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Preface

Anyone setting out to write a book on the design of underground excavations in rock soon
realises the enormity of the task being undertaken and the impossibility of satisfying the
requirements of all possiblie readers. Underground excavations are constructed for a wide

variety of uses in a large number of different rock types. In the mining industry, many
different underground mining methods are used, depending upon the dip and the thickness of the
ore body and the characteristics of the country rock. In civil engineering applications,

excavations designed to stor2 gas or oil, to house power generating equipment, for the
disposal of waste materials, to conduct water or to aliow the passage of vehicles must all
satisfy different requiremants.

The authors have attempted to identify those problems which are common to the design of all
underground excavations in rock and to provide the reader with a simple and clear expianation
of how these problems can be tackled. This book should be regarded as an introduction to the
subject rather than a presentation of all that the engineer needs to know in order to reach the
best solutions to the full range of underground excavation engineering problems. In order to
develop such specialist knowledge, the reader will have to supplement what has been learned
from this book with additional reading. Over 600 references have been included, and it is
hoped that these will provide the reader with 2 useful guide to the available literature.

In general, the S! system of units has been usad. However, because the Imperial system of
units is still used in at least one major country, and because these units are used in many of
the references cited, some illustrative examples are workad in Imperial units and some of the
tables and figures are presented using both systems of units. A table of conversion factors
for units is given in Appendix 7.

As in the case of Fock 3Jlope £ ring, the companion volume to this book, the aim has been
to keep the cost to a minimum by printing by offset lithography from a typed manuscript. Most
of the typing and the preparation of all drawings and photographs was done by the senior author.
Neither the authors nor the organisations for which they work receive any royalties from the
sale of this book which is published on a non-profit basis by the Institution of Hining and
Metallurgy.

London
September, 139580

ert Hoek

Ev
Edwin T. Brown
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Chapter 1: Planning considerations

Introduction

For many centuries miners have been excavating below the
ground surface in their ceaseless search for minerals.
Originally, these underground cperations were simply a
downward extension of the smzll excavations created to
exploit surface outcrops. As mineral exploration methods
became more sophisticated, resulting in the discovery of
large ore bodies at considerable depth below surface, under-
ground mining methods were developed to exploit these
deposits. These new mining methods were evolved from hard
won practical experience and one must admire the skill and
courage of the mining pioneers whose only acknowledgement
of the difficulties which they encountered was to admit
that there were certain areas of ''bad ground" in the nor-
maltly "good ground' which they worked.

Most underground mining excavations were, and indeed still
are, of a temporary nature. Provided that safe access can
be maintained for long enough for the ore in the vicinity

of the excavation to be extracted and provided that the
subsequent behaviour of the excavation does not jecpardise
operations elsewhere in the mine, an underground mining
excavation ceases to be an asset after a relatively short
space of time. Clearly, the resources allocated to inves-
tigating the stability of such an excavation and the quality
and quantity of support provided must be related to the
tength of time for which it is required to maintain stabil-
ity.

The increasing size of underground mining operations during
the past few decades has led to the introduction of a
concept which would have been foreign to underground miners
of earlier times - the concept of permmient underground
excavations. Major shaft systems with their surrounding
complex of haulages, ore passes, pump chambers and under-
ground crusher stations are required to remain cperationa
for several tens of yesars and , from the miner's point of
view, are permanent excavations. In addition to being

targe in size, some of these excavations can house expensive
eguipment and can be manned on a regular basis; consequently
such excavations must be sescure against rockfalls and other
forms of instability.

Civil engineers are seldom concerned with temporary under-
ground excavations since tunnels, underground power house
excavations and caverns for the storage of oil or gas are
311 reguired to remain stable for periods in excess of
twenty years. Because any form of instability cannot be
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 range
from no support in the case of 2 temporary mining excavation
in good rock to the use of fully grouted and tensioned bolts
or cables with mesh and sprayed concrete for the support of
a large permanent civil engineering excavation. These two
extremes may be said to represent the lower and upper bounds
of underground support design and , in a book of this sort,
it is necessary to consider the entire spectrum of design
ornblems which lies hartueazn rhecs run avrramag
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Types of underground excavation

From the geotechnical engineer's point of view, the most
meaningful classification of underground excavations is one
which is related to the degree of stability oraéecurity
which is required of the rock surrounding the excavation.
This, in turn, is dependent upon the use for which the
excavation Is intended. Barton, Lien and Luncel® suggest
the following categories of underground excavations :

A Temporary mine openings.
Vertical shafts.

< Permanent mine openings, water tunnels for hydro-

electric projects (excluding high-pressure penstocks),

pilot tunnels, drifts and headings for large excava-
tions.

0 Storage rooms, water treatment plants, minor road
and railway tunnels, surge chambers and access
tunnels in hydro-electric projects.

E Underground power station caverns, major road and
railway tunnels, civil defence chambers, tunnel
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 is
expressed quantitatively in terms of the factor of safety?,

it will become clear in later chapters of this book that it
is not practical to assign an equivalent quantitative stabil-
ity index to underground excavations. It will be evident,

however, that the stability requirements increase from
category A to category F as one progresses through the list
given above. For a constant set of geological conditions,
the cost of support {including geclogical investigations,
support design and installation) will be related to the
excavation category in the manner illustrated diagrammatic-
ally in the sketch opposite.

In the case of large projects in the £ and F categories,
there is usually justification for building up a team of
specialist engineers and geologists to study the wide range
of geotechnical and construction problems which are likely
to be encountered on site. An example of such a project is
the development of the hydro-electric potential of the Snowy
Mountains region of Australia. During the late 1950s and
early 1860s, the team which had been set up to assist in
the design of the various underground power-houses involved
in this scheme made major contributions to the general
advancement of underground excavation design techniques.
Many of the design methods described in this book can be
traced back to the activities of such teams.

The mining industry, which is normally concerned with
excavations in the A and B categories, cannot justify a
high level of investigation and design effort on any one
particular site. On the other hand, since the number of

* Superscripts refer to the list of references given at the
“end of each chapter.

mining excavations is large and the support costs constitute
a significant proportion of mining costs, the industry has
tended to establish central research and development organ-
isations which have the task of evolving general design
methods which can be used throughout the industry. The
appropriate divisions of the United States Bureau of Mines,
the South African Chamber of Mines and the German Steinkohl-
enbergbauverein are typical of this type of organisation.

Underground excavation design

Given the task of designing an underground excavation or a
number of such excavations, where does one start and what
steps are involved in carrying the design throuch to comple-
tion 7 A guide to the most important steps in this process
is set out in the form of a chart on page 10 and the overall
design philosophy is reviewed hereunder. Detailed discussion
of each of the steps is given in subsequent chapters.

The basic aim of any underground excavation design should
be to utilise the rock itself as the principal structural
material, creating as little disturbance as possible during
the excavation process and adding as little as possible in
the way of concrete or steel support. In their intact
state and when subjected to compressive stresses, most hard
rocks are far stronger than concrete and many are of the
same order of strength as steel. Consequently, it does not
make economic sense to replace a material which may be
perfectly adequate with one which may be no bettar.

The extent to which this design aim can be met depends upon
the geological conditions which exist on site and the extent
to which the designer is aware of these conditions and can
take them into account. Hence, an accurate interpretation
of the geology is an essential prerequisite to a rational
design.

It is not intended, in this book, to deal with the basic
geological interpretation required in this first stage of

the design process. This subject matter has been covered
comprehensively in text books such as that by Krynine and
Judd? and it will be assumed that the reader is familiar

with this material or that he has access to sound geclogical
advice. The importance of this general geological background
in summed up in the following quotation, taken from a paper
by Wahlstrom" :

""Surface studies of geology, geophysical measurements, and
exploratory drilling yield useful direct information,
but equally important to the geologist may be a knowledge
of the regional geology and the geologic history of the
area, and a thorough appreciation of the manner in which
rocks respond to changing geological environments. Such
considerations permit him to make a very useful semi-
quantitative estimate of the kinds, but not the exact
locations, of the geological features which will be
encountered at depth."
Although basic geological principles are not covered, it
is considered necessary to discuss some of the site inves-
tigation methods which are available for the coillection of
geological information. The graphical presentation of these
data is also an important part in the communication chain

hatioan memlarices amd mamimancs amd wbot



DESIGN OF UNDERGROUND EXCAVATIONS IN ROCK

Preliminary collection and interpretation of geological data
from historical documents, geological maps, air photographs,
surface mapping and borehole core logs. Consideration of the
relationship between the rock mass characteristics and the

geometry and orientation of the proposed excavations.

inclined structural

In hard rock masses with strongly developed

features, excavation

stability may be dominated by gravity falls
and sliding along inclined discontinuities.
Rock classification systems inadequate.

When stability is not likely to be dominated
by stiding on structural features, other
factors such as high stress and weathering
become important and can be evaludted by means
of a classification of rock quality.

Use of rock quality index to compare exca-
vation stability and support requirements
with documented evidence from sites with
similar geological conditions.

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

]

o
-

YES

V4

L

Design of excavations based on
operational considerations
with provision for minimal

support.

{

Y,

U

Instabilicy due to
adverse structural

instability due to
excessively high
rock stress.

Instabitity due to
weathering and/or
swelling rock.

Instability due to
excessive groundwater
pressure or flow.

geology.
i

Vi

Dztailed geoclogical
mapping of boreheole
core, surface expo-
sures, exploratory
adits and shafts.

Heasurement of in-
situ rock stress in

excavations.

vicinity of proposed

{/L

v

Rock strength tests

Can stability be
roved by reloca-
n and/or reorien-
tation of excava-
tions ?

to determine rock
fracture criterion.

v

Stress analysis of

proposed excavation

Stake durability
and swelling rests
on rock samples.

7

Consideration of
remedial measures
such as pneumatic-
ally applied con=-
crete lining.

v

Trial excavation

vE =
{“S,_ L w Nl | layout to check on to tast effective-
< extent of porential ness of proposed
Design of excava- rock fracture. remedial measures.
tions with provi- {7 <>
sion for close - - - )
geclogical obser- Can rock vracture ve Design of excava-
vation and local minimised or ellTxn— tion sequence to
support as requi- ated ?Y change of ex- ensure minimum
rad, cavation layout ? delay betwsen ex-
—_— posure and protec-
NO YES ion of surfaces.
o)
ARV

Design of support to

installation of pie-
zometers for deter-
mination of ground-
water pressures and
distribution.

v

Design of drainage
and/or grouting
system to control
excessive ground-
water pressure and
flow into excava-

tions.

Provision of perman-
ent groundwater mon-
itoring facilities
to check continuing
effectiveness of
drainage measures.

in a later chapter.

The need to make quantitative predictions on the number,
inclination and orientation of geological features and of
the possible mechanical properties of the rock mass contain-
ing these features has long been a requirement of geotech-
nical engineers. At the risk of offending the geological
purists who claim that geology cannot be quantified in the
way demanded by engineers, some geotechnologists have gone
ahead and developed rock mass assessment systems which

have proved to be very useful in the early stages of under-
ground excavation design. When it is necessary to design

a large number of A and B category excavations for a mining
or underground quarrying operation, the use of some form of  »
rock quality index to determine the support requirements
may be the only design approach which is practically and
economically acceptable. In recognition of this important
role, rock mass classification systems have been fully re-
viewed and an entire chapter is devoted to their use in
underground excavation engineering.

Once it has been established, on the basis of the geological
interpretation, that stability problems are likely to be
encountered, it becomes necessary to embark upon the more
detailed steps listed in the lower half of the chart on

page 10. What steps are taken will obviously depend upon
the degree of risk anticipated, the category of the excava-
tion and the practical and economic constraints within which
the designer has to work.

