement s

in rock nasses surrounding underground excavations . The instrument illustrate d

is a model E-2 double-point rod extensometer manufactured by Irad Gage, 1 4

Parkhurst Street, Labanen, New Hampshire 03766, USA .

Figure 203 : Tape extensometer attache d

to a convergence measurement poin t

fixed to the wall of an undergroun d
exavation. The instrument illustrated

is a model 51855 tape extensomete r
manufactured by the Slope Indicato r
Company of 3668 Albion Place Ni, Seattle ,
Washington 98103, USA . The extensomete r
has an accuracy of t 0 .003 inch (0 .08mm )
over a distance of 100 Feet (30m) .
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The monitoring of stress changes during construction i s

sometimes attempted but it is not qui te as simple a tas k

as it would appear . Most of the in situ stress measurin g

tools discussed earl ier in this chapter are manufacture d

from plastics or are bonded -to the rock by means of resi n

cements . These synthetic materials have a tendency to cree p

with time and hence the instruments are more suitable fo r

short term measurements than long term monitoring .

In some cases these problems are overcome by repeating th e

absolute stress measurement by over-corin g at differen t

time intervals and, in other cases, a flat jack is left i n

place and the cancellation pressure measured whenever required .

Monitoring of underground excavations after constructio n

Once construction of an underground excavation has been com -

pleted, it is sometimes necessary to monitor its behaviour .

Typical examples of such monitorin g include disolacemen t

measurements in permanent hydroelectric caverns or min e

crusher chambers to ensure that no lon g term instabilit y

is developin g , monitoring of leakage from high pressur e

penstocks and monitoring of surface subsidence above shallo w

tunnels or underground mines .

The monitoring techniques used are identical to those dis -

cussed in the previous section with the emphasis an conver -

gence measurements and extensometers because of the excellen t

Jong term stability offered by these instruments .

In underground mining projects in which caving techniques ar e

employed, monitoring the development of the cave can be a n

importent requirement, particularly when critical surfac e

instelletions are leitetet: eiese to _ .e potentiei cav e

boundary . Feecise surface survey techniques are mos t

com eonly used for this problem and these generell, give a

good indication of the time-dependent development of the cave .

In etner Gases, a simple indicator instrument can ee cons -

tructed by anchoring a series of wires at di f fe r ent depths

in a borehole drilied towards the cave . As illustrated i n

Figure 207, the wires are brought out frm tue borehole ,

t ssed over e pulle system and tensioned meens of dead

w ghts . When a .eicht drops to the floor, the indication s

are that the cave has crogressed beyond tue correspondin g

ancnor point .

Monitoring of triel excavation s

The monitoring of triel underground excavations is e specia l

application of instrunentation that is being increasingl y

used to gather design data'"' , '°

	

In some projects, :Fier e

are major practical difficulties involved in obtainin g an d

interpreting monitoring information and implementin g

design changes during construction .

	

If adequate time i s

allowed before the mein excavation work is undertaken, th e

results obtained from instrumented triel excavations, whic h

should preferably be of feil prototype width, can be mos t

helpful in steging excavation and finalising support design s

Flor tue ful l-scale excavation .

	

In one Gase known to th e

authors, the results obtained from an instrumented trie l

enlergement showed that the rockbolt and rock ancnor re-

inforcement being planned for the excavation could be sub-

stantially reduced . The consequent savings in support cost s

exceeded the tost of the triel excavation .

Figure 206 shows a very crude but effective
"do- it-yourelf "rod extensometer installed in a mine

. A steel rod, abou t3/i in (19mm) in di
emeter, is grouted about 6 Feet (2m

)into a borehole and a short length of steel pipe is
g routedinto the collar of the hole

. The changes in distance bet-
ween the end of the rod and the front face of ehe pipe ar

e
m
onitored by means of a depth

mi crometer or diel sau g e .Note that the free length of the rod must be measure
dalter it has been g

routed in place in order to
d etermin ethe extensometer length .

Figure 205 .

	

Instrument station i n
large cavern in an underground hydro-

aelectric project

	

The sta"tion c onsist sof a three point rod
ext ensometer hea d

and Tour pneumatic piezometer
conn ections .

, igure 206 t A crude single point ro
dextensometer i nstalled in a mine . The

'od is anchored about 6 Feet (2m ) int
oboreho elz 1 by means of a resin c artridg e

nd a pipe is grouted into th e
oller of the hole to provide a bas

eer mea surements .
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Figure
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developmen t borehole instrument tota l moni mi ne .

	

pment of a cave in a larg eat different A number of wires are a nchoredat
differen t

at
dis tances in the borehole an dwires Ma

e
` en sioned by means of dea dmini of the weights indicate smovement of the corresponding a nchors in th erock mass .
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Conceptual design studie s
for a high-levet waste repository in igneous rock . Proc.
?st IntnO . Symp . on Storage in Excavated Rock Cavern .s ,
Stockholm, Vol . 2, 1977, pages 339-346 .

315. WITHERSPOON, P .A ., GALE, J .E . and COOK, N .G .W .

	

Radioactiv e
waste storage in argillaceous and crystalline rock masses .
Proc . Ist Incnl . Symp . on Storage in mxcavated Rock Caverns,
Stockholm, Vol . 2, 1977, pa g es 363-368 .

316. BERGMAN, S .M . Groundwater leakage into tunnels and storag ecaverns . A documentation of factual conditions at 73 cavern s
and tunnels in Sweden . Fror . Ist Intnl . Symp . on. Storage in
Excavated Rock Caverns, Stockholm, Vol . 2, 1977, p ages 51-
58 .

305 .

308 .

309 .

313 -
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Appendix 1 : Bibliography on lar ge underground excavation s

Introductio n

This appendix presents bibliographic details and, in mo=_t cases, short summaries of approximatel y

350 published items dealing with geotechnical aspects of the design and construction of larg e

permanent underground excavations in hard rock . The emphasis is on case histories rather tha n

more general or theoretical material . The bibliography is based on one previously publishe d

by the senior author (item 258 below) which, in turn, draws heavily on an excellent bibliograph y

on underground hydroelectric power plante covering the years to 1957 prepared by Cooke an d

Strassburger (item 78) .

	

In the preparation of the present bibliography, many of the item s

published before 1957 and included in these earlier bibliographies have been omitted, onl y

those dealing with geotechnical problems in some detail having been retained .

The choice of material for the present bibliography is largely subjective, and depends to a

great extent on publications known to the authors and which they have found to be informativ e

and useful . Generally, though not invariably, the publications referenced are written in th e

English language, and only excavations of a permanent nature in which the smallest span is a t

least 10m have been included . This means that some papers dealing with the larger transportation

tunnels excavated in rock are included, but that many papers dealing with underground minin g

operations are excluded . Unfortunately, there is a peucity of published date on the large r

underground mining excavations, many of which are of the sarge order of size as the hydro -

electric power plant excavations with which a majority of the publications Iisted here ar e

concerned .

	

Because of their temporare nature, significantly lese support is provided for man y

of these mining excavations than for permanent excavations of equivalent size, and so the y

could be regarded as representing a practical leerer bound for Support requirements .

In addition to the bibliography in which publications are listed in chronological order, thi s

appendix contains a tabulation of major underground excavations in rock, listed by country .

This tabulation does not seek to provide a catalogue of existing underground excavations for th e

obvious reasons that the task of compiling such a catalogue would be a most daunting one, an d

the results would be of limited value . Rather, an attempt has been made to give details o f

the sizes, rock types and conditions, and support systems used for a selected number of well -

documented cases in the hupe that this date will serve as a useful point of reference for th e

engineer faced with the task of designing an excavation in similar conditions .

PART 1 - BIBLIOGRAPH Y

1 . JAEGER, C . Underground hydro-electric power stations .

	

Ee gifeeessfeg

	

==*-ic Merk e

Review, Vol 43, Dec 1948, pages 620-623 : Vol 44, Jan-Feb 1 54 5, pages 38-41 and 85-86 . ^

Review of underground power stations in Sweden, Swi tzerlare, Scotland and Australia ;

diagrams of four different types of underground stetions ; technical deewiege of plant e t

Innertki rchen, Pfaffenspring and Erstfeld, all in Switzerland ; bieliograany .

2 . ROUILLARD, R .J . The excavation and support of an underground engine charber at Durba n

Roodepoort Deep Ltd . Popen;

	

.- _

1948-49, paces 1-18 . An engine chamberJ l9mJ x 16 .Snm x B .9m high was excavatec in hard ,

unjointed quertzite at a depth of 1500m . Roof support by concrete reinforced with stee l

arches .

WRIGHT, L .G .C . and KNIGHT, A . The cutting and support of large deep level excavations .

Papiers and _scussions, - socioeioe of hfine Mr :age_
r

- of South Africa, 1948-49, page s

19-37 . Engine and Fan chambers excavated at depths of 2378 and 2073m in hard querteit er .

Reinforced concrete roofs and concrete wall support used . A 5m wide pump chamber in a

friable dyke also described .

4 . EBERSBERGER, M . Lavey hydro-electric station of Lausanne city electricity supply . _rown.

3overi Review, Vol 36, Oct-Nov 1949, pages 330-347 . Geological factors decideè adoptio n

of underground scheme .

5 . ADLER, G .F .W . Model tests on Clachan underground power station .

	

c	 erneric jeernof ,

Vol 11, dun 1950, pages 119-127 .

377 . REINIUS, E . G roundwater flow to rock caverns . Proc . IstIntn.Z .Symp. on. Storage in EWcavated Rock caverns, Stockholm ,Vol . 2, 1977, pages 119-124 .

318. WESSLEN, A ., GUSTOFSON, G . and MARIPUU,P . Groundwater an d
storage in rock caverns, pumping tests as an i nvestigatio nmethod . Proc . Ist IntnZ . Symp . on Storage in. EWcavated RockCaverns, Stockholm, Vol . 2, 7977, pages 137-144..

319. ABERG, B
. Prevention of gas leakage from unlined reservoir

sin rock . Proc . Iss IntnZ . Symp . on. Storage in. EWcavated Rockcaverns, Stockholm, Vol . 2, 1977, pages 175-190 .

320. LINDBLOM, U .E ., JANELID, I . and FORSELLES, T . A . Tightnes s
test for underground cavern for LPG . Proc . Ist IntnZ . Symb .on. Storage in EWcavared Rock Caverns, Stockholm, Vol . 2 ,1977, pages 191-198 .

321. MILNE, I .A ., GIRAMONTI, A .J . and LESSARD,

	

Compresse d
air storage in hard rock for use in power a p plications .Proc . Ist IntnZ . Symp . on. Storage in EWcav'aeed Rock Caverns ,Stockholm, Vol . 2, 1977, pa ges 199-206 .

322. LONDE, P . Field measurements in tunnels . Proc .Symp . on Field y:eastr ements in Rock '

	

. -
K8

.

vA .A . Balkema, Rotterdam, I

	

2 , pac

	

9 . 6 3ari, ed . ,
977, Vol . _, pace s es 6 1 9-638 .

323. BIENIAWSKI, Z .T .and MASCHEN, R .K . Monitoring the behaviou r
of rock tunnels during construction . he CiviC nngineer i nSouth Africa, Vol . 17, No . 10, 1 975, pages 255-264 .

324. SHARP, J .C ., RICHARDS, L .R . and BYRNE, R .J .

	

Instrumentation
considerations for large underground triel openings in civi lengineering . Proc . IeeZ . Symp . on. Measuremenes i nRock 'daonanics, K . Kovari, ed ., A .A . Balkema, Rotterdam ,
1977, Vol . 2, pages 587-609 .

3 .
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SEMENZA, C . An underground station . Water Power, Vol 2, Jul-Aug 1950, pages 144-151 .
Principal Features of Lumiei hydroelectric project in Italy ;

	

most of article devoted t ohigh concrete dam . Brief description of underground power plant ;

	

transformers an dswitchgear underground
. Due to poor rock conditions, walls and concrete pillars were

constructed with reinforced buttresses and intermediate relieving arches .

WESTERBERG, D . and HELLSTROM, B
. Swedish practice in water power development . Transactions,4th World Power Conf rence, London, 1950, Vol 4, pages 2071-2080 .

HEGGSTAD, R
. Norwegian hydroelectric power stations built into rock . Transactions, 4t h✓orld Power Con e reece, London, 1950, Vol 4, pages 2250-2266 .

WITTROCK, K .J .P . and PIRA, K .G .G . Designing and dimensioning of the hydroelectric powe rplants of the Swedish Stete Power Board . Swedish State Power Board, Publication no 8 ,1950 .

GALLIOLI, L . Underground power stations . Water Power, Vol 2 , Nov-Dec 1950, pages 227-23 6and 246 . Factors to be considered in underground schemes . Stazzona proj,gct, Milan i stypical underground scheme
; plant placed underground for security reasoi 'l s . Transformers ,switchboards and auxiliary equipment in two lateral tunnels

; tunnel completely concret e
lined, power station housed in an inner structure which is independent of outer structure

.
Cranes carried on reinforced pillars located in'very poor Formation .

ILLINGWORTH, F
. Harspranget ambitious Swedish undertaking .

	

.'ine and éuarry En gineering,Vol 17, Jan 1951, pages 11-13
. Excavation of Harspranget power station 225 Feet downin g ranite .

JAEGER, C . A study tour in the Alps . Vater Power, Vol 3, Jun 1951, pages 213-218 .
Discussion on Santa Massenna 11 and Santa Guistina projects

. Letter has heavy reinforce d
struts in turbine floor to resist plastic movement of rock .

? . e'tON . First underground power plant? Engineering News-Record, Vol 147, Dec 6, 1951, page38
. Snoqualmie Falls, Washington, plant completed 1899, placed underground to avoi

dfreezing spray fron falls
. Another plant built 1904 at Fairfax Falls, Vermont, destroye

dby 1927 flood which broke through shallow rock roof .

. STEPHENS, F .H . Kemano . Western Niner, Vol 25, Jun 1952, pages 55-62 . Mining work
necessary for construction of hydroelectric power plant at Kemano

; construction of power -house 1400 feet underground ; driving of raises and tunnels .

RICE, H .R . Alcan's Nechako-Kemano-Kitimat p roject . Canadian Mining Journal, Vol 73, Ju n1952, pages 79-87 ; Jul, pages 63-70 . Rock elasticity investigation, powerhous e
construction, general outline of complete project . Part 11 gives descriptive account o f
rock and tunnel excavation work and drilling and blasting procedures used in powe

rchamber .

;Wal . Santa Giustina . Waten Power, Vol 4, Aug 1952, pages 289-298 ; Sep, pages 324-333 .utstanding Features of hydroelectric scheme on River Noce in northern Italy
. Firs t

part deale with Santa Giustina dam and pressure tunnel, second part with undergroun
dpower house . Well illustrated

. Serge chamber in two parts - vertical shaft an d
helicoidal shaft which ascends with increasing inclination and variable horizontal area

.Power chamber fully lined with falle ceiling ; tailrace tunnel lined .

-CHTOLD,

	

J .

	

Experience gained during

	

the construction o f
(In German) .

	

Sehweite the Handeck

	

11 power plant .Bauceinung,

	

Vol

	

70,

	

Oct 4,

	

1952, pages 5 7 33-577 ; Oct

	

11 ,587-590 ;

	

Oct 25,

	

pages 612-614 .
pages

'9^N . T rollhättan . Water Power, Vol 4, Oct 1952, pages 364-70 and 387 . Hydroelectri ci
nstalketions at Trollhättan on Gota River in Sweden

. One of the new plants is Hoju m_ derground station, bei efl y described
. Arched roof concreted with crane supported onelumns, walls exposed rock .

19 . ANON . 350 Mw hydroelectric generating station at Harspnget,1
Sweden . Engineering,

rt sitwo part s
Vol 174, Nov 7, 1952, pages 585-587 ; Nov 14 1952, page

s

giving complete and detailed description of scheme
; second installment devoted to powe r

station
. Upper portion of four vertical penstocks reinforced concrete designed to take

externe' pressure ; rock carries internal pressure
; lower portion steel lined . Separat e

generator room and transformer cubicles
; roof sound granite reinforced by 25mm diemete r

bare an Im x lm pattern, grouted to depth of 3 to 5m and covered with reinforced gunite
;

dreinage provided
; provision made for falle ceiling over generator room if necessary .

Notes that Swedish powerplants are placed underground for economic reasons, with safet y

being an additional but not decisive factor .

20 . WISE, L .L . World's largest underground power station
. En gineering News-Record, Vol 149 ,

Nov 13, 1952, pages 31-36 .

	

Illustrated discussion on powerhouse, penstock and powe r

tunnel excavation at Kitimat - Kemano scheme
. Liste reasons for going underground .

21 . HUBER, W .G . Alcan - British Columbia power project under construction
. Civil Engineering ,

ASCE, Vol 22, Nov 1952, pages 938-943
. Reinforeed concrete roof arch, concrete bloc k

curtain walls, transformers in vaults in mein chamber .

22 . WEISSEL, W . Underground power stations
. Institution of Engineers (India) Journal, Vol 33 ,

Dec 1952, pages 195-208. Advantages and disadvantages and factors in design of
.under-

ground p ower stations
; date on plants in Sweden, Norway, Germany, Russia, France, Spain ,

Austria, Switzerland, Italy and Australia .

23 . TALOBRE, J
. The present stete of underground penstock technique . Ca ,Youille Blanche ,

Vol 7, 1952, pages 513-531 .

	

(Translation by Jan C . van Tienhoven) . Comprehensiv e

article an the design of pressure shafts . Importani to underground plants because o f

economics involved in pressure shaft design .

24 . HUBER, W .G
. Tunnels and underground penstocks require a million cubic yards of excavatio n

(Alcan - British Columbia hydro project) . Civil Engineering, ASCE, Vol 23, Feb 1953 ,

pages 102-107 . Two 3 .35m diemeter penstocks in concrete backfilled shaft ; penstock

slope 48 0 to horizontal ; 1361 .2m

	

long ; steel plate up to 49 .2mm thick
; 1 penstoc k

to 4 units .

25 . JOHANSON, E .A . Underground hydro plant boosts Rio power
. Electrical World, Vol 139 ,

Mar 23, 1953, pages 130 - 133
. Forcacava (now Nilo Pecanha) underground power plant -

engineering deteils, plane .

26 . BUENAVENTURA, A .P
. Engineering considerations of Ambuklao hydroelectric project in Agn o

River, Luzon . Phillipine Engineering Record, Vol 14, Apr 1953, pages 6-11 .

27 . ANON . Snowy Mountains . Water Power, Vol 5, Apr 1953, pages 131-39 ; May, pa g es 164-72 ;

Jun, pages 204-12 . Description of Snowy Mountains project in Australia . Part I :

history of project .

	

Part 11 - technical and economic background .

	

Part 111 : il lustrate s

proposed underground power station Tumut 1 .

28 . BACHTOLD, J . Construction of Oberaar power plant .

	

(In German) . Sc%rweita Baueeitung ,

Vol . 71, May 1953, pages 271-277 .

29 . HUBER, W .G . Complex excavation patteen cuts out underground powerhouse
. Civil Engineering,

ASCE, Vol 23, Jun 1953, pages 396-401
. Description of Kemano excavations, concrete arc h

machine hell roof, columns and girts anchored to walls .

30 . JAEGER, C . Isère-Arc development . Water Power, Vol 5, Jul 1953, pages 256-262 ; Aug ,

pages 301-304 . One of the projects of Electricité de France
. Special reference to

design of dam, surge chamber and pressure shaft ; power plant date given .

31 . .ANON . The Paraiba-Parai Diversion . Meter Power, Vol 5, Aug 1953, pages 287-293 . Diversio n

scheme to obtain additional power for Sao Paulo, Grazili Forcacava underground powe
r

station described .
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32 . SEETHARAMIAH, K . Underground hydroelectric power stations . Indian. Journal of Power c:d3iver Malleu Ueveloamens, Vol 111, Sept 1953, pages 5-13 and 30 . Discussion of variou stypes of under g round power stations - advantages and disadvantages, history of under-

ground station development, plants operating under heads from 56 to 680 metres, claim s
First plant built in Switzerland in 1897, modern tunneling techniques chiefly responsibl e
for development, various lining schemes, trend to place transformers underground, brie

fdiscussions on Kagginfon, Norway ; Brommat, France ; Innertkirchen, Switzerland and Sant aMassenza, Italy .

33. RABCEWICZ, L .v . The Forcacava hydroelectric scheme . Water Power, Vol 5, Sep 1953, page s
333-337 ; 0ct, pages 370-377 ; Nov, pages 429-435 . Describes excavations for undergroun d
power station et Forcacava, Brazil - working methods adopted in unstable rock

; powe r
chamber fully concrete lined - broken rock caused overbreak ; inclined slip plane sencountered

. Concrete columns erected during excavation heavily anchored to rock an d
concrete struts required to hold some columns

. See also items 25, 31, 39 and 43 .

i4 . MATTIAS, F .T . and ABRAHAMSON, C .W . Tunnel and powerhouse excavations at Kemano, B .C .for Alcan hydro power . Canadian. Minino and Bietallurgical Bulletin, Vol 46, Oct 1953 ,pages 603-621 . Describes geology of region and excavation and driving methods used .

KENDRICK, J .S . Civil engineering Features of the Kitimat project . Boston. Societu of Civi lEngineers, Vol 41, Jan 1954, pages 88-112. General outline of project, brief statistic s
on underground power plant, diagrams showieg method of excavation of mein block of powe- -house . See also items 14, 15, 20, 29, 34, 38 and 45 .

ESKILSSON, E . Täsan power station . -,SEA Journal, Vol 27, Mar 1954, pages 39-43 . Swedis hpower station Täsan,

	

740 Feet below ground level ; penstock from inlet tunnel slopes 1 :1 ,
is concrete upper 2/3 and sheet metal pressure tube grouted in concrete Iower 1/3 ;
control room, transformers and switchgear under g round .

AUROY, F . et al . Lee travaux de performation . (In French) . Travaux, Vol 38, Mar 1954 ,pa ges 143-155 . Work carried out in connection with the construction of the Montpeza t
power scheme in France .

ANON . Kitimat . Water Power, Vol 6, Mar 1954, pages 89-99 ; Apr, pages 124-135 . Discusse s
in detail the excavation of the Kemano tunnel, shafts and powerhouse . Well illustrated .

RABCEWICZ, L .v . Bolted support for tunnels . Water Power, Vol 6, Apr 1954, pages 150-155 ;
May, pages 171-175

. Technique of roof bolting - its advantages, particularly whe n
driving through unstable rock, theoretical principles of bolting . Uses ehe Forcacava
tunnel and underground power station in Brazil to il lustrote practical application .

ANON . Some recent Swiss hydro-electric schemes . The Enoineer, Vol 197, Part 1, Apr 9 ,
1954, pages 518-520 ; Part 11, Apr 16, pages 554-555 ; Part IV, May 14, pages 698-701 ;
Part IX, Jun 18, pages 878-882 ; Part X, Jun 25, pages 914-918 . Review of seven majo r
hydroelectric projects in ten articles - Grande Dixence, Mauvoisin, Innertkirchen ,
Handeck Il, Grinset, Future Gr imsel II, Peccia, Cave r gno and Ve rbano .

	

Il lustra tions .

MERRILL, R .H .

	

Design of under g round mine openings, oil-shale eine, Rifle, Colo . U .S .
Bureau of flines Report of Investigation 5089, 1954 . A 60m Iong room with a
horizontal roof in oil shale was progressively widened until it failed at a width o f
24 .4m . Roof sag measurements were made over a p eriod of two years . Failure took plac e
in a 5J cm . thick layer of shale . See also item 123 .

HAGRUP, J .F . Swedish underground hydro-electric power stations . Proee n_d'ngs,Inseitueion.Jivil Engineers, Vol 3, Aug 1954, pag es 321-344 . Sweden's waten power resources ;
design of underground waten power stations

; biesting tunnels and underground stations ;
costs for power stations with underground machine helle .

RABCEWICZ, L .v . and FOX, P .P . Forcacava hydro-electric scheme . Daeer Power, Vol 6 ,
Sep 1954, pages 353-354 .

	

Letter to editor of Water Power discussing article listed a s
item 39 above .

	

Discusses excavation and construction methods used . Name of plan t
changed to Nilo Pecanha . See also items 25, 31, 33, 39 and 43 .

44 . EBERSBERGER, M . Salamonde hydro-electric station in Portu g al . Brown Boveri Review, Vol 41 ,

Oct 1954, pages 359-370 . Description of power plan
;emphasis on electrical equipment .

Separate valve chamber with bypass tunnel around power plant, transformers on surfac
e

power chamber concrete lined
; crane rail beams supported on cavern sides and tied t o

arch roof .

45 . MATTIAS, F .T . The Nechako-Kemano-Kitimat Development (Kemano Underground)
. Engineering

Journal, Vol 37, Nov 1954, pages 1398 - 1412
. Part of a symposium on the complete

project by various authors
. Detailed review of construction details - plant, methods ,

equipment etc . used in excavation and concreting of Kemano power chamber, valv e

chamber, access tunnels, pressure conduits etc .

46 . FERNANDES, L .H .G . The Salamonde hydro-electric scheme . Water Power, Vol 6, Nov 1954 ,

pages 408-418 ; Dec, pages 449-456 . Part 1 - entire Selamonde scheme ; Part 11 - under -

ground power plant . Well illustrated . See also item 44 .

47 . WESTERBERG, G. Building underground
pays in Sweden . Engineering Neue -Record, Vol 153 ,

Dec 9, 1954, pages 33-39 . Reasons why unde r g round power plants, industrial plants etc
.

are so economically constructed in Sweden ; development of techniques and mas
s

production beeis of tunnelling .

48

	

NILSSON, T . Over 7 million Yards of rock excavated for two power projects . Engineering

,.ewe-Re cord, Vol 153, Dec 16, 1954, pages 41-43 . Excavation of Kilfors•en and propose d

Storno r rfo rs plant . Rock walle at Kil forsen exposed with roof secured by rock bot t
s

and guni ted .

49 . ANON . Oberhasii power scheues . En gineerin g, Vol 179, Jan 7, 1955, pages 13-16 ; Jan 14 ,

pages 50-53 . Featuresof Swiss development includin g Innertkirchen and Handeck 1 1

underground power stations, plane and profiles of schemes, powerhouse pictures an
d

sections .

	

Innertkirchen was First Swiss underground station in 1942 ;

	

features of sit e

and good rock made underground economic
. Chamber unsupported but fully lined with fals e

ceiling for Seepage control . Penstock design discussed . Handeck 11 underground becaus e

no suitable surface site and rock is hand and Compact
; separate valve chamber in tos e

of valve rupture
; machine hell unsupported but fully lined, 20 inch arch thickness .

JAEGER, C . Present trends in the design of pressure tunnels and shafts for undergroun d

hydro-electric power stations . P„oeeedings, _etitueion of Jivil Engineers, Part 1 ,

Vol 4, Mar 1955, pa g es 116-200 .

JONSSON, S . The Sog development . Woeer Power, Vol 7, Mar 1955, pages 84-92 . Irofos s

plant of Iceland described . Tailrace surge chamber
; machine hell fully lined wic h

false roof .

52 . LORDET, J ., OUQUENNOIS, H . and GUILHAMAN, J . Hydro-electric development of the Que d

Agrioun . Travauc. FEdieioe o' SFeme et Sniuste e i . Special supplement, Fift
h

International Congress on -argen Dame, May 1955, pages 203-206 . Darguinah power statio n

on the Qued A.hreerousftis in .Algeria - photographs and drawings ; powerhouse 60 -n eue s

underground in rocky tributary canyon wall with taiirace tunnel to develop Full 'need
;

poor ground heavily supported ; Fully concrete lined ; wehes in machine hell ; trans -

formers above g round .

iah
JAEGER, C . The new technique of underground hydro-electric power stations . The Eng e

o ;.eeer'fo our .̂al, Vol 14, Jun 1955, pages 3-29 .

54 . ANON . Developments in the Aegermen catchment . WaeerPewerg Vol 7, Jun 1955, pages 202-213 ;

July, pages 247-253 ; Aug, pages 292-300 . Part I - Angerman River catchrtent in centra l

Sweden ; Kilforsen power station ; penstocks verti cal steel lined shafts ; sides o f

chamber exposed ; cranes on concrete columns ; transformers and switchgear in separat e

halt ; machine hell roof bolted, wire netted and gunited
.

	

Part 11 - mechanical an d

electrical equipment .

	

Part 111 - Lasele underground plant .

50 .

51 .

53 .
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55 . BOWMAN, W .G . Swedes eke rock tunnel history . Engineering i%ews-Record, Vol 55, Sep I ,1955, pages 34-37 and 40-44 . Latest projects in continuing underground prograe .ae . Twohydro plants and an air-raid shelter make new advances in size of tunnels and speed o fdriving . Hydro plants are Harrsele and Stornorrfors on the Urne River .

RANKIN, R .I . Excavation of no . 4 power station, Kiewa . Chemical ng',:_ 'ii!Review,

		

nin aVol 47, Sep 10, 1955, pages 489-493 . Design and construction cor.s iceer
e

ration fo runderground p lants ; geology and site excavation methods ; poor rock resui .e :' in concretin garch and walle at Kiewa ; some construction schedule problems peculiar to undergroun dplants .

CH AN DRASEHARAN, A .S . Under g round hydro electric power stations . Indian Journal of Powe rxed River ✓alley Development , Vol 5,

	

9*` Jo

	

Sept 1955, pages 15-19, 28 .
MOYE, D .G . Engineering geology for the Snewy Mountains Scheme . Journal of ehe Irtstituzioeof Engineers, Australla, Vol 27, No 10-11, Oct-Nov 1 955, Pa ges 287-298 .

FOX, A .J . Hydro-Quebec is developing more than horsepower at Bersimis . Engineering News -Record, Vol 155, Nov 17, 1955, pages 34-39 . Bersimis project in eastern-Quebec . - Concret elined roof arch, suspended ceiling and bare walle in underground powerhouse .
ANON . High speed tunneling techniques . Water Power, Vol 8, No 1, Jan 1956, pages 8-16 .Breadalbane schere in Scotland, St . Filians powerhouse .

CAIMPBELL, D .E . et al . The upper Turnet wo rks . Journal of the Institution of Engineers ,ustr.elia , Vol 28, Jan-Feb 1956, pages 1-27 . A Symposium, half devoted to T-l under-ground powerhouse ; design criteria for access and plant dimensions .

CORDELLE, F . arid DURAND, M . The upper Oued ojen Djen project . Water Power, Vol 8, Feb 1956 ,pages 46-54 . Algerien development includes one dem and two powerplants - Mansouria under-
ground - valve chamber, machine hell and substation are separate chambers .

ANON . Vinstra, Waeer Power, Vol 8, Mar 1956, pa g es 86-93 . Underground plant of Vinstr adevelopment in Norway . Three separate tunnels for transportation, cables and tailwater-
penstock tunnel isolated from station by self-closing steel bulkhead ; connecting tunne lbypasses machine heil to tailrace ; transformer hell parallel to machine halt .

VAUGHAN, E .W . Steel linings for pressure shafts in solid rock . Journal c= ehe PowerDivision, VSCD, Vol 82, Apr 1956 . Factors in the design of steel iinings for pressur eshafts for under g round hydro-electric power plants ; methods used in the design of twosuch shafts i :- Urazil . Nilo Pecanha and Cubatao discussed in detail

	

and genera l
features campe r-ee with those of other shafts constructed elsewhere . - General approach t o
problem together with pertinent details of design and construction .

ROUSSEAU, F . Bersivis - Lac Casse . The Engineering Joesreeil, Vol 39, Apr 1956, Page 373 ,Cavern has concrete roof arch, transformers outsside . Discusses steel lined penstock sand powerhouse excavation ; photographs . Underground for economic reasons .
:'iNGN

. North of 5cotland hydro-electric schemes - the Gleis Shira scheme .Vol

		

The Eine' d s201, Apr 20, 1956, Page 364 . Clac h an underground plant is cut an d
with concrete lined walle and arch roof . Revi e w of pressure shr

	

_ .
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NILSSON, T . Recent develo p ment of Swedish water porsn

	

nn ee d
World Power Conference, Vienna, 1956, Vol 12 . r

	

p en4167-1,13n2 .
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68 . HEGGSTAD, R . Trends in Nor:regian practice in water power development . ^ifth World

Power Conference, Vienna, 1956, Vol 12, Peper 109 H/21, pages 4285-4298 . Intensiv e

building of hydroelectric power stations from 1956 -56 new plants of which 24 are under -

ground . 26 underground plants existing in Norway with 12 under construction . Advantage s

mostly economic . tood results with smooth blasting. In all new plants, transformers an d

in many cases high voltage circuit breakers underground ; prevention of ice in air intake s

important .

69 . LAWTON, F .L . Kemano - advances in desi g n and construction . Fifth World Power Conference ,

Vienna, 1956, Vol 13, Paper 154 H/25, pages 4365-4385 .

HAYATH, M . and VIJ, K .L . Hydro-electric developrents in India . eiftk World Powe r

Conference, Vienna, 1956, Vol 13, Paper 179 H/29, pages 4411-4424 . Progress and plane -

Damodar Valley project includes Maithon and Konar under g round . Projected Koyna projec t

calls for three stage development underground .

ANON . Kariba hydro-electric scheme on the Zambesi River . The Engineer, Vol 202, Aug 3 ,

1956, pages 154-156 . Kariba dem and underground power station with Future second powe r

station on Zambesi river, Rhodesia . Power plants to be under left and right abutment s

of dem . Principal elements of powerplants and dem described . See also items 97 and 108 .

72 . VERJOLA, V . Development of the water power resources in the north of Finland . Water Power,

Vol 8, Aug 1556, pa g es 295-302 . Jumisko, First underground powerplant in Finland -

Exposed rock walle . Remotely controlled from 110 miles away .

ANON . The Aura development . Water Power, Vol 8, Sep 1956, pages 327-33 4 ; Oct, pages 389 -

396 . Aura power station is Norway's ber gest . Part 1 describes development in general .

Part 11 - powerplant, 2 machine halle 50 metres apart, tunnel branches at sur ge chamber ,

false ceilings, south hell has separate valve chamber .

74 . TRYGGVASON, T . The rock series at Irafoss . Water Power, Vol 9, No 1, Jan 1957, pages 13-

19 . . Discusses the geological investigations undertaken and the geological problem s

encountered in the construction of the Irafoss underground power station on the rive r

Sog in Iceland . The rocke are Quaternary basalts, tuffs, sandstones, siltstones ,

agglomerates and volcanic ash and mor g i g e .

ZERNICHOW, C .D . and MOYNER, H . Underground warehouse excavated in granite . Civi l

Regineering, ASCE, Vol 27, No 1, Jan 1957, pages 50-53 . underground warehouse in Oslo ,

Norway, consists of six parallel chambers 193 m . bong by 14 m . wide connected b y

two access tunnels 160 m . lang lined with precast concrete units fabricated underground .

TALOBRE, J .

	

mAcaniaue de s roches, appliquée areS travaux publics, Dunod, Paris, 1957 .

See in particular tables on pages 356-358 and 404-405 giving date on underground powe r

stesie-s

	

pr-

	

are tueneis in France and elsewhere .

77 . NARA.YANSWAMI, B .S .S . Geologie conditions affecting desi g n and construction of pressur e

caedui ts and power house under g round . Indias: Journal of Power and River Walle n

Developrnene, Vol 7, No 8, Aug 1957, pages 1-10, 22 .

78.

	

COOKE, J .B . and STRASSBURGER, A .G . Bibliography : underground hydroelectric power plants .

Journal of ehe Power Division, ASCE, Vol . 83 ; No P04, 1957, 36 pages . Bibliography o f

213 items covering the years 1912-1956 .

	

Gives bist of plants with tabulated date bu t

does not include geotechnical date .

	

79 .

	

PATTERSON, F .W ., CLINCH, R .L . and McCAIG, I .W .

	

Design of large pressure conduits in rock .

Journal of the Power Division, ASCE, Vol 83, No P04, 1957, 30 pages . Discusses desi g n

of pressure conduits in rock - role of available cover and rock strength, proportionin g

of interne] pressure in steel lining between steel and rock and design of steel linin g

against external pressure . Reviews theoretical principles and design essump :ions .

Describes the design, fabrication and construction of pressure conduits for Bersimis 1 ,

Bersimis 11 and Chute-des-Passes schemes in Quebec .

70 .

71 .

73 .

75 .

76 .
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30 . NILSSON, T . Sweden excavates 2,100,000 cu yd for tailrace tunnel of underground powe rplant . Civil Engineering, ASCE, Vol 28, 1958, pages 19-21 . Describes excavation method sfor the 14 .4m to 16m wide and 26 .5m high Stornorrfors tailrace tunnel in granite an dgneiss . See also items 55, 89, 92 amd 114 .

ROBERTS, C .M ., WILSON, E .B ., THORNTON, J .H . and HEADLAND, H . The Garry and Moriston hydro-electric schemes . Proeeedings, Institution of Civil Engineers, Vol 11, 1958, pa ges 41-68 .
The Ceannacroc and Glenmoriston power stations are underground in schists with injection sof igneous rocks . The rock at Glenmoriston was more heavily jointed and therefore weake rthan that at Ceannacroc . See item 88 for further details .