Four principal sources of instability are ident
chart on page 10 :
a. Instability due to adverse structural geclogy tends

to occur in hard rocks which are faulted and jointed
and where several sets of discontinuities are steeply
inclined. Stability can somstimes be improved by
relocation or reorientation of the excavations but
fairly extensive support is also usually required.
Rockbolts, dowels and cables ars particularly effective
when used to support this type of rock mass, provided
that the structural features are taken inte account
in designing the support system.

b. Instability due to excessively high rock stress is
also generally associated with hard rock and can
occur when mining at great depth or when very large
excavations are created at reasonably shallow depth.

prevent gravity falls
and to reinforce pot-
ential fracture zones.

Y

Can adequate support
be provided to ensure

Tamm Fasm cxqhilieg 2

provision for trial

Design of excavations with

gxgava-

!

|
tion, controlled blasting,
rapid support installation
and monitoring of excava-
tion behaviour during and
on completion of construc-

Unusual stress conditions such as those which may be
encountered when tunnelling in steep mountain regions
or unusually weak rock conditions can also give rise
to stress-induced instability problems. Changes in
the shape of the excavations and repositioning the
excavations with respect to one another is of great
assistance in overcoming these problems but support
may also be reguired.

Instability due to weathering and/or swelling is gen-
erally associated with relatively poor rock but it
may also occur in isolated seams within an otherwise
sound hard rock. Protection of the exposed rock sur-
face from significant moisture changes is usually

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




flow can occur in almost any rock mass but it would
normally only reach serious proportions if associated
with one of the other forms of instability already
listed. Redirection of water flow by grouting and
reduction of water pressure by drainage}are usually
the most effective remedial measures.

On a typical site, two or more of these forms of instability
would occur simultaneously and it may sometimes be difficult
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 engineer
is then faced with the task of arriving at some practical
compramise.

o
It is appropriate, at this point, to emphasize the role of
engineering judgement. A rock mass is 2 complex assemplage
of different materials and it is very unlikely that its
behaviour will approach the behaviour of the simple models
which engineers and geologists have to construct in arder to
understand some of the processes which take place when

rock is subjected to load. These models, many of which

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

in the design of underground excavations and the assumptions
upon which the models are based and the limitations of the
models must be kept in mind at all times. A good engineering
design is a balanced design in which all the factors which
interact, even those which cannot be quantified are taken
into account. To guote from a recent review paper5 : Y"The
responsibility of the design engineer is not to compute
accurately but to judge soundly'.

Bibliography on underground excavations

Faced with the formidable task of designing a large under-
ground cavern to satisfy the requirements of a hydro-electric
project or a major mining operation, the engineer or geol-
ogist will wish to draw upon the experience of others who
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 be
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 with such

a design task, in finding his way through the literature,
an extensive bibliography on underground excavations is
presented in Appendix 1 at the end of this book. In add-
ition to over 350 literature references, most with short
abstracts, a list of major underground caverns is given.
Wherever possiblie, details of rock types, excavation dim-
ensions and support requirements have been included in this
list.

Unfortunately, most of the literature referred to in this
bibliography relates to hydro-electric projects. Relatively
few papers appear to have been published on other types of
underground civil engineering structures and even fewer on
major underground mining excavations. in spite of this
iimitation, the bibliography does show the considerable
success which has been achieved in underground excavation
design and it should serve to encourage the reader in his
own efforts.
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Chapter 2 :

Classification of rock masses

Introduction

An underground excavation is an extremely complex structure
and the only theoretical tools which the designer has aV§»l—
able to assist him in his task are a number of grossiy sim-
plified models of some of the processes whichlinteract ta
contro! the stability of the excavation. These models can
generally only be used to analyse the influence of one part-
icular process at a time, for example, the influence of
structural discontinuities or of high rock stress upon the
excavation. [t is seldom possible theoretically to deter-
mine the interaction of these processes and the designer is
faced with the need to arrive at a number of design decisions
in which his engineering judgement and practical experience
must play an important part.

o

-,
If one is fortunate enough to have an engineer on staff
who has designed and supervised the construction of under-
ground excavations in similar rock conditions to those
being considered, these design decisions can be taken with
some_degree of confidence. On the other hand, where no
such experience is readily available, what criteria can
be used to check whether one's own decisions are reasonable ?
How does one judge whether the span is too large or whether
too many or too few rockbolts have been specified ?

The answer lies in some form of classification system which
enables one to relate one's own set of conditions to con-
ditions encountered by others. Such a classification system
acts as a vehicle which enables a designer to relate the
experience on rock conditions and support requirements .
gained on other sites to the conditions anticipated on his
own site.

The recognition of this need for rock classification systems
is illustrated by the number of literature references which
deal with this subject 5723 @nd 1% Some of the most sig-
nificant steps in the development of the classification
systems for underground support are reviewed hereunder

Terzaghi's rock load classification

tn 1946 Terzaghi® proposed a simple rock classification
system for use in estimating the loads to be supported by
steel arches in tunnels. He described various types of
ground and, based upon his experience in steel-supported
railroad tunnels in the Alps, he assigned ranges of rock
loads for various ground conditions. This very importan?
paper, in which Terzaghi attempted to quantify his experience
in such a way that it could be used by others, has bea@
widely used in tunnelling in north America ever since.(t )
was published. Because of its historical importance in this
discussion and also becauss copies of the original paper

are very difficult to obtain, his classification will be
treated more fully than would otherwise be justified.

In his introductory remarks in the section of his paper
dealing with the estimation of rock loads, Terzaghi stresses

% References are numbersd sequentially throughout this book
and are not respeated. Hence, a reference which has been
used in a previous chapter will be referred to by the
number under which it first appeared.

the importance of the geological survey which should be
carried out before a tunnel design is completed and, part-
icularly the importance of obtaining informstion on the
defects in the rock mass. To quote from his paper :

" From an engineering point of view, a knowledge of the

type and intensity of the rock defects may be much
more important than the type of rock which will be
encountered. Therefore during the survey rock defects
should receive special consideration. The geological
report should contain a detailed description of the
observed defects in geological terms. It should also
contain a tentative classification of the defective
rock in the tunnel man's terms, such as blocky and
seamy, squeezing or swelling rock. !

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

Intact rock contains neither joints nor hair cracks.
Hence, if it bresks, it breaks across sound rock. On
account of the injury to the rock due to blasting,
spalls may drop off the roof several hours or days

after blasting. This is known as a spalling condition
Hard, intact rock may aiso be encountered in the popping
condition involving the spontanesous and violent detach-
ment of rock slabs from the sides or roof.

Stratified rock consists of individual strata with
tittle or no resistance against separation along the
boundaries between strata. The strata may or may not
be weakened by transverse joints. im such rock, the
spalling condition is quite common.

Moderately jointad rock contains joints and hair cracks,
but the blocks between joints are locally grown together
or so intimately interlocked that vertical walls do

not require lateral support. In rocks of this type ,
both spalling and popping conditions may be encounterad.

Blocky and seamy rock consists of chemically intact or
almost intact rock fragments which are entirely separ-
ated from each other and imperfectly interlocked. In

such rock, vertical walls may require lateral support.

Crushed but chemically intact rock has the character of
a crusher run. |f most or all of the fragments are

as small as fine sand grains and no recementation has
taken place, crushed rock below the water rable exhibits
the properties of a water-bearing sand.

Squezzing rock slowly advances into the tunmel without
parceptible volume incrzase. A prerequisits for squeeze
is a high percentage of microscopic and sub-microscopic
particles of micaceous minerals or of clay minerals
with a low swelling capacity.

Swelling rock advances into the tunnel chiefly on account
of expansion. The capacity to swell seems to be limited
to those rocks which contain clay minerals such as
montmorilionite, with a high swelling capacity.

The concept used by Terzaghi to estimate the rock load to
be carried by the steel arches used to support a tunnel is
illustrated in the simplified diagram presented in figure 1.
During censtruction of the tunmel, some relaxation of the
interlocking within the rock mass will occur above and on
the sides of the tunnel. The loosened rock within the area
acdb will tend to move in towards the tunnel. This
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Figure 1 : Simplified diagram representing the movement of laoosened rock
towards 2 tunnel and the transfer of load onto the surrounding
rock. (After Terzaghi").

movement will be resisted by friction forces along the
lateral boundaries a ¢ and b d and these friction forces
transfer the major portion of the overburden weight W1 onto

the material on either side of the tunnel. The roof and
sides of the tunnel are required only to support the balance
which s equivalent to a height Hy, . The width By of the
zene of rock in which movement occurs will depend upon the

characteristics of the rock mass and upon the tunne! dim-
ensions Ht and B.

Terzaghi carried out numerous model tests using cohesionless
sand to study the shape of what he termed the ‘'ground arch'
above the tunnel. On the basis of these tests and on his
experience in steel-supported tunnels, he proposed the
range of rock load values listed in Table 1. The footnotes
which accompanied this table in the original paper are
included for completeness.

Cording and Deere2" report that these criteria have bean
widely used for the past 25 years and that they have been
found to be appropriate, although siightly conservative,

for steel-supported rock tunnels. However, Cecil!® found
that Terzaghi's classification was too general to permit

an objective evaluation of rock quality and that it provides
no quantitative information on the properties of the rock
mass. He recommended that its use be limited to estimating
rock loads for steel arch-supported tunnels.

TABLE 1 - TERZAGH!'S ROCK LOAD CLASSIFICATION FOR STEEL ARCH-SUPPORTED TUNNELS

" Rock load Hy in feet of rock on roof of support in tunnel with width
8 (feet) and height H, (feet) at a depth of more than 1.5(8 + Hp)s

k condiiion Roek load E_ in feet Remarks
Roek D ]

Hard and intact. zero Light lining required only if spall-
ing or popping occurs.

Light support, mainly for protection

2. Hard stratified or 0 to 0.5 8
schistose against spalls.
3. Massive, moderately 0 to 0.25 8 Load may change erratically from
jointed. point to point.
4. Moderately blocky and 0.25B to 0.35(8 + Ht) No side pressure.
seamy.
5. Very blocky and seamy (6.35 to 1.10) (B + Ht) Little or no side pressure.
6. Completely crushad 1.10(B + H,) Considerable side pressure. Softening
but chemically intact. effects of seepage towards bottom of
tunnel requires either continuous
support for lower ends of ribs or
circular ribs.
7. Squeezing rock, (1.10 to 2.10) (B + Ht)
moderate depth. Heavy side pressure, invert.struts
required. Circular ribs are recom-
8. Squeezing rock, (2.10 to 4.50) (B + H,) mended.
great depth.
9. Swelling rock. Up to 250 feet, irres- Circular ribs are required. In
pective of the value of extreme cases use yielding support.

(B + H,)
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Classifications of Stini and Lauffer

Stini, in his textbook on tunnel geo]ogy7*,proposed a rock
mass classification and discusssd many of the adverse con-
ditions which can be encountered in tunnelling. He empha- o
sised the importance of structural defects inl the rock
mass and stressed the need to avoid tunnelling parallel

NGNS NN IO
to the strike of steeply dipping discontinuities. =
While both Terzaghi and Stini had discussed time-dependent $§ ! ]
instability in tunnels, it was Lauffer® who emphasised the N
importance of the stand-up time of the active span in a Q =
tunnel. The stand-up time is the length of time which an B
underground opening will stand unsupported after excavation 7%R\y§9w NN SN AN AN /4
and barring down while the active span is the largest un- . X R
supported span in the tunnel section bepvieen the face and - 2. Support lagging behind face position. »

the supports, as illustrated in figure 2.

7N NN/

tauffer suggested that the stand-up time for any given
active span is related to the rock mass characteristics

in the manner illustrated in figure 3. In this figure, the I

letters refer to the rock class. A is very good rock, =Tt Support
corresponding to Terzaghi's hard and intact rock, while G L ]
is very poor rock which corresponds roughly to Terzaghi's —

squeezing or swelling rock. w NN 8

The work of Stini and Lauffer, having been published in
German, has attracted relatively little attention in the
English speaking world. However, it has had a significant
influence upon the development of more recent rock mass
classification systems such as those proposed by Brekke

and Howard?2 and Bieniawski?5 which will be discussed later
in this chapter.

b. Support placed close to face.

Figure 2. Lauffer's definition of active span S.
g

Deere's Rock Quality Designation {RQD)

In 1964 Deere? proposed a quantitative index of rock mass
quality based upon core recovery by diamond drilling. This
Rock Quality Designation {(RQD) has come to be very widely
used and has been shown to be particularly useful in clas-
sifying rock masses for the selection of tunnel support
systems 18,20,21,

77

7
)

METRES

The RQD is defined as the percentage of core recovered in
intact pieces of 100mm or more in length in the total length
of a borehole. Hence :

Ltength of core in pieces > 100mm

SPAN S -

RQD (%) = 100 x

Ltength of borehole

ft is normally accepted that the RQD should be determined
on a core of at least 50mm diameter which should have bsen
drilled with double barrel diamond drilling equipment. An
RQD value would usually be established for each core run \\\
of say 2 metres. This determination is simple and quick g

and, if carriad out in conjunction with the normal geological )
logging of a core, it adds very little to the cost of the
site investigation. STAND-UP TIME

ACTIVE

1 min. 10 min. 1 hour 1 day 1 week 1 month 1 year 10 years 100 years

Figure 3 . Relationship between active span and stand-up time for
different classes of rock mass . A - very good rock,
G - very poor rock. ({After Lauffer®).

* An English translation of the chapter entitled “The impor-
tance of rock mass structure in tunnel construction'' has
been prepared by the Austrian Society for Geomechanics,
Translation No. 18, July 1974, 102 pages.
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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 Quality
« 25% Very poor
25 - 50% Poor §
50 - 75% Fair
75 - 90% Goad
90 - 100% Very good

Since the RQD offers a means for assigning a number to the
quality of a rock mass, it is not surprising that an attempt
was made to relate this number to the qualitative classifi-
cation proposed by Terzaghi. Cording, Hendron and Deere
modified Terzaghi's rock load factor and related this mod-
ified value to RQD as illustrated in figure 4. This diagram
suggests that a reasonable correlation-may exist between

RQD and Terzaghi's rock load factor for steel-supported
openings but that no correlation appears to exist between
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 the
conditions for which it was proposed - the support of tunnels
by means of steel arches.

An attempt to extend the range of applicability of RQD for
estimating tunnel support requirements was made by Merritt
and his proposals are summarised in figure 5. Al though he
felt that the RQD could be of great value in estimating
support requirements, Merritt pointed out a serious limit-
ation of his proposals :

23

'' The RQD support criteria system has limitations in
areas where the joints contain thin clay fillings or
weathered material. Such a case might occur in near
surface rock where weathering or seepage has produced
clay which reduces the frictional resistance along
joint boundaries. This would result in unstable rock
although the joints may be widely spaced and the RQD
high. ™

In addition to this limitation, the RQD does not take direct
account of other factors such as joint orientation which
must influence the behaviour of a rock mass around an under-
ground opening. Consequently, without detracting from the
value of RQD as a quick and inexpensive practical index,

it is suggested that it does not provide an adequate indica-~
tion of the range of behaviour patterns which may be en-
countered when excavating underground.

Influence of clay seams and fault gouge

The inadequacy of the RQD index in situations where clays
and weathered material occur has been discussed above.
Brekke and Howard?? point out that it is just as important -
often more important ~ to classify discontinuities according
to character as it is to note their scale parameters. They
go on to discuss seven groups of discontinuity infillings
which have a significant influence upon the enginesring
behaviour of the rock mass containing these discontinuities.
Although their list does not constitute a rock mass classi-
fication, it is included in this discussion because of the
important engineering consequences which can result from
neglecting these facts when designing an excavation.

Pi/By

ROCK LOAD FACTOR n

HODIFIED TERZAGH!

Good -
Excellent

very } Poor ] Fair
poor

Steel arch rib support
with wood blocking and
large disptacements in e
the supported rock. By N

Yield capacity of
rockbolts installed
in large underground
chambers.\‘~

! i |

25 50 75 100
ROCK QUALITY DESIGNATION ~ RQD%

TUNNEL WIDTH - METRES
[t} 5 10 15

Figure 4 . Approximate relationship
between Terzaghi's Rock Load Factor
e 0.25 (modified) and RQD. (After Cording,
L 0.10 Hendron and Deere27)

100 T T

NQ SUPPORT
OR LOCAL BOLTING

PATTERN BOLTING
(4 - 6 FT. CENTERS)

STEEL RIB SUPPORT

ROCK QUALITY DESIGNATION - RQDY%
i
&
f

! i ] 1

1} 10 20 30 Lo 50 60
TUNNEL WIDTH -~ FEET
Figure 5 . Proposed use of RQD for choice of rock support

system. (After Merritt23)



TABLE 2 -

8rekke and Howard's comments on discontinuity infillings

INFLUENCE OF DISCONTINUITY INFILLING UPON THE BEHAVIOUR OF TUNNELS

(After Brekke and Howard22)

are as follows : :
Dominant material

1.Joints, seams and sometimes even minor faults may be in gouge

Potential behaviour of gouge material

Q

At face Later

healed through precipitation from solutions of quarcz
or calcite. In this instance, the discgntinuity may
be ' welded *' together. Such discontinuities may,
however, have broken up again, forming new surfaces.
Also, it should be emphasised that quartz and calcite
may well be present in a discontinuity without healing
(R

Swelling clay

N lnactive clay
2.Clean discontinuities, i.e., without fillings or coat-
ings. Many of the rough joints or partings will have
favourable character. Close to the surface, however,

it is imperative not to confuse clean discontinuities
¢

with " empty ' discontinuities whes? filling material Chiorite, talc,

has been leached and washed away dde to surface weather- graphite or

ing. serpentine.
3.Calcite fillings may, particularly when they are porous

Crushed rock
fragments of
sand-like gouge.

or flaky, dissolve during the lifetime of the under-
ground opening. Their contribution to the strength

of the rock mass will then, of course, disappear. This
is a long term stability (and sometimes fluid flow)

problem which can easily be overlooked during design Porous or flaky

Swelling pressure and squeeze
against support or lining, free
swell with down-fall or wash-in
if lining inadequate.

Free swelling, sloughing.
Swelling pressure and
squeeze on shield.

Squeeze on supports of lining

where unprotected, slaking and
sloughing due to environmental
changes.

Slaking and sloughing
caused by squeeze. Heavy
squeeze under extreme
conditions.

Heavy loads may develop due to
tow strength, in particular when
wet.

Ravelling.

Loosening loads on lining, running
and ravelling if unconfined.

Ravelling or running.
Stand-up time may be
extremely short.

May dissolve, lzading to instabil-
ity of rock mass.

Favourable conditions.

and construction. Gypsum fillings may behave the same calcite, gypsum.
way.

4.Coatings or fillings of chlorite, talc and graphite
give very stippery (i.e. low strength) joints, seams

or faults, in particular when wet.

and faults naturally
that may squeeze or be

S.inactive clay material in seams
represents 3 very weak material
washed out.

6.Swelling clay may cause serious problems through free
swell and consequant loss of strength, or through con-
siderable swelling pressure when confined.

7.Material chat has been altered to a more cohesionless
material {sand-like) may run or flow into the tunnel
immediately following excavation.

In contrast to the comment by Merritt®3 that joints contain-
ing clay fillings may occur near the surface, Brekke znd
Selmer-0lsen?? report that clay fillings with a very low
degree of consolidation have been encountered at consider-
able depth. Hence, the underground excavation designer

can never afford to ignore the danger which can arise as

a result of the presence of these features.

Brekke and Howard have summarised the consequences of an-
countering Ffilled discontinuities during tunnel excavaction
in a table which has been reproduced as Table 2 on page
23.

CSIR classification of jointed rock masses

From the preceding discussion it will have become clear that
no single simple index is adequate as an indicator of the
complex behaviour of the rock mass surrounding an underground
excavation, C(onsequently, some combination of facrtors such
as RQD and the influence of clay filling and weathering
appears to be necessary. One such classification sysiem has
been proposed by Bieniawski”5'26 of the South African Council

for Scientific and industrial Research (CSIR). This
classification will be discussed in detail since it is ane
of the two classifications that the authors would recommend
for general use in the preliminary design of underground

excavations.

Bieniawski2® suggested that a classification for jointad
rock masses should:

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

istics of the rock mass;

3. facilitate the planning and the design of structures
in rock by yielding quantitative data required for the
solution of real enginesring problems; and

4. provide a common basis for effective communication

among all persons concerned with a geomechanics problem.

These aims should be fulfilled by ensuring that the adopted
classification is

simple and meaningful in terms; and
based on measurable parameters which can be datermined
quickly and cheaply in the field."

2.

In order to satisfy these requirements, Bieniawski originally
proposed that his '“'Geomechanics Classification' should
incorporate the following parameters:

. Rock Quality Designmation {(RQD),

. State of weathering,

Uniaxial compressive strength of intact rock,
. Spacing of joints and bedding,

. Strike and dip orientations,

[CRr VO N



24

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

After some experience had been gained in the practical
application of the original CSIR Geomechanics Classification
Bieniawski modified his classification system by eliminat-
ing the state of weathering as a separate parameter since
its effect is accounted for by the uniaxial compressive
strength, and by including the separation and continuity of
joints in a new parameter, the condition of joints. In
addition, the strike and dip orientations of joints were
removed from the list of basic classification parameters and
their effects allowed for by a rating adjustment made after
the basic parameters had been considered.

-
The five basic classification parametérs then became:

1. Strength of intact rock material
Bieniawski uses the classification of the uniaxial
compressive strength of intact rock proposed by Deere
and Miller!0 and reproduced in Table 3. Alternate-
tively, for all but very low strength rocks the point
load index (determined as described on page 52 of this
book) may be used as a measure of intact rock material
strength.

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

3. Spacing of joints
in this context, the term joint is used to mean all
discontinuities which may be joints, faults, bedding
planes and other surfaces of weakness. Once again,
Bieniawski uses a classification proposed by Deerel?
and reproduced here in Tabile 4.

L. Condition of joints
This parameter accounts for the separation or aperture
of joints, their continuity, the surface roughness,the
wall condition (hard or soft), and the presence of in-
filling materials in the joints.

5. CGround water conditions
An attempt is made to account for the influence of
ground water flow on the stability of underground
excavations in terms of the observed rate of flow into
the excavation, the ratio of joint water pressure to
major principal stress or by some general qualitative
observation of groundwater conditions.

The way in which these parameters have been incorporated
into the CSIR Geomechanics Classification for jointed rock
masses is shown in Part A of Table 5 on page 26 . Bieniawski
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 intact
rock material of 200 MPa would suggest that the rock mass

is of excellent quality, but heavy inflow of water into the
same rock mass could change this assessment dramatically.
Bieniawski therefore applied a series of {mportance ratings
to his parameters following the concept used by Wickham,
Tiedemann and Skinner2}. A number of points or a rating is
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TABLE 3 - DEERE AND MILLER'S CLASSIFICATION OF INTACT ROCK STRENGTH

| Deseription

Uniaxial Compressive Strength

Examples of

Low strength

. hedium strength

High strength

1bf/in? Xgf/em? MPa rock types
very low strength 150-3500 10-250 1-25 Chalk, rocksait.
3500-7500 250-500 25-50 Coal, siltstone,schist.
7500-15000 500-1000 50-100 Sandstone, slate, shaie.
15000-30000  1000-2000  100-200 Marble, granite, gneiss.
30000 >2000 >200 Quartzite, dolerite,

>vé}y high strength

gabbro, basalt.