2 . LANG, T .A . Rock bolting speeds Snowy Mountains project . Civil En g ineering, ASCE, Vol 28 ,No 2, Feb 1958, pages 40-42 .

3 . MARCELLO, C . Underground power houses in Italy and other countries . Journal of the PowerDivision, ASCE, Vol 84, No POI, 1958, 43 pages . Gives drawings and photographs ofseveral Italien underground power stations but little geotechnical date .

MIZUKOSHI, T . The Sudagai underground power plant, Japan . Journal of the4ower Division ,ASCE, Vol 84, Na Pol, 1958, 17 pages . Goed description of excavation and concretin gcethods . Main cavern is 35m Jong, 16 .6m wide and 31m high in a jointed and weathere dcourse-grained granite .

COOKE, J .B . The Hass hydroelectric power project . Journal of ehe Feuer
✓ Y.,

ASCE ,Vol 84, No POI, 1958, 40 pages . Gives very complete details of [his high head projec ton the North Fork of the King's River, California .

EBEP,HARDT, A . Ambuklao underground power station . Journal of the Power Division, ASCE ,Vol 84, No P02, 1958, 30 pages . Describes the design of the power features of thi sproject on the Agno River in Luzon in the Philippines . Principal rocks are diorite
and metamorphosed rocks [hat are highly fractured and weathered to great depth . A cave-i noccurred during excavation of the mein chamber .

fICQUEEN, A .W .F ., SIMPSON, C .N . and MCCAIG, I .W .

	

Underground power plants in Canada .Jo urnal of the Power Division, ASCE, Vol 84, Na P03, 1958, 22 pages . Presents a reviewof Factors affecting design practice in Canada and Fully describes the Bersimis No
1and Chute-des-Passes stations in North-central Quebec .

ROBERTS, C .M . Underground power plants in Scotland . Journal of

	

Power the

	

-

	

ion,

	

ASCE ,Vol 84, No P03, 1958, 29 pages . Describes the development, layout and construction o fthe Ceannacroc and Glenmoriston underground power stations in Invernes -shire . Groute drock bolts and concrete rcof supports were used . Heavy water inflows were experience dduring construction of the main chamber at Glenmoriston .

ANON . Tunnel blasting at Stornorrfors . ;Wer P^Wer, Vol 10, No 12, Dec 1958, pages 4.65-469 . Describes techniques used in drilling and blasting the 360m- tailrace tunnel fo rthe Stornorrfors power station on the Ume river in northern Sweden .

L,"1NTON, F .L . Underground hydro-electric p ower stations . En gineerin g ,:- ..rnal, Vol 42 ,Na I, Jan 1959, pages 33-51, 67 .

PICHLER, E . and de CAMPOS, F .B .

	

Rock characteristics at the Paulo Afonso power plant .
Journal of the Soil Neohoren and Pcundtatios Division, ASCE, Vol 85, Mo SM4, 1955 ,pages 95-113 . The Paulo Afonso • project an the Rio Sao Francisco was the First under g roun dpower station in Grazil . This paper describes ehe geology (rock mainly migmatite) andthe in situ tests . The posier station is 60m lang, 15m wide and 31m high .

LANGEFORS, U . Smooth blasting . Water Power, Vol 11, No 5, May 1 959, pages 189-195 . Give sthe beeis of smooth blast design and illustrates its application to the Stornorrforsunderground power station . See also items 55, 60, 89 and 114 .

AHLSTROM, R . and JORGENSEN, J . The Harrsele tailrace tunnel . Waten Power, Vol 11, No 7 ,July 1959, pages 267-274 . This tunnel is 15m wide, 18 .4m high and 3400m long . Excavatio nwas by a full face top heading 9 .7m high and a bench 8 .7m high blasted as a unit .

Concrete lining cast in top heading before bench excavated .

94 . SHEPHERD, E .M ., SHARMAN, A .E ., BOYLE, E .F . and CAP.D, G .M . The Tully Falls Hydro-electri c

Power Project . Journal of the Institution of Eng ineers, Aus zeche, Vol 31, No 9, Sep 1959 ,

pages 197-225 . Describes all engineering features of this relatively small projec t

including a 2m dia inclined pressure tunnel and the Kareeya Power Station excavated i n

massive rhyolite .

95 . MOYE, D .G . Rock mechanics in the investigation and construction of the Tumut 1 undergroun d

power station, Snowy Mountains, Australia . Engineering Geologe' Gase hietories, Geologica l

Society of America, No 3, 1959, pages 13-44 . See elso items 5E, 61, 99, 103 and 120 .

96 . FINZI, D ., MAINARDIS, M . and SEMENZA, C . Underground power stations in Italy . Journal of

ehe Power Division, ASCE, Vol 85, Na P06, Dec 1959, pages 63-99, Vol 87, No POl, Jan 1961 ,

pages 56-61 (Bibliography) . Statistical data on 65 Italia n power stations, sections an d

photographs of many, and a bibliography of 63 items are presented . Contains littl e

geotechnical data .

97 . ANDERSON, D ., PATON, T .A .L . and BLACKBURN, C .L . Zambezi hydro-electric development a t

Kariba, first stage . Proceedings . Institution oF Civil Enaineers, Vol 17, 1960, page s

39-60 . Machine hell is 142m lon g , 23m wide and 40m hign with a 100m rock cove r

beneath the reservoir . Rock above the underground excavations (gneiss) is heavily grouted .

Machine hell is fully concrete lined .

	

Surge chamber 19 .2 m dia . and 50 .6 m High locate d

underneath the dem .

	

See also items 71 and 108 .

98 . SCISSON, S .E . Planning for mined underground LPG storage . Oil and Gis Joirnal, Vol 58 ,

No 18, May 2, 1960, pages 141-142, 144 . Rock in which LPG is to be stored must b e

impervious, massive enough to allow excavation of cavity, structurally sound and iner t

so that it will not react with stored material .

99 . JAGGAR, B .K . The Tumut 1 project . kdver Power, Vol 12, No 5, May 1960, pages 169-17 5

(Part 1) ; No 6, June 1960, pa ges 231-236 (Part 2) . Excavation work for the undergroun d

power station described in Part 2 .

	

See items_ 95 and 103 for fuller geotechnical details .

100 . SERA TA, S . and GLOYNA, E .F . Design for underground salt cavities . Journal of the Sogcar:

Engineering Division, ASCE, Vol 86, No SA3, 1960, pages 1-21 .

101 . FF.ITZ, R .W . Titan construction for Titan missile . Die-51 Eegineering, ASCE, Vol 31, No 4 ,

Apr 1961, pages 50-53 . Construction of base for 9 missiles involved excavation of 2

million cu .yd . of earth and rock, and installation of 500 toes of rock bolts .

102 . PAINE, R .5 ., HOLMES, D .K . and CLARK, H .E .

	

Presplit blasting at Niagara posier project .

Explosive s Encineer, Vol 39, No 3, May-June 1561, pages 71-78 and 82-93 . Twin condui t s

14 m wide and 20 m high with arched tops constructed by cut and cover . Drilling an d

blasting methods including presplitting techniques described .

103. PINKERTON, I .L ., ANDREWS, K .E ., BR .AY, A .N .G . and FROST, A .C .H .

	

The desi g n, constructio n

znd comnissioning of Tumut I Power Station . Journal

	

h

	

:

	

;tio

	

-

	

`

' Ausereliu,Vol 33, No 7-8, Jul-Aug, 1561, pages 235-252 . Describes the principa l

designand constructional Features of this 320 MW underground power station comp lete d

by the Snowy Mountains Hydro Electric Authority in 1959 . The machine hell, 93m long ,

18m wide and 34m high is iocated 330m underground in granitic gneiss intruded by biotit e

granite . Support is by a ribbed concrete arch roof and rock bolts .

104 . RUFENACHT, A . Kiewa No 1 hydro-electric development . Journal of the Institution c '

Eng D
y

.eers, Australia, Vol 33, Mo 9, Sept 1961, pa ges 313-325 . Gives engineerin g detail s

of this small station on the Kiewa River in north-eastern Victoria, Australia . Th e

power station is 60m underground, 13 .7m wide, 21 .4m high and 74 .4m Jong . The rock i s

granodiorite containing a major set of discontinuities dippin g at 150 . A major vertica l

fault-dyke complete some 15m wide runnin g parallel and close to the power station an it s

west side largely governed the final positioning of the excavation .

105 . JAEGER, C . Rock mechanics and hydro-power engineering . Warer Power, Vol 13, Nos 9-10 ,

1961, pages 349-360 and 39 1 -396 .
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106 . YEVDJEVICH, V .N . Underground power plants in Yugoslavia . Journal of the Power Division ,ASCE, Vol 87, No P03, Nov 1961, pages 81-92 .

	

In 1961, Yugoslavia had 12 undergroun dhydroelectric power plants in operation and three under construction . The majorit yare constructed in limestone which has many practical rock engineering advantages bu trequires heavy pumping of seepage water .

107 . CHAPMAN, E .J .K . Pressure teste on rock galleries for the Ffestiniog Pumped Storage Plant .Trcnsaetions, 7th International Congress on Large Dams, Rome, 1961, Vol 2, pages 237-260 .
LANE, R .G .T . and ROFF, J .W . Kariba underground works . Desi gn and construction methods .Transactions, 7th. International Congress on. Lar ge Dams, Rome, 1961, Vol 2, pages 215-236 .Main chamber is 143m long x 23m wide x 40m high .

	

Problems caused by the jointedtature of the quartzite in the upper one-third of the works and a fault zone crossin gpari of the power station, gate shafts and surge chambers . special dreinage measure sLaken ; concrete lining used throughout except on vertical powerhouse walle and tailrac etunnels . See also items 71 and 97 .

109 . LAURILA, L . The Pirttikoski tailrace tunnel . _Transaetions, 7th Internzat6.cnai Congres son Large Dams, Rome, 1961, Vol 2, pages 317-330 . Give considerable det*•iI of the dril land blast techniques used in excavating this 16m wide and 2500m Jong tunnel in graniteand gneiss . See item 116 for details of the surge chamber on this project .

SCHULZ, W .G ., THAYER, O .P . and DOODY, J .J . Oroville under g round power plant . Transactions ,7th Inoar,ational Cvngress on. Larve Dams, Rome, 1961, Vol 2, pages 42 5-
X
'description of this project on the Feather River, California .

	

-o 37 '

	

Genera l

OLIVEIRA NUNES, J .M . Underground works in Picote and Miranda hydro-electric developments(in French) . T_ransaceions, 7th InternationaZ Congress on Large Doms, Rome, 1961 ,Vol 2 , pages 607-636 .

BOROVOY, A .A . and MAMASAKHLISOV, M .I . Some constructional Features of under g roun dstructures in the U .S .S .R . Transactions, 7eh International Congress on LarveRome, 1961, Vol 2, pages 833-850 .

	

Dams ,Gives some details of the Ingouri, Nourek an dTche rkey hydro-electric stations
.

BOYUM, B .H . Subsidence case histories in Michigan mines . Proceedings, s th Symposiu mon Rock Aieckassics, Bulletin, Mineral Industries Experiment Station, Penn . Stet eUniversity, No 76, 1961, pages 19-57 .

	

Detailed case histories of subsidence occurrences .Includes the Cliffs Sha ft mine, Oshpeming, Michigan where hematite is mined by roo mand pillar methods . The maximum unsupported span area is 20 x 23m, or 27 .4 x 70 mwhen rock bolted .

ANOII . The development of the Ure River - Part 3 . Fiater Power, Vol 14, No I, Jan 1962 ,PP . 25-35 . Describes the construction of Stornorrfors, then Sweden's largest under-ground power station . The machine hell excavation is 124m long, 18 .5m wide and 2 9 mhigh . Underground comp lex also includes transformer hell and large tailrace tunnel .Smooth blasting techniques successfully used ; roof supported with rock bolts ,eechored in mortar, wire mesh and gunite . See also items 55, 80, 89 and 92 .

KUDROFF, M .J . Titan ICBM hardened facilities . Journal of the Conscruceion Division ,ASCE, Vol 88, No COl, 1962, pa g es 41-57 . Missiles are housed in concrete sllos 13 .4 mdie and 49 . m deep ; control centre and power station are reinforced concrete line ddomed structures spanning 30 and 37 .5m respectively . Anti-shock mountings amajor Feature of the design . See also item 101 .

'OUNI, K ., SISTONEN, H . and VOIPIO, E . Serge chamber of the low-head power plant a tPirttikoski . Sink World Power Conference, Melbourne, 1962, Vol 6, pages 2277-2293 .Describes engineering aspects of this 16m wide, 500m Jong and from 29 to 43m hig hunlined surge chamber excavated in granite .

117 . MCLEOD,J .A .S . Choosing between surface and underground power stations for the Snow y

Mountains Scheme . Journal of ehe Institution of Engineers, Australia, Vol 34, No 9 ,

Sept 1962, pages 233-248 .

	

Includes a useful biblio g raphy of 81 Items on undergroun d

power plants .

	

118 .

	

ENDERSBEE, L .A . and HOFTO, E .O . Civil engineering design and studies in rock mechanic s

for Poatina underground power station, Tasmania . Journal of the Institution of Engineers ,

Australia, Vol 35, 1963, pages 187-207 . Poatina powerhouse 150 netres underground i n

sedimentary rock ; machine hell 91 .4m_long, 13 .7m wide and 26m high . High

horizontal stress in rock, compared with rock stren g th, gave eise to rock failure i n

exploratory openings . Design features developed to suit these conditionsincluded

stress-relief slots and special roof shape . Stresses in roof area were measured durin g

excavation and compared with photoelastic predictions . Permanent support achieved b y

use of grouted, tensioned rockbolts and a relatively thin reinforced gunite lining .

119 . DICKINSON, J .C . and GERRARD, R .T . Cameron Highlands hydro-electric scheme . Proceeding s ,

Institution. of Civil Engineers, Vol 26, 1963, pages 387-424 . Gives full engineerin g

details of this scheme in Malaya, including construction of the Jor underground powe r

station . See also item 128 .

120 . ALEXANDER, L .G ., WOROTNICKI, G . and AUBREY, K . Stress and deformation in rock and roc k

support, Tumut 1 and 2 underground power stations . Proeessdin go, 4th Australia-Pe w

Zealand Conference on Soil •echanies, and Foundation Engineering, Adelaide, 1963, page s

165-178 .

	

See also Items 124 and 147 .

121.

	

COATES, D .F .

	

Rock mechanics applied to the design of underground installations to resis t

ground shock from nuclear blasts . Proceedings,

	

fth Symposium an Rock ; lechanics ,

Minneapolis, 1963, pages 535-56 2 .

122 . ROSEVEARE, J .C .A . Ffestiniog pumped-storage scheme . .Proceedings, Institution of Civi l

Engineers, Vol 23, 1964, pages 1-30 .

	

Full general engineering details but littl e

discussion of geotechnical aspects . See also items 107 and 171 .

	

123 .

	

EAST, J .H . and GARDNER, E .D .

	

Oil-shale mining, Rifle, Colo ., 1944-56 .

	

United Stare s

Bureau of Mines Bulletin 611, 1964, 163 pages . Gives a very detai led, . well illustrate d

account of the design, development and operation of the U .S .B .M . demonstration room

and pillar oil shale mine . See also item 41 .

124 . PINKERTON, I .L . and GIBSON, E .J . Tumut 2 underground power plant . Journal of ehe Power

Division, ASCE, Vol 90, No PO1, 1964, pages 33-58 . Complete description of geology ,

design . support, excavation procedures, and monitoring of the 97 .5e long, 15 .5m wid e

arid 33 .5 m high machine halt and ancillary works . The mein rock types were a graniti c

gneiss and a biotite granite . A number of porphyry dykes intersected one end of th e

machine hell ; the rock was generally sheared and jointed . Support of the machine hel l

was by a concrete arch roof and grouted rock bolts . See also items 120 and 147 .

125 . BLASCHKE, T .O . Underground command centre - problems in geology, shock mounting, shielding .

Civil Engineering , ASCE, Vol 34, No 5, May 196k, pages 36-39 . Several 3 storey stee l

Frame buildings were built in excavated chambers ; geological conditions required re -

alignment of chambers from original design .

	

In one area concrete lining was require d

to reinforce rock .

	

See also items 130 and 138 .

126 . KNIGHT, G .8 . Subway tunnel construction in New York City . Journal of the Constructio n

Division, ASCE, Vol 90, No CO2, 1964, pages 15-36 . Tunnel sections in the Manhatte n

schist have variable size, shape and proximity to existin g structures . A combination

of rock bolt, timber and structural steel is used for support . Concrete Iining wa s

used on the section of tunnel described .

127. THAYER, D .P ., STROPPINI, E .W . and KRUSE, G .H . Properties of rock et underground power -

house, Oroville Dam .

	

'.ancactions, 8eh International Congress o-n. Large Dams,

Edinbur g h, 1564, Vol 1, pages 49-72 .

	

Gives complete details of in-situ stres s

measurements by flat jecke and borehole deformation gauge . An approximately hydro -

static stress field of 3 .5 MPa at a depth of 100 m was obtained .
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137 . TANTON, J .N . The establishment of underground hoisting and crushing facilities . Papers
and Discussions, Association of Mine Managers of South Africa, 1966-67, Pages 139-162 .
Crusher and holst chambers in quartzite wich reinforced concrete and occasional roc k
bolts es roof support and mass concrete supporting the sidewalls .

138 . UNDERWOOD, L .B . and DISTEFANO, C .J . Development of a rock bolz system for permanent su p por tet NORAD . Tronsaetions Soeiety of Rining Eny neers, AIME, Vol 238, No I, Mar 1967 ,pages 30-55 . n The NORAD Command Center consists of three parallel chambers 14m wide ,
18m high and 183m Jong separated by rock piliere 30m wide and connected by three inter -
secting chambers 10m wide, 17m high and 40m apart . Excavation was in granite . Pape r
includes discussions on excavation and ground support problems, rock strengthenin g
following excavation, orienting bolts with respect to jointing systems, pull-out tests,
intersection problems, grouting, and lose of tension and anchorage . See also item s
125 and 130 .

1 39 . SCHILLING, A .A . Rock mechanics engineering for Boundary Project . Journal of the Cons-
truction Division, ASCE, Vol 93, No CO1, 1967, pages 27-46 . The machine hell is a n
excavation 23m wide, 58m high and 146m Jong in massivelimestone, and locate d
parallel to but 36 .6 m away from a near vertical natura] rock surface . The pape r
describes rock tests, evaluation of design criteria, stress measurement, stabilit y
analyses and construction monitoring . As a result of jointing revealed durin g
excavation, supplementary rock bolting was installed . Typical support was b y
grou ted rock bolts on 1 .8m centres with wire mesh and guni te es necessary . See als oitem 132 .

140 . SEERY, J .D . Construction of Morrow Point power plant and dam . Journal of the Consoraretio n
Civisior :, ASCE, Viel 93, No CO1, 1967, pages 47-58 .

	

Gives construction details of th e
underground power station described in items 134, 167 and 190 .

141. BLIND, H .

	

Excavating Söckingen cavern . Wacer Power, Vol 20, No 6, June 1968, page s
219-226 (Part I) ; Vol 20, No 7, July 1968, pages 284-287 (Part 2) .

	

Full account o f
the excavation of the power house cavern for the Söckingen pumped storage scheme in th e
Bleck Forest area of Southern Germany . Excavation in generally g ood quality paragneiss .
Support by rock-bolts (mainly perfo-anchors) and shotcrete .

142. IMRIE, A .S . and JORY, L .T .

	

Behaviour of the underground powerhouse arch et W .A .C . Bennet t
dam during construction. . Preceedings, Sah C a icn Reck • +echan es Sgmep i :m, Toronto ,
Dec 1968, Pages 19-37 . General description of Portage Mountain underground powe r
house excavation on the Peace River in Canada . Measurements of displacements in arc h
during excavation showed considerable deviation from elastic theory . Authors sugges t
that excavation period most critical for support system and that dynamic loading fro m
blasting should be controlled ; suggest adaptation of tunnelling machines for powerhous e
excavation . See also item 146 .

1 4 3 . HEDLEY, D . G . F . , ZAHARY, G . , SODERLUND, H .W . and CO i E 5 0 F

	

Underground measurements i n
â steeply dipping orebody .

	

_ :erdin gs, 5th Cdna_ :Ran. .;oc . Nee ei i, s Syn e o o
Toronto, 1968, pages 105-125 . Describes measurements siede in an open stope and pilie r
iron ore operation at the MacLeod Mine, Wawa, Canada . Stopes are 18 to 23 m men g
strike and usually 70 m

	

high .

	

Piliere are 23-25 m alon g strike .

144 . ACKHURST, A .W . Rock mechanics applications in design and excavation of No 2 crushe r
station at New Broken Hill Consolidated Limited . Broken Rill fines 29f8, Aus t ra lasia s
Institute of Mining and Metallurgy Monograph Series No 3, 1968, Pages 31-40 .

DETZLHOFER, h .

	

Rockfalls in p ressure galleries . Translation from German original i n
Felsmechanik und Ingenieurgeologie, 1968, Suppl . 4, pages 158-180 . , . .S. Ar^r Corps Eng„s .
Celd Re g ions Research 21

	

Z
,
c%' Report AD 874 929, 1970, 23 pages . Paper deals wit h

rockfalls which have occurred during the operation of pressure g alleries at variou s
power plante,

	

resulting from decomposition of fiesere filling and disintegration o f
rock structure under influence of varying pressure, particularly when gallery weise r
gains access to the rock structure .

	

Indications of danger of such rockfalls ar e
difficult to detect during excavation . Describes the Gase of Kauner Valley pressur e
gallery in schist gneiss in which ]ar g e scale pressure test was carried out in unline d
section ; reasons for large scale tests and method of execution discussed .

145 .
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146 . LAUGA, H . The underground powerplant . Engineering Journai(En g ineering Institute of Canada) ,Vol 52, No 10,1969, pages 35-42 . Describes general design of the 20 .3m wide, 46 .7 mhigh and 27lm Jong power station excavation for the Peace River-Portage Mountain develop-ment in British Columbia, Canada . Excavation made approx . 150m below surface in layere dsandstones and shales between two massive sandstone layers . Support by grouted an dungrouted rock bolts up to 6m long on a nominally 1 .5 square grid . See also item 142 .
147 . WORTtrICKI, G . Effect of topography on ground stresses . Rock Mechanics Symposium,Dmfaiu sity of Sydney, Austra "Gia, Feb 1969, pages 71-86. Photoelastic and electrica lanalog study of stresses in rock surrounding Turnus 1 and Tumut 2 underground powe rplant excavations located in the steep eastern bank of the Tumut River valley, a 60 0m deep V notch valley in the Snowy Mountains . Results suggest concentration of bothvertical and horizontal stresses and rotation of principal stresses in location o fexcavations ; site measurements tend to tonfirm these predictions . See also items 12 0and 124 .

MAMEN, C . Rock work at Churchill Falls powerp lant . Canadian Minin g Journal, Vol 90, N o3, 1969, pages 41-48 . Describes tunnelling and construction work at Churchill Fall shydro-electric plant in Labrador . Tunnel drilling techniques and roof control by roc kbolting discussed .

	

See also items 164, 165, 180, 201 and 219 .

149 . ENDERSBEE, L .A . A.pplications of rock mechanics in hydro electric development in Tasmania .Pydroelectric Coran;ssion of Tasmania Report, May 1969, 46 pages . Comprehensive reviewof techniques used in Tasrania in designing underground powerhouse excavations and dams .Poatina used as an example to illustrate many of these techniques .

	

See item 118 .

GIANELLI, W .R . Oroville dam and Edward Hyatt powerplant . Civil Engineering, ASCE, Vol 39 ,No 6, June 1969, pages 68-72 . The underground power station was one of the First to b eanalysed by the finite element method . The arched roof has 6 .Im long rock bolts a n1 .2m centres, steel chain link fabric and a 10 cm [hick gunite coating .

Si . BREKKKE, T .L . A survey of Lar ge permanent underground openings in Norway . ProceedingsInternational Symposium on. Lar ge Permanent Underground Gpenings, Oslo, 1969, pages 15-28 .

BAWA, K .S . Design and instrumentation of an underground station for Washington Metrosystem . Proceedings, International Symposium on Large Permanent Under ground Sperlings ,Oslo, 1969, pages 31-42 .

	

Describes the du Pont Circle Station design and instrumentation .The station is a horseshoe shaped opening 236 n Jong, 23 .5m wide and 13 .4m hi g h . Roc kcover over the station arch varies fron 7 .5 to 9 .0m and is overlain by 11 m of over-burden . The rock is a schistose gneiss grading to a quartz
hornblende or biotit egneiss in spots . Support is by a composite system of steel ribs and shotcret esupplemented by rock bolts .

ZAJIC, J . and HEJDA, R . Geotechnical survey applied to underground hydroelectric plant sin Czechoslovakia . Froceedinos, International Symposium on Large Permanent UndergroundGpenings, Oslo, 1969, pages 43-55 . Review of geotechnical surveys carried out i nCzechoslovakia during past 15 years presented . Rock mainly granitic and survey slargely qualitative .

	

In latter part of period more emphasis was placed on quantitativ etests in situ and in the laboratory and the results were used in designing pumpe dstorage schemes .

RAKIC, R .

	

Engineering geological conditions during construction of Vrla-3 undergroun dstorage . Proeeedings, international Symposium on Large Permanent Underground Openings ,Oslo, 1969, pa g es 57-63 . Collection and intepretation of geological data for Vrla- 3underground storage excavation . Geological mapping enabled designer to placeexcavation in good quality rock with significant saving in tost as a result o felimination of concrete lining .

OBRADOVIC, J .

	

Investigation and structural analysis concerning the Mratinje undergroun dpower plant . Proceedings, International Symposium on Large Permanent UndergroundOpening s, Oslo, 1969, pages 65-70 . Reports the geological investigation of this sit eon the Riva River in Yu g oslavia .

.:EBER, H . Method of retaining or improving the properties of rock surrounding undergroun dconstructions . (In German) . Proceedings, International Symposium on Large Permanent

Underground Gpening s, Oslo, 1969, pag es 131-137 . Changes in volume and structure o f

plastic and wa ter-sensiti v e rocks and joint fi l liegs can be reduced by use of "sandwi ch "

lining using a compressible cushion between rock and lining .

157 . SEELMEIER, H . Engineering geological considerations of underground power stations in th e

Austrian Alps . (In German) . Proceedings, International Symposium on Large Permanen t

Underground Openings, Oslo, 1969, pages 207-213 . Three underground power houses in th e

Austrian Alps are described, each situated in a different geological zone .

158 . WEST, L .J . Rock mechanics application at projects involving underground excavations and

a high cut slope . Proceedings, 7th Engineering Geology and Soils Engineerin g Symposium,

Moscow, Idaho, Apr 1969 . Published by Idaho Department Highways, 1970, page 2 .

Boundary hydroelectric project consists of 110 m high concrete arch dam with variou s

underground excavations ; machine hat] in cavernous rock wich a wide range of physica l

properties . Peach Bottom nuclear generatingstation on the west bank of the Susquehann a

River in southern Pennsylvania is constructed in area created by excavation of on e

million cubic yards of rock resulting in a cut with maximum heights of 60 metres . Roc k

testing techniques and methods of evaluating stability are discussed .

159 . CECIL, O .S . Shotcrete support in rock tunnels in Scandinavia . Civil Engineering, ASCE ,

Vol 40, No 1, Jan 1970, pages 74-79 . Gives brief case histories of a number of under -

ground rock construction projects in Sweden and Norway . Fuller details given in item

260 .

160 .

	

FINE, J ., TINCELIM,E ., and VOUILLE, G
.

	

Determination of the stability of undergroun d

openings . (In French) . Practical Applications of Rock Mechanics Conference, French

Committee on Rock Mechanics, Paris, May 1970 . Problem of determining under g roun d

excavation stability discussed in three sections : 1 . Measurement of mechanica l

properties of rocks : 2 . Mathematical analysis of stress distributions : 2 . Field test s

and measurements to verify theoretical predictions .

161 . BURO, M .R. Prestressed rock anchors and shotcrete
for Large underground powerhouse .

Civil Engineering, ASCE, Vol 40, No 5, May,1970, pages 60-64 . The Hongrin undergroun d

power station, a pumped-storaae plant, is located on Lake Geneva in Switzerland . The

cavern is 137m long, 30m wide and 27 .4m high to the crown of its semi-circula r

arch roof . The Iimestone and limestone schist rock mass contains several groups o f

vertical fractures and a considerable amount of clay . Excavation began in small long -

itudinal galieries following the contour of the roof . Rock anchors and shotcreting vier e

installed sonn after excavation . A total of 650 änchors 11-- 13m long with workin g

loads of 1110 - 1380 kN were installed .

162 . LE FRANCOIS, P .

	

In situ measurement of rock stresses for the Idikki hydroelectric project .

Proceedings, 6th Canadian Rock Mechanics Symposium, Montreal, May 1970 . Published b y

Department of Energy Mines and Resources, Ottawa, 1971, pages 6 5 -90 . Project located

near the southern tip of India consists of three Large dams and an underground powerhouse .

Stress was measured to give quantitative information to supplement geological studies .

Design of penstock steel lining and main powerhouse cavern dependent upon the stres s

field in the rock mass .

	

P.esults
obtained agree with recent data obtained in simila r

pre-Cambrian rocks .

163 . LE COMPTE, P . Use of rock berms in underground power plants . Proceedings, dth Canadian

Rock Mechanics Symposium, Montreal, May 1970. Published by Department of Energy, Mine s

and Resources, Ottawa, 1971, pages 207-210. Rock berms excavated in the walls of a n

underground power house, just below the roof, are proposed as supports for crane rails .

Experience of Hydro-Quebec with presplitting and flame cutting shows that adequat e

berms can be excavated, even when adverse jointing is present . If plant is favourabl y

located with respect to major joint sets and rockbolting is used in critical areas ,

berms can be kept stable .

164 . BENSON, R .P . Rock mechanics aspects in the design of the Churchili Balls underground

powerhouse, Labrador .

	

Ph .D . thesis, University of Illinois, 1970, 365 pages . Give s

a Full description of the rock engineerin g work on this scheme and an extensiv e

bibliography . The main cavity is up to 24 .4m wide, 21 .3m high and 295m Jong . Se e

also items 148, 165, 180, 201 and 219 .
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MANTOV ANI, E ., BERTACCHI, P . and SAMPAOLA, A . Geomechanical survey for the constructio nof a large underground powerhouse . Proceedings, 2nd Congress,In ternationac Socieiy fo rRock Peci:arics, Belgrade, 1970, Vol 2, paper 4-24, 11 pages .

	

Investigations carried ou t
in connection with hydroelectric project at Lake Delio ; geophysical tests and roc k
deformability tests described ; measurement of rock deformation during excavation . Se ealso items 181, 197 and 221 .

174. HAYASHI, M . and HIBINO, 5 . Visco-plastic analysis on progressive relaxation of undergroun dexcavation Works . Proeeedinas, 2nd Congress, Internaiionai Socieiy for Rock h ;eokonies ,
Belgrade, 1970, Vol 2, paper 4-25, 11 p a g es . Attempts to account for non-elastic ,
progressive deformations around underground excavations . The method developed i s
successfully applied to the construction of the Kisenyama underground power plant wher edama g e due to blasting occurred . See items 175 and 185 for further deteils of thi s
project .

175 . YOSHIDA, M . and YOSHIMURA, K . Deformation of rock mass and stresses in concrete linin g
around the machine hell of Kisenyama underground power plant . ?roceedings, 2nd
Congress,Inoernaiienal Socieiy for Rock hfech.anee, Bel g rade, 1970, Vol 2, paper 4-29 ,
15 pages . Kisenyama punped storage project has rockf ill dem and machine hell 250 m
below ground surface . The excavated cavity is 26 .5m wide, 51m high and 60 .4m long .
Tests carried out in connection wich machine hell design include ceophysical survey ,
deformation modulus, shear tests, stress measurement, blasting tests . All tests were
carried out in exploration tunnel .

	

After excavation, further studies carried out t ocheck validity of design, including photoelastic and finite element studies of stresse saround machine hell, measurement of deformation in rock mass and stresses in concret elining . See also item 185 .
176 .

	

HEUZE, F .E . and GOODMAN, R .E .

	

Design of room and pilier structures in competent jointe d
rock . Example : The Crestmore Mine, California . Proceedings, 2nd Congr_ss,Inoerna`iona l

eia . ;, fier Reck ,Aeeao miee , Belgrade, 1970, Vol 2, paper 4-41 .

	

In situ stress an d
deformability measurements, deformation measurements, drill logg i ng, laooratory test s
on rock material and joints, and finite element analysis of this room and pilla r
limescone mining operation are described .

177. DIERNAT, F ., COMES, G . and RIVOIRARD, R . Underground study of hygroscopic de ormaeions o f
S s eron calca reous m rl .

	

(In French) .

	

P

	

„

	

Fock

	

, Belgrade, 1970, Vol 2 paper

	

55 6 pages .

	

Strain g .Rogen ,
n i c r o s e i s m i c measurements and co r e sampies used i n s

	

monah tests an deformations o f
hygroscopic origin in rock mass imeolved in construction of en underground hydroelectri t
plant .

178. BAUDENDISTEL, M ., MALINA, H . and MULLER, L .

	

The effect of ge°iogic structure an th e
stability of an underground powerhouse (In German) . Preeeeof

	

,,o Ceg geeeo ,
-_ e _t e

	

3ooiea2 for Rock .a_

	

Belgrade, 1970, Vol 2, paper

	

5 6, 9 pages .
Finite element study which allowed for effect of :wo sets of joints and a F ault use d
to evaluate underground powerhouse stabil ity .

	

Stress and deformation pat-erns a, _
iilustrated .

	

Allowance aas made for rockbolt and concrete lining support .

DAGNA.UP, J .P ., LAKSHMANAN, J . and GARNIER, J .C .

	

Seismic vibration testing of chal k
subjected to laooratory and in situ stresses .(In French) .

	

Freeeediegs,
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-e e
	 _ 3

	

: ;i fier Reck

	

o

	

Belgrade, 1970, dol• 2, paper 4-57, 7 pages .
Measurement of velocity and damping ofy seismic waves under variable stresses in a n
underground test opening in chalk in the Paris Basin in connection with investigation o f
an underground power plant si te . Measurements compared with flat jack results and wit h
stress distribution determined by finite element study .

180 .

	

BENSON, R .P ., SIGVALDASON, O .T . and KIERANS, T .W .

	

In situ and induced stresses a t
Churchill Falls underground power hause, Labrador .

	

o

	

'g

	

. .d C' - .as ,
,rational S e

	

-.+ gar Fock

	

Belgrade, 1970, Vol 2, paper 4 -60, 12 pages .
In situ stress in rock mass at elevation of proposed machine hell measured by over-
coring technique . Measured stresses used in finite element study of stress distributio n
around openings . Addi ticnal stress measurements carried out in rock pillar created b y
excavation .

	

Test results indicated [hat in situ stresses varied in uniform an d
predictable manner throughout rock nass and this justified simple boundary condition s

173 .

179 .
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41 5

used in finite element study . Measured steesses and deforne :fer seo,wed reas, :,, .,_bl eagreement with theoretical predictions .

	

See also items 148, 164, 165, 201 and 219 .

81 . MANTOVANI, E . Methbd for supporting very high rock walls in underground power stations .Proceeding s, 2nd Con gress, International Society for Rock

	

Betgrade, 1970 ,Vol 3, paper 6-5, 9 pages . Three underground power stet ,r

	

vertical axi sg enerating/pumping sets required cavities with 60m hige .:" . . ,_

	

be excavated .

	

in on eexcavation no special precautions were required but in et=s

	

•;o rock walls ha, to besupported by anchored ropes during excavation . Ropes wer_

	

ieog with capa Cl, •, o f100 tons zach ; rock locally supported by bolts and shotcrete . Lake Delio powe . statio nis the largest of the three ; excavation stages are described and principles usec' i ndesigning rope support given . See also items 173, 197 and 221 .

MASUR, A . Efficiency of rock consolidation grouting in mounteins around intake p essur egalleries of hydroelectric power plants . (In German) . Prczraadings, 2nd Concrcae ,International Societg for Rock Nechmrics, Betgrade, 1970, Vol 3, paper 6-17, 6 pages .Development of rock consolidation grouting techniques important in the construction o fpressure tunnels for hydroelectric projects ; reduction in time required for constructio nand minimisation of leakage are important economic considerations .

3 . LANE, R .G . An investigation into the deformation of a combined dam and powerhous estructure . Proeesedings, 2nd Congress,=neernational Soeiety for Rock hleehonies, Belgrade ,1970, Vol 3, paper 8-2, 4 pa g es . Finite element study of ground structure movement sin case of powerhouse closely associated with intake dam ; effect of varying elasti cmodulus and of a deep crack are also studied . Results show [hat, even for a ver y
deformable rock, movements are small and should not give eise to serious oeerationa lproblems .

HOFER, K .H . Underground Works - general report .

	

(In English, French and German) .Proceedings, 2nd Co :ngress, _nternationai Socdacy for Rock 'dachmies, Belgrade, 1970 ,Vol 4, pages 346-372 . General report based an 67 papers presented by authors from 2 0countries .

YOSHIMURA, K . Measurement of rock deformation around cavity . Rock Vaokories in Japan ,Vol 1, 1970, pages 103-105 . Description of rock deformation measurements carried ou tin rock surrounding Kisenyama underground power station machine hell . See also item 175 .
MATHUR, S .K . and SANGANERIA, J .S . Geotechnical considerations in selecting undergroun dpowerhouse for Mahi Hydel project, Banswara Dist ., Rajasthan . Journal of EngineeringGeoiogy (India), Vol 5, No I, Oct 1970, pages 191-196 . An underground powerhouse i sproposed as par[ of the hydropower development of the Mahi valley . Discusses th einfluence of g eology in planning and design of cavity 70m below ground measurin g45m x 15m x 30m . Rock is Deccan basalt, overlying Pre-Cambrian granites and amphi-bolices . A 12 to 22m thick weathered rock tone has been encountered under th ebasaltic Lava flow .

	

Geological conditions favour siting machine hell in steeply dippin gamphibolite band .

	

In situ rock tests and photoe last ic studi es

	

establish the de g re eGF anisotropy and stress distribution in the rock mass .

JALOTE, S .P .

	

Geomechanical considerations in relation to the stability of the undergroun dpowerhouse cavity at Chibro, Yamuna, Hydel scheme, Stage 2 . Journal of Engineerin gGeology (India), Vol 5, No 1, Oct 1970, pages 197-210 .

	

Machine hell is being excavate din thinly bedded limestones and slates of the Mandhali .series, dipping at 45 to 50 0wich well developed bedding partings and numerous joints and slic planes . Statiscica land stereographic analysis of structures indicated [hat 1 . cavity has to be supporte dimmediately after excavation, 2 . power house arch may have rock loed equivalent to atriangular nass of rock 20m wide at base and 15m high, 3 . long walk of powerhous econtain potential triangular wedges which could slip out on shear zones if no tadequately supported . special steel arches have been desi g ned and erectec as permanen tsupport for cavity roof and walls . These arches are supported by ,restressed hig htensile steel cables of 60 tonnes capacity spaced at 2 to 5m .

188 . TANDON, G .N . Stress fields and the design of the powerhouse cavity at Chibro . Jogama i

of Engineering Geology (India), Vol 5, No 1, Oct 1970, pages 255-266 . Author claim s

that type of

	

nort required for roof and sidewalls of machine hell excavation had n o

known precedent and hence, in . spite of careful choice of location and alignment o f

powerhouse, design had to be modified as excavation proceeded and as more informatio n

became available . The essential support requirement was that minimum delay should b e

allowed between excavation and installation of support . Paper describes consideration s

which governed location, Layout and shape of cavity and details of the design an d

construction of the more important features of the cavity .

189 . TANDON, G .N . Design of prestressed anchors for the support of the walls of the Chibr o

power house . Journal of Engineering Geology (India), Vol 5, No 1, Oct 1970, page s

267-274 . Prestressed high tensile steel anchors were used to resist sliding alon g

existing planes of weakness in the walls of the powerhouse . Such anchors must b e

installed with a few hours of blasting ; provision made for adjustment of tension

depending upon rock dilation or creep .

190 . BROWN, G .L ., MORGAN, E .D . and DODD, J .S .

	

Rock stabilisation at Morrow Point power plant .

Journal of the Soil hfecnanics and Poundations Division, ASCE, Vol 97, No SKI, 1971 ,

pages 119-139 . During excavation of the underground powerhouse at Morrow Point ,

monitoring revealed inward movement along a longitudinal face of the chamber - movemen t

associated with lar g e wedge defined by two intersecting faults . Anchor bars, Jong roc k

bol ts, poststressed tendons and flat jack were selected to restrain wedge . No furthe r

movement has Laken place since installation of restraints . See also items 134, 140 an d

167 .

191 . GOLZÉ, A .R . Edward Hyatt (Oroville) underground power plant . Journal of the Power Division,

ASCE, Vol 97, No P02, Mar 1971, pages 419-434 .

	

See also Items 127, 150, 199 and 259 .

192 . GUNWALDSEN, R .W . and FERREIRA, A . Northfield Mountain pumped storage project . Civi l

Engineering, ASCE, Vol 41, No 5, may 1971, pages 53-57 . General description of th e

then largest pure pumped storage project in the world and the First in U .S .A . to have

an underground power house . The unlined main cavern in massive granite is 100m long ,

21,3m wide and 47 .2 m high . Support is by 35 mm dia . rock bolts on 1 .5m centres an d

up to 10 .7m Jong, and gunite reinforced with wire mesh fabric . See also fiten 198 .

BAMFORD, W .E . Stresses induced by mining operations at Mount Charlotte . Proceedin gs, Ie e

A_ustralia-New Zealand Conference on Geomeohanics, Melbourne, 1971, Vol 1, pages 61-66 .

Low grade gold ore is mined by sub-level open stoping wich open stopes300 ft high ,

180 ft wide and 80 to 180 ft long separated by rib pillars 80 - 90 ft thick .

	

Following i

a "bump" or partial brittle fracture of a rib pillar in quartz doleri te a seri es o f

elastic stress calculations showed that failure was predictable .

194 .

	

DYSON, L .A .

	

A rock mechanics survey and its use in an underground stability ar.a lysis a t

Kambalda, W .A . Proceedings, Ist Australla-New Zealand Conference on Geomechoeice ,

Melbourne, 1971, pages 67-72 .

	

Structural geological survey, in situ stress measuremen t

and mechanical property tests carried out at Kambalda nickel mines in Western Australla .

Results combined with finite element mode] to study ground movements resul ting fro m

different mining methods .

195 . JACOBS, J .D . Better specifications for underground work . Civil Engineering, ASCE ,

Vol 41, No 6, 1971, pages 47-49 . Conflices between owner and contractor on a

construction project are frequently caused by badly written specification documents .

Author suggests that contract should make provision for payment to contractor for over -

excavation since this is unavoidable on most jobs . Contractor should be given a voice

in determining the specifications for excavation support . An advisory committee ma y

be helpful in this re gard . To produce more attractive bid packages, unit price pre -

stipulation should be avoided .

196 . FARIS, C .O . Dworshak Dam underground crushing chamber . Proceedings, Symposium on. Under-

ground Rock Cira.:hers, ASCE, New York, 1971, pa ges 147-165 . This underground chambe r

houses the primary feeder, primary gyratory crusher, scalping screens and secondary core

crushers for 13 million toes of granite gneiss needed for concrete aggregates fo r

üworshak dam . The chamber is 10 m wide, 25 m long and 31 m high, and is accessed by a

193 .
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6 m wide by 5 m high horseshoe tunnel . Few geotechnical details are given, bu tconstruction details are described .

97 . DOLCETTA, M . Problems with large underground stations in Italy - Lake Delio power plant .Proceedings, Symposium an Underground Rock Chambers, ASCE, New York, 1971, pages 243-286 . Peper considers design approach used for three underground powerhouses unde rconstruction .

	

Lake Delio station described in detail . See also items 173 and 221 .

38 . WILD, P .A . and MCKITTRICK, D .P . Northfield mountain underground power station . Proceedings,Symposium on Under ground Rock Chorrsere s ASCE, New York, 1971, pages 287-331 . Projec t
located in mantled gneiss dome in the northern Appalachians . Although plant Layout wa sdictated primarily by hydraulic and operating requirements, geotechnical consideration swere of major significance in the design of underground excavations . Rock condition sexposed by excavation were in excellent agreement with test borings and geologica lstudies ; support system consisting primarily of rock bolts is described and Jong termstability is discussed .

	

See also item 192 .

KRUSE, G .H . Power plant chamber under Oroville dam . Proceedings, Syetposizur on UndergroundRock Chambers, ASCE, New York, 1971, pages 333-379 . Underg round powerhoube under lef tabutment of dam gives least tost and best operating conditions . Feasibility of supportin g
underground excavation by rock reinforcement evaluated in three year study, includin grock and bolt anchor testing and by finite element analysis . Observations durin gconstruction indicated that movement occurred during or immediately afcer blasting andthat rock quickly stabilised ; deformations agreed cl°sely with Finite elemen tpredictions .

	

See also items 127, 150, 191 and 259 .

RISING, R .R . and ERICKSON, G .A . Design of underground pumping chamber near Lake Mead .Proceedings, Symposicm an Underground Rock Chambers, ASCE, New York, 1971 . pages 381-405 . Rock mechanics measurements and design of underground chambers describe d
Hoover dam and powerplant constructed in a complex of metamorphic Pre-Cambrian biofit eg neiss and schist, highly folded and fractured et the surface . To establish compressivestrength and elastic properties, twelve exploratory boreholes were drilled, percolatio nteste and joint surveys were also performed . Stete of stress examined and finit eelement study carried out ; borehole extensometers were installed to monitor movements .

BENSON, R .P ., CONLON, R .J . and MERRITT, A .H .

	

Rock mechanics et Churchill Falls . Ppowe r -Syrrposiurr, on. pndarcrourzd Reck Chairbers, ASCE, New York, 1971, pages 407-486 .

	

In power-
house area, rocks comprise gneiss assembla ge intruded by gabbro, diorite and lesse r
amounts of syenites and pegmatites . Geological exploration for the siting of the power-house included NX drilling, Jogging and photography of all core, detailed geolo g ica lsurface map p ing and a petrographic study of rock specimens . Faults, shear zones ,joints, groundwater and quality of rock mass are described, orientation, shape and siz eof excavations for maximal stability are discussed . Rockbolts major means of suppor tfor arch and walle .

	

Finite element study and monitoring behaviour of undergroun d
excavations during construction described . See also items 148, 164, 165, 180 and 219 .

HEUZE, F . E . and G OODMAN, R . E . Room and p i l i e r structure i n competent rock . Preeeeesuge ,'Symposium an

	

r ,7ro :, .d Rock Chorkiere, ASCE, New York, 1971, pages 531-565 .

	

ihestete -of-the-art in room and pillar mining is considered under the headings theories o fstrata movement, stress distributions around openings, pillar loads and Stresses ,determination of pillar strength, roof stresses in the ground overlying pillars, an d
determination of roof strength .

CORDING, Eid ., HENDRON, A .J . and DEERE, D .U . Rock en g ineering for underground caverns .Proceedings, Symposium an Underground Rock Shc•bers, ASCE, New York, 1971, pages 567 -600 . General review of rock mechanics problems in underground design . Dimensions an dsupport details of 13 major underground projects given .

LANGBEIN, J .A . The Manapouri power project, New Zealand . Proceedings,
Ineeitutiee Reg

	

P --, Heers, Vol 50, 1971, pages 311-351 .

	

Describes the investigations, desig n
and construction of this project which took place in the period 1960-1971 . Th emachine hell is 111 m long, 18 m wide and 34 m high .

	

Rock reinforcement is by groute drock bolts w i th sprayed mortar and wire reinforcement added in the arch roof . Rock sare gneisses and intrusive granites .

205 . KNILL, J .L . Engineering geology of the Turlough Hille pumped storage scheme . Quarte±'Zy
Journal of Engineering Geology, Vol 4, No 4, 1971, pages 373-376 . Scheme has bee n

constructed in Leinster granite, 40 km south of Dublin in Ireland . Geologica l

conditions are outlined with particular reference to the rock properties and the location

of the underground works . For construction details see item 237 .

206 . EGGER, P ., SCHETELIG, K . and STURER, H . Anchoring for the power house shaft at Vianden ,

Luxemburg . (In German) . Rock rracsure, Proceedin gs, International Symposium on. Roc k

iechanics, Nancy, France, Oct 1971, paper 3-4, 12 pages . 25m diemeter, 50m deep shaf t

excavated in Devonian schists for extension of the Vianden pumped storage scheme .

Bedding planes, containin g mylonite zones up to 20cm thick, dip et 57° to the shaft .

Rock mechanics investigations are described . To prevent wedge failure and to

consolidate rock around shaft, anchors prestressed to 1400kN . were installed in shaf t

walle .

	

Details of installation and results of control measurements described .

207 . LOTTES, G . The development of European pumped-storage plants . kater Pouter, Vol 24 ,

No 1, Jan 1972, pages 22-33 . A study of the advances made in the design an d

construction of pumped storage plants in Europe in the 10 years since 1962 wit h

particular reference to reservoirs and intakes, powerhouses, tunnel and caver n

excavation, machines and costs . Gives some details of the desi g n studies for Waldeck

II for which see also items 228, 233, 235 and 244 .

208 . KIMMONS, G .H . Pumped storage plant et Raccoon Mountain in U .S .A . Tunnels and Turvaellli>:g,
Vol 4, No 2, Mar-A p r 1972, pages 108-113 . Underground facilities include waterways ,

sur g e chamber, transformer vault, tunnels, switching and transmi ss ion facilities an d

power plant chamber 21 .9m wide, 149m long and 50 .3m high excavated in good qualit y

horizontally bedded limestone . Details of excavation and grouted rock boltin g technique s

given .

	

All excavation do p e using smoothwall blastin g , cushion blasting or lin e

drilling . At exterior portale tunnel peripheries were live drilled and a row o f

preset grouted rockbolts was 46c m . outside line prior to blasting .

209. ANON . Craig Royston under investigation, site test for pumped storage scheme . Groun d

ginsering, Vol 5, No 3, 1972, pages 27-28 . Site on eastern bank of Loch Lomond i n

S ti ri ingshi re .

	

Scheme divided into three pa r t s : I .upper Bise for mein dam and intak e

workn 2 . lower eise including various tunnels and underground power house, and 3 . Loc h

Lomond which will act as lower reservoir .

	

Description of geological and geophysica l

teste carried out to date .

210 . CORDELL, R . Presplitting in drivages . (In French) . Revue L'Tndueerie Minerale, Vol 5 4 ,

No 3, 1972, pages 107-122 . Three falls on the River Are in the Savoy (French Alps) ar e

used for the development of hydroelectric projects in three underground power stetion s

recui ring 5 .3 million cu .ft . excavation .

	

Strata varies fron carboniferous sandstone t o

schist flyschand gneiss . Presplitting is used for all drivages resulting in considerabl e

savings because of reduction of overbreak ; rock bolze and gunltin g used for support .

211 . ROSENSTROM, Si Kafue Gor g e hydroelectric power project . 2¢:7:r Femen, Viel 24, 11o 6, Juh e

1972, pages 223-226 (Part J) ; Vol 24, No 7, Aug 1972, pages 237-2 4 2 - (P art 2) .

	

Full y

describes the rock engineering associated with this station on the Zambian-Rhodesia n

border . The machine heil and transformer caverns are 32 x 15 x 130m and 21 x 17 ,e 125 m

(height x width x length), respectively, and are located 500m underground . The rock e

are a complex of granites and gneisses mixed with highly metamorphos•ed mica-schists ,

amphibolites and querteises .

212 . MCCREATH, D .R ., MERRITT, A .H . and MATERON, B .N . Rock excavations et Also Anchicaya Project .

Columbia . Fe)ce .=im'-gs, d-

	

- :rdi-r Fock hcckanies Symposium, Toronto, 1972, page s

31-45 . Brief description of geology, powerhouse, power tunnel and dam abutmen t

excavations . A highly variable weathering profile and shear zones presented the majo r

geotechnical problems .

213 .

	

MATHEWS, K .E .

	

Excavation design in hard and fractured rock at the Mount lsa Mine, Australia .

Prassedin .s, 3 . . . Caeodiczr : Rock Me_h .nies Symposium, Toronto, 1972, pages 211-230 .
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214 . SINGH, K .H . Reinforcement of an ore pass system - a case history . Proceedings, Ro hCanadian Rock iixohan.ice Symposium, Toronto, 1972, pages 231-249 . An existing ore pas ssystem at Falconbridge Nickel Mines was supported by grouted cable bolts and pressuregrouting to stabilize observed Slip of the walle along fault planes . Extensomete rmeasurements show a decrease in ground movements in the reinforced area .
BAWA, K .S . and BUMANIS, A . Desion considerations for underground structures in rock .

1▪
oeeedings, First North American Rapid Exeavation and TunneZZing Conference, ] A I ME ,9 72 , Vol I, pages 393-417 . About one fifth of the Washington Metro system will b edesigned as underground structures (tunnels and stations)

	

in rock . Gives details o frock properties and showsss typical tunnel and station cross-sections and support designs .Support typically by 3 . 7

	

5 .5m grouted 25mm die . rock bolts and 10 - 15cm shotcrete i niuuble treck tunnels . Station excavations supported by steel sets, rock bolts ,shotcrete and precast concrete arch liners ; span in the example given is 20 .9m .
HOPPER, R .C ., LANG, T .A ., and MATHEWS, A .A .

	

Construction of Straight Creek tunnel ,Colorado . Proceedings, First ,Tortb American Rapid Ercanceion and TunneZZing Conference ,AIME, 1972, Vol I, pages 501-538 . This project consists of dual two-larti vehicula rtunnels each approximately 15 m wide by 17m high as excavated and with maximum cover o fof 440m . Excavation and su p port procedures are fully described . Extreme difficulty wa scaused by the squeezing behaviour of a fault zone and by the wide-spread occurrence o fshear zones, faulte and joints in the g ranite, gneiss and schiss through which th etunnel was driven .

SMART, J .D . and SAGER, J .W .

	

Instrumentation on recent Corps tunnelling projects .Proceedings, First Eioreh American Rapid Excavation and Tunneiling Conference, AIME, 1972 ,Vol 1, pages 623-657 . Describes instrumentation used on the NORAD Cheyenne Mountai nComplex Expansion and other projects . The NCMC project is constructed in e fine graine dgranite intersected by a number of shear zones . The largest excavations in the expansionare the power plant chamber - 52m Jong, 20m wide, and 15m high - and the cooling towe rchamber 56m Jong, 12m wide and 14m high . Extensometer measurements used to checkstability of the excavations are given . See also items 218, 337 and 342 .
SMART, J .D . and FRIESTAD, R .L . Excavation quality for the NCMC expansion . Stability o fBock Slopes, Proceedings, T irteenth Symposium on. Roc(i"ec :anics, ASCE, 1972, page s643-664 . This expansion of the NORAD Cheyenne Mountain Complex requires the excavatio nof 50,000 cu .yd . of g ranite for a new diese) power plant and associated cooling tower sand air handling plant . Smooth-wall blasting and rock reinforcement techniques aredescribed . Reinforcement is by grouted pre-bolting (an untensioned perfo sleeve typ erock anchor) and tensioned hollow core deformed rock bolts . See also item 217 .
GAGNE, L .L .

	

Controlled blasting techniques for the Churchill Falls underground complex .Proceedings, Firee boreh American Rapid Excavation and 2Tunnelling Con=erenoe AIME ,1972, Vol I, pages 739-764 .

	

Details of this project are given in itens 148, 164, 16 5l80 and 201 .

.`CKER, H .

	

Yieicing rock and iss consequences in construction practice . Proeeedirige ,'nasional Symp. eziem on Under ground Jpenines, Lucerne, Sep 1972, Theme 1 . Genera ldiscussion on stress problems around underground excavations . Problems encountered i nconstruction of ehe Alt Aadel dam in Morocco, Tarbela dam in Pakistan and undergroun dpowerhouses in Malaysia and Ireland are briefly described ; rock anchor-gunite metho dwas successfully applied in these constructions .
CC-CETTA, M . Rock load on ehe sup p ort structure of two )arge underground hydroelectri cz ants . Proeeedinge, inee ;mzacio>.al Symposium on. Urdergroend Openings, Lucerne, Se p1 972, Theme 3 . Special construction solutions were required at Lake Delio and Sa nFiorano, zwo recent Italien projects .

	

Based upon preliminary stability studies whic hincluded the geomechanical properties oF the rock, it was decided to build soli dsupporting reinforced concrete structures which could be incorporated into the machirr eroundations . Measurements and finite element studies described . Wall deformations i nvery high openings were successfully controlled by rigid supporting structures . See als oitems 173 and 197 .

222 . JAEGER, C . Rock Mechanics and Engineerin g, Cambridge University Press, 1972, 417 pages .

The First part of this text book deale with general rock mechanics principles . Th e

second part covèrs practical applications including such topics as minimum overburde n

above a pressure tunnel and rock support systems . Brief details and discussion o n

several underground powerplants including Innertkirchen (Switzerland), Santa Massenza

(Italy), Santa Giusti na (Italy), leere-Ar g (France), Chute des Passes (Canada), Bersimi s

2 (Canada) and Kemano (Canada) . An extensive bibliography includes many papers publishe d

in Europe which are seldom included in English language bibliographies . Text contain s

many typographical errors and Gare should be taken in applying equations without Firs t

checkin g accuracy .

	

Second edition published in 1979 -

223 . GILMOUR, L .W . New Zealand, tunnels for Tongariro power development . Tunnels and Tunnelllin g,

Vol 4, No 6, 1972, pages 521-524 . Description of powerplant and tunnels located in grey -

wecke and argiliites ; concrete lining and rock support described .

224 . BANG-ROLFSEN, P . Skjomen water power plant - excavation of tunnels in granitic gneiss i n

Norway . Rock bursting restrained by bolting . Tunnels and TunneZZing, Vol 5, No 1, 1973 ,

pages 68-70 .

225 . NUSSBAUM, H . Recent development of the New Austrian Tunnelling Method . Journal of th e

Construction Division, ASCE, Vol 99, No CO1, 1973, pages 115-132 . Describes th e

theoretical basis and practical application of the NATM . Gives some details o f

individual projects including the difficult Tauern tunnel .

226 .

	

RABCEWICZ, L .V . and GOLSER, J . Principles of dimensioning the supporting system for th e

New Austriar tunnelling method . Werter Power, Vol 25, No 3, Mar 1973, pages 88-93-

Explains the empirical approach to dimensioning recommended for use when applying th e

NATM and gives a brief mathematical analysis of the underlying theory . Gives som e

results for the Tauern tunnel, Austria for which see also items 264 and 295 .

227 . RABCEWICZ, L .V . Theory and practice et the under g round works of a large dam project .

(In German) . Rock Meehanics, Supplement 2, 1973, pages 193-224 . Full geotechnica l

details of the design and construction of the tour Tarbela Dem tunnels, Pakistan .

See also items 241 and 255 .

228 . RESCHER, O .J ., ABRAHAM, K .H ., BRAUTIGAM, F . and PAHL, A . The construction of an under -

ground chamber with geomechanical conditions taken into consideration .

	

(In German) .

Rock iechanics, Supplement 2, 1973, pa g es 313-354 . Full description of the geotechnica l

aspects of the design and construction of the Waldeck II underground power station i n

the Eder valley in northern Germany . The excavation in banded sands and dark shale s

alternating with greywacke sandstone, is approximately elliptical in cross-section wit h

a height of 54m and a width of 33 .5e . Support is by a systematic arrangement of roc k

bolts and prestressed anchors, and a two-layer shotcrete Shell . The rock mass contain s

a number of open discontinuities and fault zones which control the rock mass behaviour .

See also items 207, 235, 244 and 248 .

229 . EDLUND, S . and SANDSTROM, G .E . Stockholm puts sewage plante underground . Ci •eiZ Engineering ,

ASCE, Vol 43, Na 9, Sep 1973, pages 78-8 3 . Describes lay-out and excavation technique s

for underground plante consisting of a number of parallel chambers 10-Ilm wide and u p

to 135m long . Excavations are in sound rock and are lined with reinforced concrete .

230. MORFELDT, C .O . Storage of oil in unlined caverns in different types of rocke . Ne u

eons in Rock Mechanics - Proceedings, Fourteenth Symposium on Rock iiechenies, ASCE ,res , ., -i
1973, pages 409-420 .

231 . SEDDON, B .T . Rock investigations for Camlough under g round power Station . Proceedings ,

Symposium an Field Instrumentation in Geotechnieal Engineering, London, Butterworths ,

1973, pages 370-381 . The underground power station is located vertically beiere th e

upper reservoir in this pumped storage scheme in Northern Ireland .

	

lt has a minimu m

rock cover of 185m and is 100m long, 22m wide and 35m high . In situ stress measurement s

usin g flat jecke and stress calculations for the power station excavation are described .

TAKAHASHI, M . The largest hydro-power plant completed - Shintoyone pumped storage project .

Civil Engineering in Tara.', Vol 12, 1973, pages 59-7 4 -

'z .
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233 . ABRAHAM, K .H
. The surge chamber and tailrace tunnel For the Waldeck II plant . Meter Power,Vol 25, No 10, Oct 1973, pages 385-392

. Conditions necessitating provision of a sur ge
chamber together ei th Factors affecting iss location, dimensions and construction ar

ediscussed. The chamber is 23 .8m in diameter and 37 .4m high and is heavily reinforce dwith prestressed anchors
. Rocks are schist-shales and greywacke sandstones . A majo r

fault zone and a number of minor faulte cross the chamber .

234. STARFIELD, A .M . and MCCLAIN, W .C . Project Salt Vault : a case study in rock niechanics .International Joc .rsoZ of Rock Nechanies and , 'ining Seienees, Vol 10, No 6, Nov 1973 ,pages 641-657 . Project Sauls Vault is a feasibility study of radioactive .ast e
disposal in an underground Salt Formation . Full scale studies of the performance o f
such a facility viere carried out in part of a disused satt mine where pilier stresse

sand ground movements were monitored
. The effects of creep and temperature on ehe load-

deformation behaviour of the excavations was successfully modelled .

235 . ABRAHAM, K .H .

	

Construction progress at the Waldeck II plant .

	

i ;'ater Power, Vol 25, No 12 ,1973, pages 464-466 . Support for the 1390m 2 underground machine cavern consists o f
shotcrete, 996 prestressed anchors, and 3800 4 or 6m rock bolts

. See , elso items 207 ,
228, 233, 244 and 248 .

236. DOSS WOOD, V . and VAN RYSWYK, R . Rock bolts at Churchill Falls . TunneZs and Tunnet lVol 6, Na, I, Jan 1974, pages 19-23
. For Full descriptions of other aspects of thi sscheme see items 148 , 164, 165, 180, 201 and 219 .

'-37 .

	

O ' DONOGHUE, J .O . and O ' FLAHEP.TY, R .M .

	

The underground works at Turlough Hill .Power, Vol 26, No I, Jan 1974, pa g es 5-12 (Part 1) ; Vol 26, No 2, Feb 1974, pages 51-
56 (Part 2) ; Vol 26, No 3, Mar 1974, pages 88-91 (Part 3) .

	

Complete descriotion o f
construction of this 23m wide, 32m high and 82m long cavern in a uniform coarse

-
grained granite containing thin veins of pegmatite, aplite and quartz

.

	

Support is b y
systematic rock-bolting, pre-stressed anchors and gunite . Engineering geolog ydescribed in item 205 .

38 . YANG, K-H . and NICHOLS, D .E . Bear Swamp pumped-storage plant will start up this summer .i.a`ar Power, Vol 26, No 5, May 1974, pages 157-163 .

	

Gives some details of ehe roc k
mechanics investigations and design of the powerhouse chamber

. Excavation technique sused described in item 242 .

9 . PIESOLD, D .D .A ., WALKER, B .C . and MURDOCH, G .B . Hydro-electric power development et th eVictoria Falls an the Zambeei River . -" ze d -Vol 56, Part I, 19/7'"

		

e d r.i n
• pages 275-30! . The underground nachn eY h e

ei=

ll is

.

_ excavated i n
nlocky and variable basale as a horseshoe shaped chamber 13 m wide

. The concret e
lining is designed as a restraining arch .

	

Other reinforcing is g enerally ligh texcept at recesses etc .

6ENSON, R .P ., MACDONALD, D .H . and MCCREAT' I , D .R .

	

The effect of Foliation shear zones on
underground construction in the C nad en shieid . Prott - A m iee e Fsxid reeraoioe a

	

efs

	

, AIME, 1974, Vol 1, pa g e s '615-641 . Under -g
round stability problems in the Ber in s l and II, Chute-des-Passes and Churchil

l
Falls hydro-electric projects caused by foliation sheer Bones are described . A flexibl edesign approach involving rapid Installation ofrigid support, rock bolts, pressur erelief holes and i nstrumentation is advocated .

HILLIS, S .F ., SZALA'F . K .A ., O'ROURKE, J .E . and SMITH, D .

	

Instrumentation of Terbela Da mtunnels . Preeeed egs, Sogomi ,.

	

>,

)
_ nznioae or

	

'„. aeioe a

	

'

	

.gC .

	

edee, AIME, 1974, Vol 2 _ pages 1275-1303 .

	

Four d version tunnels wit h
excavated diemeters of up to 19m and 800m long viere excavated in variable lime sstone ,
schi,ts, phyllite and alt=_red basic ign eous rocke on the ri ght bank of the Tarbel

aDam, Pakistan
. The tunnels viere concrete and steel lined and instrumented to monito rdeformations and lining loads

. The average load was 75% of that predicted by applyin gTereaghi's classification method .

	

See also items 227 and 255 .

BRADY, d .J . Excavation of Bear Swamp underground powerhouse .ean .',catc Exea a iot

	

Teeee52deg
'

m :

	

'eecr, AIME, 1974, Vol 2,* pa ge s 1351-1369 .
Excavation techniques used for the machine ehamber - 69m Jong, 24m wide and 46m high -

and associated tunnels in this pumped storage scheme are given
. All excavation was i n

two types of schiss, but no geotechnical details are given
. See also item 238 .

243. BOCK, C .G .

	

Rosslyn Station, Virginia
: Geology, excavation and support of a large, nea r

surface, hard rock chamber . Proeeedings, Second 6'orth American. Rapid Excavation and

Tunnelikn g Con. orene2, AIME, 1974, Vol 2, pa g es 1373 - 139 1 . Rosslyra Station, part o r

the Washington subway system, was excavated totally in rock with 16 - 21m of cover
.

The rock is a highly weathered, highly fractured gneiss at the top improving with depth
.

Fully grouted 5m and 7m lon g rock bolts viere used for side.all support
. The roo f

was supported by steel ribs with e minimum of 15 cm of shotcrete being applied through -

out . Overall station dimensions are 25m x 17m x 220m .

244. ABRAHAM, K .H . et al
. Comparison of results from stress analysis, photoelastic modele an

d

in-situ measurements during excavation of the Waldeck II cavern
.

	

(In German) Rock

Mechanics, Supplement 3, 1974, pages 143-166
. Measured deformations were lese than thos e

anticipated from finite element analyses
. See items 207, 228, 233 and 235 for furthe r

descriptions of this project .

245. JOHN, K .W . and GALLICO, A
. Engineering geology of ehe site of ehe Upper Tachien ?rojest .

Proeaeding , Second International Congress, _nternationat .zsociation of En ginee r in g

Geology, Sao Paulo, Brazil, 1974, Vol 2, Paper VI-9, il pages
. Describes the geolog y

and geotechnical parameters of the Bise of the project discussed in item 246
.

246. JOHN, K .W . and GALLICO, A
. Design studies of underground powerhouse situated in jointe d

s otai Con greaz, IeeernotionaZ Aeooeixeion o *
rock .Une

	

e

	

* o,,Second

	

-=

	

VII-9, 11 pages . The under-
ground uan *, Sao Paulo, Bra il, 1974, Vol 2 Piepe

r ground powerhouse is located in highly jointed slate and querteite adjacent to the dee
p

gorge of the Tachien River, Taiwan
. The cavern is 24-35m hi g h, 17-21m wide and 54-77 m

lon g . Roof support is by a concrete roof arch 0
.8 - 1 .5 m thick supplemented by roc k

bolts .

	

Finite element and three-dimensiona l sliding wed ge analyses viere carried out i
n

the design stage .

	

In-situ measurements gave de formations similar to those predicted i
n

the design studies .

247. HEITFELD, K .H . and HESSE, K .H .

	

Engineering geolo g ical aspects an the lining of cavern
s

in sedimentary rock

	

PreeeeCings,

	

eeed nre

	

tton

	

C ngr c -n ..

	

Honi g .;

AssocSceivn of Engieeerieg Jee=e ; , Sao Paulo, Braznl, 1974, Paper VII-10, 12 pages .

Outlines a design method for anchors for cavern walle

	

jointed rock .

248. PAHL, A .

	

The cavern of the Waldeck Il pump storage station - geomec'hanical investigation
s

?

	

--,

	

-e-- Pes,

	

_

and cn t cal analysis of contrcl measurement s

Ceegrees,

	

✓

	

.ocJt

	

c

	

r. egg, Sao Paulo, Bra il, 197 4 ,

Vol 2, P aper VII-16, 8 pages
. Deformation measurements used to monitor constructio

n

are fully described .

	

For feiler details see items 207, 235 and 244 .

249. ARAMBURU, J .A . La Angostura dam underground powerhouse
: prec

	

an and .easuremens o f

displacements during excavation .

r

	

, Denver, 1974, Vol 26, - pages 1231-l +i .

	

Describes stress an d

0 o rmabi li ty ^measureree ts in ehe liees tone in
.ehich a Lest gallery for tnis under g r oun d

powerhouse was excavated . D i splecements i n tne prototype viere tnen est i mated using a

linear elastic analysis
. Actual displacements measured during construct i on a g ree wel l

wich finite element predictions if the dynamic Field modulus is used
. Modulus value s

derived From plate loading teste overestimated the measured values by e factor of t-o
.

250. Dl MONACO, A ., FANELLI, M . and RICCION1, R
. Analysis of lar ge underground openings i n

rock with finite element linear and hon-linear na hematical modets . Prosi g.edings ,

_

	

, Denver, 197'

	

Vol 2 B, pages 1256 -

1 2 61*
. The finite element method is applied o the analysis of the Lagio Delio, Pelo

s

and Taloro underground power stations . No tension analysis and the influence o
f

reinforcement included .

251. MAURY, V .

	

Stability, stress and operations of the May sur Orne mine as underground Petrol
-

eum product storage .

	

(In French) . Proeeedings, Tnir-s' Gong

	

4, Id

	

- ..an

'or Rce lecke r es, Denver, 1974, Vol 2B, pages 1294-1301
. Describes the analysis o f

the stability of a ,vorked out iron mine in Normandy involved in the assessment of it
s

sui tability for the underground storage of 5 million m' of petrol eum products
.

	

!arge
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rooms shown to be possible because pillars support only part of the immediate roof ; ri b
piliere carry most of the load transferred by arching at higher levels .

MIZUKOSHI, T . and MIMAKI, Y . Measurements of in situ stresses and the design of a cavit y
for the construction of the Shintakasegawa underground power station . Proceedings ,
Third Congress, International Society for Rock Iechanics, Denver, 1974, Vol 2B, page s
1302-1307 . The behaviour of the rock around the underground excavations is analysed b y
the elasto-plastic finite element method . The machine hall is 163m Jong, 27m wide an d
54 .5m high ; the adjoining transformer halt is 107 .8m long, 20m wide and 31 .3m hig h
and is separated from the machine halt by 41 .5m . The ratio of horizontal to vertica l
in situ stress is 1 .8 .

	

As a result of the stresse analysis predictions, th e
excavations were re-oriented . See also item 349 .

Z53 . PFISTERER, E ., WITTKE, W . and RISSLER, P .

	

Investigations, calculations and measurement s
for the underground power hause Wehr . (In German) . Proceedinygs, Third Congress,International Society for Rock iieehanics, Denver, 1974, Vol 2B, p a g es 1308-1317 . Based
on measured strength and deformability values, a number of Finite element analyses wer ecarried out . Reinforced shotcrete and systematic rock bolting designed.using thes e
resul ts . 82 prestressed anchors of 1660 kN capacity installed to prevent failure o f
a 30m high rock wedge formed by a throughgoing master joint and the upstream wall of th

ecavern . Deformations and steesses monitored during construction agree well wit h
predictions . Machine hell is 219m Jong, 19m wide and 33m high .

LLOVERA, L .0 . and BECEDONIZ, J .F . Excavating works for the enlargement of Vlllarin opower plant . Proceedings, Third Congress, International Society for Rock Iechanics ,Denver, 1974, Vol 26, p ages 1365-1370 . The Villarino underground power plant on th e
Torures river, Spain, is being expanded to take two additional 135 MW reversible pump-
turbine units . The excavations in strong granite, including enlargement of-the mai n
cavern,must be carried out without disturbing normal operation of the plant . The
determination of admissible vibration levels and the control of blasting are described .
Vibration velocities keptbelow 15mm/sec in machine foundations .

_i . RABCEWICZ, L .V . and GOLSER, J . Application of the NATM to the underground works a tTarbela . Vater Power, Vol 26, No 9, 1974, pages 314-321 (Part I) ; Vol 26, No 10, 1974 ,
pages 330-335 (Part 2) . Describes construction of Tour large tunnels to be used t o
divert the Indes River during construction of the Tarbela Dem and subsequently fo r
power generation and irri g ation purposes . This is a good detailed description of thepractical

	

application of the NATM . See also items 227 and 241 .

ANON . Ritsem: the last of the Lule River develo p ments . ;roter Power, Vol 26, Mo II ,Nov 1974, pages 365-371
. This is the Fifteenth and final power station to be

constructed on ehe Lule River in northern Sweden . Excavation of the underground
machine hell (17m wide and 36m long) and the long headrace tunnel are described

. Rock s
at the site are hand schists and mylonites . Few geotechnical problems encountered .