TABLE 4 - DEERE'S CLASSIFICATION FOR JOINT SPACING

. Description

Spacing of joints

Rock mass grading

Figure 6

Very wide > 3m > 10ft Solid
Wide m to 3m 3ft to 10ft Massive
Hoderately close 0.3m to Im 1ft to 3ft Blocky/seamy
Close S50mm to 300mm 2in to 1ft Fractured
.-Very close < 50mm < 2in Crushed and
' shattered
Hours Months
Minutes 1 Days 1o 3:5 10 Years
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Relationship between the stand-up time of an unsupported
underground excavation span and the CSIR Geomechanics

Classification proposed by Bieniawski25,




TABLE 5 - CSIR GEOMECHANICS CLASSIFICATION OF JOINTED ROCK
A. CLASSIFICATION PARAMETERS AND THEIR RATINGS

MASSES

PARAMETER RANGES OF VALUES
) For this fow range
Strength | Point lcog » 8 MPo 4-8MPg 2-4 MPg -2 MPe L Chigxial compreas
of strength index sive test is praferred
i |intact rock Uniaxial 5 200 MP 200 MP MP " 10-25] 3~10 | 1-3
materiol ccgnﬁé:;ﬂ‘ve Q 100 - 200 MPa 50 -100 MPg 25 - 50 MPa MPa | MPo | MPs
Rating 15 2 T 4 2 | o)
Orill core quality RQD 20%-100% 75% -80% 30%-~75% 25%-50% (25%
Rating 20 17 13 g 3
Spacing of joints Y3m 1-3m 03-Im S0-300mm {30mm
3
Rating 30 25 20 10 S
: Slickensided surfaces o . = .
Vi f it ce Y Smm thi
Err\{o{D:QC_i‘F;mT;d:CES Slightly rough surfaces {Slightty rough surfaces Oém;, (Smm thick boo‘, gauge ) Smm fick
4 Condition of joints No separation Separation (I mm Separation {imm g Joints open > 5mm
oir Hard joint wall ft joint woll rock | Joints open - Smm . o
Hard joint wail rock | H9r€ jemt wall rock | Soft joint wall roc Cor\nnupous ioints Continuous joints
Rating 25 20 12 3] 9]
g ;
Inflow per [Om None (25 litres/min 25-12§7itres/min | ) 125 litres/min
tunnet length : - {
Srount | g |0 o [oR . os
5 weter Hmm;ﬁaif—w 0 00-02 ] 02-05 i >0 5
| siress o e ? TOR
. i ) - !
General conditions Complately dry ) Moist only Water under modercte : Savere
| {interstitiol water) pressure water problems
Rating 10 7 4 ! o
B. RATING ADJUSTMENT FOR JOINT ORIENTATIONS
ke . . :
orj:\r:‘a:oncsndcfd;;ms Vary favourable Fovourable Fair Untgvourable Very unfovourable
Tunnels ] -2 -3 ‘ -10 -2
Ratings Foundations o} i -2 -7 i -15 -25
Stopes o J -5 -25 | -50 -80
C. ROCK MASS CLASSES DETERMINED FROM TOTAL RATINGS
Rating 1C0—8l 80—s! 80 4} 40—21 i €20
Class Nog ) il i ! v i v
Description Vary good rock Good rock Fair rock } Poor rock i Very poof rock
D. MEANING OF ROCK MASS CLASSES
Ciass No t [ 1t 1 % i v
Avergge sland-up hime 10 years for Smspan fE months for 4mspan | | week for 3m soon [Shours for 1.5m spon {10 min. for Q.3m spen
Conzsicn of the rock mass Y300 kPa 200-300&Pa 150 -2C0 kPa 100 - 15Q kPa <100 kPa
Frictien angle of e rock mass y45° age-a5° 35°-40° i 30°-35° €300
TABLE & - THE EFFECT OF JOINT STRIKE AND DIP ORIENTATIONS IN TUNNELLING
]
Strike perpendicular io tunnel  agus Strke  paratiet % oo
to tunnel  gxis i °_5n0
Drive with dip ] Orive  ogomst  dip ! 1rroesu2£:we
: of stnke
Dip 45°-90° Dip 20°-45° Dip 45°-30° Dip 20°-45° Dip 45°-50° J Dip 20°-45° |
|
Very fovourable Favourabile . Fair Unfavourcble Very unfuvcurab(e! Fair f Unfavourable
i ; i

cllucated to each range of values for each parameter and an
overall rating for the rock mass is arrived at by adding the
ratings for each of the parameters. This overall rating
must be adjusted for joint orientation by applying the
corrections given in Part B of Table 5. An explanation of
the descriptive terms used for this purpose is given in
Table 6. Part C of Table 5 shows the class and description
given to rock masses with various total ratings. The
interpretation of these ratings in terms of stand-up times
for underground excavations and rock mass strength parameters
is given in Part D of Table 5.

Bieniawski has related his rock mass rating (or total rating
score for the rock mass) to the stand-up time of an active
unsupported span as originally proposed by Lauffer8. The
proposed relationship is shown in figure 6 on page 25 and

a practical example involving the use of this figure is dis-
cussed below. The application of the CSIR Geomechanics
Classification to the choice of underground support systems
will not be dealt with here but will be discussed in a later
chapter dealing with rock support.

Consider the example of 2 granitic rock mass in which a
tunnel is to be driven. The classification has been carried

cut a5 follows:

tion Parameier

&

1. Strength of intact material 150 MPa 12
2. RQD 70% 13
3. Joint spacing D.5m. 20

=

Condition of joints Slightly rough surfaces 20
Separation <lmm.

Hard joint wall rock

5. Ground water Water under moderate 4
pressure e
Total score 69

The tunnel has been orientad such that the dominant joint

set strikes perpendicular to the tunnel axis with a dip of
30° against the drive direction. From Table 6, this situ-
stion is described as unfavourable for which a rating adjustc-

ment of -10 is obtained from Table 5B. Thus the final rock
mass rating becomes 59 which places the rock mass at the
upper end of Class {I! with a description of fair.

Figure 6 gives the stand-up time of an unsupported 3 metre
tunnel in this rock mass as approximately 1 month.

NGI Tunnelling Quality Index

On the basis of an evaluation of & large number of case
histories of underground excavation stability, Barton, Lien
and Lunde! of the Norwegian Geotechnical Institute (NGI)
proposed an index for the determinarion of the tunnelling
quality of a rock mass. The numerical value of this index Q
is defined by



RQD
Q= (Jn)
where
RQD is Deere's Rock Quality Designatiqn as defined on
page 18, i
Jn is the joint set number,
Jr is the joint roughness number,

Ja s the joint ailteration number,
Jdy is the joint water reduction factor, and

SRF is a stress reduction factor.

The definition of these terms is largeg]y self-explanatory,
particularly when the numerical value®of each is determined
from Table 7. i

in explaining how they arrived at the equation used to
determine the index Q, Barton, Lien and Lunde offer the
following comments :

" The first quotient (RQD/J,), representing the structure
of the rock mass, is a crude measure of the block or
particle size, with the two extreme velues (100/0.5 and
10/20) differing by a factor of 400. |f the quotient
is interpreted in units of centimetres, the extreme
"particle sizes' of 200 to 0.5 cms are seen to be crude
but fairly realistic approximations. Probably the largest
blocks should be several times this size and the smallest
fragments less than half the size. { Clay particles are
of course excluded ).

The second quotient (Jr/Ja) represents the roughness
and frictional characteristics of the joint walls or
filling materials. This quotient is weighted in favour
of rough, unaltered joints in direct contact. it is to
bs expected that such surfaces wil! be close to peak
strength, that they will tend to dilate strongly when
sheared, and that they will therefore be especially
favourable to tumnel stability.

When rock joints have thin ciay mineral coatings and
fillings, the strength is reduced significantly. Never-
theless, rock wall contact after small shear displace-
ments have occurred may be a very important factor for
preserving the excavation from ultimate failure.

Where no rock wall contact exists, the conditions are
extremely unfavourable to tunnel stability. The “'fric-
tion angles" given in Table 7 are a little below the
residual strength values for most clays, and are pos-
sibly downgraded by the fact that these clay bands or
fillings may tend to consolidate during shear, at least
if normaily consolidated or if softening and swelling
has occurred. The swelling pressure of montmorillonite
may also be a factor here.

The third quotient {J/SRF) consists of two stress
parameters. SRF is a measure of: 1. loosening load in
the case of an excavation through shear zones and clay
bearing rock, 2. rock stress in competent rock and 3.
squeezing loads in plastic incompetent rocks. 1t can
be regarded as a total stress parameter. The parameter
Jdy is a measure of water pressure, which has an adverse
effect on the shear strength of joints due to a reduc-
tion in effective normal stress. Water may, in addition,

cause softening and possible outwash in the case of
clay-filled joints. It has proved impossible to combine
these two parameters in terms of inter-block effective
normal stress, because paradoxically a high value of
effective normal stress may sometimes signify less
stable conditions than a low value, despite the higher
shear streagth. The quotient {J,,/SRF) is a complicated
empirical factor describing the 'active stresses’'.

tt appears that the rock tunnelling quality Q can now
be considered as a function of only three paremeters
which are crude measures of :

1. block size (RQD/J4)
2. inter-block shear strength (J./Ja)
3. active stress (Jy/ SRF)

Undoubtedly, there are several other parameters which
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-
tien axis, it was not found to be the important general
parameter that might be expected. Part of the reason

for this mey be that the orientations of many types of
excavation can be, and normally are, adjusted to avoid
the maximum effect of unfavourably oriented major joints.
However, this choice is not available in the case of
tunnels, and more than half the case records were in

this category. The parameters Jn, Jr and J, appear to
play a more important general role than orientation,
because the number of joint sets determines the degree
of freedom for block movement (if any), and the fric-
tional and dilational characteristics can vary more

than the down-dip gravitational component of unfavourably
orientated joints. If joint orientation had been included
the classification would have been less general, and its
essential simplicity lostc."

The large amount of information contained in Table 7 may
lead the reader to suspect that the NG Tunnelling Quality
Index is unnecessarily complex and that it would be difficult

to use in the analysis of practical problems. This is far
from the case and an attempt to determine the value of Q
for a typical rock mass will soon convince the reluctant

user that the instructions are simple and unambiguous and
that, with familiarity, Table 7 becomes very esasy to use.
Even before the value of Q is calculated, the process of
determining the various factaors required for its computation
concentrates the attention of the user onto a number of
important practical guestions which can easily be ignored
during a site investigation. The qualitative "feel' for the
rock mass which is acquired during this process may be
almost as important as the numerical value of Q which is
subsequently calculated.

In order to relate their Tunnelling Quality Index § to the
behaviour and support requirements of an underground ex-
cavation, Barton, Lien and Lunde defined an additional
quantity which they call the zgu
excavation., This dimension is
span, diameter or wall height o he excavation by a
quantity called the excavation support ratio ESR



Hence :
Excavation span, diameter or height {m)
Excavation Support Ratio

De =

The excavation support ratio is related to the use for
which the excavation is intended and the dxtent to which
some degree of instability is acceptable. Barton2?? gives
the following suggested values for ESR

EZzeavation category ESR
A. Temporary mine openings 3 -5

8. Permanent mine openings, water
tunnels for hydro power (ex-
cluding high pressure penstocks) o
pilot tunnels, drifts and head- :‘
ings for large excavations. 1.6

C. Storage rooms, water treatment
plants, minor road and railway
tunnels, surge chambers, access
tunnels. 1.3

D. Power stations, major road and
railway tunnels, civil defence
chambers, portals, intersections. 1.0

E. Underground nuclear power stations,
railway stations, sports and public
facilities, factories. 0.8

The ESR is roughly analogous to the inverseoof the faetor
of safety used in the design of rock slopes®.