BARTON, N i , LIEN, R . and LUNDE, J .

	

En g ineering classification of rock masses for th edesign of tunnel Support . Rock Aechanics, Vol 6, No 4, Dec 1974, pages 189-236 .
Fresents details of a rock mass classification system using six parameters that can b e
estimated from mapping and judgement, and shows how a numerical estimate of rock mas s
quality can be used to predict support requirements for excavations of g iven dimensions .
Several Gase histories are used to check ehe validity of the approach and illustrativ e
worked examples are given .

. .

	

HOEK, E . A bibliography on the geotechnical problems associated with the construction o f
large permanent underground excavations wich particular emphasis on underground hydro -
electric power plants . International JoernaZ of Roch' ._c . .anics and :,ring Seienee .s an dGeomechanics adstracts, Vol 12, No 2, 1975, 31 pages .

	

.

KULHAWY, F .H . and FLANAGAN, R .F . Analysis of the behaviour of Edward Hyatt power plant .Journal of the Geotachnical Engineering Division, ASCE, Vol 101, No GT3, Mar 1975 ,
pages 243-257 .

	

Incremental finite element analyses were conducted to determin e
whether measured displacements of the chamber excavation (21m wide x 43m high x 170

m
Jong and 91m below ground surface) could be predicted

. A non linear model using stress-
dependent rock and joint pro perties gave the best overall method of evaluating th e
performance of the opening . See also items 191 and 199 .

260 . CECIL, O .S
. Coeretations of rock bolt-shotcrete support and rock quality parameters i n

Scandinavian tunnels . Swedish Geotechn.ical Institute Proceedings No 27, 1975, 275 pp .

Field observations at 14 rock tunnelling projects have enabled empirical correlations t o

be drawn between the rock quality parameters, average di scont inui ty spacing, RQD an d

seismic velocity ratio, and the rock bolt-shotcrete supports used in loosening groun d

conditions .

261 . ROBERTS, G .T . and ANDRIC, M
. Geological factoes in the location of the power station an d

associated works, Gordon River Power Development, Stage 1, South-West Tasmania
.

Proceedings, Second .9ustralia-New Zealand Conference on Geomechanics, Brisbane, 1975 ,

pages 213-217
. The Gordon power station is located 200m underground in foliated quart z -

ite and schist
. The investigations leading to the choice of this site over severa l

alternatives are described . See items 262 for geotechnical
details of the Chosen site .

262 . LACK, L .J ., BOWLING, A .J . and KNOOP, B .P .

	

Rock mechanics studies and instrumentation fo r

the Gordon Underground Power Station . Proceedings Second Australia-Sew Zealan d

Conférence en Geomechanics, Brisbane, 1975, pages 274-280 . The machine hell is 22m wide ,

30m high and 55m lang with its long axis oriented approximately east-west
. Tests used

to classify the rock masses and to determine the in situ stresses, deformation modulu s

and creep properties of the rock are described .

	

Investigations concentrated on th e

schist as early teste showed that the other rock type present, foliated quartzite, wa s

sound and urlikely to present prablems .

	

Instruments being used to monitor construction

are also described .

263 . KOHLER, H . Excavation work by means of tunnel miners in the conglomerate for ehe under
-

ground pa rk in g halls in the Mönschs berg (Salzburg, Austria) .

	

(In German) . Rock Piectcnics,

Supplement 4, 1975, pages 85-97 .

264 . RABCEWICZ, L .V . Tunnel under Al p s uses new cost-savin g lining method . Civil Engineerin g ,

ASCE, Vol 45, No 10, Oct 1975, pages 66-68 .

	

Describes the application of NATM to the

construction of the Tauern highway tunnel thro u g h cohesionless rock talus and intensel
y

folded and weakened phyllites in the central Austrian alps
. Support was by rock boltin g

and shotcrete reinforced with steel ribs and mesh . See also item 295 .

265 .

	

LEMPERIERE, F . and VIGNY, J .P . Civil engineering work for ehe Cabora Bassa project
. Tater

Power and Jam Construction, Vol 27, No 10, Oct 1975, pages 362-3 . This project an th e

Zambezi River in Mozambique is one of the largest hydro schemes in the world . The powe r

station chamber is 27m wide, 57m high and 220m Jong
. There are two downstream surg e

chambers 21m wide, 72m high with lengths of 72 and 76m
. No details of geotechnica l

aspects of the project are given .

266 . YOSHIDA, M . Okutataragi pumped storage power station
. Vater Power and Jan Construetion,

Vol

	

27, No 11, Nov 1975, pages 399-406
. The posier station cavity is located 200m

underground and is 24 .9m wide, 49 .2w high and 133 .4m Jong . Rock topes encountere d

durin g excavation were quartz-porphyry, diabase and rhyoli te . Excavation was by :h e

bench-cut method in stages of 2-3m Lifts . After each bench cut rock bolts varying i n

length from 5-15m were in talled,one every 3m2 .

	

Concrete lining was subsequently applied .

267 . JAEGER, C . Assessing problems of underground structures . Pater Power and Dom Construction,

Vol 27, No 12, Dec 1975, pages 443-450 (Part 1)
; Vol 28, No 1, Jan 1976, pages 29-3 6

(Part 2) .

268 .

	

NIGAM, P .S ., JAIN, O .P . and KANCHI, M .B .

	

Three-dimensional analysis of hydroelectric powe r

station . .loyrnal of eh Power Division, ASCE, Vol 102, No PO1, Jan 1976, pages 35-52 .

Gives the resul ts of a ' photoelastic model study of the elastic stress distribution aroun
d

an underground excavation of complex three-dimensional shape .

269. ANON . Europe's largest pum p ed-storage scheme will set new records . irater Power and Dom

Construction, Vol 28, No 3, Mar 1976, pages 30-34 . General description of the Dinorwi c

scheme in North Wales .

	

See items 290, 291 and for geotechnical details .

270 . SATO, Y . et al . Construction of Shin-Kanmon tunnel on Sanyo Shinkansen . Proceedings ,

1A76 Rapid E vu - , und Janneling Conference, AIME, New York, 1976, pages 335-354 .

The Shin-Kanmon undersea tunnel, completed in mid-1974, forme part of the rail link
.

between Tokyo and Hakata . The most difficult portion of the 19 km long tunnel was the



880m undersea section, pari of which was excavated in a major fault zone . Full detail sof the mul ti-stage excavation, chemical grouting and support techniques used in thi sandother less troublesome sections of the tunnel are given .
271 . MURPHY, D .K ., LEVAY, J . and RANCOURT, M . The LG-2 underground powerhouse . Iroceedings ,1976 Rapid Excavation and TunneZine Confer?nce, AIME, New York, 1976, pages 515-533 .When completed as planned in 1982, the LG-2 project which is one element of the La GrandeComplex in the James Bay area of north-western Quebec, will be the largest undergroun dpower station in the world . The machine hell is 26 .4m wide and 493m Jong, and i sdivided into two sections each housing eight 333 MW units, by a central erection ba yand control room . Geological conditions in the granitic rock mass are generally goo dand as expected from site investigations . Rock bolting serves as temporary an dpermanent support except in faulted zones in the tailrace tunnels where steel sets an dshotcreting have been used . See also Items 320 and 328 .

72 .

	

IMRIE, A .S . and CAMPBELL, D .D . Engineering geology of the Mica underground powerplant .Proceedinas 1976 Rap id Excavation and TunneLinc Conference, AIME, New York, 1976 ,pages 534-569 . The Mica underground powerplant is located in the right abutment o fthe Mica dem an the Columbia River, British Columbia, Canada . The machine halt i s24 .4m wide, 237m Jong and 44 .2m high, and is located in quartzite and nsrca gneisses .The behaviour of the rock was excellent and problems were minimal, the only loca lfailures occurring where faults or fracture planes intersected the excavations t oisolate unsupported slabs or wedges of rock . Generally, roof support was provide dby 6-7m rockbolts on a 1 .5m x 1 .5m pattern .

	

Full details of the geology, roc kmechanics studies and ext nsometer measurements are given .
HYND, J .G .S ., CLELLAND, I .S . and GILLETT, P .A . The construction of large undergroun dexcavations in Arizona copper mines . Proceedings

•

Rapid E_euraeion

	

.
. ✓

Conference, AIME, New York, 1976, pages 570-590 . Gives construction details of tw ocomplex permanent underground mining structures, a rotary dump-ore pocket - or e
complex in a monzonite porphyry at the Magma Copper Company's San Manuel mine, and as s
the main station level in a two station - loading pocket - ore pass complex in avolcanic agglomerate . The First job involved heavily water bearing ground and heav yground pressures which requi red extensive grouting and steel/concrete support . Th eground conditions on the second job were good, and extensive use was made of shotcrete .

JACOBY, C .H .

	

Creation and stability of large sized openings in seilt .

	

?rot

	

"

Rapid Excavation. and _u eeLieg und°at•enca, AIME, New York, 1976, reges

	

- 7 c
Descri bes the development of room and pillar satt mining techniques in the Golf Coas tregion, U .S .A .

	

Experience with 46m rooms and 46m square pillar; sug g ests that 60 msquare rooms are possible .
FURSTNEP,, J .M .M .

	

Engineering geology of the Ramu 1 hydro-electric project in Papu aNew Guinea . ? .,Z - .tt

	

,"re io -t Assoc ation of Engineeriog 1976, pages 71-77. _

	

Ramu l scheme is located in the Eastern Highlands of Papu aNew Guinea in gently dipping Oligocene marble with small doler'te intrusions wir kan overlying interbedded shale-siI tstone-greywacke sequence . Excavation problems werecaused by the solution and collapse of cave structures in the marble, by block an dwedge Failures along bedding planes and doleri te dykes in the shale-silts tone -greywacke, and by densely Fractured or crushed rock in the vicinity of the contac tbetween the two rock units .

BROCH, E . and RYGH, J .A . Permanent underground openings in Norway - design approach an dsome examples . Std- .u :_ Space,Vol I, No 2, July-Aug 1976 , pages 87-100 . Outline sthe extensive use of the underground for permanent installations in Norway, and g_ ive sthe procedure followed in the design of the excavations - choice of location ,orientation of the opening, selection of opening shale and dimensioning .

	

Four recen texamples of underground excavations are given - a soorts centre, a swimming pool, atelecommunication centre, and a drinking water reservoir . Some tost dato are given ,but geotechnical dato are limited .

	

See also item 332 .
KUHNHENII, K . and SPAUN, G . Damage in a powerhouse cavern and a penstock caused by roc kslides .

	

(In German) . Rock Vechonioe, Supplement 5, 1976, pa ges 2 4 5-262 . Excessiv emovements and cracking of the concrete lining in the Centrale Belviso power plan tcavern could not be stabilised by grouting and prestressed anchors . The cavern in

schist and quartzite is 93m Jon g , 15m wide and open to the valley at its ends and wa s

constructed in the period 1942-45 . The movement has now been stabilised by anchorin g

the crane beam and heavily injecting the perimeter of the excavation .

278 . PALMER, W .T ., BAILEY, S .G . and FULLER, P .G . Experience with pre-placed supports in timbe r

and cut and fill stopes . Symposium an In.fiaance of Excavation and i ;roxcd Support o n

7'md .,rgroend dining Efficiency and Coses,
Australien Mineral Industries Researc h

Association, Melbourne, 1976, pa g es 45-71 . Describes the evolution of preplace d

support techniques at the C .S .A . mine, Cobar, and the A .M . E 5 mines, Broken Hill .
Grouted cable dowels 15-20m Jong are placed in the roof ahead of stoping which the n

proceeds through successive lifts . Cables are made up of 7mm die . hi g h tensile stee l

wire or 16mm dia . Dywidag threadbar . This technique has reduced support costs an d

eliminated many difficulties in large stopes (l0m wide by 100m Jong with 4-5m lifts) .

279 . JOHANSSON, 5 . and LAHTINEN, R . Oil storage in rock caverns in Finland . Tunnsiting '7ö .

IMM, London, 1976, pages 41-58 . The general Features of the planning, geologica l

investigations and construction of oil storages in Einland are given in some detail ,

together with three brief case histories - a light fuel oil storage with a volume o f

300,000m' in porphyritic granodiorite at Nokia, a heavy Feet oil storage with a volume

of 280,000m 3 in granite-gneiss at Raume, and a crude oil storage with a volume o f

1,000,000m 3 in migmati te at Porvoo .

2i0 . BARTON, N . Recent experiences with the Q-system of tunnel support design . Proeeedinge ,
** cx _.Zarr-;*,t_t i• oek cn^8neer8np,Johannesburg , 1976, Vol 1, pages 107-115 .

Sets r, out details of the application of the 0-system to the desi g n of support for a 19 m

span underground power station and a 9m diemeter tunnel .

281 . DUNHAM, R .K .

	

A rock mechanics investigation into room and pillar mining at Impal a

Platine . Mines .

	

a :i :

	

Sg roeic .

	

i ra 't girr , Rech Engineering, Johannesburg ,

1976, Vol 1, pages 263-270 .

	

Investigates possible causes of hanging wall collaps e

over room and pillar workings with 25m rooms and 5m square piliere . Rock types are

pyroxenites and feldspathic pyroxenites . A joint survey, stress measurements, pilla r
deformation, and convergence measurements were carried out . A suggested pillar desi g n

method is presented .

232 .

	

BIENIAWSKI

	

Z .T .

	

Elandsberg Pumped Storage Scheine .

	

Pro

	

-

	

" `r'

fier

	

„

	

_

	

Johannesbur g , 1976, Vol 1, pa g es 273-289 .

	

Describes ne rock

engineering investigations for this project in Cape Province . South A ica .

	

Cons -
truction is expected to commence in 1980 . The underground caverns are i n greywacke

with minor amounts of phyllite, quartzite and quartz vei ns . The main cavern i s

expected to be 47 .5m high, 117m long and up to 22m wide . The rock conditions for th e

power house are et best "fair" (Class 111 an the CSIR classification) . A triel tos t
enlargement with a span of 22m is being constructed . Considerable groundwater problem s

are anticipated .

2 83 . C UJNETT, E 4 P

	

Ruaca a hydro-power scheme - rock engineering studies .

	

ec di
n Johannesburg, 1976, Vol

	

pages 313-324 .

Description of geology and la out of the 320 MW Ruacana scheme on the Cunene River e t

the South West Africa-Angola border . The principal rock type is apparently randoml y

fracturec porphyroblastic gneiss . Very few engineering, construction or suppor t

cetails given .

284 .

	

DOWCOCK, J .B ., BOYD, d .M ., HOEK, E . and SHARP, J .C .

	

Drakensberg pumped storage scheme -

rock engineering aspects

	

r a.

	

.roh iem an c-Zera t ,o• for

	

Engineering,

Johannesburg, 1976, Vol 2, pages 121-139 . The Drakensberg scheme is a multi-purpos e

project being undertaken in Natal, South Africa .

	

lt involves three major under g roun d
excavations for pumping and generating plant and associated equipment . The machin e

hell is 16 .3m wide, 193m long and 45m high with 150m of cover ; the rocke are horizontall y

bedded sandstones, mudstenes and siltstones . This paper describes the geological an d

geotechnical investi gations including in-situ testin g and evaluation of roc k

reinforcement and pneumatically applied concrete . The testing of an enlargement t o

the full cross-sectional dimensions of the Future machine hell and a feil scal e

penstock test chamber are described . See also items 298 and 350 .
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_85 . MACKELLAR, D .C .R . Geomechanics aspects of the Steenbras pumped storc- e sfer . ?reeeedingsSymposium on Esploraeian for Rock Engineering, Johannesburg, 1376

	

r e g e s 141-147 .Describes the geological and geotechnical factors involved in making sns cnoice betwee nthree alternative underground schemes . The CSIR Geomechanics Classification was used i nmaking the assessment .

BOWCOCK, J .B . Vanderkloof hydro-electric power station

	

Pr e i i :

	

Syfpoe i nm o nErrploraticn for Rock Engineering, Johannesburg, 1976, Vol

	

eges i-9-158 . The under -ground machine hell with maximum width and depth of 24rn er» 48 .6m

	

cfcaeeted i ndolerite with very low cover .

	

Initially 8m by 3m headinos - sm :eisen along eac hspringing to permit examination of the rock . Primary roof support wes by fully resi nbonded rock bolts on 2m centres ; wall support was by grouted rock bolts . Pre-splittin gtechniques were generally used and concrete lining foilowed ciose behind the excavation .
'7 .

	

BARTON, J ., LIEN, R . and LUNDE, J . Estimation of supp ort requirements for undergr oun dexcavations . Design Methode in Rock Backenics 7rcceeee :ege, eFsh Symposium on RockNeehofnies, ASCE,1977, pages 163-177 . An analysis of some 200 case records his revealeda useful correlation between the amount and type of permanent support an d the rock mas squality index Q . Methods of estirnatimg permanent roof and wall support,and temporar ysupport requirements in underground excavations are given . Support neeures considere dinclude various cornbioations of shotcrete, bolting, and cast concrete arches .

. HAIMSON, B .C . Design of underground powerhouses and the importance of pre-excavatio nstress measurements . Design Neeffoeh in Rock Nefehs,-nieh - ?rcceedinge, lErh Symposiu mer: Rock Neehon3cs, ASCE, 1977, pages 197-204 . The newly developed hydrofracturin gtechnique ha=_ Seen used to measure in-si tu stresses at two oumped storage undergroun dpowerhouse sites - the Helms project in the Sierra Nevada Mountains, California, and theBad Creek project in South Carotins .

HARDY, M .P . and AGAPITO, J .F .T . Pilier design in underground oil shale mines . DesignNeeho,d:s in Rock Alechsnies - Proceedings, 1E-eh Symposium on Rock Nechonies, ASCE, 1977 ,pages 257-266 . The Colony pilot oil shale mine in Colorado provided valuable pilla rstrength values that should form the basis of any subsequent lar g e room and pilla rmine designs . The average strength of nominal 17 .7m square pillars, 18 .3m high was 21 MPa .
WHITTLE, S .A . Geotechnical aspects of tunnel construction for the Dinorwic Power Station .Ground Engineering, Vol 10, No 1, 1977, pages 15-20 . See Items 269, 291 and 297 fo rfuller details of this pumped storage project being constructed in slate in North Llales .
ANDERSON, J .G .C ., ARTHUR, J . and POWELL, D .B . The engineering geology of the Dinorwi cunderground complex and iss approach tunnels

	

?rocscding.s, C'oefssfs.fnee on Rock Engineering,Newcastle-upon-Tyne, April 1977, p ages 491-510 . Describes the general geology of th esite, the various sets of discontinuities present in the vicinity of the undergroun dworks, in situ stress measurements and gives a Layout of the mein underground comple xand some details of support systems recommended for tunnels . See also items 269, 290 ,297 and 344 .

HOBST, L . and ZAJIC, J . Anchoring in Reck, Elsevier, Amsterdam, 1977, 390 pages . Thi sbock contains an abundance of details "etails about the practice of rock anchoring . On e
section of 20 pages is devoted to the support of underground excavations . Anchoring i nthe Lipno (Czechoslovakia), Vianden (Luxemburg) and Lutz (Austria) underground powe rstations described .

BRADY, B .H .G . Am analysis of rock behaviour in an experimental stopfte, blockiae she Moee sIsa Mine, Queensland, Australia . Ineereaeionatl Journal of Rock Neeh=sics ond Nimin eSeienees, Vol 14, No 2, Mar 1 977, p ages 59-66 . Describes an experimental stopin gprogramme carried out in a steeply dipping tabular silv e r -Iead-ziecorebcdy conformabl ewich shale host rock . The two triel stopes 10m wide and wich a down dip span of 12.Zfrnwere advanced along strike 30m and 38m respectively . They were sepe,eced by, a pilla rcontaining a bored reise, the rock on the periphery of which progreseieely failed a sstoping advanced . A stress analysis of this pillar permitted a failure criterion fo rthe rock mass to be back-calculated for use in mining design .

294. WITTKE, W . A new design concept for underground openings in jointed rock . Publicoeion s

of the Inseieuee for Faundasston Engineering, Soli- Nechonies, Rock Necksnies and Water
-

waaa Conseruceion, RRI2R Aachen, Vol 1, 1976, pages 46-117 . Discusses the author' s

approach to cavern design based on finite element analyses of jointed rock and Fiel d

measurements, and iss application to the Wehr underground power station cavern (see

items 253 and 304) and the Bremm trial cavern (see items 304 and 308) .

295 . HERBECK, J . Construction of the Tauern summit tunnels . Underground Space, Vol 1, No 3 ,

1977, pages 201-226 (Part 1) ; Vol 1, No 4, 1977, pages 373-391 (Part 2) . Gives very

complete details of the construction of the 6 .4 km tunnel in the summit section of th e

Tauern highway in the Austrian Alps . The excavated cross-section area is 93m 2 . Th e

rocks are weakened phyllites but loose slope deposits (talus) encountered for 350 m

from the northern portal gave extremely difficult tunnelling conditions . Details o f

methods of tunnelling through this cohesionless ground, support, monitoring ,

construction equipment and site organisation are given . See also item 264 .

296 . LANE, K .S . instrumented tunnel tests : a key to progress and cost saving . Underground

Space, Vol 1, No 3, 1977, pages 247-259 . This review of case histories shows how th e

use of test sections can result in major cost savings in underground construction b y

validating design concepts particularly in the costly area of tunnel support . Th e

documented experience from a wide variety of locations and projects suggests that tes t

sections should be more widely used .

297 .

	

DOUGLAS, T .H ., RICHARDS, L .R . and O'NEILL, D . Site investigation for mein underground

complex - Dinorwic pumped storage scheme . Field Neasurements in Rock Neehoffies ,

Proceedings of she International Symposium, K . Kovari (ed .), A .A . Balkema, 1977, Vo l 2 ,

pages 551-567 . Gives Full details of stress measurements and determination of elasti c

and strength propersies of the rock at the sitz of this large pumped storage schem e

being constructed in slate in N . Wales . See also items 269, 290, 291 and 344 .

298 . SHARP, d .C ., RICHARDS, L .R . and BYRNE, R .J .

	

Instrumentation considerations for larg e

underground trial openings in civil engineering . Field Meaeuremenee in Rock Nechonics ,

Proceedings of she International Symposium, Zurich, K . Kovari (ed .), A .A . Balkema ,

1977, Vol 2, pages 587-609 . Sets out principles involved and techniques availabl e

for monitoring the performance of trial excavations . Gives an excellent case histor y

study of the triel enlargement made in horizontally bedded sandstones and siltstone s

for the Drakensberg Pumped Storage Scheme in South Africa (see item 284) . Th e

results of this triel opening were used to evaluate reinforcement design .

299 . CORDING, E .J ., MAHAR, J .W . and BRIERLEY, G .S . Observations for shallow chambers in rock .

Field Neeeuremente in Eock .Neehunies, Proc e edings of the ''n e e national

Symposium ., Zurich, K . Kovari (ed .), A .A . Balkema, 1977, Vol 2, pages 485-508 . Report s

observations made during construction of stations in rock for the Washington, D .C .

Metro . The stations are commonly excavated at depths of lese than 30m below groun d

surface . The schistose gneiss in many of the stations is unweathered and ccntain s

four or five sets of joints that are planar, continuous and often slickensided . Se e

also items 152, 215, 243 and 319 .

300 . MARTINETTI, S . Experience in field measurements for underground power stations in Italy .

Field Neseuremento in Rock Neehanies, Proceedings of ehe International Symposium,

Zurich, K . Kovari (ed .), A .A . Balkema, 1977, Vol 2, pages 509-534 . Gives major geo -

technical Features including rock quality, stress anaiysis,support, and deformatio n

measurements for the Roncovalgrande, San Fioranö, Taloro and Timpagrande undergroun d

power stations in Italy .

301 . DESCOEUDRES, F . and EGGER, P . Monitoring system for large underground openings -

experiences from the Grimsel-Oberaar scheme . Field Meosurements in Rock Nechonies ,

Proceedings of ehe International Symposium, Zurich, K . Kovari (ad .), A .A . Balkema ,

1977, Vol 2, pages 535-549 . Describes the monitoring system and results obtained i n

the First stage of construction of this pumped storage project on Lake Grimsel .

Excavation is mainly in granodiorite with Iocal aplitic zones ; some granites an d

gneisses are also encountered . The machine cavern is 29m wide, 19m high, and 140m

long with 100-300m cover . Rock quality is generally good except for some unfavourabl e

joint orientations and a gneiss tone . No major geotechnical problens are envisaged .
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Results of measurements verify design assumptions . High horizontal stresses justify th e
adoption of a span greater then the height .

302. WISSER, E . Design and observation of the underground power station Langenegg . Field
:deasurements in Rock Mechanics, Proceedings of the International Symposium, Zurich ,
K . Kovari (ed .), A .A . Balkena, 1977,Vol 2, pages 569-575 . The underground excavation s
consist of a machine cavern 18m wide, 33m high and 27m Jong, a transformer heil 13 m
wide, 12m h i g h and 26m long, a 50m Jong access tunnel and a 120m Jong tailwater gallery .
The rocks are an alternating sequence of marl, conglomerate and sandstone ; 'the powe r
station was designed to fit into a 40m thick band of sandstone dipping at 60° becaus e
the marl is very weak . Support in both roof and walls was by rock bolts,steel mes h
and shotcrete . Horizontal in-situ stress found to be twice the vertical stress, no t
0 . 3 times es originally assumed in desi gn .

303 . LETSCH, U. Seelisberg tunnel : Huttegg ventilation chamber . Field Measurements in Rock
iechanics, Proceedings of the InternaoionaZ Symposium, Zurich, K . Kovari (ed .), A .A .
Balkena, 1977, Vol 2, pages 577-586 . The 9 .25km Jong Seelisberg tunnel forms part o f
the Swiss national motorway N2 . The Huttegg underground ventilation chamber located i n
Valangin marl consists of two parallel tubes 18m dia . and 52m Jong corBlected by a 14 m
wide by 16m high tube . A triel chamber 12m wide, 8m high and 21m long was excavate d
and monitored . Sup port for the completed chamber was by reinforced shotcrete (15c m
thick but up to 100cm in the difficult central section), Perfo rock bolts 3 .8m Iong ,
and pre-stressed rock anchors 15m Iong . Overburden pressure approximately reaches th e
unconfined compressive strength of the marl . See also item 314 .

304. WITTKE, W . New design concept for underground openings in rock . In Fin g

-
Elements inGeomechanics, (G . Gudehus,ed .), John Wiley, London, 1977, pages 413-478 . A desi g n

concept for underground openings based on a three-dimensional finite element method i s
described . The approach involves determination of stress-strain relationships for th e
jointed rock mass and construction monitoring to check the results of design calculations .
The method is applied to three projects - the Wehr underground power house (see item s
253 and 294), the 6 .5m dia . Nurnberg water tunnel, and the 24m wide, 30m Iong and 9 m
high triel excavation for an underground power station at Brenn, West Germany (se e
items 294 and 308) .

105 . LIEN, R . and LOSET, F . A review of Norwegian rock caverns storing oil products or ga s
under high pressure or Iow temperature . Secrage in Ercavated Rock Caverns, M . Bergma n
(ed .), Pergamon Press, Oxford, 1977, Vol I, pages 199-201 . Twenty three Norwegia n
rock caverns are briefly described and details tabulated

. Fourteen are constructed i n
Precambrian gneiss, seven in rocks of Cambro-Silurian age and two in Permian syenite .
Most of the caverns are constructed in good quality rock and few stability or operatin g
p roblems have occurred . The caverns as a rule are unlined, but rock-bol ting and shot-
crete are frequentiy used for support and grouting to reduce leakage .

)6 . BELLO, A .A . Simplified method for stability analysis of underground openings . Secrege
Excavated Rock Caverns, M . Bergman (ed .), Pergamon Press, Oxford, 1977, Vol 2, page s
289-294 .

	

Gives brief details, in useful tabular form, of three large mining excavation s
in limestone in Mexico

. Two are supported by pillars and the third, 120m long by 55 m
wide, is reported as being unsupported .

7 . NELSON, L .R . The Minnesota - RANN underground test room . Storage in Exeanesie
d M. Bergman (ed .), Pergamon Press, Oxford, 1977, Vol 2 ; pages 337-342. An

underground flat-roofed test room 15m wide, 30m long and 25m below surface wa
s

excavated in friable sandstone below a bedded limestone .

	

Instrumentation includin g
piezometers, stressmeters and extensometers were installed before excavation . Method s
of strengthening the friable sandstone with sprayed grout and a rational design metho d
for flat roofs in bedded formations were developed .

i . WITTKE, W ., PIERAU, B . and SCHETELIG, K . Planning of a compressed-air pumped e storag e
scheme at Vainden, Luxembourg . Storage in Excavated Rock Caverns, M . Bergman (ed .) ,
Pergamon Press, Oxford, 1977, Vol 2, pages 367-376 .

	

In addition to describing eh e
geotechnical investigations for this new compressed-air pumped-storage scheme i n
Devonian clay slate, details are given of the measurements made at the Bremm tes t
cavern in similar rock in West Germany . See also items 294 and 304 .

JACOBSSON, U . Storage for Iiquified gases in unlined refrigerated rock caverns . Storage

in Excavated Rock Caverns, M . Bergman (ed .), Pergamon Press, Oxford, 1977, Vol 2, page s

449-458 . Underground storage chambers for propylene and LPG excavated in g ood qualit y

gneissic granite under low rock cover, have operated satisfactorily for several year s

at temperatures down to -40°C . A 15m wide, 45m long and 20m high cavern in the Sam e

rock intended for the storage of ethylene at temperatures at or below -100°C faile d

on coolin g . Following very detailed rock mechanics investigations, the cavern wa
s

repaired using a polyethylene glycol-water solution sprayed lining and externe ]

injection grouting of the cracks using an ethylene glycol water mixture . The cavern ha s

since operated satisfactorily for the storage of propylene at -40°C .

310 . ANTTIKOSKI, U .V . and SARASTE, A .E . The effect of horizontal stress in the rock on th e

construction of the Salmisaari oil caverns . Storage in Excavated Rock Caverns, M .

Bergman (ed .), Pergamon Press, Oxford, 1977, Vol 3, pages 593-598 . Three oil storage

caverns 14m wide, 28m high and up to 260m Jong were excavated in mixed granite, amph i -

bolite and gneiss near the centre of Helsinki, Finland . High horizontal in-sit u

stresses caused rockbursts and tensile failure of rock pillars during construction .

Systematic roof bolting or concrete grouti n g reduced rock falls fron the cavern roofs .

311 . 81ENIAWSKI, Z .T . Design investigations for rock caverns in South Africa . Storage i n

Excavated Sack Caverns, M . Bergman (ed .), Pergamon Press, Oxford, 1977, Vol 3, page s

657-662 . Gives brief but useful details of ten large underground excacations i n

South Africa, sie mining chambers some of which are the deepest in the world, and Tou r

underground power stations .

312 . HANSAGI, I . and HEDBERG, B . Large rock caverns at LKAB's mines . Storage in Excavated

Rock Cava
n

_ °s, M . Bergman (ed .), Pe r g amon Press, Oxford, 1977, Vol 3, p a g es 697-704 .

Reprinted in Gndergroued Space, Vol 4, No 2, 1979, pages 103-110 . Describes th e

construction of Large underground excavations for mining equipment stor a g e, servic e

areas, crushing stations, canteens, ore passec, crusher bins and storage bunkere a t

Kiruna and Malmberget .

MARGISON, A .D . Canadian underground NORAD economically achieved . Underground Spaee ,

Vol 2, No I, 1977, pa ges 9-17 . A major underground installation for the Nort h

American Air Defence system was constructed near North Bay, Ontario, Canada, i n

granitic gneiss .

	

Few geotechnical details are given in this paper . The mai n

installation caverns, which have a width of approximately 12m, were generel l ,/ supported

by 3 .4m long rockbol ts on 1 .5m centres in the roof, and 3 .0m long bolts an 3 .0 m

centres in the walls, with heavy wire mesh being added throughout .

314. BUBI, F ., HERRENKNECHT, M . and GRINDAT, W .

	

Seelisber g Middle Section construction .

^eels and Tunnelling, Vol 9, No 5, 1977, pages 40-44 . The middle or Hutte g g

section of ehe Seelisberg tunnel of the Swiss National Motorway N2 is excavated i n

marly rocks with high overburden Pressures and contains an under g round ventilatio n

compiex composed on two caverns each 52m long and 18m in diameter . The rock expose d

by excavation was immediately treated with shotcrete and anchored with 4r . Iong Perf o

rock bolts on I .Im centres . This was followed by 16-18m Iong anchors on 4 .5m centre s

stressed to 80 tonnes . See also item 303 .

315 . AGAPITO, J .F .T . and PAGE, J .B . A case study of lon g-term stability in the Colony Oi l

Shale Mine, Piceance Craek Basin, Colorado . Monograph on Rock keoh pn - P.pplSoaeioee

im Mining, W .S . Brown, S .J . Green and W .A . Hustrulid (eds .), ATME, New York, 1977 ,

pages 138-143 . Stress determinations and convergence measurements were conducted t o

assess the long term stability of an experimental room-and-pil lar oii shale reine .

Mining was conducted in a 20m thick seam at depths of 180-260m . Piliere are 17 .7m

square and rooms 16 .8m wide . A well defined system of joints and bedding planes exist s

in the flat lying oil shale beds . The pillars contain two joint sets approximatel y

et right angles to each other . Only one joint set appears in the roof . See also item s

289 and 325 .

316. HEGAN, B .D . Engineering geological aspects of Rangipo underground powerhouse .

nreseneed eo ehe Symposium on _urnell"ng in New Z fand, Proceedings of TechnicaZ -

Jroupe, NZIE, Vol 3, No 3 (G), 1577, pages 6 .23 - 6 .32 . The Ran g ipo powerhous e

chambers under construction in the Kaimanawa Mountains are sited in indurated greywack e

309 .

313 .
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sandstone and argillite of poor rock mass quality . The dominant rock defects are N- Sstriking, steeply westward-dipping crush zones . The machine hell axis orientation o f
272° was seiected to minimize the effect of these zones on roof stability . See also
items 317 and 333 .

i7 . MILLAP„ P .J . The design of Rangipo underground powerhouse . Papers presented to ehe
Symposium on Tunne Cling in New Zealand, Proceedings of Teeinioai Groups, NZIE, Vol 3 ,
No 3(G), 1977, pa g es 6 .46-6 .59 . Analyses of the caverns were carried out using elasti cand elasto-plastic finite element programs . A plastic zone up to 8m from the machio ehalt boundary was predicted . Empirical methods of rock bolt support design wer e
considered and found to be not applicable to the poor quality rock mass . In additio n
to rock bolting installed ahead of excavation, a thin concrete lining is used throughout .
See also items 316 and 333 .

DREW, G .E . Apolications of prestressing techniques to hydroelectric projects . Energy
Resoerees and Exeovation Teehnoiogm, Proceedings, lUck U .S . Symposium on. Rock Mechanies,
Colorado School of i lines, Golden, Colorado, 1977, pages 3A3-I to 3A3-7 . A short bu tuseful description is given of the prestressed rock anchors used to support the mai n
cavern of the Hongrin underground pumped storage scheme in Switzerland . 'The cavern i s
approximately 30m wide, 27m high and 137m long, and has a semi-circular arch roof .
Shotcrete and some 650 anchors, 12 to 14m long with woeking loads of 1110 tc 1380kN ,
were used for support . See also item 161 .

MAHAR, J .W . Effect of geology and construction on behaviour of a ler g e, shallow under-ground opening in rock .

	

Ph .D . Thesis, University of Illinois, Urbana-Champaign, 1977 ,
333 pages . Reports a study carried out during construction of the Dupont Circle Statio nof the Washington DC Metro, to relate measured rock movements to geological an d
construction conditions .

) . HAMEL, L . and NIXON, D . Field control replaces design conservation et world's larges t
underground powerhouse . Civil En gineering, ASCE, Vol 48, No 2, Feb 1978, pages 42-44 .Gives brief description of the excavation and support of the LG-2 powerhouse caver n
on the La Grande River in Quebec, Canada . For fuller details see items 271 and 328 .

LANDER, J .H . JOHNSON, F .G ., CRICHTON, J .R . and BALDWIN, M .W . Foyers pumped storage project :
planning and design . Proceedings of The Institution of Civil Engineers, Part 1, Vol 64 ,
Feb 1978, pages 103-117 . This scheme incorporates the first shaft-type power stationin the U .K . and is located on the eastern bank of Loch Ness, Scotland .

	

In addition t othe two 19 .35m diameter fully lined machine shafts, the project involves a 18m diemete rsurge ehamber and low and high pressure tunnels . A triel shaft was senk on the centre-
nee of one of the machine shafts through hard gritty sandstone that was badly broke n
with bands of bleck, Iimey, closely jointed shale . Considerable inflows of water wer e
encountered indicating shaft sinking and tunnel driving difficulties .

	

construction o fthe project is described in item 322 .

A ND, D .D . and HITCHINGS, D .C . Foyers pumped storage project : construction . Proceedingsef Ih,: Institution of Civii Engineers, Part 1, Vol 64, Feb 1978, pag es 119-136 . Give sconstruction details of the tunnels and shafts described in item 321 .