The relationship between the Tunnelling Quality index Q

and the Equivalent Dimension Dy of an excavation which will
stand unsupported is illustrated in figure 7. Much more
elaborate graphs from which support requirements C§n be
estimated were presented by Barton, Lien and Lunde® and
Barton?®. A discussion of these graphs will be deferrad to
a later chapter in which excavation support will be
discussed more fully.

u

ractical erample wsing the VGI Twmelling Jual

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. The
analysis is carried out as follows :

Liem Deseription Value
1. Rock Quality Good RQD = 80%
Joint sets Two sets Jp = b

Joint roughness Rough Jp=3
Clay gouge Ja =4

2
3
4. Joint alteration
5. Joint water

Large inflow Jy = 0.33

6. Stress reduction Madium stress SRF = 1.0

Hence Q=_8_0x 3,033
4 4 1

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

Description

Notes

A.
B.

0.
£

ROCK QUALITY DESIGNATION

Very poor
Poor
Fair
Good

Excellent

100

1. Where RQD is reported or measured as
2 10 ( including 0 ), a nominal value
of 10 is used to evaluate Q.

N

RQD intervals of 5, i.e. 100, 95, 90 etc
are sufficiently accurate.

I

® M oMo 0 oW »

@x

JOINT SET NUMBER
Massive, no or few joints
One joint set

One joint set plus random

. Two joint sets

. Two joint sets plus random

Three joint sets

. Three joint sets plus random

Four or more joint sets,
random, heavily jointed
'sugar cube', etc

Crushed rock, sarthlike

5
20

1. For intersections use (3.0 x J,)

2. For portals use (2.0 x Jn)

© M oMo A owm B

JOINT ROUGHNESS NUMBER

Roek wall contact and

b. Rock wall contaet b

10 ems shear.

Discontinuous joints

Rough or irregular, undulating
Smooth, undulating
Stickensided, undulating

Rough or irregular, planar
Smooth, planar

Stickensided, planar

Zone containing clay minerals
thick enough to prevent rock
wall contacr.

Sandy, gravelly or crushed
zone thick enough to prevent
rock wall contact.

=

oW

wt

[~V

1. Add 1.0 if the mean spacing of the
relevant joint set is greater than 3m.

2. J. = 0.5 can be used for planar, slick-
ensided joints having lineations, providad
the lineations are orientated for minimum
strength.

. JOINT ALTERATION NUMBER

a. Roek wall eonicet.

. Tightly healed, hard, non-

softening, impermeable filling

¢r(approx,)




32

33

m

o ou o

. Thick, continuous zones or

Unaltered joint walls, surface
staining only 1.0

Slightly altered joint walls
non-softening minera!l coatings,

sandy particles, clay-free

disintegrated rock, etc 2.0

Silty-, or sandy-clay coatings,
small clay-fraction {non-
softening) 3.0

Softening or low friction clay

mineral coatings, i.e. kaolinite,

mica. Also chlorite, talc, gypsum

and graphite etc., and small guan-
tities of swelling clays. (Dis-
continuous coatings, 1-Zmm or

less in thickness) 4.0

b. Rock wall contact before
10 cms shear-

Sandy particles, clay-free dis-
integrated rock etc 4.0

Strongly over-consolidated, non-
softening clay mineral fillings
{continuous, < Smm thick) 6.0

Medium or low over-~consolidation,
softening, clay mineral fillings,
(continuous, < Smm thick) 8.0

Swelling clay fillings, i.e

montmorillonite (continuous, - 5

mm thick ). Values of J; depend

on percent of swelling clay-size

particles, and access to water g§.0 - 12.0

o rock wall conta
when shoared.

Zones or bands of disintegrated 6.
or crushed rock and clay (see 8
G,H and J for clay conditions) 8.0 - 12.0

Zenes or bands of silty- or
sandy clay, small clay fraction,
{non-softening) 5.0

bands of clay ( see G, H and
J for clay conditions)

@
(]

~

@

ﬁr(approx.)

(259 - 359)

(25° - 30%)

{(20° - 25°)

(8° - 169

(252 - 30°)
(160 - 249)

(129 - 169)

60 - 120)

( 6° - 24°)

59 - 240}

Values of ¢_, the residual
friction angle, are intend-
ed as an approximate guide
to the mineralogical pro-
perties of the alteration
products, if present.

STRESS REDUCTION FACTOR

Y SAF
Multiple occurrences of weakness zones containing
clay or chemically disintegrated rock, very loose
surrounding rock (any depth) 10.0

1. Reduce these values of
SRF by 25 - 50% if the
relevent shear zones only
influence but do not
intersect the excavation.

Single weakness zones containing clay, or chen-
ically disintegrated rock (excavation depth < 50m) 5.0

Single weakness zones containing clay, or chem-
ically disintegrated rock (excavation depth > 50m) 2.5

Multiple shear zones in competent rock (clay free),

loose surrounding rock (any depth ) 7.5
Single shear zones in competent rock (clay free),
(depth of excavation < 50m) 5.0
Single shear zones in competent rock (clay free), 2. For strongly anisotropic
(depth of excavation > 50m) 2.5 virgin stress field (if
measured) : when 5 £ gj/o;
%::sedzpfg)Jclnts, heavily joinmted or 'sugar cube' £ 10, reduce o, to 0.8q,
y dep 5.0 and ot to 0. BUt When
b. Competent rock, rock stress problems a1/o3 > go reduce ¢ and
G¢ to 0.6g. and D.6ay,
oc/o) o, /0y SRF where 6. = unconfined
Low stress, nsar surface >200 13 2.5 compressive strength, and
gy = tensile strength
Medium stress 200-10 13-0.66 1.0 t ngt

(point locad) and g, and
g3 are the major and minor
principal stresses.

High stress, very tight structure
(usually favourable te stability, . N
may be unfavourable for wall 10-5 0.66-0.33 0.5-2
stability) 3. Few case records available

. where depth of crown below
0.33-0.15 5-10 surface is less than span
Heavy rock burst (massive rock) <2.5 <0.16 10-20 width. Suggest SRF in-
crease from 2.5 to 5 for
such cases (see H).

Mild rock burst (massive rock) 5-2.5

Hild squeezing rock pressure

Heavy squeezing rock pressure

Mild swelling rock pressure 5-10
Heavy swelling rock pressure 10-20

. JOINT WATER REDUCTION FACTOR Ji

Dry excavations or minor inflow,
i.e. < 5 lit/min. locally 1.0

Medium inflow or pressure, occa- ;
sional outwash of joint fillings 0.66
Large inflow or nigh pressure in

campetent rock with unfilled joints 0.5
Large inflow or high pressure ,

censiderable outwash of fillings 0.33
Exceptionally high inflow or pres-

sure at blasting, decaying with

time 6.2 - 0.1

Exceptionally high inflow or pres-
sure continuing without decay 0.1 - 0.05

approx. water

pressure {Kgf/cm?)

[N

Factors C to F are crude
estimates. Increase J,
if drainage measures are
installed.

Special problems caused
by ice formation are
not considered.

ADDITIONAL NOTES ON THE USE OF THESE TABLES

When making estimates of the rock mass quality {Q) the fallowing guidelines should be followed,

in addition to the notes listed in the tables:

1. When borehole core is umavailable, AQD can be estimated from the number of joints per unit
volume, in which the number of joints per metre for sach 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

RGD = 115 - 3.34,, (approx.) where J, = total number of joints per m3
(RQD = 100 for Jy < 4.5)

2. The parameter Jy representing the number of joint sets will often be affected by foliation,
schistosity, slaty cleavage or bedding etc. (f strongly deve)oped these parallel “JOInLS”
should obvnously be counted as a complete joint set. However, {f there are few "'joints"
visible, or only occasional breaks in the core due to these features, then it will be more

appropriate to count them as 'random joints' when evaluating J
3. The parane;ers Jy and Ja (representing shear strength) should be relevant to the weaksst
tiieant joint set or eilay Fi discontin in the given zone. However, if the JO
set or discontinuity with the minimum value of (J./J,) is favourably oriented for stabili
then a second, less favourably oriented joint set or discontinuity may sometimes be more
significant, and its hlghnr value of J /Ja should be used when ﬂvaIUatxng Q i
7o Should in ; surface most likely o allow
L. When a rock mass contains clay, the factor SRF approprxate to loosening loads should be
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 may




TABLE 7 COMTINUED

become the weakest link, and the stability will then depend on the ratio rock-strass/
rock-strength. A strongly anisotropic stress field is unfavourable for stability and is
roughly accounted for as in note 2 in the table for stress reduction factor svaiuation.

5. The compressive and tensile strengths (o. and ct) of the intact rock should be evaluatad
in the saturated condition if this is appropriate to present or future in situ conditions.
A very conservative estimate of strength should be made for those rocks that deteriorate
when exposed to moist or saturated conditions.
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Figure 7 . Relationship betwesn the meximum equivalent dimension Dg of an unsupported

undarground excavation and the NGl tunnelling quality index Q.
{After Barton, Lien and Lundel)

From figure 7, the maximum equivalent dimension Dg for an
unsupported excavation in this rock mass is 4 metres. A
permanent underground mine opening has an excavation support
ratic ESR of 1.6 and, hence the maximum unsupported span
which can be considered for this crusher station is

ESR x Do =1.6x%& = 6.4 metres.

Discussiaon on rock mass classification systems

0f the several rock mass classification systems described in
this chapter, the CSIR system proposed by Bieniawski %5,26
and the NG| system proposed by Barton, Lien and Lunde! are
of particular interest because they include sufficient in-
formation to provide a realistic assessment of the factors
which influence the stability of an underground excavation.
Bieniawski's classification appears to lay slightly greater
emphasis on the orientation and inclination of the structur-
a2} features in the rock mass while takina no account of the
rock stress. The NGI classification does not include a
joint orientation term but the properties of the most
unfavourable joint sets are considered in the assessment of
the joint roughness and the joint alteration numbers, both
of which represent the shear strength of the rock mass.

Both classification systems suggest that the influence of
structural orientation and inclination is less significant
than Ana wenld narmally rand to assume and that a different-

fation between favourable and unfavourable is adequate for
most practical purposes. While this may be scceptable for
the majority of situations likely to be encountered in the
field, there sre a few cases in materials such as slate where
the structural features are so strongly developed that thay
will tend to dominate the behaviour of the rock mass. In
other situations, large blocks may be isolated by a small
number of individual discontinuities and become unstable
when the excavation is created. in such cases, the classi-
fication systems discussed in this chapter may not be ade-
quate and special consideration may have to be given to the
relationship between the geometry of the rock mass and that
of the excavation. This subject will be dealt with in
chapter 7 of this book.

The authors have used both the CSIR and the NGl systems in »
the field and have found both to be simple to use and of
considerable assistance in making difficult practical de-
cisions. In most cases, both classifications are used and
both the Rock Mass Rating (RMR) and the Tunnelling Quality

(Q) are used in deciding upon the solution to the problem.

tt has been found that the equation RMR = 9 LogeQ + 44
proposed by Bieniawski28 adequately describes the relation-
ship between the two systems.

When dealing with problems involving extremely weak ground
which result in squeezing, swelling or flowing conditions
(see Terzaghi's classification in Table 1 on page 17}, it
has been found that the CSIR classification is difficult to
apply. This is hardly surprising given that the system

was originally developed for shallow tunnels in hard jointed
rock. Hence, when working in extremely weak ground, the
authors recommend the use of the NG! system.

tn discussing the CSIR and NGI classification systems, the
authors have concentrated upon the basic rock mass classifi-
cation and on the indication given by this classification

of whether support is required or not. Bieniawski25,26 znd
Barton, Lein and Lunde! went on to apply these classifications
to the choice of specific support systems. The detailed
design of support for underground excavations, including the
use or rock mass classifications to assist in the choice of
support systems, will be discussed in chapter 8 of this bhook.
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data collection

Introduction

The worst type of problem with which an underground excava=-
tion designer can be faced is the unexzpectad problem. With-
in the confined space of a tunnel or mine, it is both diffi-
cult and dangerous to deal with stability ér water problems
which are encountered unexpectedly. On the other hand,

given sufficient warning of a potential problem, the engineer
can usually provide a solution by changing the location or
the geometry of the excavation, by supporting or reinforcing
the rock mass around the opening or by draining or diverting
accumulations of groundwater.