ADAMS, J .W . Lessons learned at Eisenhower Memorial Tunnel . Tunnels and Tunnellan g, Vo l
10, No 4, 1978, pages 20-23 . The lessons learned from the First bore of the twin-bor efour-lane Eisenhower Tunnel 97km West of Denver, Colorado, aided in the construction o f
the second bore beginning in 1975 . The excavation is 14 .5m wide, 13 .5m high and 2 .7k mJong . The rock is 75`J granite and 20-.% gneiss and schist with migmatite inclusion sand augite diorite dykes . A shear zone of "squeezing rock" produced exceptionall y
difficult conditions .

	

In this section full perimeter drifts filled with concrete :nererequired for support . Elsewhere, combinations of steel supports, concrete landresin grouted rebar reinforcement were used .

	

lining s

LILLOUGHBY, D .F . and HOVLAND, H .J . Finite element analysis of stages of excavation o F
Helms underground powerhouse . Preprinc - Proceedings, 29eh U .S . Symposium an nec k
lechanics, Stateline, Nevada, 1978, Vol

	

1, pages 159-164 .

	

Results of a plane strai nlinear elastic finite element analysis of the Helms project are presented . The mai nsection of the machine hall will be 25m wide, 38m high, 98m Jong and is located 300m

underground in good quality granite . See also item 283 .

325 . HARDY, M .P ., AGAPITO, J .F .T . and PAGE, J .

	

Roof design considerations in underground oi l

shale mining . Preprinl - Proceedings, ?Pari U .S . S y mposium an Rock Mech .enies, State -

line, Nevada, 1978, Vol I, pages 370-377 . The design of roof spans for ehe Colon y

pilot oil shale mine is considered on the beeis of stress determinations, observed roc k

conditions and numerical analysis . Room spans of up to 27m were studied, but such

large spans involved greater bed Separation and required more artificial support tha n

the conventional bolting used in the Standard 16 .8m roof spans used in the room an d

pillar mining operation .

	

See also items 289 and 315 .

326 . DODDS, R .K ., ERIKSSON, K . and KUESEL, T .R . Mined rock caverns for underground nuclea r

plants in California . Preprint - Proceedings, lUth U .S . Symposium on Rock Mechanics ,

Stateline, Nevada, 1978, Vol I, pages 444-451 .

	

Describes the conceptual design of a

1300Mal nuclear powerplant to be constructed in a granite foothill location . The plan t

involves Tour major underground caverns, the largest in cross-section being 30 .8m wid e

and 64 .6m high . A review of stabilization methods is given .

327 . KORBIN, G .E . and BREKKE, T .L . Field study of tunnel prereinforcement . Journa"t of th e

Geotechnical Engineerin g Division, ..ASCE, Vol 104, No GT8, Aug 1978, pages 1091-1108 .

A program of field instrumentation was used at two tunnel sites to examine the mechan -

isms by which prereinforcement and, in particular, spiling reinforcement work . Result s

are presented and analysed for the South Bore of the Eisenhower Tunnel in Colorado .

The 2700m Jong tunnel is excavated in extremely varied ground ranging from massiv e

granite to wide zones of squeezing fault gou g e . The maximum overburden depth i s

442m and the opening is approximately 14m wide and 12 to 14m high . Support varied

widely with ground conditions . See also item 323 .

328 . HAMEL, L . and NIXON, D . Excavation of worid's largest underground powerhouse . Journa l

of ehe Constreoeion. Division, ASCE, Vol 104, No CO3, 1978, pages 333-351 . Excavatio n

of the LG-2 powerhouse cavern in northwestern Quebec, Canada, is described . The machin e

halt is 26 .5m wide, 47 .3m high and 483 .4m long . A nearby surge chamber is 22m wide ,

45m high and 451m Jong . The rock is exceptionally good quality granitic gneiss and

rock support is entirely b v, rock-bolts with shotcrete applied locally .

	

In the arches ,

6 .Im Jong grouted rock bolts on 2m centres are tensioned to 200kN . See also items 27 1

and 32 .

329 . GRDONSTON, R .B . Mining oil shale . Underground S p ace, Vol 2, No 4, 1978, pages 229-241 .

The history of test mining of oil snale deposits in the Western United Stetes is given .

Basic room and pilier designs have been used with rooms up to 20m wide being commonl y

used . Date obtained from these experimental excavations will be of great value in full -

scale oil shale mine design . See also items 289, 315 and 325 .

330 . CRAIG, R .N . and MUIR WOOD, A .M . Tunnel lining practice in the UK . Trans~ore and Roa d

Research Labcratory Suppleoentary Re p ort 335, 1978 . Gives full details of tunne l

lining practice in the U .K . with case history details of all major tunnels constructe d

in the U .K ., including a number of historical interest . The diameters of the tunnel s

discussed rarely exceed 10m .

331 .

	

PLICHON, J .N ., LE MAY, Y . and COMES, G . Centrales hydroelectriques souterraines -

realisations récentes d'Electricite de France . Tunnels et Guvrages Souterrains, Issue

30, Nov-Dec, 1978, pages 272-289 . Describes several recent underground hydroelectri c

power plants constructed by Electricité de France . Plante described include Brommat II ,

Echaillon, Montézic, Orelle, Revin, Saussez II and Sisteron .

332 .

	

RYGH, J .A . Rock installations in Norway - short helle, tel ecommun icat ion centres ,

swimming pools in rock . Tunneiling under DiT_Picult Coedieions, I . Kitamura (ed .) ,

Pergamon Press, Oxford, 1979, pages 31-44 . Brief details are given of an underground

sparte centre excavated in granites and gneisses at Odda, the Gjovik public bath an d

swimming pool, and the Skien telecommunication centre excavated in limestone interbedded

with shale . These excavations are 15-25m wide and are reinforced with rockbolts ,

shotcrete and some in situ concrete . See also item 276 .
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333 . KENNEDY, H .J .F . New Zealaed's Rangipo project . NCeer ?ouer and Dom Construetion., Vol 31 ,No 3, 1979, oages 45-46 . New Zealand's second underground powerhouse has a main caver n20m wide, 60m Jong ar:d 38m in maximum height excavated in greywacke and argillite . Roc ksupport consists of grouted rock bolts, 6m to 9m iong, with expansion shell anchors an dgenerally on im centres . The project is scheduled for completion in 1982 . See als oitems 316 and 317 .

334 . DOLEZALOVA, M . The influence of construction work sequence on the stability of under-ground openings . ?roceedings, T/ird International Confer=_ncv an Numerical ,Wetkods in.Geomechanics, W . Wittke (ed .), A .A . Blakema, Rotterdam, 1979, Vol 2, pages 561-570 .Discusses the design of the Mantaro-Restitution underground hydro-electric scheme i nthe Western Andes, Peru, with emphasis an the influence of construction sequence on th estress distribution and provision of support around the cavities . The main cavern i s22 .0m wide, 34 .5m high and 104 .5m Jong .

	

lt is separated from the 13m wide, 18m hig hand 88m Jong transformer half by a 26m wide rock pilier . Both cavities are protectedby concrete roof arches, 0 .9-1 .5m thick in the machine hell and 0 .6-l .Om thick in th etransformer hell, and are located under 226m of cover in variable quality granit econtaining kaolinized and mylonitized zones and steeply dipping Joints . The in-sit ustresses considerably exceed the overburden stress . See also item 348 .E
35 . EINSTEIN, H .H . Tunnelling in smelling rock . Underground S

	

, Vol 4, No 1, 1979 ,pages 51-61 . Although the excavations described in this case history review are no tlarge, the paper provides an excellent review of European tunnelling experience i nswelling rocks, generally naeis and anhydri tes .
36 . LEGGET, R .F . The world's First underground water power station . Vnderyroxmd Spaee ,Vol 4, No 2, 1979, pages 91-94 .

	

Gives brief details of the Snoqualmie Falls P0me vStation No 1 built near Seattle in 1899 and still operating . The power house chambe ris 12m wide, 60m Jong and 9m high and remains unlined . See also item 13 .
7 . PROVOST, A .G . and GRISWOLD, G .G . Excavation and support of the Norad expansion project .TueneZling ' 79, The Institution of Mining and Metallurgy, London, 1979, pages 379-390 .The Norad expansion project proeides an expanded power generating facility for th eNorad installation located within Cheyenne Mountain, Colorado (see items 125, 130, 138 ,217, 218) . The project includes power plant, cooling tower and exhaust valve chambers ,approximately 500m of interconnecting tunnels and adits and 400m of small diamete rmechanically mined shafts . The power plant chamber is approximately 20m wide, 16 mhigh and 52m Jong . The host rock is a coarse-grained biotite g ran i te with a fine- t omedium-grained granite leeresiez creating shear zones of highly fractu red rock through-out the excavation area . This created a major problem at the intersection of an adi tand the power plant chamber . Su p port was by grouted rockbolts including Perfo bolts .See also item 342 .

FREIRE, F .C .V . and SOUZA, R .J .R . Lining, support and instrumentation of the cavern fo rthe Paulo Afonso IV power station, Brazil . _ nneliiny

	

, The Institution of Hini nand Metallurgy, London, i979, pages 182-192 . The 24m wide,

		

g
54n high and 210m lan gmain cav e r n is located in a good quality crystalline Precambrian rock mass containin gmigmatite, granite, biotite gneiss, amphibolite and biotite schist .

	

Cavern roo fsupport was by Systemabc rock-bolting using 9m lang, 32mm diameter bolts on a 1 .5msquare grid, tensioned to 22 .5m tons each and cement grouted . A 4cm thick shotcret elayer was then applied followed by a IOcm square wire mesh and a second shotcret elayer . Wall support was by rock-bolts and !Sm iong tendons with only untensioned 32m mg routed dowels being used near the bottom of the excavation .
ROSENSTROM, 5 ., SPARRMAN, G . and AHLGREN, B . Two underground hydroelectric power plant sin fast Africa . ?rot :

	

•egs

	

9 Bcpdd -Obeeaoctiee

	

•

	

, A .C .Maevis and W .A . Hustrulid (eds), AIME, New York, 1979, Vol 2, L pa g es 1354-1371 .

	

Give sconsiderable detail of the Kafue Gorge power station, Zambia (see also item 211) andthe Kidatu power station, Great Ruaha project, Tanzania .
LEE, C .F ., OBERTH, R .C . and TAYLOR, E .M . Same geotechnical and p lanning consideration sin underground siting of nuclear power pla nt .?roeeedingc, 1 :172

	

,,9 : .E•,

	

-
_.::Yok,

1979 ,
Tunnelling Con.r'erer:ee, A .C . Maevis and W .A . Hustrulid (eds), .4LNE, New York ,rk ,Vol 2, pages 1386-1408 . Describes the conceptual design of an underground nuclear

power plant for Ontario, Canada . Brief details of existing underground nuclear plant s

in France, Norway, Sweden and Switzerland are given .

341.

	

KIPP, T .R ., CORDING, E .J . : MERRITT, A .H . and KENNEDY, R .P .

	

Feasibility evaluation for th e

excavation of 'arge hemispherical cavities at the Nevada Test Site . rcceed6r.gu, 297 9

9eofd lMe -ti p :: eint' Te es. S lEee Coo:ference, A .C . Maevis and W .A . Hustrulid (eds), AIME ,

New York, 1979, Vol 2, pages 1446-1465 . Preliminary design of hemispherical chamber s

from 24 .4 to 91 .4m in diameter is discussed . The rocks are bedded r_uffs . Two cavit y

support systems viere considered - internally instelied rockbolts for spane up to 54 .9m ,

and annular tendon galleries located above the lar g er diameter chambers and from whic h

primary support tendons are introduced prior to general excavation . Precedent practic e
for the support of large caverns in bedded rocks is reviewed .

342 . PROVOST, A. .G . and GRISWOLD, G .G . Design and construction of NORAD expansionprojec t

"excavation phase " . ?rcceedings, 1979 Rap id Ereovccton and Teeeelling Ceefereec ,

A .C . Maevis and W .A . Hustrulid (eds), AIME, Nee York, 1979, pa g es 1485-1504 . Give s
many of ehe Same details as those given in item 337 .

343 . KUESEL, T .R . and KING, E .H . 1•IARTA's Peachtree Center Station . ?rooaedd'tgs, 2Rapid
„

6u:eeoceio't c: =,d Teenelke? ,onfereece, A .C . Maevis and W .A . Hustrulid (ed_), AIME ,
York, 1979, Vol 2, pages 1521-1544 .

	

Gives full details of the construction of thi s

subway station in Atlanta . The main cavern is 18m wide, 14m high and 200m lan g .

	

lt i s

located about 25'm underground in biotite gneiss and hornblende in weich the foliatio n

strikes diagonally across the station axis and dips et about 15° . The rock is strong

and of good quality and contains four dominant joint sets . The arch roof is concrete

lined and reinforced by 25mm eia . untensioned dowels, 6 .1m and 7 .6m ion g , on 1 .5 m

centres .

	

Dosels are also used in the walle, major portions of which are unlined .

344.

	

DOUGLAS, T .H ., RICHARDS, L .R . and ARTHUR, L .J .

	

Dinor .cic power station . - rock support o f

the underground caverns . Preeeediegs, or r

	

o . ;`-s-s .

	

Heer ' >0ncl Secieey for Boc k

Montreux, 1979, Vol 1, pages 36 1 369

	

The design approach used for th e
nominat•ion of the rock support for a complex of eine under g round caverns in slate i s

described .

	

Geological and site investigations, stability analyses and the result s

obtained fron a fully instrumented triel enlaroement are discussed . Various aspects o f
this important project are also discussed in items 269, 290, 291 and 297 .

3L5 . LAUFFER, H . and PIRCHER, W . Sinking and supeo ing of n 30m d e power station shaft o f

30v diameter .

	

(In German)

	

_

	

>

	

-
treck

	

Montreux, 1979, Vol l

	

pages =67-A74 . Tee u q

	

ba t of tne ;haft
n

1 hing for the Kuhta l shaft power station nvxr Innsbruck, Austria, was c .. _truc ed i n

open cut and backfilled . Subsequenz shaft sinking in s laty gneiss and aeenibolite ra s

carried out along a helical surface of 3m pitch, advencing by sectors . The permanen t

lining followed ehe excavation closeiy as a helical concrete strip arm high and a
minimum of 60cm in thickness, rendering any temporary support unnecessary .

346. WALDECK, H .G . The design and sup port of large un g rground chambers at c p .

	

gold mine s

of the Gold Fields Grouc of Sout` Africa .

	

eter

	

e t oMo n t reux, 1979 Vol

	

pages 565-571 . The e

	

use d

excavate and sup
p
ort large excavations at depths of up to 2000 .zar described .

These excavations are located in good quality brittle quartzite but tne in-situ stresse s

are very hi gh compared wich those eneer which most large underground chambers ar e

excavated . Emphasis is placed an hoist chambers, ehe largest of which has a volume o f

14000m' .

	

Roof sup port is generally by ion g ceble anchors wich intermediate rock bolt s
or grouted wire tope tendons about 3m ion g .

347 . GEIS, d- P . Cave-in and subsidence at tne Rodsand Mine, Western Norway . Preeeediege ,
3eeEee fier Fleck _ Nechaoiee, Montreux, 1 9 79, Vol 1, pages

645-648 . T'he` Rodsand mineV iss l morking an iron ti t anium-vanaéiu m deposit which occurs i n

irregular lenses 2 to 70m tnick .

	

Until the be g inning of 1974 mining was by shrinkag e

stoping ,•,ithout rill . The empty stopes, the largest of which was 50m wide, 250m hig h

and 200m iong, viere stabie for many years . However, followin g robbing of the pilier e

around raises and the main leveis, many of these open stopes collapsed . This pape r

describes the pro g ressive failure mechanism involved and shows how it may b arrested

by filling the empty stopes .
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PROJECT NAME ,

LOCATION AN D

TYPE

APPROX .

COMPLETIO N

DATE

APPROX .

DEPT H

BELOW

SURFAC E

(metres)

MAXIMUM

EXCAVATION

DIMENSIONS

ROCK TYPES AND CONDI TIONS SUPPORT DETAILS REFERENC E

NOS .''

Width x

	

Height

	

x

Length

	

(met res )

AUSTRALI A

Kareeya powe r

st at i o n '

Q ue e ns l and .

1 95 8 40 13 •'5 x

	

13 . 5 x 84 .4 Hard , massive

	

rhyolite . Concrete barre l

end walls

	

fully

arch roof 30-38cm

	

thick ; 9 4

concrete lined,

	

side wann

their

	

area .concrete

	

lined over hal f

- -- ------------ 10 1

No . 1Kiewa 1960 60 13 .7 x

	

21 .4 x 74 .4 Generally

	

sound

	

granodiori te bat concrete barrel arch roof ;

	

walls concr et e

30cm .thickness o f
power station ,

Victori a

N

o

te :

	

The reference numbers quoted here refer

	

to

	

tems

	

n

	

lograph y

containing a major set of joints Iined

	

to a minimum

rock bolts on

	

a

	

2 .4

	

x
dipping

	

at

	

15° .

	

A major

	

vertica l

fault-dyke conpl ex some

	

15m wide

t he B1b

25mnt dia .

	

groute d

3 .0m pattern .

influenced

	

final

	

location .

25 .9 91 .4 Horizontal ly bedded mudstone . Trapezoidal

	

roof with 3 .7 and

	

4 .3m rock 118,

	

149 ,

Poatina power 1965 150 13 .7 x

	

x
approximatel yHorizontal

	

stresses bolts

	

on

	

Im centres .

	

Stress

	

relief

	

slots 2 03 •

station ,

Tasmania
twi ce

	

vertical .

	

In

	

situ mudstone cut

	

in

	

roo f

ed by 3 .7m

haunches .

	

Siele walls

	

support -

bolts on

	

lm pattern .

	

Roof an d
compressive strength approx .

wal ls meshed and sprayed with 10c m
35MPa .

guni te .

T umut

	

1

	

p ower 1958 335 18

	

x 32 x 93 Fair

	

to good quality granite and Ungrouted 4 .6m lang ,

1 .2m centres

	

in . roo f •

25mm dia .

R o of arc

bolts o n

h concret -

27,50,53 ,

98 , 61 , 95 ,
granitic

	

gneiss .

	

Horizonta l
station,

	

Snowy ed and supplementary steel

	

sets placed at 99,103,1 20 ,
stress

	

approximately equal

	

t o
Mountains ,

N .S .W .
fault

	

inter - request of contractor .

by

	

3 .7m Jong,

	

25nm dto .

Walls

	

supported 147,203 •
vertical .

	

High

	

angle
sticken - bolts

	

on

	

1 .5 m
sects one wall .

	

Smooth ,

sided and

	

graphite coated joints centres .

spaced at

	

0 .15

	

to 0 .6 du .

TumuL 2 power 1962 230 18 .3 x

	

33 .5 x 97 .5 Good

	

quality

	

granite and

	

granitic Support by 4 .3 m

1 .2m centres .

lang grouted bolts o n
wide and

120,124 ,

203Concrete

	

ribs

	

3 mg neiss with some porphyry dyke s
station,

	

Snowy
0 .6m thick also used

	

for permanent

	

roo f
and minor

	

faulting .

	

Horizontal

	

i n
Mountains ,

N .S .W .
support .situ

	

stress

	

1 .2

	

Limes

	

vertical ,

AUSTRIA 30 1

Langenegg powe r

station

1976 60 18

	

x 33 x 27 Alternat i ng sequ ence of mori ,

	

con - Roof and wall

	

support by rock bolts ,

glomerate and sandstone .

	

Power steel

	

mesh and shotcrete .

station excavation

	

in 40m

	

thic k

sandstone band dipping at 60° .

Horizontal

	

stress

	

twice

	

vertical .

. _	 I - . _

	

n	 1 :	 r1 r n

	

,8r*1-nnl-es ci red in

	

the

	

nlain
l

text .



DATE
srww rula SUPPORT DETAILS REFERENC E

NOS .r rre DELO W
SURFAC E
(metres)

DIMENSION S
Width

	

x
Length

lieight

	

x
(metres )

Tauern highway 1975 Up
800

to 11 . 8
6400

x

	

10 .75 x Weakened

	

phyllites of variabl e Support va

	

s with

	

o

	

l r P -
226 ,

BI1AZ I L

quality .
350m fro m
squeezing

Loose

	

talus

	

deposits

	

For ca [ion . All

	

ca tegori es

	

use shotcrete 26 5 , 2 9Portal .

	

Very heav y
ground encountered .

and

	

rock bolts . For the poorer g r o u n d
sets

	

and

	

forepoling als oconditions

	

stee l
used .

Nilo Pecanha 1954 100 18 .9 x

	

25 .9

	

x

	

II5 Gneiss

	

of fair quali t(o r i g i na ll y
Forcaca v a ) by

	

faults partially
y

	

trave rsed
or

	

fully
C oncrete harre!

	

arch roof .

	

Roof and walls 25, 3I, 33 ,by 25mm dia .

	

mechanicall yik
su pporte d 39, 43, 53 ,kaolinized .

	

Joint

	

se tprv*r

	

station . parallel

	

to exc a
dips

	

at

	

800 .
va ti

str

	

e s
on axis and

anchored rockbolts ;

	

Walls

	

concrete

	

lined . 6 4

Paulo Afonso 1952 50 15

	

x 31 .3 x 60 .2 by intrusion o fp ower

	

s t a ti on liigmatite

	

forme d
pegmatite and ap li te

G enerally no support

	

required . 9 1into a
biotite

	

schist .
Paulo Afonso

	

IV 1978 55 24 x 54 x 210 Good quality mi g matite containing Roof support by 9m Iong,

	

32mm dia . rock 33 8powar

	

statio n

CANADA

granite ,

	

bi ot i te

	

gneiss, amphib - bolts on

	

I- 5m grid tensioned

	

to 225 Io li te

	

and

	

biotite

	

schist . and grouted .

	

A 4cm thick shotcrete

	

ye r
e te

	

I a

followed by IOcm square wire mesh and afurther shotcr ete

	

Iayer .

	

Wall

	

support

	

b yrock bolts

	

and

	

18m

	

Iong

	

Londons .

Der'simis

	

1 1956 150 19 .8

	

x

	

24,4 x

	

172 Granite

	

and

	

p aracnei spower

	

station, I J s . Concrete

	

roof arch,

	

suspended ceiIing and 50

	

53 5 9northern Que bec bare t•,alls .

	

Sonne

	

spot

	

bolting of

	

roof .
,

	

,
65,

	

87, 24 0
Chute-des-Pass 1959 165 19 .8

	

x

	

32 .0 x

	

144 General by

	

soun dp oo-, er

	

station, and para

	

neis
granite , g n e i ss Concrete arch and aluminium rock bolts 87

	

22 2Af ter

	

drilling ,northern Quebec g

	

s . For roof support .
,

	

,
24 0proposed cavern was

	

rotated by 90°. ' t
to obtain uxrre

	

favourabl e
conditions .

PROJECT NAME, APPROX . A PPROX . MAXIMUM ROCK TYPES AND CONDITIONS SUPPORT DETAILS

	

R
N

EFEREIJC E
OS .

LOCATION AN D
TYPE

COMPLETIO N
DATE

DEPT h
DELO W
SURFAC E
(metres)

EXCAVATIO N
DIMENSION S
Width

	

x Height

	

x
Length

	

(metres )

Fa ll sChurchill 1970 300 24 .7

	

x

	

36 .6 x 296 Hard gneissic

	

assemblage .

	

tloriz - Roof support

	

by 4 .6,

	

6 .1

	

and 7 .6m

	

Iong ,
type roc k bo l ts

148,

	

165 ,
180 20 1

Power

	

station ,
Labrado r

Kimono power 1 9 5 5 3 00 25

	

x

	

42,4 x

	

347 .5

ontal

	

stresses

	

1 .7

	

times

	

vertica l

Granite

	

and

	

granodiorite .

28mm dia .

	

expansion

	

Shel l
on

	

I .5m centres wi th

	

chain

	

link mesh .
Walls

	

similarly bolted

	

bat

	

mesh

	

not

	

used .

Concrete barrel

	

arch

	

roof with

	

rockbolts .

,

14,

	

1,,

	

2o ,
21 ,

	

34 ,

	

35 ,
station 38,

	

45,

	

50 ,
53,

	

22 2

Grande

	

LG-2 1979 100 26 . 5

	

x

	

47 . 3

	

x Very good

	

quality

	

granitic

	

gneiss Roof supported by 6 .Im Iong grouted

	

rock
200 kN .

	

Wall

	

support
271,

	

320 ,
32 8La 483 4 with

	

bands

	

of

	

diorile,

	

gneiss, bolts

	

tensioned

	

to
Iocally .power

	

station ,
northwester n
Quebe c

1Il c a das p ower 1976 220 24 .4

	

x

	

44 .2

	

x

	

237

mi g matite and

	

pegmatite dykes an d
sills .

	

Three

	

joint

	

sets

	

presen t
wich subhorizontal

	

joints

	

cantain -
ing gouge

	

the mosl.

	

signi ficant .

Good quality

	

quartzitic

	

gneiss with

by bolting wich

	

shotcrete

	

applie d
Dolts

	

on

	

1 .5

	

or

	

2 .Im square

	

grills .

Roof supported by 6-7m Iong 25mm dia .
roc k

	

bo lts on

	

1 . 5m centres

	

andgrouted
27 2

station,

	

0ritis h
Columbia .

Portage Moun t a i n 1965 150 20 .4

	

x

	

43 .9 x

compressive

	

strength of approx .
150 HPa .

	

Ver b ca r an d horizonta l
in

	

situ

	

stresses

	

6 .9

	

and

	

10 .3

	

MPa .
Some

	

Iocal

	

slab or wedge

	

failure s
e nc o u n te r cd .

Interbedded

	

sandstone,

	

shale

	

an d
15 0

shotcrete cover .

	

6m bolts on 3m grid

	

i n
W alls .

Thin concrete

	

barrel

	

arch

	

roof .
Groute d expa nsion Shell

	

bolts,

	

4 .25

	

ro
142,14 6

station, 271 . 3 Cool

	

Measures

	

rocks

	

dipping at .
6 .Im

	

Iong on 1 . 5m centres

	

for wal lpowe r
Peace

	

River, Horizontal

	

in

	

si tu

	

stress

	

twi ce
vertical .

	

Roof

	

in

	

shale,

	

Walls

	

i n
sandstone .

support .

15

	

to

	

17m o

	

L

	

o

	

r

	

attern

	

r

Oritish

	

Columbi a

CHIL E
31

	

Toro powe r
s tat i on .

ZOLUMDIA

24 .4

	

x 3 .4

	

x

	

102 Grano di or it e wich o'thogona l
oirrtiny .

ns Iong r ock

	

o n
si

	

to

	

.

	

bolt so 1

	

8111J

	

on d
2 .4m Pattern

	

tensioned

	

to

	

180 kN

	

in

	

roof .

15 .2m

	

Iong

	

tendons on

	

6 .Im poltern

	

in wall

and Walls

	

reinForced by 4 .9 mRoof arch

e

21 2
6O18

	

x

	

30

	

x Massive arid competent qua rtz dio - added

	

i n
Alto Anc hi c a y a
power station

180 AL soll of constru ctlon Loo srite . e Iong

	

rock bolts wild) wire mesh

rock caused by surface

	

stress reli e
hold up by wire mesh .

f roof .



: .st.riegI I !
DIMENSI0N S

Width x Height x
Length (nietees)

SUkii :Rf DETAIL--,uiiluu5
LNC EYI'L

S U h t,`c1 E
(metres )

Z ECH05 LO VAKI A

Li pro power 1957 140 22 35 x 55 Heav istation .

FINLAND

l y
of poo r
dippin g

difficulties .

jointed and

	

faulted

	

grani te

	

Thick

	

concrete

	

roof arch .

	

Grouted 4

	

t orock. nass

	

quality .

	

Steeply

	

9m

	

Iong,

	

3Gmm dia .

	

rock bolts

	

spaced o njoints caused construction

	

average one per 4 .2m 2 .

53, 29 2

irttikoski

	

1959

	

40

	

16

	

x

	

4 3
ower station .

	

(surg e
22 .5

	

x
(machine

Tal lrac e

cross-section

x 500

	

Granit e
chamber)

	

acros s
32

	

x ?
ball )

tunnel

tvi th joints

	

diagonally

	

Rock

	

bolted

	

throughout wi th

	

22rnm dia .machine ball

	

roof .

	

bolts .

	

Three concrete

	

arches

	

cas t
against

	

rock

	

in

	

fissured areas .

	

Mes h
rrith

	

IOcm .

	

thick

	

shotcrete

	

in

	

roof .

109, 11 6

16x23 .

Salmisaari

	

oil

	

1973

	

IS

	

14

	

x 2 8
storage caverns,

	

260

	

(thre e
lelsinki .

parallel

x

	

175

	

to

	

Mixed

	

granite ,
gneiss .

caverns)

	

caused

pillar s
Significan t
horizontal

amphibolite and

	

Sys tema tic

	

rock hol ting and concret eHigh

	

horizontal

	

steesses

	

grouting .
rockbursts

	

and

	

failure o f
during construction .

sets

	

of

	

inclined

	

and
joints .

31 0

Porvoo crude oil

	

1975

	

30

	

12

	

t o
storage .

500 t o

paralle l

= RANGE

18

	

x

	

32

	

x

	

Migmatite ,
600

	

(tour

	

granit e
caverns)

	

moderat e

Relatively

principally gneiss

	

and

	

Weak zones

	

locally supported by boltin gof

	

variable grain

	

size and

	

and

	

shotcrete .
degree of

	

schistosity .
Iittle

	

jointing .

27 9

La Dathie

	

(Rose

	

1960

	

25

	

x 3 2
Iand)

	

powe r
station .

x

	

130

	

Good

	

quality fresh

	

gneiss .

	

Reinforced concrete barrel

	

arch

	

roo f
'Wem thick .

	

Concrete screen Walls o n
sides .

	

No rock well

	

supports

	

other

	

tha n
crane beam supports . ,

Randens

	

(Isere- 1954

	

16 .8 x
Arc)

31 .4

	

x

	

109

	

Tough mic apowe r

station . 60°,

	

striking

schist

	

dipping at

	

20- Concrete harre)

	

arch

	

roof ;

	

Walls

	

partl y45-85°

	

to machine

	

guni ted .
30,

	

50,

	

53 ,
half

	

axis . 222 .

PROJECT NAME, APPROX . APPROX . MAXIMUM ROCK TYPES ANU CONDITIONS SUPPORT DETAILS REFERENC E

NOS .
LOCATION AN D

TYPE

COMPLETION

DATE

DEPT H

ßELO W

SURFAC E

(metres)

EXCAVATIO N

DIMENSION S

Width

	

x fleight

	

x

Length

	

(metres )

Rev i n 1975 70 1 7

	

x

	

41

	

x

	

114 Phylli tes

	

and

	

schi sts

	

of

	

good Rooflined with concrete

	

70cm .

	

thick ; 33 1
powe r

S tatio n

GERMANY

	

(NEST)

1970 200 24 x 9 x 30

quality .

Clay

	

slate wich

	

intercalations

	

of

vralls

	

rockbolted

	

and

	

gunited .

	

Wall

	

stab -

ility aided by

	

the

	

120 crane

	

beam anchor s

of

	

100

	

tonne capacity on 2m centres .

20cm thick

	

reinforced shotcrete and 6

	

t o

-

194,

	

304 ,

308Brennur

	

tria l

cavern

	

fo r

power station .

Sackingen

quartzi tic

	

sandstone .

	

Cleavag e

approximately

	

parallel

	

to beddin g

strikes

	

at 600

	

to

	

the

	

tunnel

	

axi s

and

	

dips

	

al

	

500 .

8m Iong anchors on

	

I .3m spacing pr e

tensioned

	

to

	

150 kN .

14 1

sta ti on 1966 400 23 .2

	

x

	

30

	

x

	

162 Granite and

	

gneiss

	

faulted over 25%L 3m Iong double tone anchor and pett o
power

k

	

I I 1973 350 33 . 5

	

x 50 x

	

105

of mach inc lull length .Excavation o f

elliptical

	

shape

	

for more favourabl e

stress

	

distribution .

Interbedded shale and greywacke,

bolts

	

used

	

for

	

roof support vri th

	

3

	

t o

15cm shotcrete .

	

60cm thick

	

concrete

	

ri b

used

	

in one

	

faulted zone .

Support

	

by

	

18-24cm thick shotcrete

	

rein - 207,

	

22 8

Waldec

	

power

Station .
faulted

	

and

	

jointed .

	

ßedding strike s

perpendicular

	

to cavern axis

	

and

forced with wire mesh and extensive

sys tem of 996 prestressed

	

rock anchors up

233,

	

235 ,

244,

	

248 .

1973 350 19 5 x 33

	

x 219

dies

	

at

	

32° .

	

Faults

	

form wedges

	

i n

cavern

	

roof .

joints o fGneiss wich

	

5 sets

	

of

to 23m lang and 3800 4 or Gm Iong rock -

bolts .

	

Cavern Walls curved

	

in

	

horsesho e

shape .

Generally support by

	

15cm shotcrete

	

re - 253,

	

294

varying

	

intensity .

	

One

	

fault

	

and inforced by one

	

layer of wire mesh wlt h

4m

30 4Wehr powe r

Station .

.

INDIA

4 master joints

	

transect

	

the cavern 22-24mm dia .

	

Perfo bol ts,

	

Iong

	

space d

Have considerable

	

thicknesses o f

baryte,

	

calcite

	

and

	

clay

	

Fittings .

One master Joint and

	

the upstrea m

wall

	

isolate an

	

unstable

	

30m hig h

rock wedge .

al

	

I .5-2 .5m centres .

	

In

	

the wedge

	

area

extensive grouting and 82 prestresse d

anchors,

	

13

	

to 30er Iong vrf th

	

1 .7 M N

capacity each,

	

used .

1972 230 18 .2

	

x

	

32 .5

	

x

	

113 Thinly bedded

	

limestones

	

and

	

slaCCS supported

r

su p o

	

3 0 p r es tressed e anchors l of
1

	

188 ,

18

87 ,

9
Joints,

	

shear zones

	

and bedding average

	

length 23•5m,capaclty 600

	

kN ,
Chibro powe r

Station,

	

Yamuna -
planes

	

isolate

	

potentially

	

unstabl e

blocks .

	

Redding dips

	

at

	

45

	

to 5o°
spaced at 2 to 5m ;

	

7 .5cnI reinforced

.

	

shotcrete used vrhere necessary .Ilydel

	

scheure .



- -••* SUPPORT DETAILS REFERENC E
„ rc DATE DELOW

SURFACE
DIHENSIONS NOS .

Width x Height

	

x
Length

	

(metres )

IRELAND

Turlough

	

Hills 1971 100 23 x 32 x 82 Coarse grained granite containin g
aplite and

Systemabc

	

rock bolting usin g 3 , 4 and 5 m 20 5, 2 3 7p ower S t a ti on thin veins

	

of pegmati te, bolts on

	

1 .75 or 2m square grids and u pquartz .

	

Some zones of

	

intensely to 25ctn of gunite reinforced wich stee ljointed and partly decomposed

	

rock . fabric .

ITAL Y

Limo Deli o
(Roncoval g rande)

1970 130 21

	

x 60 .5 x 195 .5 Gneiss

	

wich sub-vertical

	

foliation Concrete arch roof .

	

Walls

	

heavily

	

rein - 173 ,

	

1 81 ,at

	

ri ght angles

	

to cavern axis . forced wirb 3-5m Iong tensioned

	

rock 197

	

20 3power

	

Station Several joint sets

	

in

	

rock mass . bolts,

	

5-25m Iong prestressed

	

cahles of
,

	

,
221,

	

30 0
up to 800 k N
shotcrete .

capacity and reinforce d

San Fiorano
p ower

	

Stati on
1972 210 19 .0 x 64 .7 x 96 .7 Phyllite with sub-vertical closel y

y planes

	

fo nning
Concrete arch roof . Cables u

	

toP l a n g 181 ,

	

3 97 ,s

	

ced

	

schistosi LP a up to 80 0tensioned kN an d
wall

5m

	

Iong,
,

50 kN 221

	

30 0major

	

discontinuities . perfo bolts

	

used

	

for reinforcement .
,

San Massenna 1953 - 29 x 28 x

	

198 Good quality

	

Iinmestone . Con - Concrete arch

	

roof ; Walls not

	

reinforced 12 ,

	

32 5 0p ower Stati on struction

	

difficulties caused by but concrete

	

Iined
,

JAPAN

water

	

infloty .
.

- 53,

	

22 2

Okutatarag i
p ower St a ti on

1973 200 24 .9 x

	

49 .2

	

x

	

133.4 Quartz porphyry,

	

diabase arm Concrete arch roof .
5

	

to

	

15m Iong

	

rock bolts ,
Walls supported b y 26 6rhyol ite . one per 3m 2 o f

wall

	

area,

	

tensioned

	

frotn 80

	

to 350 WI .
Okuyoshino 1978 180 20 .5 x

	

41 .6

	

x

	

157 .8 Sandstones

	

and shales,

	

sonn tiees Concrete arch

	

roof .