While it is impossible to anticipate all the geological
conditions which can give rise to problems during the excava-
tion of an underground opening, it iauclearly necessary that
every reasonable effort should be mads to obtain a complete
picture of the rock mass characteristics at an early stage
in any project. This means that sufficient resources, both
financial and manpower, and enough time must be allowed for
the geological data collection and site investigation phase
of an underground excavation project. Failure to do so

will result in an inadequate basis for the design and could
be very costly when unexpected problems are encountered at

a later stage in the project.

In this chapter, techniques which can bes used for geological
data collection are reviewed in a general manner. Since

each site will have its own peculiarities and since the
site investigation equipment available locally may differ
from that described in this chapter, the readar will have

to adapt the information given to suit his own requirements.
Study of regional geology

The structural geological conditions which occur on any
particular site are a product of the geological history

of the surrounding region. Hence the rock types, folds,
fsults and joints in the relatively small rock volume with
which the designer is concerned form part of a much larger
pattern which reflects the major geological processes to
which the region was subjected. A knowledge of thess major
geological processes can sometimes be of great benefit in
building up a detailed geological picture of the site since
it will tend to suggest structural trends which may not be
obvious from the mass of detailed information availabie at
a more local level.

Gzological studies have been carried ocut in most areas of
the world and these studies are generally recorded in papars
submitred to scientific journals or on maps which may be
available in local librarias, universities or goverament
geological organisations. 1t is important that any such
information covering the area under study should bes locatad
and studied as early as possible in the project.

lt is also important that local knowledge should be ucilised
as far as possible. Llocal prospectors, miners, quarrymen,
building contractors and amateur geclogists may be able to
provide useful information on previous mining or guarrying
operations, unusual groundwater conditions or other factors
which may be relevant. Geological departments at universi-
ties are frequently an important source of local geological

information and the staff of such departments are usually
very willing to help in this early but important dats col-
lection process.

Many parts of the world have been photographed from the air
for military or civilian purposes and good quality air photo-
graphs can provide very useful information on structural
features and on some sub-surface phenomena. Faults and other
major linsar features are usually fairly easy to identify

but & skilled photogeoicgist may also be able to locate
subsidence areas or caving cracks from old underground mines
or the surface reflection of solution cavities which have
slightly altered the local drainage, resulting in slight
changes in the colour or distribution of surface vegetation.

Stereoscopic examination of adjacent pairs of air photographs
is useful in aress of significant topographic relief since iy
It may be possible to locate old landslips or other surface
features which may bes important in the overall design of

the project. Contour maps of the area can also be prepared
from air photographs and figure 8 illustrates an inexpensive
stergoviewer which can be used for the approximste measure-
ment of surface elevation differences. Accurate contour

maps 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 contract
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 Miller3f,
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Figure 8.

A stereoviewer being used to examine an adjacent pair

of air photographs. This instrument can be used to
measure surface elevation differences and is a model

SB18¢ folding mirror stereoscope manufactured by Rank
Precision Industries Ltd., P.0.Box 36, Leicester, England.



Enginesring geological maps and plans

Maps producad as a result of the regional geological studies
described in the previous section are normally to a scale

of between 1:10000 and 1:100000. In order o provide the
more detailed information required for the enginesring design
of an underground excavation, it is necessary to produce

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

In addition, the type of infarmation included on such plans
and in the accompanying logs and notes should be such that

a classification of the rock mass (as described in the pre-
vious chapter) can be producad.

A review of engineering geological mapping techniques, which
are currently used in civil engineering practice (mainly

for surface excavations) in the United.Kingdom, has been
published by Dearman and Fookes®!. Moye32 has given a very
full description of the engineering geological investigations
carried out for the Tumut ! underground power station in the
Snowy Mountains in Australis. These papers, together with
the textbooks on engineering geology included in the list
of references at the end of this chapter, deal with the
subject of enginsering geological mapping more fully than
is possible in a book of this type in which the emphasis is
placed on enginesring design. It is recommended that the
reader should study at least one of these refersnces in
order that he may become familiar with the range of tech-
nigues which are available.

Mapping surface outcrops

At an early stage in an underground excavation design project,
access may not be available to the rock mass at the depth

at which the excavation is to be created. Under these cir-
cumstances, the rock which outcrops on the surface must be
utilised to obtrain the maximum amount of information on

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 streams
have cut through superficial material to expose the under-
lying rock. Figure 9 illustrates a stream bed exposure in
horizontally bedded sedimentary rocks and many of the char-
actaristics of the individual beds in the saquence ares
avident in such an exposure.

When the amount of surface exposure is limited or when it
s considerad that those outcrops which are available have
een severely altered by weathering, the excavation of &
rench or a shaft i{s sometimes advisable. Figure 10 shows
a trench axcavated through surface deposits by means of a
bulldozer. Further excavation into the bed-rock by means
of blasting may be reguired in such cases although care
weould have to be taken that the information being sought
was not destroved in the basting procass. Sometimes, clean-
ing the exposed surface with a pressurised jet of water or
air is sufficient to reveal the rock mass for the purpose
of structural mapping.

In addition to the identification of rock types, surface
outcrops should be used for the measurement of the inclina-
tion (dip) and orisntation (dip direction) of structural
satures such as bedding planes, cleavage and joint planes.

-n e

Figure 9. Horizontally bedded sedimentary rock exposed in the
bed of a mountain stream. Such exposures provide excelient
facilities for surface mapping.

nch excavatad
ials by means




42

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 instruments
are available but one of the most convenient is the compass
illustrated in the photograph reproduced oppositce. This
compass was designed by Professor Clar add is manufactured

by F.W.Briethaupt & Sohn, Adolfstrasse 13, Kassel 3500, West
Germany.

The folding lid of the compass is placed against the plane
to be measured and the target bubble is used to level the
body of the instrument. The dip of the plane is indicated
on the circular scale at the end of the lid hinge. Mith

the instrument body level, the compass needle clamp is de-
pressed (by the user's thumb in the photograph opposite)

and the well-damped needle quicklygstablishes its magnetic
north-south orientation. It is jocked in this position by
releasing the clamp and a friction clutch in the 1id hinge
holds the lid in position. The instrument can now be removed
from the rock face and the dip and dip direction read off the
two scales. This ability to retain the readings after the
instrument has been removed from the rock face is important
when the compass is being usad in difficult positions.

Field measurements are usually recorded in a field note book
but a portable tape recorder can sometimes provide a very
effective means of making field notes. It is important that
information recorded in the Field should be transferred onto
maps, plans or other more permanent forms at regular inter-
vals, preferably daily. This will ensure that apparent
anomalies can be checked while access to the outcrop is
still readily available and erroneous information, which
could be dangerously misleading at a jater stage in the
project, can be eliminated.

Since it is probable that the field mapping will be carried
cut by a geologist and that the data may be used, at some
tater stage, by an engineer for design purposes, it is
essential that an effective means of communication be estab-
lished betwesn these two persons. lt is also important that
these data should be intelligible to other enginsers and
geologists who may be concerned with other aspects of the
project but who may become involved in occasional discussions
on geotachnical problems. The presentation of these data
graphically or by means of models, is considered to be so
important that the whole of the next chapter is devoted to

this subject.

when rock exposures occur in the form of very steep faces
which are difficult and dangerous to work on, pnotogrammet=
ric techniques can be used to obtain information on the dip
and dip direction of visible structural features. Two photo-
graphs are taken, from accurately surveyed base positions,

of & rock face on which reference targets have been marked.
These photographs are combined in a stereocomparator, &
highly sophisticated version of the instrument illustrated

in figure 8, and measurements of the three coordinates of
visible points on the rock face are made. By taking & number
of measurements on a plane in the photographs, the dip and
dip direction of the plane can be computed by rotating an
imaginary plane in space until it fits the measurad coordin-
ates. This technique has been fully described by Ross-Brown,
Wickens and Markland32 and the equipment available for photo-
grammetric studies has been reviawed by Moffite

anf:rmﬁtion of the usefulness of this photogrammetric tech-
n!q;e oz geological mapping was obtained in one study ca:-
;L:ilggieon ih;e;y’s:ee?_quarry face to which access was not
: . he information gathered during this study was
?se?-f? a staD11|tX analysis of the rock face as part of a
w:a=|bx]1ty stu?y for a major project. Several years later
_?n access to the face was available, the information ob- ’
taln?d in the phoF??rammetric study was checked by geclogical
mepping and the differences were found to be insignificant

Geophysical exploration

:ziguziiﬁflthe high cost of subjsurface exploration by dia-
Tond ot o:Cng or by the excavation of trial shafts or adits
e t t a proposed undarground excavation is seldom ’
xnve;tlgated as fully as a design engineer would wish
Geophysical methods can be used te obtain an initial svarﬁﬂ
assessment of the site which can assist the project staFFL
in optimising the site exploration programme.

H05§m§n and Heim*? have reviewsd s range of gesophysical
tECPﬂIqU?S which are applicable to undergrouné ax\z{,ava?ion
engineering and their summary of available meth;ds iSLoiv
in Table 8 on page 44. This table is largely self-expl ?T
tory but a few additional comments may beﬂhe]pfui P

Geophysical methods involving the use of gravity mete
magn?tometgrs and electrical resistivity can be used ;2’
gEta}T esctmates of rock properties such as porosity and
censity. However, these methods give relatively little
;zglcatéon of the structural characteristics of the rock
in;:r;:gcfhe results can sometimes be very difficult to

Selsma§ methods will not give satisfactory results in all
geologv?al environments and they are the most expensive of
gecphy§|ca! methods. On the other hand, when ceoloqica;
Fozd«tlc@s are suitable, seismic methods can give ;aluable
‘nformation on the structural attitude and co;figuraticn
of rock layers and on the location of major geclogical
discontinuities such as faults. ¢

The interpratation of both geophysical and seismic measure-
ments‘|s a ?omplex process and a great deal of practical
Experxen:e is ﬁequired of the operator before the resyits
;:gp:jsgiger:g as're}xa?le.. For this reason, do-it-yourself
;UCh ysice seismic studies are not recommended. Where

. ies are considered to be appropriate, the employment
of a specialist contractor is advisable. ’ provmEnt

S::iuﬁ:Z;zugiagfoac%e§s is availab]e through boreholes, the
geophysical exploration techniques can be
extended. Several techniques develioped by the oil indust
are ng¥ availa?ie for civil engineering and mining app?iggz
;;:nziveazgeii;s?;;OTias?rameztf in and between boreholes
of v userul i5f ration of the local characteristics

The f ismi hni

" u;e 9‘.5315T|c technigues to Tocate rockbursts in under-
?Aoun anxng situvations is a special form of imstrumenta-
tion which will not be dealt with in this book

* By D.M.Ross-Brown in a consulting assignment with £.Hoek




TABLE 8 - GEOPHYSICAL EXPLORATION TECHNIQUES FOR UHDERGROUND EXCAVATION EMGINEERING (After Mossman and Heim"0)