	

Wall

	

Support

	

b y 5 mp ower

	

St a ti on interhedded,

	

dipping at

	

40° .

	

Ten
35 2

Iong prestressed bars and

	

10-20m Ion gfault

	

zones, wich maximum width anchors .prestressed

	

cabl e
I .5m,

	

intersect

	

cavern .

Shintakasegatw a
power

	

station
1978 250 27 x 54 .5

	

x 163 Good quality

	

granite with major )•lachine

	

halt

	

roof reinforced with 5 m
rock

lang 252 , 34 9(machirre halt) faults

	

nearby .

	

Average joint 25mm dia•

	

and 2m

	

Iong,

	

22mm dia .
spacing 20cm . bolts .

	

Walls

	

reinforced by bolts and 1 520 .0

	

x

	

35 .3

	

x
(t rans f ormer

	

ball )
109 Horizontal

	

in

	

situ

	

stress

	

1 .8 Limes and 20n> Iong anchors tensioned

	

to 1200 k N
vertical .

	

Long

	

axis

	

of

	

cavities of mesh

	

reinforced16

	

to 24cm

	

thicknes s
rotated

	

towards

	

horizontal

	

major shotcrete on

	

roof and upper walls .
Lower Walls

	

concreted .principal

	

stress

	

direction .

PROJECT NAME ,
LOCATION AN D
TYPE

APPROX .
CONPLETIOH
DATE

APPROX .
DEPT H
DELOW
SURFAC E
(metres)

MAXIMUM
EXCAVATION
DIHENSIONS

ROCK TYPES AND CONDITI01J5 SUPPORT DETAILS REFERENC E
NOS .

Width

	

x Height

	

x
Length

	

(metres )

-
LUXEMBURG arch roof .

	

Anchored

	

reinforced 206, 29 2
1970 100 17

	

x 30 x 330 Devoni an schis ts wich

	

bedding

	

Concret e
Vianden powe r
sta Cion

vertical

	

beanm

	

Support Walls .
p lanes

	

containing
al

	

57°•

myloni Le dipping

	

Concret e

HALAYA 17 0

Sultan

	

Idriss 1968 300 20 . 7 x

	

27 . 4

	

x Good

	

quality jointed granite . •lainly

	

3m with

	

Some 4 .6m and 2 .9m

	

Iong ,
bolts

	

o n25mm dia .,

	

expansion

	

Shell

	

roc k
97 .5 Eeloliation of

	

Walls of excavation
wire mesh andII

	

(formerl y
Woh)

	

powe r
Station,

	

Datan g
Padang scheine ,
Caeeron Highlaid s .

1962 260 15

	

x 24 .5

	

x 80

an exposure .

	

In

	

situ

	

stress

	

Fiel d

a pp roximately hydrostatic .
1 .5m grad wlth

	

75mm square

Uppe r
rock

119, 12 8

unite

	

throughout .

Concrete

	

roof arch .

	

Walls

	

unlined .
Good quality

	

gran it e, extensivel y
Sultan Yussuf 5m of side Walls below haunche s

jointed .
Horizontal

	

i n
2 .6

	

tinies

	

th e

7

	

hlPa .

situ

	

stresse s(formerly Jor )
power

	

Station ,
Cameron High -
lands schein e

IIOZAHDIQUE

1975 160 27

	

x

	

57 x 220

1 .8 and bolted .

Concr et e

vertical

	

stress

	

of

lo

	

reinforcement othe r
lining .

tha n
Excellent

	

quality

	

granitic

	

gneis s
Cabora Dassa wich

	

sli ght sch is tos i ty ,
powe r

	

Station (machirre ball )
21

	

x

	

72

	

k 76

NEW ZEALAND

(trp) sorge chamtcrs)

20 >

1969 150 G ne i ss

	

an d
quality .

	

I n
p egeatit e

situ

	

s t
of goo d

res s

	

Field

Roof and walls supported by 25mm dia . ,
on

	

1 .8 mHanapouri

	

power 18

	

x

	

34

	

x

	

III
4 . 6m

	

Iong grouted

	

rock bolt s

station,

	

south - centres v>ith wire mesh reinforced gunit e

21

	

x

	

38

	

x 61

app roximately hydrostatic .

1982 -

adde d

Groute d

throughout .

wich expan - 316 ,
333

317 ,

Niest SouCh

Ion g
Island .

Cl o sel y jointed intlurated grey - rock bolts 6-9 m
,

anchors,

	

generally on

	

I msinn

	

Shel lRangipo powe r
Station (machirre ball) wac k e san d s tone

	

and

	

argillite of
centres

	

throughout .

	

Concrete

	

roof arch .
r.

	

30

	

x

	

51 poor

	

roc k-mass q uality .

	

Dominan t
14

defects

	

arm

	

steeply westward dippin
( s or g e chaeber) g

crush

	

zones .

	

In-situ

	

stress

	

fiel d

approximately hydrostatic .



+v„ v,V
	

ue l e l t. ,

NO RIJAY

Stir,
(metres s)

Dltt[ub l
Width

	

x 11 . tun t
Length

	

(nietres)
x

Aura powe r
station

1953 250 Two paralle l
machine halls,

Gneiss

	

with

	

thr e e Jo i nt

	

sets .
Foliation joints,

	

rough,

	

25-100mm
Multi-planer concr ete

	

roof with

	

cas t
pillars b e t reten

	

rock

	

and

	

roof

	

installed
7 3

18x17x123 (North )
and

	

J7x15 . 3x9 5
(Souch)

spacing ;

	

second set

	

smooth,

	

con -
ti nuous,

	

50-150mm spacing ; thir d
Se t rough,

	

less well

	

developed .
One

	

non

	

swelling

	

clay-filled

	

zone .

in North hell

	

before excavation complete d
Rock bolts

	

used

	

for

	

initial

	

roof Suppor t
in

	

South

	

ball ;

	

concr ete

	

pillars

	

omitted .

.

Rendalen power 1969 16 x 7

	

x 43 Sparagnii te

	

(feldspar-rich sand -sCa[ion
stone),

	

thinly bedded,

	

very blockt'
and seanry .

	

Joints,

	

wams ana

	

Fla t-

Afultiple

	

drin .

	

excavation

	

usin g

	

3m

	

Ion g
perfo bolts on

	

1 .5m spacin g,

	

ei re mesh
and

	

shotcr ete .

	

Final

	

concrete

	

lining

I 5 1

lying bedding p lanes

	

c arry mont -
morilloeei te with

	

low acti vi ty .
40cm thick .

5ta ti on power 197h 13 .4

	

x

	

1

	

x 95 Grani tic

	

gneiss ;

	

in

	

situ

	

pri ncipa l
Stresses

	

17,

	

2 .3

	

and

	

-1 .6

	

I•IPa .
Rock-burst

	

problems

	

in

	

tunnels

	

an d
main excavations .

Rock bolts

	

on

	

I . Om centres

	

in

	

roof an d
I .5m centres

	

in walls

	

plus

	

12-15cm

	

re -
inforced

	

shotcrete .

22 4

Tafjord

	

I V
power station

150 13

	

x

	

7

	

x 47 0anded and

	

folded gneiss .

	

Roug h
schistosicY

	

planes,

	

5-1Ocm spacing .
Two other

	

less well

	

developed Join t
sets wich

	

spacings

	

fron' 25cm

	

to

	

Im .
Some slabbing due

	

to high

	

stresses .

25cm thick concrete arch

	

roof wich

	

rib s
cast between arch and rock .

	

Localize d
support by bolting and mesh .

PAIU STA K

Tarbela de m
dive rsion
tunnels

1972 U

	

t o
270

Four

	

u ptunnels

	

u p

	

t o
19m dia .

	

and 66 0
-770u'

	

Ion g .

Poor quality ,1

	

y,

	

closely

	

jointe d
gabbro core

	

flanked by alternatin g
layers

	

of

	

timestone and

	

chloriti c
schists wich

	

son'e ca r b onaceous

	

an d
graphitic

	

schists

	

and

	

p h y llite s .

About

	

IOcn .

	

shotcret e app l ied

	

imnediatel y
an e x c avat i on .

	

Wide

	

flanged

	

steel

	

rib s
th en we d ged againsc shotcrete .

	

Up

	

to 9 m
I ong,

	

36mm dia .

	

perfo anchors also use d
i n

	

transition

	

sections .

220,

	

227 ,
241,

	

25 5

PFlPUFl-NEW GUINEA 1975 200 15 x

	

24

	

x 51 Gently dipping marble wich

	

small

	

Roof p attern b o lt e d w i rb

	

4 .3m

	

Jong

	

rock 275Ramu I

	

powe r
station

a

dolerite

	

intrusions and overlying

	

a
interbedded

	

s hale-siltstone-grey-

	

e
wacke

	

sequence .

	

Difficultie s
c aused by solution

	

Features

	

i n
m arble,

	

block

	

and wedge

	

failure s
nd

	

fractured zone

	

in contact area .

olts an

	

1 . 2 tn centres .

	

Roof and

	

parts

	

o f
nd walls

	

Iined with e i re mesh and

	

gunite .

PROJECT NAME, APPROX . APPROX . MAXIMUM ROCK TYPES ANU CONDITIONS SUPPORT DETAILS

	

R
N

E
OS .

FERENC E

LOCATION AN D
TYPE

COMPLETIO N
DATE

DEPT H
DELO W
SURFAC E
(metres)

EXCAVATIO N
DIMENSION S
Width

	

x Height

	

x
Length

	

(metres )

PERU in 334,

	

34 8
230 22 0 x 34 5

	

x 104 .5 Variable

	

quality

	

granite containinc concrete

	

roof arches,

	

0 .9-I .5m thick
-Mantaro

	

11 1
power station

.

	

.
(machine ball )
13 .0

	

x

	

18 .0

	

x

	

88 .0
kaolInized

	

and myloni ti zed

	

zone s

and

	

steeply dipping joints .

	

Loos -
machine ball,

	

0 .6-I .0m

	

thick

	

in

	

tran s

former hell .

	

Anchors

	

prov ide an av era ge

SOUTH AFRICA

(Iransformer

	

ball) ened

	

zones

	

in

	

roof and

	

in

	

pilla r
between excavations . sup

of t press ure of 160 kPa

	

in roof an d

walls .

284,

	

298 ,

Drakensber g
power statio n

Durban Roodepot

198 1

1948

13 0

1500

16 . 3

	

x

	

45

	

x

	

19 3

16 . 5

	

x

	

8 .9

	

x

	

19 .0

Mor i zontally bedded mudstones ,
san d s t on es

	

and

	

silts tones .

	

Roc k

mass

	

of

	

fair quality .

	

Horizonta l

in

	

situ

	

stress

	

three

	

timesvertical .

Hard,

	

unjointed quartzi te of very

Groute d an d

	

t en sioned rock bolts 32mm

dia .,

	

2

	

to 5m Iong on

	

Im grid wir b

shotcrete and eire mesh .

concrete

	

roof arch 0 .5m thick

	

reinforce d

steel

	

arches

	

at 1 . 2 m cen tres an dwith

311 , 35 0

2,

	

31 1

Deep gold min e
holst chamber .

Elendsberg 1987 150 22 x 47 x

	

)97

good

	

quality wich

	

tight

	

bu t

p ronounced bedding planes .

Greywac k e w ith minor amoun ts o f

phyllite .

	

Rock

	

mass of

	

good

quality .

	

Approximately hydro -

static

	

in

	

situ

	

stress

	

field .

resting an reinforced concrete beam s

0 .9 x 0 .75m

	

located on 0 .9n ledges o n

ei ther

	

side .

	

Sidewalls

	

covered wic h

bricks back-filled with concrete .

Resin grouted 6m Iong

	

rock bolts on 2 m

centres

	

in

	

roof with

	

15cm thick

	

shotcrete

and eire mesh .

282,

	

31 1

power

	

station (pilo t
excavation s
1977)

16 .8

	

6 016 .8

	

x

	

x Mass i ve

	

J av a of excellent

	

rock Local

	

Spot

	

bolting of

	

roof and walls

	

by 31 1

Kloof

	

gold mine
holst chamber

1967 1800
mass

	

quality . C omer essive strengt !

> 300 MPa .

1 .8m

	

Iong,

	

16mm dia .

	

bolts .

	

Permanen t

Support by 8 .5m Jong tendons on 3m

2090 16 x

	

13

	

x

	

27

centres

	

tensioned

	

to

	

180 kN and grouted .

Chamber meshed and gunited .

31 1

P r e s ident

	

Steyn

	

1975
Quartzite and conglomerate p

	

s

10m t lan g e lus st re long tendo n a t
a
2m
t

gold mine hol s
chamber

t

14 216 x 36 x Porphyroblastic gneiss

	

intruded

	

by

with eire mesh

	

reinforced shotcret e

5-7cm thick .

In

	

roof,

	

IMM capacity anchors,

	

20m

	

Iong ,
Io'

283,

	

31 1

Raucana powe r
station , Sout h
West Africa

1977 100
amphiboli te .

	

Rock mass

	

qualit y
good .

	

Horizontal

	

in

	

situ

	

stres s

approximately

	

twice

	

vertical .

on 3 .3m cen t r es wich

	

intermediate 5 m

bolts . Wire mesh and shotcrete placed

subseguently .

x'

-io

1



DATE

uurruRl

	

DETAILS REFERENC E
NOS .BELO W

SURFAC E
(mct res)

DIMENSION S
Width x Height x
Length

	

(metres )

Vaal

	

Reefs 1966 1700' 10

	

x

	

12

	

x

	

13 .5 Very good quality quartzite . Reinforce dgold ran e
raine

concrete

	

roof ;

	

occasional

	

roch 13 7
hont chamber bolts as

	

temporary Support .

	

Mass tont rat
in

	

side

	

r-falls .
e

power rkloo f
power station

1976 30 25

	

x 4 9

	

.e

	

100 Very good quality doleri te of high concrete arch vault

	

reinforced wirb 3m 286

	

31 1strength . Iong resin bonded bolts at 2m centres
,

.
Grouted 6m

	

Iong bolts

	

at

	

2 .5m centres

	

i n
Walls .

Western Dee p
Levels

	

g old
1974 2750 16 .6

	

x

	

12

	

x

	

32 Hard quartzite under very high Steel

	

ro e sp

	

3Gnm dia . ,

	

cenrenC

	

g rout e d

	

7 ni 3 1 1
m i ne h o l s t
chambe r

SWEDEN

stress ;

	

rock hurst

	

hazard .
,

Iong at

	

1 . 5m cent res w ich w i rr mesh an d
7cm sho tcrete .

Stockh ol ,
Stockholm , Trin e
and

	

liquo r
stora g e rooms

20 20 x

	

24 .5 x 30 0
(M o para l le l

caverns,

	

separattrl
by

	

16m)

Massive gneiss with

	

fett joint s
(RQD =100) ;

	

major

	

normal

	

faulting
in

	

the

	

vicinity .

No support other

	

than 50 Spot bolts . 26 0

Baltic t oaC 30 15 x 30 x up

	

to Massive grani te and

	

gneiss ;

	

normal N onaval

	

s orage
chambers

500 faulting

	

in

	

the

	

region•
structural

	

support

	

required

	

for

	

Stad t
loadin g•

26 0

Narspranget 1951 7U 18 .6

	

x

	

31

	

x

	

104 Sound granit epower

	

station Roof

	

reinforced by 25nmr dia .

	

grouted

	

bars 11,

	

19 ,
3

	

to 4 .6m

	

Jong on a

	

Im pattern covere d
by reinforced gunite .

50,

	

5 3

powe r
frust e

potrer

	

Station
170 13

	

x

	

11

	

x

	

h0 Massive

	

granite

	

tvith

	

a

	

few r.ridel y
sparre

	

vertical

	

joints .

	

Mino r
inflows of water

	

through joint s
caused operational

	

problems .

No support

	

required ;

	

gunite

	

roof coatin g . 26 0

Stornorrfors 1958 200 .` t
p ower

	

stati on
18 .5 x

	

2 9

	

x

	

121I
(machine

	

hol])
Strong,

	

massive gneiss wich a

	

few Roof supported by cement mort ar anc h ored 55,

	

92 ,very

	

rough joints . rock bolts ,

	

re i n forcjng wirr mesh and a t
least

	

3cm gunite .
11 4

14 .4

	

to

	

16 .0

	

wid e
26 .5

	

high

	

(tail -
Generally not

	

reinforced .

	

Weak

	

zones

	

re - 80,

	

89 ,
face

	

tunnel) inforced wi Ch concrete ;

	

rockbol ts

	

used

	

i n
a

	

loosened

	

granitic tone,
114

PROJECT NAME ,
LOCATION AN U
TYPE

APPROX .
COMPLETIO N
DAME

APPROX .
DEPT H
BELO W
SURFAC E
(meines)

MAXIMU M
EXCAVATIO N
DIMENSION S
Width

	

x Heigh t
x Length

	

(metres)

ROCK TYPES ANU CONDITIONS SUPPORT DETAILS REFERENC
E NOS.

SWITZERLAN D

Caver g no powe r
Station

1955 28

	

22

	

x

	

103 11i ca

	

schist

	

wi th

	

fol iatio n
di pping

	

at

	

4 20 .

	

14achi ne

	

hall

	

axi s

perpendicular

	

Co

	

foliation

	

strike .

Fully concrete li ne d . 40 , 50,

	

5 3

G r i nise l

	

II

	

East 1978 100 29

	

x

	

19 x 140 Mainly

	

granodiorite of good

	

quality Machire

	

ball

	

fully concrete

	

lined . 30 1

power

	

station except

	

for

	

some unfavourable join t
orientations

	

and

	

a

	

gneissic

	

zone .
High

	

In-situ

	

horizontal

	

stresses .

-

H ongr i n po we r
Station

1970 55-150 30 x

	

27 x

	

137 Limestone and

	

Iimestone-schis t
containing

	

several

	

sets

	

of

	

vertica l
fraUUres and a considerabl e
anaunt of clay .

Profile excavated

	

by series of Small

	

Ion g

nudinal

	

galleries .

	

Support

	

by 650 pre -

stressed anchors

	

II

	

to

	

13m Jong and

	

sho t -

trete

	

instal led

	

soon after excavation .

161,

	

31 8

1977 Tu t)

	

p arallel

	

rohes Marl

	

r-rith very

	

high overburden Reinforced Seetorte applied

	

inunediately 303,

	

31 4
Huttegg ven -
tllation chanLer ,
Seelisber g
eighway

	

tunnel

18m dia .

	

x

	

5 2 m
I ong co n n ected b y
a

	

tube

	

14m wide x
Ihm high .

pressure,

	

Tesc hin g

	

the uniaxia l
com p ressive strengt!) of

	

the

	

rock .
wich

	

3 .8m Iong Perfo bolts on

	

I .Im centre s

follotaed

	

by

	

final

	

anchoring wich

	

16-18m

Iong anchors on 4 .5m centres

	

stressed

	

t o

80 tonnes .

Innenkirchen 19 1 x2 >

	

40 19 . 5

	

x

	

26 . 8

	

x

	

100 Very good

	

quality

	

gneiss .
c orcemen

	

q

	

d bot 508 m

thi cl' concret

	

arch

	

uire
I

	

32,

	

40 3t
9

power

	

statio n

UNITED KINGDOM

22 2

13 6
1965 3 2 0 2 3 .5

	

x 38 x

	

91 . 5 Excavation

	

in diori te

	

near

	

boundary concrete arch

	

roof .

	

Other support b y
Cruachan powe r
Station ,
Scotland .

wich

	

phyllite .

	

Diorite

	

wel l
jol nted

	

t-ri th

	

some

	

kaol ini zati on ;
6m wide "crush" band

	

russ

	

frans -
versely

	

to machine ball

	

axis .
Vertlcal

	

and

	

horizontal

	

in

	

sit u
strenes both approx .

	

theee

	

Lime s

overburden

	

stress .

4 .6m

	

Iong,

	

25mm dia .

	

expansion

	

Shell

	

roc k-

bolts

	

on

	

2 .3m centres,

	

ßol ts up

	

to 9 .2 m

Iong on

	

I .Sm spacing used

	

in

	

faul ted

	

and

closely joI nted zones .

	

Prestresse d

anchors,

	

Ilm

	

Iong an

	

3 .5m centres

	

used
In conj unction wi th tont re ce beim a n
north

	

well I ,

vt



fYP
ru+ '

	

_

DAiI-

utl'l u
Xi

	

..
SURFAL E
(metres

EXCAVATIO N

DINENSION S

Width x Height

	

x
)

	

Length

	

(metres)

,	 ea Aqu

	

uuHu tIIONS SUPPORT

	

ütTAJLS ;.I-ERENC f
,Tr s

Dinorwi c

power station ,

North Wale s

UNITED STATES

1980 300 24 .5 x 52 .2

	

x

	

180 . 3
( mac h irre

	

half)
Good quality slate with numerous Primary reinforcement by

	

1200 kN capacit y
anchors,

	

generally

	

12m

	

Iong on 6m centres

269 ,

291,
290 ,
297 ,

doleri te dykes

	

and

	

some

	

faules .

21 .5

	

x

	

18 .9

	

x

	

I55
Five principal

	

discontinuiCY

	

sets Secondary reinforcement b Y 3 .7m Ion s
rock bolts on 2m centres

	

tensioned

	

to

	

10
34 4

([ransfonner

	

ball)
Identified .

	

Most

	

major dlscont -
inuities

	

haue

	

low shear

	

strength . tonnes,

	

Tertiary support by 50mm minimu m
thickness of mesh-reinforced shotcrete .

Wedge or block

	

failures

	

the mai n
geotechnical

	

problem .

OFAMERIC A

Bear Swam p

porxr station ,

MassachuseCts

1973 24 x 46 x 69 Good

	

quality chlorite mica-schist Roof supported by

	

1Ocm shotcrete and 6 .I m
Iong,

	

25mm dia .,

	

hollow groutable

	

bolt s
on

	

1 .5m centres .

	

Same

	

pattern

	

in

	

hype r
51n of walls ;

	

6m

	

Iong bolts

	

an 2 .4q' centre s
perpendicular

	

to

	

foliation

	

in downutrea m
wall .

238 , 24 2
with well

	

developed

	

schis tosi ty .
Major

	

principal

	

stress

	

parallel

	

t o
cavern

	

axis .

Dauerarg Da m

power station ,

Washington

1965 200 22 .5 x 58 x

	

I46 Good

	

to excellent

	

quality

	

time -
starre .

Roof support by 4 .6m Iong grouted bolt s
on

	

1 .8m centres with wire mesh and some
132 ,

158,
139 ,

20 3
gunite .

	

Walls bol ted only where

	

required
Additional

	

9 .2n1

	

Jong bolts

	

used

	

in

	

roo f
where wedges appeared

	

to form .

Edward ratio

	

,

1966 90 21

	

x 43 x 170 Generally massive amphibolite wich Fully grouted 25mm dia ., 6 .Im

	

Io npovre r statio n

Oroville

	

Dam ,
three

	

prominent joint

	

sets .

	

Shears
g,

	

expan -

1 .2m centres

	

in
127 ,

IJI,

150 ,
199 ,sinn

	

Shell

	

rock bolts o n
and

	

schistose zones strike 600-8 0 0
California

roof and

	

1 .8m centres in walls .

	

Addit - 203 ,.
across

	

the chamber axis .

	

They dip
25 9

Tonal

	

bolts

	

angled

	

across

	

slabby

	

rock
steeply,

	

are

	

fron' 2

	

to 7m apart, where shears

	

intersect

	

roof .

	

Surfac e
covered with chain

	

link mesh and

	

10c m
thickness of gunited

	

applied .

are 2

	

to

	

15cm wide and contai n
crushed

	

rock,

	

schist

	

and clay gx'g_ .

Haas garer 1957 150 17 x 30 x 53 Massive grani te with widely spaced Fully grouted perrorated-sleeve

	

rock 8 5
station ,

California

fractures . anchors

	

of

	

25nmr dia .

	

reinforcing bar ,

	

3 ,
3 .8 and

	

4 .6m

	

Jong spaced an

	

Im centres

	

i n
arch roof .

	

10cm sgware wire mesh attad'rr1
t° Bars

	

and

	

IOcm thickness of gunite
applied .

PROJECT NAME, APPROX . APPROX . MAXIMUM ROCK TYPES AND CONDITIONS SUPPORT DETAILS REFERENC E

NOS .
LOCATION AN D

TYPE

COMPLETE D

DATE

DEPT H

BELO W
SURFAC E

(metres)

EXCAVATION

DIf1ENSION S

Width x Height

	

x

Length

	

(metres )

M P o i n torrow 1963 120 17 .4

	

x 42

	

x 63 Micaceous quartzite and mi ca

	

schist Fully

	

grouted

	

25mm dia .

	

expansion

	

Shell 134,

	

140 ,

station,
wich

	

some

	

pegmat i te

	

intrusi Ins, rock

	

bolts

	

on

	

1 .2m centres,

	

6 .Im

	

Iong

	

in 167,

	

190 ,

powe r

Colorado
During construction,

	

a

	

30m wide roof

	

and

	

3 .7m

	

lang

	

in walls .

	

Special 20 3

Neva da Test 1965 400 24 x 43 x 37

Wedge

	

isolated by

	

'am

	

intersectin g

shear zones moved 5cm into excav -

ation .

Alternating

	

layers

	

of

	

low strength

reinforcement

	

to

	

stabllize

	

side-wal l

Wedge :

	

9 off 60 tonne grouted

	

rebars,

	

18 -

30m

	

Jong ;

	

25 off

	

110

	

tonne

	

tendons ;

	

2 7

off 35mm dia .

	

bolts,

	

8-24m

	

Jong ,

tensioned

	

to 27 tonnes .

In

	

roof,

	

10n'

	

lang,

	

28mm dia .

	

bolts

	

on 203,

	

34 1

Sire Test Wird hemisphcricah ruft,

	

predomi nently massive an d

°

0 .9m centres .

	

In wall,

	

7 .3m

	

lang

	

bolts

h,

Cav i t i es

	

1

	

an d crorm dorre-shaped) thick-bedded,

	

dipping

	

at

	

8-15

	

• on

	

1 .8m centres .

	

Dolts

	

tensioned wi t

II,

	

Panier

	

Mesa Occasional

	

thin beds

	

(7-45cm

	

thick) back

	

2 .4m grouted .

	

Gunite applied

	

t o

of

	

soff friable white

	

tuff .

	

In prevent drying and cracking .

	

Same chai n
Nevada

,

Cavity

	

II,

	

high

	

angle Joints

	

Imre

prevalent .

	

Water content of

	

tuf f

=21%

link

	

fabric

	

supported

	

from

	

I .Bm Ion g

Perfo-bolts

	

used

	

for

	

primary

	

support .

Additional

	

support by

	

14 .6m

	

Iong hol's o n

North American 1964 400 Three

	

parallel Coarse-grained

	

biot1te

	

granite

0 .9m centres

	

in

	

'arge areas

	

of Cavity

	

1 1

where unstable wedges

	

formed .

Fully grouted

	

25mm dia .

	

slot

	

and Wedge 125,

	

130 ,

Ai r Defence main chambers intruded

	

by

	

fine

	

to medium grained rock bolts,

	

3m

	

Iong on 1 . 2 m cen t res

	

in 138 , 20 3

Conman d

	

(NORAO) 14

	

x

	

18

	

x

	

180

	

plus granite

	

and

	

thin

	

basale

	

dykes . roof ;

	

2 .4,

	

3 .0 and

	

3 .7m

	

Iong on

	

1 .5 m

Cheyne Mountain several

	

other Granite

	

is

	

closely jointed

	

and centres

	

in walls .

	

Chain

	

link

	

fabric

	

5c m

Comp lex

	

(NCMC) , major excavations mostly unaltered .

	

Two steeply dip- x 5cm over

	

rock surface .

	

Extra bolts u p

to 9m Iong on 0 .6

	

to

	

1 .8m centres use d

	

t o
Colorado S pr i ngs, ging Joint

	

sets

	

predominate .
stabilize wed ges

	

at

	

inte rsections .

400 Power plant As above .

	

A

	

IOm wide shear zon e

Colorad o

NCMC expansion, 1971
32mm dia .,

	

4 .9m

	

Iong

	

recessed

	

rock anclu's 217,

	

21 8

installed over

	

1100 arc of

	

roof on

	

1 .4 m

centres,

	

inclined at 60 0

	

to direction o f

advance .

	

25mm dia .,

	

7 .3m

	

Iong Perf o

bolts

	

on

	

I . lun centres

	

installed

	

in

	

roo f

and walls .

	

Chain

	

link

	

fabric over,

	

roo f

and

	

35% wall

	

area

	

below spring-Iine .

Colorad o

Springs ,

Colorado

chamber 20 x

	

16 x

52

	

plus

	

severa l

other excavations

created

	

by an

	

intrusion,

	

crosse s

the power plant chamber .

ô



. „ e DATE BELO W
SURFAC E
(me t res)

se- ,,, ,
D111ENS I ON S
Width x Height x
Length

	

(me tres)

SUPPORT DETAILS REFERENC E
IDOS .

Northfiel d
Floun t a i n

	

poeie r. 1 970 170 21

	

x 47

	

x

	

100 Interbedded

	

Iayers of gneiss, In roof,

	

25mm dia .

	

ful ly grouted

	

expan - 192,

	

19 8
station , quartzite and

	

schist .

	

Two major sion shell

	

rock bolts on

	

1 .5m centres ,

tlassachusec t s

Racoon Mooratom 1973 200 22 x 50 x

	

150

joint

	

sets

	

steeply dipping and
widely spread .

Good quality,

	

horixontally bedded

10 .7m

	

Jong

	

in central

	

part of arch,

	

7 .6 m
Jong

	

in

	

lower arch .

	

In walls,

	

sann:
pattern except

	

top row 6 .Im long,

	

remain -
der 4 .9m .

	

7 .5cm square welded wire nas h
with

	

10cm thickness of gunite on

	

roof .

All

	

excavations

	

supported by Williams 20 8
power

	

station ,
Tennessee .

Rosslyra

	

Station, 1973 16-21 25 x

	

17 x 220

limestone wich

	

two major nea r
vertical

	

joint

	

sets .

	

Machirre hal t
axis

	

parallel

	

to major

	

principal

	

in-
situ

	

stress which

	

is

	

2

	

to

	

3

	

time s
the

	

vertical

	

stress .

Gneiss,

	

highly

	

fractured and weath -

groutable bolts, with wire mesh and
shotcrete as required .

Roof pre-reinforced with "drilled

	

in" 24 3
Washington 0 .C .
Metr o

ZAMBI A

Karue Gorge 1972 500 15

	

x

	

32

	

x

	

130

ered at

	

top,

	

improving

	

in qualit y
wich depth ;

	

5 prominent

	

joint

	

Set s
identified ;

	

shear zones

	

and cla y
filled joints

	

common .

	

Join t
pattern caused overbreak during
blasting .

Good

	

quality

	

granite, g ranitic

6 .Im Iong spiles .

	

At

	

least

	

15cm shot -
trete and steel

	

ribs on

	

1 .2m centre s
provide

	

roof support .

	

Walls

	

reinforce d
by horizontal

	

and angled 5m

	

long hol' s
on

	

1 .5 and 2 .4m centres .

25mm dia ., 4 .5m long rock hol's on 2m 21 1
power station (rnachine

	

ball )
17

	

x

	

21

	

x

	

125
gneiss and gneiss .

	

Cavern axe s
aligned approx .

	

parallel

	

to major
centres and mesh

	

in roof ; 6m long bolt s
on 2m centres

	

in walls .

	

Grane beams and

ZINBAUWE

	

(form -
erly

	

Rirociesia )

Kariba

	

I

	

Power

(transformer

	

hal t

23

	

x

	

40 x

	

143

principal

	

stress .

	

Horizontal

	

in sit u
stress

	

approx .

	

1 .5 . times

	

vertical .

Generally

	

sound

	

biotite

	

gneiss

	

with

Cheir anchors

	

provide additional

	

wal l
support .

. c t

Main excavations upstream of dam ;

	

rock 71,

	

97 ,
station . (machirre

	

ball) granitic

	

pegmatite

	

dykes .

	

A

	

faulte( cover extensively grouted .

	

Rock bolting 10 8
17

	

x

	

18

	

x

	

163 zone affected

	

a

	

30m Iength at 'res' used during excavation .

	

Excavations full y
(transformer hall t
Three

	

19m dia .

	

r.
52m high sorg e
cilambers, i

end of north wall

	

of rnachine halt .
Fraclured and altered gneiss mic h
slickens ides

	

in upper sect ions

	

o f
sorge cbambers .

concrete

	

Iined except for downstream ma -
chine halt wall .

	

Voids between concret e
walls and

	

rock and joints

	

in rock grouted,

STRIKE AND DIP LINES OF PLANE S

OF DIP DIRECTION 10 .

STRII1E RND DIP LINES OF PLANE S

OF 01P DIRECTION 0 .



a



STRIKE FIND DIP LINES OF PLRNE S

OF DIP DIRECTION 70 . STRIKE OND DIP LINES OF PLRNES

OF DIP D IRECTION 60 .

STRIKE RND DIP LINES OF PLRNE S

OF DIP DIRECTION 90 .

STRIKE RND DIP LINES OF PLRNE S

OF DIP DIRECTION 80 .



STRIKE RNO DIP LINES OF PLANES

OF 0IP DIRECTION 110 .
STRIKE AND DIP LINES OF PLANE S

OF DIP DIRECTION 100 .

STRIKE AND DIP LINES OF PLANE S

OF DIP DIRECTION 130 .

STRIKE AND DIP LINES OF PLANES

OF DIP DIRECTION 120 .



STRIKE RNO DIP LINES OF PLRNE S

OF 01P OIR ECTION 150 .
STRIKE RND 01P LINES OF PLANE S

OF DIP OIRECTION 140 .

STRIKE RND DIP LINES OF PLRNE S

OF DIP DIRECTION 170 .

STRIKE RND DIP LINES 0F PLANE S

OF DIP DIRECTION 160 .



v

v
cu

STRIKE OND DIP LINES OF PLFNES

OF DIP DIRECTION 190 .

STRIKE FIND 01P LINES OF PLRNE S

STRIKE OND DIP LINES OF PLRNF S

OF 01P DIRECTION 210 .

STRIKE FlND DIP LINES OF PLONES

OF DIP DIRECTION 200 .



230°- D

STRIKE ONO DIP LINES OF FLOHE S

OF DIP DIRECTION 230 .

STRIKE RND DIP LINES OF PLRNE S

OF DIP DIRECTION 220 .

STRIKE RND OIP LINES 0F FERNE S

OF DIP DIRECTION 250 .

STRIKE O 0 DIP LINES OF PLANE S

OF',DIP DIRECTION 240 .



STRIKE 2ND DIP LINES OF PLNNE S

OF DIP DIRECTION 270 .

STRIKE FIND DIP LINES D' * . R

OF DIP DIRECTION 260 .

STRIKE FIND OIP LINES OF PLHNE S

OF DIP DIRECTION 290 .

STRIKE RND DIP LINES OF PLANES

OF DIP DIRECTION 280 .



STRIKE RNO DIP LINES OF PLRNE S

OF DIP DIRECTION 310 .

STRIKE RND DIP LINES 0F PLRNE S

OF DIP DIRECTION 300 .

STRIKE DND DIP LINES OF PLFlNE S

OF DIP DIRECTION 330 .

STRIKE NND DIP LINES OF PLRNE S

OF 01P DIRECTION 320 .
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Appendix 3 : Stresses around single openings

The stress distributions presented an the following page s
viere prepared at imperial College by Dr Elsayed Ahmed Eiss a
under the direction of Dr J .W .Bray . The two-dimensiona l
boundary element method of stress anaylsis presented i n
Appendix 4 was used to derive these stress distributions .

KEY

Ke-y sketch giving detail s
of applied stresses . lose
that the largest applie d
stress is aluajs given a
value of D .O .

466
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Appendix 4 : Two-dimensional boundary element stress anaiysi s

Introductio n

The two-dimensional boundary element program presented i n
this appendix was prepared by Drs J .W .Sray, G .Hocking an d
E .S .A .Eissa at Imperial College, London and by Dr R .D .Hammet t
of Golder Associates, Vancouver .

	

lt can be used to calculat e
stresses and displacements for the following condition s

a. the material is homogeneous, isotropic and linearl y
el as t ic ;

b. the conditions are those of plane strain as define d
on pa g e 91 ;

c. the medium is infinite, or closed by a finite externa l
boundary of arbitrary shape ;

d. the medium may contain a number of holes of arbitrary
shape ;

e. the loading may consist of any combination of uniform
field stresses or of uniformly distributed loads on
the boundaries .

	

Gravitational loading is simulated
by increasing the Field stresses with depth .

In most of the literature on boundary element or boundar y
integral methods, the principles of the method, which i n
reality are quite simple, are often obscured by the forma l
mathematical presentation . 9ray has attempted to overcom e
this problem with the following simplified explanation of hi s
indirect formulation of the uniform field stress case .

The problem is to determine the stresses around a Jon g
excavation of specified cross-section, given the Fiel d
stresses p (vertical) and Kp (horizontal) as shown in th e
margin sketch . Prior to excavation, the rock that is t o
be removed proeides support for the surrounding rock. Thi s
sup p ort may be represented in terms of normal and tan g entia l
tractions (

	

?) on the potential boundary of the excavation .
The magnitude of these tractions will vary from point t o
point depending upon the orientation of the various part s
of the potential boundary . When the hole is excavated thes e
tractions are reduced to zero, and thus the excavation ca n
be regarded es being equivalent to applying a system o f
ne g ative tractions to the hole . The resultant stete o f

stress can then be considered as the superposition to tw o
stress systems - a) the original uniform stress stete an d
b) the stresses induced by ne g ative surface tractions

	

(-c ,
-3) . We will now seek to determine the distribution o f
induced stresses corresponding to the negative surfac e
tractions .

The "real" situation shown in the third margin sketch i s

now compared with an imaginary situation, shown in the lowe r
margin sketch, where we have another infinite plate, onl y
in this case the plate is unperforated ; there is no hole .
Instead, we ima g ine a live to be inscribed on the face o f

the plate corresponding to the boundary of the hole in th e
first plate .

	

The line is divided into a series of elementa l
lengths and the elements are numbered consecutively, 1, 2 ,
3, etc. We now ima gine that each of the elements is sub-
jected to en external force, whose line of action lies i n
the plane of the plate . The force is resolved into component s
F n and F t , normal and tangential to the element, and thes e
are taken to be uniformly distributed over the len g th o f

the element . The forces are referred to as fictitious forces ,

Kp

Kp

i

	

I

	

9 f
i ces e potent

	

neune:

heile in_

stresses

iuxev surface
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'>7,ZO)

(XL,ZL)

X

Circular segmen t

0

Z

0
X

EZliptical segment

Sing _ „ mene

since they in no way correspond to the forces applied t o
the boundary of the real plate . The procedure is now t o
adjust these forces so that the normal and shear component s
of stress (c, f) at the centre of each element are equal t o
the corresponding normal and shear tractions (-f, -,) of th e
real plate . There are various ways of achieving this result ,
but in the present program an iterative procedure is used .
Starting with element 7, the forces F n „ F t , are adjuste d
so [hat c l = - c l and `1=

	

We then pass to elements 2, 3 ,
etc . in turn and carry out a similar adjustment .

	

In cor-
recting the values of e and r for any given element, we
disturb the stresses on all the other elements, and henc e
the procedure must be continued for a series of cycle s
around the "boundary" until no further adjustment is con-
sidered necessary .

Once this process is complete, the distribution of traction s
on the real boundary is identical to [hat on the imaginary
boundary . Since these tractions determine the stress dis-
tribution in the surrounding medium, this will .,âlso be th e
same for the two cases . To compute the stresses at any poin t
in the imaginary plate, all that has to be done is to su m
the contributions of the various fictitious forces Fnl,

F tl 'Fn 2 , F t2 etc . Standard expressions exist for the component s
of stress at any point in an infinite medium due to a loa d
applied at some other point (see Timoshenko and Goodier i 3
Page 713, for example) . As it has been assumed that th e
Fictitious forces are distributed uniformly over the lengt h
of each element, it is necessary to integrate the expression s
for the influence of point loads, taking into account th e
orientation of stress components .

Once the stresses due to the negative surface tractions have
been determined, they may be added to those of the origina l
stress Field to give the required stresses following exca-
vation . Elastic displacements around the excavation ca n
be calculated by making use of standard solutions for dis-

placements in an infinite medium due to point or tine loads .
The listing of the program given on the following page s
includes the calculation of elastic displacements .

As a consequence of the method used for calculating displace-

ments, there may be a tendency For the excavation and it s
surrounds to " Float" numerically in space causing small rigi d
body movements of ehe p roblem field to occur . This can happe n
for unsymmetrical excavation shapes in which there is an im-
balance of elements an opposing sides of the excavation bound-
ary .

	

In these cases, all calculated relative displacement s
will be accurate, but the absolute values of displacements a t
particular points may be in error . This problem does no t
arise for symmetrical excavation shapes .

A two-dimensional boundary element program for determinin g
elastic stresses and displacements around undergroun d
excavations .

Segments

In representing a boundary of arbitrary shape, the boundar y
is divided into a number of segments (NSEG) . These segment s
may be of three types : a) straight lines, b) circular arcs ,
and c) elliptical arcs .

	

In the following specifications ,
reference is made to the end points of the segment, describe d
as the initial and final points .

	

In deciding which is which,

the rufe is that when the boundary is traced from the initia l

to the final point and one faces the direction of travel, the

solid material lies on the right hand side .

Stra ght line segments

Xo, ZO = co-ordinates of the initial poin t

XL, ZL = co-ordinates of the final point .

CircuZar segments

XC, ZC = co-ordinates of centre of circl e

P.DS

	

= radius of circl e

THET1

	

= polar angle of initial poin t

THET2

	

= polar angle of final poin t

Line CB is drawn from the centre C in the direction o
f

the +Z axis .
The polar angles are measured in a counter-clockw

i s e

direction from CB .

ElZiptical segments

XC, ZC = co-ordinates of centre C

SEMIAX = length of one semi-axis (a )

RATIO

	

= b/a, where b is the length of the other semi-

axi s

PSI

	

= polar angle of axis a

THETI

	

= polar angle of initial poin t

THET2

	

= polar angle of final poin t

These polar angles are measured as described above .

These segments may be combined to form a boundary of virtuall y

any arbitrary shape as illustrated in the lower margin sketch .

NSEG

	

= the total number of segments used in definin g

all the boundary surfaces of the problem .

Elements

Each segment is divided into a number (NELR) of elements
.

In the Gase of straight line and circular segments, th e

elements are all of equal length
. To understand the positio n

with elliptical segments, note is made of the fact that a
n

ellipse may be represented in earametric form by the equa -

tions

m = a .cos X

n = b.sin X

where m and n re p resent co-ordinates measured parallel t
o

the a and b axes of the ellipse
. Each element correspond s

to the same increment of the angle x . lt feilews that th e

length of the element varies, being small where the radiu s

of curvature is small .

lt may be necessary to divide a single segment into a numbe
r

of separate segments, a) to achieve a variation in lengt
h

along the original segment, and b) to allow for the applica
-

tion of loads to specified portions of the segment whic
h

would not be possible with a uniform division of the original
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6 segment.

	

In connection with the First reason, it should be

49 7

pointed out that a relatively high density of elements i s
desirable in regions of high stress g radient . The element s
are numbered progressively from 1 = 1 to I = ?MAX, over al l
segments .

Si/rmne dry

In order to minimise the storage requirements for dobbl y
subscripted variables, advantage should be taken of an

y
symmetry exhibited by the system under investigation . Thi s
can be done only if ehe symmetry refers to both the geometr y
of all boundaries and the disposition of all loads . The
presence or absente of symmetry is indicated in the progra m
by the values accorded to the codes KXS, KZS . The followin g
rules apply :

a) KXS = 0, KZS = 0 indicates that there is no symmetry .

b) KXS = 1, KZS = 0 indicates symmetry abous- s the x-axis ,
in which case only the boundaries or parts of th e
boundaries which lie on the positive side (or alter-

natively negative side) of the x-axis are to b e
specified .

c) KXS = 0, KZS = 1 indicates symmetry about the z-axi s
and again only half the system is to be specified .

d) KXS = 1, KZS = 1 indicates symmetry about both axes ,
and only one quadrant of the system must be s p ecified .

the number of cycles of i t eration has to be decided . Fo r

most problems, 20 cycles (NCYC = 20) is sufficient, but a

greater number may be required where the boundaries ar
e

approximately parallel and close together (es
. a thin cylin -

der) .

Grid Lins e

Internat stresses are determined et the nodes of grid lines

consisting of two intersecting families of curves . One se t

of lines is drawn normal to the boundaries, starting at th e

centre of every boundary element . The second set is draw n

parallel to the boundaries, with a spacing which is constan t

between any two adjacent lines
. DELN is the distance of th e

first line Fron the boundary
. The outermost grid line whic h

corresponds to the largest value of N, is denoted by NSL
.

The experienced user of the p rogram may wish to vary th e

spacing of the lines drawn parallel to the boundary. For

example, the spacing can be increased in an arithmetic Pro-

gression by making `he spacing of the Nth line from th e

boundary e q ual to :.(N) u (N + 1) v DELN .

DELN is chosen to provide a sufficient density of lines clos e

to the boundary . Experience in using this program suggest s

that the value of DELN should be no less than the elemen
t

length . NSL is chosen with e value which is just larg e

enough to ensure that the area of interest is covered .

Material properties
Dama cards

These are assembled

	

in

	

the following order

	

:

The program allows

	

the strength of

	

the

	

rock mass and a

	

tacto t
of safety a g ainst

	

shear or

	

tensile

	

failure

	

to be calculate d
at

	

the centre of each element and at

	

the nodes of

	

the grid

a )

b)

Titl e

Date card

properties

	

car d

car d

load

	

card

	

(if no

	

boundary

	

loads ,

omitted)

card can b e

lines . The material

	

properties

	

required are

	

the

	

unconfine d
compressive strength of

	

the

	

intact

	

rock material

	

SIGC an d
the constants m

	

(RM)

	

and

	

s

	

(S)

	

discussed

	

in

	

ehester 6 .

c)

	

Materia l

d )

e )

F )

s)

Field

	

stres s

S egment card s

Boundar y

Blank card .

If

	

a

	

failure

	

analysis

	

is

	

not

	

required,

	

put

	

SIGC

	

=

	

0 .0

	

o r
use

	

a blank material

	

properties

	

card .

TITL E

KODE

NSE G

SIG C

R M

5

FPX and FPZ denote the principal Field stresses, parallel t o
the x- and z- axes respectively . The program solves tw o
ciasses of problem defined by the value assigned to KODE .
For KODE

	

1, FPX and FPZ are uniform and the problem i s
of the infinite medium type .

	

For ICODE = 2, FPX and FP Z
vary with depth and the problem is of the gravitational stres s
field type .

	

In this case, a constant field stress rati o
(FPX/FPZ) muss be defined and a value assigned to F56 . Fo r
KODE = 2, ehe origin of coordinates must be at the groun d
surface .

BPX, (BPZ) denote the x (z) components of the load applie d
to a given boundary element per unit of area projected ent o
the x (z) plane . The range of elements over which this loa d
is applied is specified by giving the numbers (LP1, LP?) o f
the First and last elements of the loaded section .

Cycius

Part of the analytical procedure involves the inversion o f
a matrix .

	

This is carried out by a simple iteration, and

lt is desirable that the segment cards relating to any give n

boundary element be grouped together and placed in the orde
r

which the boundary is traced .

Information on the date cards is arranged as shown on th e

Foliowieg sage , using the following definitions :

= Any title up to a maximum of 80 charatter s

= Code for problem type (= 1 for infinite mediu
m

= 2 for gravitational medium )

When ICODE = 1, use card F .

When ICODE = 2, use card G .

= Total number of se g ments s p ecified = number of segment card
s

= Uniaxial com p ressive strength of intact rock materia
l

= Strength parameter, m

= Strength parameter, s
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GAMMA

FS R

KXS, KZ S

NCY C

NS L

DEL N

RNU, E

FPX, FP Z

XO, CO

XL, Z L

NEL R

XC, Z C

THET1, THET2

RD S

S EMIA X

RATI O

PS I

LPt, LP 2

BPX, BPZ

7 6 , tt 16 27 26 37 41 51

	

6t 7 1
ITL E

770 C00

	

NSEG KXS KZS

	

NCYC NSL

	

DELN E RNU
-la )
,,ties SIGC Ri'I

n

	

-

FPX

	

FP Zaedium (
**---a Y' z GA, 4A FS R

S e

	

NELR XO ZO XL Z Lg

:-.
ent

	

NELR XC ZC THET1 THET2 P,O S
?tica l

meint idELR XC ZC THET1 THET2 SE"IiAX

	

RATI O
(a)

	

( b/ a )
PS I
(of a )naar y

j LP1

	

LP2 BPX BPZ
_- 1

All integer s p ecifications are 15 except NELR, (110 )

= Unit weight of rock mas s

= Field stress ratio, k

	

FPX/FP Z

= Codes of symmetr y

= Number of cycles of iteratio n

= Number of grid lines parallel to the excavation boundar y
= Normal distance between first grid line and excavatio nboundar y

= Poisson's ratio and Young's modulus of the rock nas s
Principal field stresse s

= Co-ordinates of the initial point on a straight line segmen t
Co-ordinates of the final point on a straight live segmen t
Number of elements required per segmen t
Co-ordinates of centre of circle, ellips e
Polar angles of initial and final points on circular o r
elliptical Segment s

Radius of circl e

Length of one semi-axis (a) of ellips e

b/a = ratio of semi-axe s

Polar angle of semi-axis (a )

Initial and final element numbers to which load is applie d
Components of load per unit of projected area in x and z
directions . Note that BPX and BPZ are positive into the
material .

1 200m belos, surface

H--- 26m

9 elements

22m

9 elements

9 elements`

T

CX

42m

Output

The following information is printed out :

a) Input data

b) Boundary stress distribution, tabulated as follows :

CZ

	

SIG1

	

S1G3

	

ALPHA

	

UX

	

UZ

	

F .O .S .

	

BETA

	

FAILUR E

where I = element numbe r

CX,CZ = co-ordinates of centre of elemen t

SIG1, SIG3 = principal stresses at centre of elemen t

ALPHA = an g le that a l makes with the normal to the boundary

UX = displacement in the x- direction

UZ = dis p lacement in the z- directio n

F .0 .5 . = factor of safet y

BETA = an g le made by the failure plane with the c l

directio n

FAILURE = failure mode (shear or tensile) .

If F .0 .S ., BETA and FAILURE are not required, put SIGC = 0 . 0

or use a blank material properties card .

Note that examination of SIGI, 51G3 and ALPHA values in b )

enabtes one to determine whether a sufficient number o f

cycles of iteration have been used . Thus, for an elemen t

which carries only normal loading (or no load at all), th e

value of c l or a 3 should be equal to the intensity of loadin g

(or zero), and ALPHA should be zero or 90 0 .

	

In other cases ,

it is necessary to determine whether the values of al, 6 3

and ALPHA produce the required intensities of normal an d

shear loading .

c) Internal stresses, tabulated under the same heading s

as in b), but now I, CX, CZ and ALPHA have differen t

neanings :

I = normal grid line numbe r

CX, CZ = co-ordinates of an interior poin t

ALPHA = angle that a l makes with the

	

axis .

Note that there are 9 input cards, the last being a blan k

E:camp l o

A cavern with a circular roof is located at an equivalen t

depth of 300m below surface . The properties of the roc k

mass are defined by :

Uniaxial compressive strength o f

intact rock

	

ac = 150 MP a

Material constants

	

m = 2 . 5
s = 0 .00 4

Unit weight of rock nass

	

Y = 0 .027 MN/m 3

Young' modulus of rock mass

	

E = 7000 MP a

r9 elements®_L

	

Poisson ' s ratio of rock mass

	

v = 0 .2 5

Horizontal/vertical in situ stres s
ratio k =2 . o



500

	

50 1

card .

	

In this case the symmetry that this problem possesse sis not taken advantage of and the complete excavation bound-ary is represented by 36 elements . If the compiler used doe snot set input data to zero if a blank card is read, then i twill be necessary to place zeros an this card .

Card type

UNUtSGHUUND CAVERN - CIRCULAR ROOF - GRAVITATIONAL STRESS FIEL D

0 I

	

2

	

4 0

	

0 !

	

20 3 2 .0 7000 .0 0 .2 5

P 150 .0 2 .5 0 .00 4

G 0 .027 2 . 0

St 9 0 .0)L

	

341 .0 26 .0 341 .0 1
Sl 9 26 .0 341 .0 26 .0 313 .0

-I.
S2 9 13 .0 313 .0 90 .0 270 .0 13 .0 1
St 9

1
0 .0 313 .0 0 .0

1
341 .0 1

111

1 BLANK CARD

The results of this analysis are presented after the progra mlisting given below .

Eoundary element prog ram listing

INPUT = TAPE1, OUTPUT = TAPE T

************************************************A******A*****A****
*BOUNDARY ELEMENT PROGRAM FOR Tw0-DIMENSIONAL STRESS DISPLACEMEN T

AND FAILURE ANALYSIS IN HOMOGENEOUS ISOTROPIC MEDIA UNDER UNIFOR MOR GRAVI T A TIONAL LOADING .
*1**AA***AA**A*******A*AA*1*****************AA**A************AA***

A
DIMENSION Cx(36),CZ(36),EX1(36),EX2(36 ),EZI(36),EZ2(36),P :N(36) ,I PNH(36),OM(36),ON(36),BMH(36 , 36 ),B MN (36,36),8NM(36,36) ,2 ANN(36,36),DM(36,36),DN(36,36),SB(36 ),CB(36),SIG1(36),SIG3(3 6 ) ,3 ALPHA(36),SINe(36),COS9(36),UX(36 ), UZ(36),F05(36),BETA(3 6 ) ,u FPx(361 , FPZ(36,,TITLE(20 )

READ(I,10) ( TI TLE(I),I=1,20 )
0 FOR u AT(20A4 )

*RITE(7,9) (TI TLE(I) A I=1,20 )
FORMA T(IOX,20A4 )
READ(I,11) ICODE,NSEG,KXS , KZ S, NCYC,NSL,DELN,E,R N UFORMAT( 6(25,I3),3F10 .3 )
tRITE(7,317) ICOD E

READING AND PRINTING OF INPUT DAT A

wR ITE(7,12 )
FORMAT("1",// /
110*

	

A.

	

A.

	

*

	

*

	

*

	

*

	

*

	

*

	

*

	

*

	

*

	

*

	

*

	

*

	

*

	

*

	

A" /
110X,"* 2-D STRESS ANALYSIS BY THE BOUNDARY ELEMENT METHUD *" /110x,"* PLANE STRAIN CONDITIONS,

	

FICTITIOUS STRIP LOADS

	

*" /
*"///)

317 FORHAT(1H ///,7x,23HCODE OF PkUBLE M TYPE _ ,I3 )

IF(ICDE .GE .1 .AND .ICODE .LE .2) GO TO 31 9

wMITE(
D
7,318 )

318 FORMAT(1H ///,7X,29HC0DE OF PROBLEM TYPE IS uRONG )

GO TU 50 3
3(9 CONTINU E

READ(1,35) SIGC,RM, S

35 FORMAT(3F10 .5 )
IF(SIGC .EG .0,0) GO TO 29 9
HRITE(7,36) SIGC,RM, S

36 FORMAT(1H ///,7X,41HROC K PROPERTIES .

	

SIGC, Rn, S =

13E10 .5 )
299 ,1RITE (7,13) NSEG,KXS,KZS,NCYC,NSL,OAE,RNU

= , SIb !// r13 FORMAT(1H ///,7X,28HNSEG, KXS, KZ5, NCYC ,

1 7x,23HDELN, E MODULUS, RNU = ,3F10 .3 / )

IF(ICOOE .E0 .2) GD Tu 32 2
320 NRITE(7,321)

	

ANALYSIS IN INFINITE ISOTROPI C
321 FOPHATCIH ///,7X,46HCODE OF TH E

lIA )
READ(1,21) FPXX,FPZZ

21 FORMAT(2F10 .3 )
wRITE(7,22) FPXx,FPZ Z

22 FORMAT(1H ///,7X,IIHFPX ,

GO TO 33 6
322 wRITE(7,323 )
323 FORMAT(1H ///,7X,55HCODE OF THE ANALYSIS IN HOHOGENOUS GRAVITATIO N

1AL MEDIA

	

)

REAO(1,324) GAMMA,FS R

324 FORMAT(2F10 .3 )

=RITE(7,325) GAMHA,FS R

325 FORMAT(1H ///,7X,25HGA MMA , mORZ . STR RATIO s ,2F10 .3 )

336 CONTINU E
NN

	

0
PI = ATAN(1 .0) * 4 . 0

TA = 2 .0*(1 .0 - RNU )

TJ = 1 .0/(2 .0*PI* T A )
TU=3 .0- u .0* RN U
G=E/(2 .0*(1 .0+RNU) )

TV=0 .5*TJ/ G

INTERPRETATIO N OF SYMMETRY COD E

KAS = 0

IF(KZS .EO .-1) KAS= 1

.KOT = 2*KXS + 1
KZT = 2*(KZS + KÄS) + 1

DIVISISON OF BOUNDARY INTO SEGMENT S

CENT Z
PSI" /

(FIRST-Z )

C
C
C

ME D

FPZ = ,2F10 .3 /// )

1 = 0

NSEGG = 0
=HITE(7,1b )
FORMAT(// /

*

	

ELEMENTS CENT x

"

	

RADIUS

	

RATI O
A

	

"

	

(FIRST-O )

IF(NSEGG .EU .NSEG) GO TO 50

NSEGG = NSEGG + 1

NELG = 0
RELG = NELG
9EAD(1,17) NELR,xO,ZO,xL,ZL , ROS,RATIO,PS i

FURMAT(7x,I3,7F10 . 0 )

RELR = NEL R
IF(ROS .EO .0 .0) GO TO 60 0

DIVISIO N OF ELLIPTICAL OR CIRCULAR SEGMENTS INTO ELEMENT S

IF(RATIO .EQ .0 .0) RATIO = 1 . 0

ARITE(7,18) N ELR,xO,ZO,XL,ZL, ROS, RATIO,PS i

THE 11 THÉT2" ,

(LAST-x) (LAST-Z) " / )

70 0

1 7

C
C
C

C
C
C

1 6

C



SUD

	

503

C
C
C

18 FORMATC1H ,6X,I3,7F10 .3 )
SINPSI = SI N CPSI*PI/180 . )
CDSPSI = COS(PSI*P1/180 . )
GD = .1E-1 0
GA = RATI0*C0S((XL-PSI)*PI/180 . )
IF(ABS(GA) .LT .GO) GA=GD
G8=RATIO xCOS((ZL-PSI)*PI/180 . )
IF(A8S(GB),LT,GD) GBaG D
CHII =AT AN2(5IN((XL-PSI)*PI/180 .),GA )
CHI2 = ATAN2(SI N ((ZL-PSI)*PI/180 .),GB )
DCHI a (CHI2 - CHII)/REL R
IF(ABSCDCHI) .LT .GD) GO TO 60 6
GC = DCHI/ABS(DCHI )
GO TO 60 5

606 GCa-1, 0

x05 DCHI a DCHI + ((ZL- X L)/ABSCZL-XL)-GC)*PI/REL R
600 1 = I + 1

CHI = CHI1 + RELGxDCH I
EX1(I) a RDS * ( COS(CHI) *SINPSI+SI N (CHI)*COSPSI*RATIO)+X O
EZI(I) = RDS*(COS(CHI)*CDSPSI - SIN (C H I)*SINPSI*RATIO) + Z OCHI = CHI + DCH I
EX2(I) = RDS*(COS(CHI)*SINPSI + SIN(CHI) xCOSPSI*RATIO) + XOEZ2(I) = RDS*(COS(CHI)*COSPSI - SIN (CHI)*SINPSI*RATIO) + Z 0CXCI) a 0 .5*(EX1(I) + EX2(I) )
CZ(I) = 0 .5*(EZI(I) + EZ2(I) )
DX = EX2(I) - EXI(I )
DZ = EZ2(I) - EZI(I )
IF ( A8S (OX) .LT .C .1E-13)*RDS) O X
IF ('ASS (DZ) .LT .( .1E-13)*R0S) DZ
OS = SWRT(DX*DX t DZ*OZ )
SINB(I) _ -DZ/D S
CU56(I) = DX/D S
NELG = NELG + 1
RELG a NEL G
IF(NELG .LT.NELR) GO TO 60 0
GO TO 700

DIVISION OF STRAIGHT LINE SEGMENTS INTO ELEMENT S

CONTINUE
*RITE(7,15) NELR,XO,ZO,XL,Z L

15 FORMAT(3H ,bX,13,4F10 .3 )
Ox a (XL-XO)/REL R
DZ = (ZL-ZO)/REL R
OS a SDRT (DX*DX+DZ*DZ )

J I= I t 1
SIN8(I) = -02/D S
CO58(I)

	

DX/O S
E x1(I) = x0 + RELG*O X
EZ1(I) a ZO + RELG*O Z
CXCI) = EX1(I) + 0 .5*0 X
CZ(I) = EZ1(I) + 0 .5xD Z
EX2(I) = EX1(I) + Dx
EZ2(I) = EZ1(I) + D Z
NELG = NELG + 1
'FFLG = N EL G
I"('ELG .LT .NELR) GO TO 90 0
GO TO 700

O +AXI a 1
x xxJ = I

DETERMINATION OF 8OUNDARY TRACTIONS EGUIVALENT TO FIELD STRESSE S

GO 100 I a 1,MAX I
:FCICODE .E0.1) GO TO
'Z(I) a GAMMA*CZ(I )

= = X(I) a FSR*FPZ(I )
GO TO 32 9
F P Z(I) a FPZ Z
E 'x(I) = FPX X
''+(I) a 2 .0*(FPZ(I)*(C088(I))**2 + F PXCI)*(SINB(I))*x2 )'NM(I) a 2 .0*(FPXCI) -FPZ ( I ))*SINB(I)*COSB(I)

Q m (l ) a PNM(I )
()NU) a PN(I )

100 CONTINU E

ADDITION OF BOUNDARY
TRACTIONS DUE TO BOUNDARY LOAD S

106 READ(1,19) LP1,LP2,6PX,B P Z

19 FORMAT(5x,I5,5X,I5,2F10 .0 )

IF(LPI .EG.0) GO TO 10 5
+RITE(7,20) LP1,LP2,5PX, BP Z

20

	

FORMAT(///6Xr "BPX a°,F10
.3/6X P, * B P Z

x',16/6X ,

*1

	

,F10 .3/// )

00 107 I a LP1,LP 2
PN(I) a PN(I)-2 .0*((6PX-BPZ)*(SI NB ( I))x * 2+BPZ )

PNM(I) = PNM(I) - 2 .*(BPX-8PZ)*SI N 5( I )*COS5(I )

107 CONTINUE

GO TO 10 6

C
C

	

DETERMINATION OF COEFFICIENTS IN EXPRESSION S FOR STRESSES

C

	

INDUCED BY FICTITIOUS LOAD S

C
105 DO 101 I = 1,HAX I

CXI = CXCI )
CZI a CZ(I )
IF(NN .GT .0) GO TO 10 4

COS28I = 2 .0 * CCOSB(I))**2 - 1 . 0

SIN28I = 2 .0 * 5IN6(I) * COSB(I )

104 DO 118 J a 1,MAX J
TK = 0 . 0
TL = 0 . 0
T H = 0 . 0
TN = 0 . 0

TO = 0 . 0

TP = 0 . 0
DU 102 KXU a 1,KXT, 2

Kx = 2- KX U
RX a K X
DO 102 KZU=1,KZT, 2
KZ = (2-KZU)*(1-KAS)+ KAS* K X

RZ a K Z
CDSBJ a RX*COSB(J )
SIr66J a RZ*SINB(J )
EX1J = RZ*EX1(J )
Ex2J a RZ*EX2(J )

EZ1J = RX*EZ1(J )

EZ2J = Rx*EZ2(J )

LL = KX+KZ-2+10*(I-J)+1 000 * N N

IF(LL .E0 .0) GO TO 13 5
RN a (CZI - EZ1J)*C05BJ + (CXI - EX1J)*SI N B J

RM1 = (CXI - EXIJ)*CDSBJ - (CZI - EZ1J)*SINB J

R^'2 a (CXI -EX2J)*COSBJ - (CZI - EZ2J)*SINB J

RSG1 = RM1*RM1 + RN*RN

RSG2 = RM2*9M2 + RNxRN

TB a 2 .0*ATAN2((RM1 - RM2)*RN,(RN*RN + RM1*RM2)
)

TC a 2 .0 *RN * (RM1/R501 - RM2/RSG2 )

TO = (RN**2 - RM1**2)/RSO1 - (RN**2 - R42**2)/RSD 2

TE a ALOG(RS01/RSG2 )

COS2F a 2 .0*(COS2BI*(CDSBJ**2 - 0 .5) + SIN281*SIN8J*COS B J )

SIN2F a 2.0*(S I N28I*(CDS8J* * 2 - 0 .5) - COS2BI*SINBJ*CDS B J )

GO TO 13 7

135 TB = 2 .0*P I

TC a 0 . 0
TO a 0 . 0
TE a 0 . 0
COS2F a 1 . 0
SIN2F a 0 . 0

137 CONTINU E

. 0

. 0

328



50 4

TK x TK + T8*R9*R Z
TL x TL + TE
T M = TM + (TO + TA*TEE)*COS2F + (TC - T A*T8)*SIN2FTN = TN

	

( (( 1 . 0 - TA )*TB-TC)*C0E2F + ( TD+(1 .0 - TA)*TE)*SIN2F)*Hx*R ZTO = TO+(TD+TA * TE)*3IN2F-(TC-TA*T8)*C052F
TP = TP + (((1 .0-TA)*TB-TC)*SIN2F - (TD+(1 .0 -T A )*TE)*C052F)*RX*R Z102 CONTINU E
BMM(I,J) _ (TL + im) * T J
8MN(I,J) _ (TK t TN) * T J
8NM(I,0) _ (TL - TM) *T J
8NN(I,J) _ (TK -TN) * T J
D M (I,J) = TO *T J
0N(I,J) x iP *T J

118 CONTINUE
',01 CONTINUE

IF(NN .GT .0) GO TO 40 4
M x u

DETERMINATION OF FICTITIOUS LOAD S

00 00 401 1 = 1
0MI x PNM(I )
UNI = PN(I )
00 402 J = 1,MAX J
IF(I .EO.J) GO TO 40 2
GMI = QMI - DM(1,J)*DM(J) - D N (I,J)*0N(J )
UNI = DNI - BN M (I,J)*GM(J) -8NN(I,J)*DN(J )

)2 CONTINU E
DENOM = AN N(I,1)*OM(I,I) - D N (I,I)*8NM(I,I )
U m (l) _ (OMI*BNN(I,I) - O N I*DN(I,I))/UENO M
G N U) _ (0 N I*D M (1,I) - O MI*BNM(I,I))/DENO M

1 CONTINU E
n = M +

IF(M .LT .NCYC) GO

DETENMINATION OF STRESS COMPONENTS, PRINCIPAL STRESSE SAND DIRECTION S

00 500 I = 1 , MAX I
IF(ICODE .EQ .1) GO TO 40 3
FPZ(I) =GAMMA*CZ(I )
FPX(I) = FSR*FPZ(I )
SMI =2 .0*FPX(1 )
301 = 2 .0*FPZ(I )
SOMI = 0 . 0
IF(NN .GT .0) GO TO 40 5
SNI = 2 .0*((FPX(I) - FPZ(I))*(COS0(I))**2 + FPZ(I) )
SNI = 2 .0*((FPX(I) - FPZ(1))*(SIN8(I))**2 + FR2(1) )
3001 = 2 .0*(FP1(I) - FP Z(I))*SINB(I)*COSB(I )
DG 501 J = 1,MAXJ
SNI = SNI - 8NM(I,J)*GM(J) ° 8NN(I,J)*GN(J )
SMI x SMI - BMM (I,J)*UM(J)-8MN(I,J)*GN(J )
SNMI = SNMI - U M (I,J)*U M (J) - DN(I,J) *DN(J )
CO N TINU E
SDI = 0,5*(SMI-SNI )
TAUMAI

	

0,5*SORT(SDI**2 + 3NMI**2 )
5IG1(I) = 0 .25*(SMI+SNI) + TAUMA X
5103(I) = 0 .25*(SMI+SNI) - TAUMA X
TN x 2,0*TAUMAX + SNMI - SD I
IF(TR .EG .0 .0) TR = 0,0000 1
ALPHA (1) _ (180,/PI)*ATAN(1 .0 + 2,*SDI/TR )
CONTINU E

DETERMINATION OF INDUCED DISPLACEMENT S

00 601 I=1,MAX I
_xO=CX(I )
:ZI=CZ(I )
)XX=0, 0
)ZZ=0 . 0
i0 602 J=1,MAXJ

603 KXU=I,KXT,2

Kx=2-K x U

RX x K X

00 603 KZU=1,KZT, 2
KZ=(2-KZU)*(1- KAS)+ K AS* K X
RZ x K Z
C058J = RX*COSB(J )
SINBJ = RZ*5IN8(J )
Ex1J = RZ*EX1(J )

Ex2J = RZ*EX2(J )
EZ1J = RX*EZ1(J )
EZ2J = Rx*EZ2(J )
RN x (CZI-EZIJ)*COSBJ+(COI-EX1J)* S I NBJ

LL=KX+KZ-2+10*(I-J)+1000*N N

IF (LL .EG .0) RN x 0 .000 1
RMO = (CxI - EX1J)*COSBJ - (CZI - EZ1J)*SIN8 J

RM2 = (CXI - EX2J)*COSBJ - (CZI - EZZJ)*SONB J

8501 = SGRT(RM1*RM1 + RN*RN )

0502 = SDRT(RM2*R M2 + RN*RN )

RNO = -EZZJ*COSBJ - Ex1J*SIN8 J

IF(ABS(RNO) .LT .0 .0001) NNO = 0 .000 1
RMIO = E0IJ*C058J - EZ1J*SIN8 J

RM20 x EX2J*COS8J - EZ2J*SIN8 J
05010 = SDRT(RM10*RM10 + RNO*RN0 )

45020 = SGRT(RM20*R M 20 + RNO*RNO )

IF(RSD10 .LT .0,001) RSG10 = 0,00 1

IF(R5020,LT .0 .001) 05020 00 .00 1
IF(ABS(RNO) .LT .0 .0001 .AND.RSD20 .LT .0 .001) RS020 = 0 .00 1

TS = -HN*ALOG(RSG2/RSO1 )
TR = -RN*ATAN2((RM2-RM1)* RN , (NN*+N+RM1*R M2) )

TT = TU A(-RM2*ALUG(RSC2 )

1

	

+RM1*ALOG(RSG1)+R M2- RM 1+T R )
UM = Tv*CTS*ON(J)*Rx*RZ - (TT+TR)*GM(J) )

.IN = TV*(TS*OM(J) - (TT-RM2+RM1-TR)*Rx*RZ*DN(J) )

U xx = uxx-UM*COSBJ-UN*SI N 8 J

ULZ = UZZ 4 UM*SINBJ - UN*COSB J

603 CONTINU E
602 CONTINU E

00(I) = Ux x
UZ(?) = UZ Z

601 CONTINU E
=RITE(7,119) NN

119

	

FORMAT(*1",SX,* N N =",I3 )
IF(SIGC .E0 .0 .0) GO TO 42 0

IF(NN .GT .0) GO TO 61 1

ARITE(T,612 )
612 FûRMAT(1H ///,4x,82HSTRESSES AND DISPLACEMENTS , A ND FAILURE CRIT E

1Ri0N AT CENTERS OF SOUNDARY ELEMENTS )

GO TO 61 3
611 ,NITE(7,614 )
614 FORMAT(1H ///,4X,68MSTRESSES AND DISPLACEMENTS, AND FAILURE CRITE R

1ION AT INTERIOR POINTE )

613 •,PITE(7,25 )
25 FORMAT(lh ///,3X,2H I,6x,2NCX,9X,2HCZ,ox,uhSIG1,t x , 4H SI G3,5 x ,

1 5MALPMA,6X,3M 00,70,30 uZ,7X,5MF .0,S,6x,ü^6ET A )

C
C

	

FAILURE CRITERION AND FACTOR OF SAFETY DETEPMIN ATID N S

C
OD 620 I=l,MAX I

IF(A8S(SIG1(I)) .LT .0,00 U 1) SIG1(I) = 0.000 1

SOGT = 0 .5mSIGC*(RM-SGRT(R M * RM + 4 . 0 *5 ) )

IF(SIG3(I) .LE,SIGT) GO TO 62 2

TSC = SDRT(RM*SIGC*SIG3(I)+S*SIGC*SI GC )

POS(0) _ (SIG3(I) + TSC)/SIGI(I )

IF (FU5( I) .G7 ,1 .0) GO TO 62 1

TAU . = 0 .5*(SIG1(I) - 5I03(1) )

TCM = 0 .25*SIGC*R M

TCM1 = SORT(TAUM*T AUM + TAUM*TCM )

TCn2 = 0 .5*TC M
BETA(I) x 0 .5*(180 .0/PI)*ATAN(TC M i/TCM2 )

,MAXI

TO 400

C
C

	

CHECK FOR SMEAR FAILUR E

C



ÄRITE(7,616) (I,CX(I),CZ(I),SIGI(I),SIG3(I),ALPHA(I) ,
1 ux(I),UZCI),FOS(I),6ETA(1) )

*1b FOPMAT(IH ,I4,2F1043,2G10,3,F10 .3,2G10 .3,2F10,3,4x ,
) rSHEAR FAILURE )

GG TU 62 0

CHECK FOR TENSILE FAILUR E

622 TCT = RM - SORT(RMrRM + 4 .0*8 )
FUS(I) A SIGC*TCT/(2 .OrSIG3(I) )
IF(FOS(I) .GT .1 .0) GO TO 62 1
BETAU) = 0 . 0
rRITE(7,617) (I,CX(I),CZ(I),SIG1(I),SIG3(I),ALPHA(I) ,
1 Ux(I),UZCI),FOS(I),BETA(I) )

617 FORMAT(1H ,14,2F10 .3,2G10 .3,F10 .3,2G10 .3,2F10 .3,4X ,
1

	

15HTENSILE FAILURE )
_C TU 62 0
-RITE(7,62 5)(I,Cx(I),CZ(I),SIG1(1),SIG3(1),ALPHA(I),ux(I),uZ(I) ,
F05(I) )

25 FORMAT(1h

	

, I 4 , 2F 1 0 . 3 ,2 G 1 0 .3, F 1u .3,2G10 .3,F10 .3,7x,3HN .A,ex ,
1

	

IIHNO

	

FAILURE )
620 CONTINU E

GO TO 45 0
20 IF(NN.GT .0) GO TO 42 2

RRITE(7,021 )
421 FORMAT(IH ///,4X,58HSTRESSES AND DISPLACEMENTS AT CENTERS CF fOLN D

1ARY ELEMENTS )
GO TO 425

222 rRITE(7,423 )
4 .3 FORMAT(1H ///,4X,45HSTRESSES AND DISPLACEMENTS AT INTERIOR POINTS )
425 RAITE(7,430 )
430 FORHAT(1H ///,3X,2H I,6X,2HCX,9X,2HCZ,6X, 4 HSIG1,6X,4FSIG3,5x ,

1 SHALPHA,6X,3H UX,7X,3H UZ )
49ITE(7 , 440) (I, CX (I),CZ(I),SIGI(I),SIG3(I),ALPHA(I),UI(I) ,

1

	

uZ(I),IA1,MAXI )
ton FORMAT(1H ,I4,2F10 .3,2G10 .3,F10 .3,2510 .3 )
'50 CONTINU E

IF(NN,EO.NSL) GO TO 503

GENERATION OF INTERIOR POINTS, STRESSES ANU UISPLACÉMENT S
DETERMINED 8Y LOUPING TU 10 5

NN = NN + 1
1F(NN .GT .1) GO TO 50 4
C0525I = 1 . 0
5IN28I = 0 . 0
'AxI = MAx J
10 502 I = 1,MAX I
K = 1
CX(I) = CX(K )

CZ(I)

	

CZ(K )
54(I) = SINB(K )
C8(I) = COSbCK )
CUNTINU E

oEL N
:D 505 I = 1,0Ax 1
Cx(1) = CX(I) + S6(I)*T O
CZ(0) = CZ(I) + CV(I) A T G

5 CUNTINuE
,U TU 10 5

3 CiNTI++u E
_TO P
:NC

UNOERGR0UNU CAVERN-CIRCULAR ROOF- G RRAVITATIONAL STRESS FIEL D

COCE OF PROBLEM TYPE =

	

2

CODE 0F THE ANALYSIS IN HDMOGENOUS GRAVITATIONAL MEDI A

GAMMA, HURZ . STR RATIO A

	

.027

	

2 .00 0

ELE M ENTS
(F
CENT X

	

CEN
T IRST-X) (FIRSTZZ)

	

(LAST 3X)
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RADIU S

9
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9
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Appendix 5 : Determination of material constant s

Part 1 - Intact roc k

The empirical criterion given by equation 43 :

	

e 1 = a 3 + ✓mc c .a 3 -

	

sa c2

may be rewritten as :

	

y = mo c.s + sa c 2

	

(A .1 )

where

	

y = (a1 - a 3 ) 2

	

and

	

x = Q3 .