Me thod Principle Geological enviroment Applieations Limitations Cost 1
|
RAVITY Measures total density of rocks.|Any. Effective depth in excess |Measurement of lateral changes Does not provide direct] Inter- i
WTER Measurement in 10°% gals. of 3000 feet. Intensity of of rock types. lLocation of measurement of geometry| mediate. |
Accuracy 1 x 1077 gals. Cover- |signal decreases as square of caverns. of rocks.
age is spherical around point. depth.
WGHETO~ Measures total magnetic inten- |Any, but primarily igneous. Discloses presence of local Does not provide direct| Low to
ETER sities in gammas to & 1gamma for|Effective depth not selective metallic bodies. Useful for measurement of geometry| inter=
total field, 2.5-10 gamma for but field strength decreases as {mapping buried pipelines, may of rocks. mediate.
vertical field, %10 gamma for square of distance from abser- lalso indicate faulting and
horizontal Field. Coverage is ver, minor igneous intrusions.
point, measures field intensit-
ies.
ELECTRICAL | Mcasures relative electrical Any, but primarily for overbur- Exploration for ore bodies, Results often ambiguous| inter-
RES1S- conductivity of rocks in ohms den and groundwater evaluation. [aquifer location, gravel mediate.
TIVITY from 3 x 1073 to 10" chms, gen- |Effective depth to 3000 feet deposits and bedrock profiles.
erally %2 » 1071 sensitivity. depending upon type of sediments
Coverage linear over short dist. and instrument used.
-
ELECTRO- Measures amplitude and phase Any. Effective depth surficial.|Aquifer location. Restricted application,|low to -
HMAGNET I C angle of electromagnetic field. ambiguous results. inter-
Measurement in scale readings. mediate.
Point coverage.
RADIOMETRIC| Measures gamma-ray radiation - Any. Effective depth surficial. Prospecting for radioactive ore.|Measures surface mani- | Low,
(SCINTILLO-| 2.5 x 107% to 5 milliroentgens/ Can yield data on shale consti~ festations only. Often | increasing
HETER) hour, at up to 4000 counts/sec. tuency. used in bareholes. with area.
Point coverage.
SEISHIC Measures travel times of induced|Sedimentary, igneous or meta- Measuring depth to bedrock along Velocity calibration High, but
REFRACTION | encrgy From explosives, vibrator morphic rocks. Effective depth extended lines. Determination of| required for depth det-| covers
in 1073 seconds. Accuracy %2 % |0 - 500 feet. Greater depths 5 and P-wave velocitbes in ref- | erminations. Poor for |large arca.
1073 sec = £10 to 30 feet. require large horizontal exten- racting zone for derivation of steep dips. Uneconomi=
Coverage is linear at any desir-[sion of operation.’ rock properties. Configuration cal for small jobs.
ed harizontal spacing. and continuity of rock surfaces.
SEISHIC Measures travel times of induced|Primarily sedimentary rocks. Measures depth and continuity Velocity calibration High.
REFLECTION | energy from various sources in Effective depth & 500 feet to of rock layers. locates discon= required for determina-
1073 seconds. Accuracy £2 x 1073 untimited depth. tinuities such as faults. Pro- tion of depth.
sec, = 5 to 25 feet, decreasing vides data on stratigraphic con-
with depth. Coverage linear at ditions.
any desired horizontal spacing.
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Figure 11. A large surface-mounted
drilling machine for deep hole
sub-surface exploration. Note

the carefully Prepared foundation
and working ar2a.

hine suitable
Ticy 56mm core in confined underground

Figure 12. A hydrautically operated diamond drilling mac
for producing high qua
locations.

Both photographs reproduced with permission from Atlas Copco, Sweden.

Drilling machines

in addition to providing a financial incentive to encourage
the driller to aim for high core covery, it is essential
that he should also be provided with a drilling machine which
has adequate capacity for the job in hand and which has been
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 are
used in site investigation work. An inspection of the con-
tractor's equipment will often give a good indication of

the quality of work which he is likely to produce and such
an inspection is a sound precaution to take before the award
of 3 contract.

ia
re
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i

Hydraulic feed drilling machines are essential for high
quality core recovery. The independent control of thrust »
permits the drilling bit to adjust its penetration rate

to the hardness of the rock being drilled and, in particular,
to move rapidly through weathered rock and fault zones before
they are eroded by the drilling water. it is also important
that a wide range of drilling speeds are available to permit
adjustment to the manufacturer's recommendation on rotational
speeds for various bits.

Many large surface drilling rigs, such as that illustrated
in figurell, are fitted with hydraulically cperated chucks
which permit rapid coupling and uncoupling of rods - & job
which requires the expenditure of considerable energy if

it is done manually with wrenches. Hydraulic chucks are
also fitted to the smaller Atlas Copco Diamec 250 machine
illustrated in figurei2 and these permit very rapid rod
changing = an important consideration when a large number

of short drill rods have to be used in a confined underground
tocation. Light-weight aluminium rods are also normally used
on this machine and this makes it possible for one man to
carry out the complete drilling operation, once the machine
has been set up.

The bulky nature of hydraulic drilling machines such as that
illustrated in figurell makes them unsuitable for use under-
ground, except in major caverns. Consequently, until compact
machines such as that illustrated in figurei2 were introduced,
most underground drilling, particularly in mines, was done
with screw feed machines. Because the thrust on these machi-
is not easy to control, they are less suitable than ths
hydraulic machines for high quality structural drilling.
However, with careful control by the operator, good core
recovery can be achievad with these machines¥3.

A very large proportion of diamond drilling is carried out
using water to cool the diamond bit and to flush the chippings
out of the hole. In some cases, the use of air as a coaling
and flushing medium is preferred, particularly when very

poor rock conditions with the danger of rapid deterioration

of the rock due to moisture changss are encountered. The

use of air requires a special design of the ducts in the

drill bit since a higher volume of air is required in order

to achieve the same effect zs water flush. Relativaly few
manufacturers offer equipment suitable for the use of air

put it is anticipated that more of this equipment will bacome
available in the future as its advantages for special applica-
tions are racognised.
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Core barrels for diamond drilling

The design of a diamond impregnated drill bit for good core
recovery is a highly specialised process which is undertaken
by a number of manufacturers and no attempt will be made to
discuss this process here. However, the results achieved by
using the best available bit can be completely spoiled if
the barrel in which the core is caught is poorly designed.

A lamentably frequent sight is to ses 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 care box as a meaningless jumble
of pieces as a result of this type of operation.

The aim of a geotechnical drilling ppogramme is to recon-
struct the complete core sample from-the rock mass in a
state as close to its original condition as possible. This
can only be achieved if the core passes into & mon-rotating
inner tube in the core barrel so that the rotation of the
outer barrel, to which the drill bit is attached, does not
twist the fragile core. Most manufacturers can supply a
variety of double or triple tube core barrels in which the
inner barrel is mounted on a bearing assembly which prevents
the rotation of the outer barrel being transferred to the
inner unit,

The most desirable construction of the innermost barrel is
to have the tube in two matching halves which are held
together by means of steel clips. When the full barrel is
recovered from the drill hole, these clips are removed and
the barrel is split to reveal the core which can then be
tranferred into a prepared core box. One such spit double
tube core barrel, manufactured by Mindriil of Australia

is illustrated in figure 13. This particular barrel has
been fully described in a paper by Jeffers®%,

Wireline drilling

When driiling deep holes from surface, a great deal of time
and energy can be expended in removing the drili rods from
the hole at the end of each drilling run. Much of this
effort can be avoided by the use of wireline equipment which
allows the full core barrel only to be removed at the end

of each driltling run. This barrel is lowered down the centre
of the drill string by a wire and a series of clamps are
used to attach the barrel to the bit. These clamps are
released when the barrel has been filled and the drilling
system is left in place while the core is recovered. Wire-
line driliing has become very common in high quality mineral
exploration and site investigation work and many drilling
contractors now have eguipment available for this work.

Core orientation

It should already have become obvious to the reader that the
orientation and inclimation of structural discontinuities

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 has
been in terms of core recovery, very valuable information
will have been lost if no attempt has been made to orient
the core.
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a. Core barrel with outer tube removed to reveal
bearing assembly to which inner split tube is
attached. Note water holes in bearing assembly.

b. Full core barrel with diamond drilling bit
removed to show end of split inner barre
projecting from outer barrel. Nate circular
spring clip holding two halves of split barrel
together.

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

Figure 13. Use of split double tube core barre! for
recovery of core for geotechnical purposes.
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ble marker bands or bedding planes which are intersected
by two or more non-parallel boreholes. These techniques

are familiar to most geologsits and can bg very useful in
certain circumstances. Engineering readers shouid consult
Phiilips®7 for details.

Orientation of core from a single borehole usually depends
upon the use of some form of orientation device which is
used during the drilling programme. The Christensen-Hugel
method utilises a scribing mechanism which marks parallel
Tines on the core as it is forced into the inner barrel of
the drill%3. The Atlas Copco-Craelius core orientation
system uses a tool which is clamped #n the core barrel as
this is lowered into the hole at the 'start of a drilling
run. A number of pins parallel to the drill axis project
ahead of the drill bit and take up the profile of the core
stub left by the previous drilling run, as illustrated in
figure 4. The orientation of the device is determined
relative to the drill rod position at the collar of the
hole or, in an inclined hole, by means of a ball bearing
marker which defines a vertical plane through the btore-
hole axis. When the core has been recovered, the first

piece of core is matched to the profile of the pins and the

remainder of the core is pieced together to obtain the

orientation of other structural features in relaticn to the

first piece.

igure 14 . An Atlas Copco-Craelius core orienter. Clamped inside the
iamond bit, the pins take up the profile of the core stub left by the
previous drilling run. Pressure on the spring loaded cone locks the
pins, actuates the ball bearing marker and releases the tool so that
it can sove uo the drill barrel ahead of the cors.

Phitlips®7 and Ragan“® have described methods for establish-
ing the orientation and inclination of strata from recognis=-
abl

More elaborate core orientation systems involve drilling
a small diameter hole at the end of the hole left by the
previous drill run. A compass can _be bonded into this hole

for recovery in the next core run®® or an oriented rod can
be grouted into the hole to provide reinforcement for the
core as well as orientation. This latter technique, known
as the integral sampling method, has been described by
Rocha5® and can be used to produce high quality oriented
core in very poor rock. However, it is both expensive and
time consuming and would only be used to evaluate extremely
critical areas in the rock mass.

Examination of the walls of boreholes by means of camerasS!
or television systems has been used for core orientation

but the results obtained from these devices are seldom
satisfactory. A great deal of time can be wasted as a N
result of mechanical and electrical breakdowns in equipment
which was not originally designed to operate under such
severe conditions. A more promising borehole inspection too!
is the Televiewer which was originally developed by the ail
industry52, This instrument, which works in a mud-filled
hole, produces a television type picturs as a result of the
attenuation of a sonic signal by fractures in the rock
surrounding the hole. The high cost of this instrument
timits its application to specia! studies and it could not
be considered for routine site investigation work.

An inexpensive tool for obtaining an impression of the
inside of a diamond drilled hole has recently been developed
by Hinds33,5%, Figure 15 is a reproduction of an impression
taken in a 3 inch diameter hole in sandstone and this shows
the coarse grain of the rock as well as several open fissures.
The Impression material is a2 chermoplastic film called Para-
film M* which is pressed against the borzhole wall by an
inflatable rubber packer. Linking this device to some form
of orientation system or borehole survey instrument provides
information on the orientation of fractures in the rock

mass which is independent of disturbance of the core.

Figure 15. Photographic repro-
duction of the impression taken
on thermoplastic film inside a
3 inch diameter diamond drill
hole in sandstona.

Manufactured by The American Can Company, American Lane,
Greenwich, Conn. 0/830. USA.
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From the comments in this section, it will be obvious that
core orientation is a difficult operation which frequently
yields unsatisfactory results. In spite of these difficul-

ties, 3 knowledge of the orientation and inclination of
discontinuities in the rock mass is very important for the
design of underground excavations and the reader should not
give up too easily in his efforts to obtain this information.

Index testing of core

In addition to information on the discontinuities in the
rock mass, it is also important to obtain estimates of the
strength of the intact rock and on the weathering character-

istics of this rock.

A reascnable estimate of the uniaxial compressive strength of
the rock can be obtainad by means of the point lecad rest.
A piece of core is loaded across its diameter between two

hardened steel points as i{llustrated in figures 16 and 17
which show two alternative commercially available point
toad testing machines. The Point Load index35 is given by:
1 = p/p2 o "' Figure 16, A Point Load testing machine used for strength index
s - testing in the field. This apparatus is manufactured by Engineering
where P is the load required to break the specimen and s taboratary Equipment Ltd., Hemel Hempstead, Hertfordshire, England.