For intact rock, s = 1 and the uniaxial compressive strength a c and the materia l
constant m are given by :

	

c2 = r -

	

i 2

	

(EOi) 2

	

r	 LW E;K
n

where xi and yi a r e successive data pairs and n is the total number of such
date pairs .

( y2 -
(t ^i)2HEyi 2

The closer the value of

	

is to 1 .00, the better the fit of the empirical equation
to the triaxial test data .

Part 2 - Broken or heavily jointed roc k

For broken or heavily jointed rock, the strength of the intact rock pieces, a c , i s
determined from an analysis such as that presented above or it is estimated fro m
a test such as the Point Load Index (see page 52) . The value of m for the broke n
or heavily jointed rock is found from equation A .3 and the value of the constant s
is given by :

s

	

1

	

Ji

	

mm E
.,.

2=

	

-QC2 [Zn

	

n

The coefficient of determination r 2 is found from equation A .4 .

When the value of the constant s is very close to zero, equation A .5 will sometimes
give a negative value .

	

In such a case, put s = 0 and calculate m as follow s

Eyi
ID ac .E_- ,

Note that equation A .4 cannot be used to calculate the coefficient of determinatio n
r 2 when s

	

is negative .

Cc

	

T- 2 _ ((rsn_2
r.

T-v Z - ExiEyi
n n (A .2 )

(A .3 )

The coefficient of determination r2 is g iven b y

E-irui '-
r2

	

E= i.Zdi -=

	

n (A .4 )

(A .5 )

(A .6)
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Part 3 - Mohr envelop e

Balme r 135
expressed the equation for a system of Mohr circles (see page 94) as

:

The values of the constants A and B are found by linear regression analysis o f

equation .4 .14 for a range of values of c and r calculated from equations A
.11 an d

A .12 .

( a

	

/(o1± c3)12 + T2 =

	

(c l - 0' 3) 2

	

(A .7 )

!f the partial derivative of c l with respect to c3 is determined and solved fo r
the following equation is obtained :

cl - c 3

c = 0 3 +

	

2c l

3c3 + 1

Substituting equation A .8 into equation A .7 and solving for r gives :

B =

	

2 _ ( Exi) 22

n

Eyi -
B

Exi

n

	

n

The instantaneous friction angle pi and the instantaneous cohesion ci for a give n

value of c are defined by :

(A .8)

log A =

(A .15 )

(A .16 )

c l _ c 3 .jhsj_
2 --

	

+ 1

	

20'3
2c 3

Tap p i = AB(c/
0c

- ac /c
c ) B -

(A .9) (A .17 )

For the relationship given by equation 43, the partial derivative of c l with respec tto c 3

	

is :

(A .18 )
ci - T - aTan

2c ,

20.3

Substitution of equation A .10 into equations A.8 and A .9 gives :

T 2

TII + Lia,/ B

	

(A .11 )

_ (0' - c3) ✓ I + xcc/4Tm

	

(A .12 )

where

	

Tm = /(cl - 0'3) -

By substituting successive pairs of c l and a 3 values into equations A .11 and A .12 ,
a complete Mohr envelope can be generated

. While this process is convenient for some
applications, it is inconvenient for calculations such as those involved in slop

e
stability assessment where the shear strength is required for a soecified norna ls tress level

. For these applications, a more useful expression for the Mohr envelop eis

	

i

`l

	

= ° 0/ a - c t/,- ) B

	

(A .13 )

where A and B are empirical constants which are determined by means of the followin
ganalysis :

Rewrite equation A .13 as follow s

y = ax + b

efiere

	

y = log r /c c
x = log(c/c c - c t/c c )
a = B
b = log A

7t/ac = _(m - ✓m + 4s )

Calculation sequenc e

The analysis presented in this appendix can be carried out with the aid of a progra
m-

mable calculator . The following calculation sequence can be used

Intact roc k

1. Enter triaxial data in the form x = a 3 , y = (a l t c 3) 2

2. Calculate and accumulate :

Exi, Exil, Ey i, Eyi2 and CLxiyi ,

3. Calculate ac from equation A .2 ,

4. Calculate m from equation A .3 ,

5. Calculate r 2 from equation A .4 ,

6. Note that s = 1 for intact rock .

Broken or heavily jointed rock

1. Enter value of c c for intact rock ,

2. Enter triaxial data in the form x = c3, y = (o : - c3 ) 2 ,

3. Calculate and accumulate :

'zxf, Exf 2 , Ey Z-,
Eyi 2 and Exiai ,

4. Calculate m from equation A .3 ,

5. Calculate s from equation A .5 ,

6. Calculate r 2 from equation A .4 ,

7. When s e 0 in step 5, put s = 0 and calculate m from e q uation A .6 ,

8. Note that equation A .4 is not valid when s a 0 .

Generation of Mohr envelop e

Enter values of

	

ac, m and s ,

Calculate c l for a chosen value of c 3 from equation 43 ,

Calculate Tm = =.( 05 - 0' 3) ,

Calculate a from equation A .11 ,

Calculate T from equation A .12 ,

Repeat for new values of c 3 until the complete curve has been generated .

(A .10 )
mc c

2(cl - 03)

1 .

2 .

3 .

4 .

5 .
6 .

(A .14)
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Ca?cuiati,on of acnstante A and B

1. Input values of ° c , m and s; calculate c t = io c (m - ,/m2 + 4s) ,2.
Calculate values of o and r from equations A

.71 and A .12 fo rvalues of a3 equal to :

°3m, a3m/2, 030/4, c m/

	

o m3 e, 3 / 16, °30/ 32, ° 3 m/ô 4 . ° 3 m/ 128, c 3m/ 256 ,
°t / 4, °t/2, 3ot / 4 and a t ,

where c 3 m is the maximum value of °3
in the problemc onsideration _

3
. Enter Bach of the calculated values in the form :

r = log(°/ac °t/ °c ) and y = log'/o c

4. Calculate and accumulate :

Eri,
Ezi 2, Ey,,, Ey i 2 and Exiyi ,

5.
Calculate the constants A and B from equations A

.15 and A .16 .6. Calculate the values of 2i and
c ; from equations A .17 and A .1 8if required .

under

Introduction

The analysis presented in this appendix was prepared b y

Dr J .W . Bray of Imperial College in London . Some modifica-

tions were carried out by Dr R .D . Hammett of Golder Associate s
in Vancouver, Canada .

The analysis can be used for wedges defined by three inter -

secting discontinuities in either the sidewalls or the roo f

of an underground excavation . Fora defined wedge , the

analysis determines whether : (a) the wedge floate or fall s

out, (b) the wedge is inherently stable (the resultant forc e

tending to push it into the rock mass), (c) the wedge tend s

to slide out on two planes simultaneousiy, or (d) the wedg e

tends to slide out on one plane .

	

In the latter two cases ,

a factor of safety is calculated for given values of th e

cohesive strength c and the angle of friction f . Rotationa l

instability is not considered .

Note that wedges can always be formed at the wall of a n

underground excavation, provided that none of the planes I ,

2, 3 and 4 (see diagram on page 518) are parallel, and th e

discontinuities can be taken to be ubiquitous . This i s

different from the Gase of slopes where the existente o f

wedges has to be established .

The calculation procedure has been specially designed s o

that the results obtained are independent of whether the

normale to the four wedge faces (5, b, d and f in th e

diagram on page 518) are directed into or out of the wedge ,

and independent of the order in which the planes 1, 2 and 3

are arranged around the wedge .

Two solutions are g iven for wedge sizes defined by

a) the largest wedge that can be released in a tunne l

of span or sidewall height W b , an d

b) a wedge defined by the length 14 of the trace formed b y

the intersection of discontinuity plane 3 and the fre e

face 4 .

Notatio n

1, 2, 3

4

W b

Px, Py, P z

q x, q y, q z
t x ,t y ,t z

A l , A, A 3

W

- discontinuities in the rock mas s

free face (roof or sidewall )

- s p an of free face between boundar y

- length of trace of p lane 3 on free

- dip and dip direction of plane

- plunge and trend of boundary edges of free fac e

- plunge and trend of bolt force T . Note tha t

plunge W E is defined as negative when bolt act s

upwards .

- coordinates of vertices of wed g e on free fac e

using coordinate system : y axis pointing north ,

z axis pointing upwerds, origin at Interna t

vertex

- areas of face s

- weight of wedge

edge s

face



	

T

	

- holt fort e

	

y r

	

- unit weight of roc k

	

u

	

- average water pressure an discontinuities

	

N, S

	

- normal and shear reactions an plane carried 6 y
rock contact s

	

c,

	

- cohesion and angle of frictio n

- factor of safe[ Y

an sequenc e

,iefinedby span crsidewall heighu W b

ay a = Sin O i Sin a 1 ,

	

Sin ;b i Cos

	

, Cos ■g l

hy ,

	

=

	

92 S in a 2 ,

	

S in 02 Ces =2 , Los 4 2

= Sin g Sin a, , Sin 9 3 Los a 3 , Cos 9 3

;Jep honging facgg c7e for u e r 7icai ftc g s ag s.we a sZight euerhang in orale r
the the die directicn determinatz )

,

	

f„, = S in Ih, Sin aL, ,

	

S in ■tu Cos au , CosPe,

	

oce g with

	

auerhon

g ,f3 = -Sin 0 4 Sin a,,, - Sin

	

:4,Cos

	

- Co s

,g, = Cos 05 Sin ag , Cos 0 5 Cos ag , -Sin 0 5

	

= Cos

	

Sin ae , Cos 9g Co s

	

a 6 , -Sin ,p,

hy , ho = (fyg. - f . gy) , (fzg= - fxg ,,), (f-'y - fyg. )

,iy

	

= ('yb, - d,by), (dzob's - dzb„) , (d,b y

	

cZyb,)

9.

	

= (ayd., .- a,dy), (a,,dx - a,-d,,), (ardy

	

ayd .2,)

10.

	

,ky ,k„ = (bya, - b,ay), (b„a,, - b,,J.,.), (b,,2y - hyas )

11.

	

Z = -(asis + ay iy + a,,i„ )

12.

	

1 1 = f,„i„,, + fy iy + fs i„

13.

	

' 2 = fai2 + fyiy +fzi a

	

14 :

	

i 3 = f kx + fy ky + f,2,k z

m i = (hsix + hy i y + hi,, )/ 7, 1

m 2 = ( hsjs + ky,iy + h y )/Z 2

m 3 = (h sk r + ;:yk y + h)n,

18.

	

- W b/I M 1

	

M 21, e2 1". W b/1 M2 - M31, e3

	

''48/1m3

	

ad

19.

	

e = least of e i ,

	

e 3

20.

	

k, = - e/Z. l , k 2 = -e/1 2 , k 3 = -e/z 3

21.

	

A l = Z .k2k 3 /2, A 2 = k 1 A,/k2, A 3 = k 1 A 1 /k 3

	

22 .

	

W = - y,'A l k l / 3

23.

	

Areas of faces = I A 11, IA21,

	

1A 2 1

24.

	

Weight of wedge = IW F

25.

	

U i = uiAi, U 2 = = 2A 2 , U 3 = u 3A 3

15 .

16 .

17 .

	

26 .

	

r 1 =

	

dy''Y

	

dzb '' '

	

27 .

	

r 2 amds ay'=y +

28 .

	

29 .

	

Tx , T

	

To = T .c,, T .cy , T .c ,

	

30 .

	

R
=

	

U i ax - U 2b„ - u 3=„

	

31 .

	

Ry = - U i oy - 0 2 by, - 0 3 ay

32.

	

= - U l a„ - U 2b, - U 3 d „

33.

	

91
=

92 = R,b, + Ryhy + R„h ,

93 . R= d„ + Rydy + R zcls ,

= (91 - r 3 g 2 )A I /t 3 lAl l

34 .

35-

36 -

37 . 5= k 3A 1 A2 /IAI A 2I /h 3

T„ .W/IW I

Ty - W/IW I

+ W

	

T„ .W/IW I

= R xy x + R y i y + R„i ,

h 2 =

	

RA

	

R::,,i .

h 3 = R,k„ + Ryky + Rb k;,

N2 = (92 - rsg l )A2/t31 A 2I
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If N, > 0, N, > 0 and S < 0, the active forces drive the wedge into the roc k
mass and there is no tendency to fall or slide .
The factor of safety has no meaninn and the wedg e
is stable . Terminate computation .

If N I > 0, N 2 > 0 and S > 0, contact occurs an planes 1 and 2 with separation o n
plane 3 -

Factor of safety F s

	

(N I Tan p 1 + c t! A II + N,Tan p 2 + c2I A 2I) / S

Terminate computation .

N 2 = (g2 - r i g 3 )A 2 /t 1I A 2I ,

	

N3 = ( g 3 - r i g 2 )A 3 /t 1I A 3 I
S = ^ A2A 3

/JA A , 1 ✓t 1

If N, > 0, N 3 > 0 and S < 0,

	

same conditions apply as for step 38, wedge i s
stable . Terminate computation .

If N,

	

0, N 3 > 0 and 5 > 0,

	

contact occurs on p lanes 2 and 3 wich separation o n
plane 1 .

Factor of Safety F s = (N,Tan h 2 + c 2 IA 2 I + N,Tan p 3 + c 3I A 31 )/ 5

Terminate computation .

N 3 = (g 3 - r,ai (A 3/ o ,133I ,

	

NI = (gl - r 2g 3 )A I /t 2I A i I
5 = h 2 A 3 A 1/I A 3 A I j/t 2

If N 3 > 0, N I > 0 and 5 < 0,

	

same conditions apply as For step 38, wedge i s
stable . Terminate computation .

If N 3 > 0, N I > 0 and S > 0,

	

contact occurs on planes 3 and 1 with separation o n
plane 2 .

Factor of Safety F s = (N 3 Tan p3+ c 3I A 31 + N,Tan 91+ c I IA I J)/ 5

Terminate computation .

N I = g 1 A ,/IA I I

If N I < 0,

	

separation on plane 1, continue wich step 5 3

5x = Rx - g l a. ,

	

5y = Ru - g l ay , Sz = Ro - g iaz

s -

(s,2 + 5y2 + S ) -

Contact on plane 1, separation on planes 2 and 3 ,
Factor of Safety Fs = (N I Tan p1 + c i 1A 1 1)/ 5

Terminate computation .

11 2 = g 2 A 2/IA2 1

If N 2 < 0, separation on plane 2, continue with step 5 8

Sx = R - g 20x •

	

5 y =

	

- g 2 by , S z = Rz -

57.

	

Contact on plane 2, separation on planes 3 and 1 ,

Factor of Safety Fs = (N,Tan p2 + c,jA 2 I)/ S

Terminate computation .

58.

	

N 3 = g3 A 3/IA3 I

	

59 .

	

If N3 < 0, separation on plane 3, wedge is unstable since it falls out, floats out

or is forced out by water pressure- Terminate computation .

S x = Rx - g 3 d. ,

	

5y = Rt, - g3 dy ,

	

50

	

R z - g 3d,

s = (S T 22 + 5y 2 + Sz 2 )

Contact an plane 3, separation on planes 1 and 2 ,

Factor of Safety F s = (N 3 Tan p 3 + c3I A3) / 5

For wedge defined by Zength w t of Grace of plane 3 an free fac e

Calculation is identical to that described above except for the following step s

not require d

h'

	

h.'y

	

h'y = (Jydo

	

f ..dy )

	

( ' zdx

	

f fdz) , (f..4y - fydd. )

= (h'x2 + h'y22 - h' ') =

hx , h y , hz

	

= h'_/s , h' y /s , h' z /s

Step 17 - not require d

Step 18 - not required

= W L/ jm l -m 2 J

op'er -
° 3 gang

	

Py

	

ca

	

v5

	

">

	

q 5

	

`-5

0

	

no

	

90 180

	

45

	

90

	

0

	

0

P I

	

C2

	

92

	

c 3

	

u 3

	

7 r

	

u

	

w b

0

	

30

	

0

	

30

	

0

	

30

	

0 .027 0

	

10

	

0

Output

A 1

	

= 20 .41241,

	

A 2 = 20 .41241 ,

	

A 3 = 40 .8248 3

w = 1 .5909 9

N I = 0 .9000 ,

	

N 2 = 0 .9000

	

5 = 0 .7115 1

Contact on planes 1 and 2, separation on plane 3

Factor of Safety E s = 1 .4605 9

60 .

61 .

62 .

Step 5 -

Step 7 -

Step 19 -

Exam p le s

2robCam 1 .

PI

	

e1

	

A,

	

-

45

	

240

	

45

	

120

'5 3

45



5 2 2

Imperia l

Length 1 mil e
1 f t
1 i n

Area 1 mile '-
1 acr e
1 ft 2
1 in 2

marked Volume 1 yd '
t 3

1 ft 3
1 UK

	

gal .
1 US

	

gal .
1 in '

mass 1 to n
1 l b
1 o z

Density 1 Ib/ft 3

Unit weight 1 Ibf/ft 3

Force 1 ton f
1 lb

	

f

Pressur e
or stress 1 ton

	

f/in '-
1 ton f/ft '-
1 lb

	

f/in 2
1 lb

	

f/ft 2
1 standar d
atmospher e

Moment

	

1 lbf f t
two cases represent wed g es in the roof (problem 3) and floor (problem 4) of an

	

Energy

	

1 ft lb f

Frequency

	

1 c/ s

Si unit prefixe s

Prefix

	

tera giga mega kilo min i

Symbol

	

T G M k m

Multiplier

	

10 12 10' 10 6 l0 3 10 _ 3

SI symbols and definitions

N
Pa

e
=

Newto n
Pascal

= kg m/ s 2
= N/ m 2

J = Joule = m .N

an 2

_ntical to problem 1 except that overhang exist s

Areas and wedge weight identical to problem 7 .

N 3 = 1 .125 ,

	

S = 1 .12 5

Contact on plane 3 , separation on p lanes 1 and 2

Factor of Safety F s

	

0 .5773 5

ove two cases represent opposite vertical faces of an excavation and show th e
ili ty of the wedge on one side as compared with the other .

u 2 a2 û 3 c 3
over-
bang 44 ny vs

	

cs

	

'P6

	

c6

290 60 345 35 140 yes 0 180 0

	

353

	

0

	

0

2 c, $ c 3 o3 Tr w b
50 0 30 0 30 1 0 4 0

= 0 .89273 A 2 = 0 .93425 A 3

	

= 2 .3109 8

A

	

= 0 .5436 1

NI

	

= -0 . 34943 N, _

	

-0 .27181 N 3

	

= -0 .44530

al reactions are negative and hence wed g e falls out .

r. problem 3 but with no overhang .

4reas and weight of wedge identical to p roblem 3 .
N 1 = 0 .31271

	

N, = 0 .05231

	

S

	

= -0 .4147 6
= fable under conditions defined in step 38 .

Metric S I

1 .609 km

	

1 .609 k m
0 .3048 m

	

0 .3048 m
2 .54 cm

	

25 .40 mm

2 .590 km 2

	

2 .590 km 2
0 .4047 hectare 4046 .9 m2
0 .0929 m '-

	

0 .0929 m2
6 .452 cm 2

	

6 .452 cm'-

0 .7646 m 3

	

0 .7646 m 3
0 .0283 m 3

	

0 .0283 m '
28 .32 litres

	

0 .0283 m 3
4 .546 litres

	

4546 cm 3
3 .785 litres

	

3785 cm 3
16 .387 cm3

	

16 .387 c m 3

1 .016 tonne
0 .4536 k g
28 .352 g

1 .016 M g
0 .4536 kg
28 .352 9

16 .019 kg/m 3

16 .019 kgf/m 3

16 .019 kg/ m3

0 .1571 kN/ m 3

1 .016 tonne f 9 .96 4 k N
0 .4536 kg f

	

4 .448 N

157 .47 kg f/cm 2
10 .936 tonne firn =
0 .0703 kg f/cm '-
4 .882 kg f/m 2

1 .033 kg f/m2

15 .44 MP a
107 .3 kP a
6 .895 kP a
0 .04788 kP a

101 .325 kP a

0 .9659 x 10 -e m/ s

0 .02832 m 3 / s

1 .3558 N m

1 .3558 J

1 H z

micro

	

nano

	

pic o

u

	

n

	

P

10 _6

	

10 _0

	

10 31 2

	

14 .495 16 f/in 2 1 .019 kg f/cm '-

	

1 ba r
1 ft water

	

0 .0305 kg f/cm'-

	

2 .989 kP a

	

1 in mercury 0 .0345 kg f/cm 2

	

3 .386 kP a

Permeability 1 ft/year

	

0 .9659 x10 - '3 cm/ s

Rate of flow 1 ft 3/s 0.02832 m 3 / s

0 .1383 kgf m

1 .3558 J

1 c/ s



Active span, definition of 1 8
Adiss, exploratory 57-5 8
A.mphibolite, triaxial test dato on

	

141, 14 3
Anchoring of rockbolts 345-34 6
Andesite, Panguna, see Panguna, Bougainville ,

Papua New Guinea, andesite from, strength o f
Anisotropic rock strength 157-15 9
Atlas Copco-Craelius core orientation syste m

5 0

Barton-Lien-Lunde index, see NGI tunnellin g
quality index

Bibliography on ?arge underground excavation s
12, 397-434

Bieniawski rock mass classification system ,

see CSIR rock mass classification syste m

Blocked steel sets, available support of 254
Blocks, unstable, support of 246-24 8
Borehole extensometers, use of, in measuremen t

of rock mass displacements 391-39 2
Borehole methods of stress measurement 384 -

38 9
Boundary element method of stress analysi s

IID, 122, 493-51 1
Brekke-Howard discontinuity infill ing clas s -

ification system 20-2 3
Brittle-ductile transition

	

133, 139-14 0
Brittle failure, definition of

	

13 3
Buckling of slabs parallel to excavatio n
boundaries 234-23 5

Gables, grouted, support provided by 256-258
Cabtesupport of wedges or blocks free to fal l

or slide 246-24 8
Gase histories, bibliography and tabulatio n

of 397-44 8
Chainlink mesh, use of, as support 35 1
Chert, triaxial test dato an 141, 11, 3
Christensen-Hugel core orientation method 50
Circular excavations, stresses around

	

103-11 2
Circular tunnel, rock surrounding, fractur e

propagation in 211-21 5
Cool pillar design 206-20 7
Cobar mine, Australia 31 7
Clar compass 4 2
Components of stress 87-69
Computer analysis of structurally controlle d

instability

	

191, 19 4
Computer processinq of structural data 7 9
Computer program for calculating elasti c

stresses and displacements by ehe boundar y

element method 494-51 1
Concrete lining, available support of 253-25 4
Convergence measurements 39 0
Conversion factors for units 52 3
Core logging 55-56
Core orientation 48-5 2
Core photography 5 5
Core storage 55, 5 7
Counting nets 66, 75, 7 8
CSIP rock mass classification system 18, 22 -

27, 34, 35, 171, J73, .303, 319, 38 0
use of, for estimating support 296-298

Damage caused by blasting 370-371, 378-380
Deere's rock quality designation (RQD)

	

18 f f
Deformability of rock masses 173-17 7
Design dato, collection of, instrumentatio n

for 384-38 9
Design process, flow chart of 1 0
Diamond drilling, sub-surface exploratio n

by 45 f f

Dinorwic Pumped Storage Scheme, Wales 191 -
193-6

Dolerite, triaxial test dato on 141,14 4
Dolomite, triaxial test data on 141,14 4
Drilling, see Diamond drilling, sub-surfac e
exploration b y

Ductile behaviour, definition of 13 3

Effective stress, Terzaghi principle of 15 3
Elasticity, definition of 8 7
Elliptical excavation, stresses on boundar y

of

	

110-11 2
Equal angle projections, see Stereographi t

projection s

Equal area projections 61-6 2
Excavation shape, influence of, on induce d

stresses 221-23 1
Explosive rock breaking, basic mechanics o f

367-36 8
Extension test on rock samples 13 5
Extensometers, borehole 391-39 2

Failure criterion for rock, empirical

	

137 f f

Failure, definition of

	

15 0
Failure mechanismsof rock around excavation s

183 f f

Fan cut 366
Fault, influence of, an excavation stabilit y

232-23 4
Fibre reinforced shotcrete 363-36 4
Finite element method of stress analysi s

108-11 0
Flat jacks, use of, in direct stress measur e -

ment 38 4
Forepoling 312-31 3
Four Fathom Limestone, Weardale Valley, U K

300, 30 3
Four Fathom Mudstone, Weardale Valley, U K

300, 303, 306, 31 1
Free face, creation of 368-37 0
'Fristion see' rock anchors 295, 33 5
Frozen stress photoelasticity 12 2

Gabbro, triaxial test data on 141, 14 5
Geological dato, collection of 38 f f

Geological data, graphical presentation o f

61 f f

Geomechanics classification, see CSIR roc k

mass classification system
Geophysical exploration 4 3
Gneiss, triaxial test data on

	

141, 14 5
Granite, progressive fracture of 166-16 8
Granite, triaxial test dato on

	

141, 14 6
'Granulated' marble, stren g th of 168-169



526

	

52 7

rational stresses

	

12 5
Limestone, Weardale Valley, UK 300, 30 3

,dwater pressure, measurement of 38 9
ed rockbolts and cables, support provide d

256-25 8
nq of rockbolts 345, 349-35 0

se i , see Shotcrete, use of, as suppor t

onic holes' 22 3
77 jointed rock masses, strength of 166-17 1
rule 9 5
inclusion stress cell

	

386-38 9
. ntally bedded rock, excavations in 235-

alic fracturing method of stress measure -

38 4

cation, influence of, on pillar stresse s

tian of failure surfaces

	

151-15 2
tion of orebody, influence of, on pilla r
'ity

	

210-21 1
limestone, triaxial tests on

	

13 9
o states of stress 93-10 1
u stress, influence of, an structurall y

rolled instability 199-20 0
‚ stress, measurement of 384-38 9
iity, structurally contralied, compute r
sis of

	

191-19 4
lity, types of

	

11-12, 183 f f

. .-tation 382 f f

sampling method 5 1
c drawings of structural planes 79-84 ,

-6 6

_„ .erhouse, Canada 22 3
perimental tunnel, UK 298-31 2

squations

	

10 3
fron ore mine, Sweden 37 8

projections, see Equal area projection s
rock mass classification

	

18, 2 7
s e, triaxial test data on

	

141, 14 6
-stiffness 237-23 9

eological

	

40-4 3
aeanulated', strength of 168-16 9
siaxial test data an

	

142, 14 7
,_ra state, triaxial tests on

	

15 8
ee '.'ire mesh, use of, as suppor t
plastic demonstration 84-8 5
:ir_le diagram 93-9 4
ng of underground excavations 389-39 4
a mine, Queensland, Australia

	

197 ,
1 7

. triaxial test data on

	

142, 14 7
eiscontinuities, rock with, failur e

3-16 4
excavations, stresses around 112-122

Natrass Gilt Sandstone, Weardale Valley, U K
300, 30 3

New 8roken Hill Consolidated mine, Australi a
317-31 9

NGI tunnelling quality index 27-35, 171, 303 ,
319, 38 0
use of, for estimating support 289-29 5

Norite, triaxial test data on 142, 148

Optical surveying, use of, in monitoring roc k

mass displacements 39 0
Orebody inclination, influence of, on pilla r

stability

	

210-21 1
Orientation of core 48-5 2
Orientation, optimum, of excavations in jointe d

rock 194-19 7

Panguna, Bougainville, Papua New Guinea ,
andesite from, strength of 170-171, 17 7

Parallel hole cuts 369-370
'Perfoboits' 282, 295, 335, 3 4 5
Photoelastic stress analysis

	

107, 122
Photoceology 3 9
Pillar failure 200-21 1
Pillar strength, influence of shape and siz e

on 207-21 0
Pillars, stresses in

	

112 f f
Pillar stiffness 236-23 9
Plane strain, definition of 91-9 2
Plane stress, definition of 90-9 1
Plough cut 36 9
Point load index 5 2
Pore fluid, influence of, on strength of rock

153-15 4
Pre-reinforcement of rock masses 312-31 9
Presplitting 372-373, 37 6
Principal stress, definition of 9 0
Projects, underground excavation, tabulatio n

of 434-44 8

Quartzdiorite, triaxial test data on 142, 14 8
Quartzite, triaxial test data on

	

142, 14 9

Regional geology, study of 38-3 9
Rockbott installation 342-350
Rockbott length, empirical rules for 32 1
Rockbolt spacing, empirical rules for 32 1
Rockbolt su pport of wedges or blocks free to

fall or slide 246-24 8
Rockbott systems 332-34 1
Rockbolting programme, organisation of 329-33 2
Rockbolts, grouted, support provided by 256 -

25 8
Rookbolts, ungrouted, available support o f

254-25 6
Rock mass classifications

	

14 f f
Rock mass classifications, use of, for esti m-

ating support 286-29 8
Rock-support interaction analysis 248-28 6
RQD, see Deere's rock quality designation

Sandstone, triaxial test data on 142, 14 9
Scaling after biesting 34 2
Schmidt projections, see Equal area projection s

Shafts, exploratcry 57-5 8
Shape, excavation, influence of, on stresse s

in surrounding rock 221 f f

Shape, optimum, of excavations in jointed roc k

194-19 7
Shotcrete, engineering properties of 360
Shotcrete, mix design for 355-359
Shotcrete, placement of 360-36 3
Shotcrete, use of, as support 353-364
Shotcrete lining, available support of 253-254

Sidewall failure analysis

	

187-19 1
Sidewall failure in circular tunnels 21 5
Sidewall failure in sauere tunnels 217-22 1
Single excavations, stress distributions aroun d

101-112, 467-49 2
Size of excavation, influence of, on structu r-

ally controlled failure 197-19 9
Stabs parallel to excavation boundaries ,

buckling of 234-23 5
Smooth blasting 372-374
Snowy Mountains Engineering Corporation ,

Australia, tests by, on Panguna andesit e

170-17 1
Snowy Mountains hydroelectric scheme, Australi a

8, 32 1
Spiling

	

312-31 3
'Split set' rock anchors 295, 33 5
Square tunnels, sidewall failure in 217-22 1
Stand-up time, definition of 1 8
Stereographic projection 61 f f

Stereographic neu 65-66, 75, 7 8
Stiffness of pi liars 236-23 9
Stini rock mass classification

	

1 8
Stone Mountain granite, triaxial tests on 15 1
Streamline analogy for principal stress traj -

ectories

	

101-103
Stress, components of 87-8 9
Stress, transformation of 89-90, 92-9 4
Stress, two-dimensional state of 90-9 3
Stress distributions around multi p l e

excavations

	

112-12 2
Stress distributions around single excavations ,

101-112, 467-492 .
Stress shadows 124-12 5
structurally controlled failure 183-ZO O
Support design 244 f f

Tensioning of rockbolts 347-3 4 9
Terzaghi joint sampling correction 7 9
Terzaghi principle of effective stress

	

15 3
Terzaghi-Richart theory of in-situ stres s

93-9 5
Terzaghi rock load classification

	

14-17, 18 ,
20, 35, 246 .

Three-dimensional pillar stress problems

	

12 2

Transformation of stress 89-90, 92-9 4
Trial excavations 194-195, 393-39 4
Triaxial com p ressicn-tensile tests on roc k

samples

	

134-135

Triaxial test data for intact rock specimen s

140-14 9
Tributary theory 112-11 4
True dip and apparent dip, relationshi p

between 7 4
Two-dimensional elastic stress distribution s

101 ff, 467-49 2
Two-dimensional state of stress 90-9 3
Types of underground excavation 8- 9

Uniaxial tensile tests on rock samples

	

13 4
Units, conversion factors for 52 3

V-cut 369

Wedges, analysis of ,

by computer 191,19 4
by stereographic projection 185-19 2
by vector method 517-52 2

Wedges, unstable, support of 246-24 8
Weldmesh, use of, as support 35 2
Westerley granite, triaxial tests on

	

151 ,
155, 16 6

Wire mesh, use of, as support 351-35 2
Wombeyan marble, strength of 158-16 9
Wulff projections, see Stereographi c

projections



Underground Excavations in Rock deals with the geotechnical aspects of the design of undergroun d
openings for mining and civil engineering purposes . It has been written for the engineer or geologist who is not a
specialist in rock or soil mechanics and contains a number of worked examples to assist the reader in applying th e
techniques described to his or her own problems. The rote of structural discontinuities in controlling the stabilit y
of underground excavations is emphasised and graphical and analytical techniques for assessing these problem s
are presented . Stress-induced instability is dealt with in a comprehensive manner ; the discussion includes th e
definition of a failure criterion for rock and rock masses, the analysis of stresses around underground openings an d
the choice of support to stabilise excavations in which stress-induced instability is a problem. Over 300 reference s
are cited in the text, and a bibliography containing over 350 references on large underground excavations is give n
in an appendix . Another appendix contains a computer program which uses the boundary element method t o
calculate stresses and displacements around underground excavations .

Evert Hoek studied mechanical engineering at the University of Cap e
Town, gaining both batchelor ' s and master ' s degrees on the basis of hi s
spècialisation in photoelastic stress analysis techniques . After a perio d
in industry, he joined the South African Council for Scientific an d
Industrial Research, where he became involved in the study of roc k
stress problems associated with deep-level gold mining . He was awarded
a Ph .D . by the University of Cape Town in 1965 for his work on th e
brittle fracture of rock . In 1966 he accepted an invitation from th e
University of London to establish an inter-departmental centre fo r
teachingand research in rock mechanics at the Royal School of Mine s
in the Imperial College of Science and Technology . In 1970 he wa s
appointed London University Professor of Rock Mechanics . In 197 5
he was awarded a D .Sc . in Engineering by the University of London fo r
his published work in rock mechanics . In the saure year he gained th e
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