D is the diameter of the core. i
Hote that the length of the core piece should be at least
1.5 times the diameter of the core.

tf the diameter D of the core is expressed in millimetres,
an approximate relationship between the point load index lg
and the uniaxial compressive strength o is given by38 :

oc = {1k +0.1750) 1 G
Because the load required to break a rock core under point o
load conditions is only about one tenth of that required
for failure of a specimen subjected to uniaxial compressive
stress, the point load equipment is light and portable and
is ideal for use in the field during logging of the core. :

The uniaxial compressive strength of the rock, estimated
from the point load index, can be used for rock classifi-

cation according to Table 3 on page 25. The value of o
can also be used in & more detailad analysis of rock i Figure 17. An alternative form of Point
strength which will be discussed in 2 later chaptar. Load tester manufactured by Robartson

Research Mineral Technology Limited,
Figure 18 shows a box of core recovered from an interbedded Liandudno, Gwynedd, Wales.
series of sandstones, siltstones and mudstones. The photo-
graph was taken approximately six months after drilling and

it shows that the mudstone (the dark coloured material in

the central trays) has disintegrated completely in this

time. This tendency to weather on exposure can have sericus
consequences ¥ such a matarial is left unprotectsd in an

excavation and it is important that the engineer should be

made aware of this danger in good time so that he can specify
appropriate protective measures. Franklin and ChandraS’ f
have described a Slake Durability test which is carried out

in the apparatus illustrated in figure 19. This test, which
can be carried out in 2 field laboratory, involves determin-
ing the weight loss of a number of pieces of rock which P

have been rotated, under water, in the sieve drums at the
ends of the instrument.
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Figure 18. Core recoverad from interbedded
mudstones, siltstones and sandstonES: The
photograph was taken approximately six months
after drilling and shows the severe weéthar—
ing of the siltstones and mudstones which
occupy the central trays of the core box.

o

Slake Durability test apparatus in which sample§ of
in the two sieve drums in water and the weight

loss indicates the sensitivity of the rock to weathering. This
squipment: is manufactured by Engineering Laboratory Equipment
Ltd., Hemel Hempstead, Hertfordshire, England.

Figure 19.
rock are rotated
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Core logging and photography of core

The time span between the preliminary investigation of a
site and the commencement of active mining or construction
may be of the order of ten years and the need to refer to

the originai geological information may well last for several
tens of years. Because the geologists involved in the site
investigation are unlikely to be available throughout this
period, it is essential that the geclogical data should be
recorded in such a2 way that mezningful interpretation of

these data can be carried out by others. It would not be
appropriate to suggest the exact form which should be used
for core logging since this will vary according to the

nature of the project, the design approach adopted and the
overall geologica! conditions on site. The procedure adopt-
ed in the case of an underground mining operation in massive *
lead-zinc ore bodies will probably differ significantly from
that used for an underground powerhouse in horizontally
bedded coal measure sedimentary rocks. However, it is
strongly recommended that the project management and the
geologists should give serious comsideration to the core
logging procedures to be used 2nd to the presentation of
regular carefully prepared reports. An example of a care~
fully planned and well presented core log is reproduced,
from a paper by Moye“®, in figure 20.

Wherever possible, standard symbols should be used for the
graphical presentation of geological data58 and it is
useful to include 2 list of such symbols in every geological
raport.

The preparation of 2 core log or 2 geological report re-
guires a certain amount of judgement on the part of the
geologist and subsequent users of this information may
question some of these judgements. Some of the uncertainty
in geclogical interpretation can be eliminated if the core
logs and reports are accompanisd by good quality colour
photographs of the core. Considering the very high cost

of good quality core recovery, it is invariably worth spend-
ing a little more to provide for routine core photography
before the cores are placed in storage. A rigid stand for

2 good 35mm single lens reflex camera can be set up in
corner of the core shed and each core tray photographed

25 iU arrives from the field. flood tighting or the use

f an electronic flash will enable the operator to set a
tandard exposure on the camers and will ansure consistent
esults. Several trial exposures may be required to test

he system and to ensure that a good colour balance is
hievad in the final results. In most cases it will be

und convenient to use colour reversal film, balanced to

2 light source used, for producing a set of colour slides
he original record. Copies of these slides or colour

ts from the stides are readily available commerciaily,

s important that each core box should be adequately
L
n
T
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3
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ified by means of a legible label which should appear
he photograph. It is also useful to inciude a colour

5 o
@
a3

in the photograph so that some compensation can be
made if fading or discolouration of the slide or print
occurs.

Core storage

Having spent a great deal of money on diamond drilling ro
recover high quality core, care should bs taken that this
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Figure 20.

Example of a carefully pl’anned and well presented core

log reproduced from a paper by Hoye""“ on the Snowy Mountains scheme.
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Figure 21. A good example of core starage
provided during the exploration of an ore
body for a large underground mining operation.

core is stored in such a way that it is protected from the
weather and from vandals and that it is passible to gain
access to any particular core tray without major physical
effort. Laying the core out for inspection is reasonable
during the drilling operation, as shown in the photograph
opposite, but it cannot be considered adequate for perma-
nent core storage. The storage racks illustrated in figure
21 are a good example of the type of core storage which is
considered necessary on a major project.

Exploratory adits and shafts

This chapter on geological data collection would not be
complete without mention of the use of exploratory adits
and shafts. While these may not be economically justified
during the preliminary site investigation work, there comes
& stage in the design of a major underground excavation when
physical access to the rock at the excavation location be-
comes essential. The uncertainty of projecting geological
information obtained from surface mapping and from diamond
dritling is such that the choice of the optimum location
and orientation and the detajled design of the support
system for a large underground cavern cannot be made with
confidence on the basis of this information only. Since
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Chapter 4 | Graphical presentation of geclogical dat.a

Introduction

The effective utilisation of geological dats by am engineer
depends upon that engineer’s ability to comprehend the data,
to digest them and to incorporate them into his design.. The
communication between geologists and engineers is particular-
ly important when the stability of the rock mass surrounding
an underground excavation is likely to be controlled by
through-going structural festures such as faults or well
developed joints. In such cases, the three-dimensional
geometrical relationship between structural features and

the roof and walls of the excavation is very important since
this relationship will control the freedom of blocks to fall
or slide.

Most geclogists are familiar with the use of spharical pro-
jections for the presentation and analysis of structural
geology data but many engineering readers may not be familiar
with this technique. In order to assist such readers, the
principles and uses of stereographic projections are reviewed
in this chapter. |In addition, a method for the construction
of isometric views of structural featuras is presentad.

Equal area and equal angle projections

Figure 22 shows a sphere with one guarter removed and with
meridional and polar nets projected onto the exposed vertical
and horizontal faces. There are two types of projection which
are used to generate the meridional and polar nets and these
are the I ara2a and the sgusl angle projections. These
projections are described balow.

The equal area projsction , also known as the &
projection, is genaratad by the method shown in the
rgin sketch. A point 4 on the surface of the sphere
is projected to point B by swinging it in an arc centred

a4t the point of contact of the sphere and a horizontal
surface upon which it stands. If this procass is repeated
for a number of points, defined by the intersecticn of
equally spaced longitude and latitude circles on the surface
of the sphare, an equal area net will be generated. This

net has a larger diameter than the sphers and, in order to
reduce its diameter to that of the sphere, the radius of
each point on the net is reduced by 1/V2

upper 7

The equa! angle projection, also known as a g >
7 projection, is obtained by the method illustrated
in the lower margin sketch. The projection & of a point 4
on the surface of the sphere is defined by the point at
which the horizontal plane passing through the centre of
the sphere is pierced by a line from 4 to the zenith of
the sphere. The zenith is the point at which the sphere is
pierced by its vertical axis

Both types of projection are used for the analysis of
structura! geology data. !n general, the equa! area projec-
tion is preferred by geologists because, as the name implies,
the net is divided into units of egual area and this permits
the statistical interpretation of structural data. Engineers
tend to prefer the equal angle projection because geometrical
constructions required for the solution of engineering pro-
blems are simpler and more accurate on this projection than
for the equal area projection. The authors have conductad
extensive trials om the spesed. convanience and accuracy of
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Meridional net

Polar net

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

both statistical interpretation of structural data and
geometrical construction using both types of projection

and have convinced themselves that, for the applications dis-
cussed in this book, there is no practical advantage to be
gained by choosing one type of projection in preference to
the other. The advantages and disadvantages associated

with using either of these projections balance out when

the nets are used for the total solution of a problem rather
than for an analysis of part of that problem.

Since the equal area projection was used exclusively in
Rock Slope Engineering 2, the authors have chosen to use
the equal angle projection throughout this book. The tech-
nigues of using these projections are identical and the
reader will have no difficulty in converting from one
system to the other. The only warning which must be issued
is that the same type of projection must be used throughout
a particular analysis. A total shambles would result from
an attempt to analyse data originally plotted on an equal
area net by means of an egual angle net or vice versa. In
order to avoid such embarrassment, it is advisable to note
the typs of projection used on all diagrams.
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Stereographic projection of a plane and its pole

Imagine a sphere which is free to move in space so that

it can be centred on an inclined plane as illustrated in
figure 23. The intersection of the plane and the surface

of the sphere is a great eirecle which is shaded in the
figure. A line, passing through the centre of the sphere

in a direction perpendicular to the plane, pierces the
sphere at two diametrically opposite points which are called
the poles of the great circle representing the plane.

Because the same information appears on both the upper and
the lower parts of the sphere, only one hemisphere need

be used for the presentation of structural geology informa-
tion. In engineering geology, the lower 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 and

figure 25 shows the appearance of these projections. The
inclination and orientation of an inclined plane are definesd
uniquely by either the great circle or the pole of that plans.
As will be shown later in this chapter, poles are usually
plotted when collecting geological data in the field and

the corresponding great circles are normally used when
analysing thesedata for engineering purposes.

Definition of geological terms

An inclined geological plane is defined by its inclination
to the horizontal or dip and by its orientation with respect
to north which may be defined by the strike or by the dip
direction of the plane. The relationship between these
terms is illustrated in the margin sketch.

The strike of a plane is the trace of the intersection of
that plane and a horizontal surface and it is used by most
geologists to define the orientation of a plane. in order

to eliminate any possible ambiguity when using strike, it

is necessary to define the direction in which a plane dips.
Hence, a plane is fully defined if it is recorded as having
a strike of N 30 W and dip of 20 SW. On the other hand, if
it were recorded as having a dip of 20°, it would not be
clear whether this dip was towards the south-west or the
north-east. Several conventions are used by geologists

to eliminate this problem when using dip and strike and

the authors would not presume to offer an opinion upon which
of these conventions is best. The geologist should use that
convention with which he is most familiar but he should

take care that he includes sufficient information on his
records and logs to ensure that anyone else working with his
data knows what convention has been used.

Geotechnical engineers, particularly those who make extensive
use of computers in their analyses, have tended to use dip
direction in preference to strike as a means of defining

the orientation of planes. |f the dip direction and dip of

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

on the orientation and inclination of that plane and this
notation is more concise than that for strike and dip - an
important consideration when processing large quantities of
geological data by computer.




Figure 23 : Great circle an? it§
poles which define the inclination
and orientation of an inclined
plane.

Great circle

zenith
Stereographic \ StercogfaphiG
projection of \\prOJeccvon of pole
great circle—? Ve ; N //)

Figure 24 : Stereographic projection of 8
areat circle and its pole onto the hgrlzon-
Ea} olane of the Jower reference hemisphere.

Great circle

Figure 25 Stereographic projection of a great
circle and its pole.

Great circle

Dip direction measured
clockwise from north

Great circle

»——Lower reference
hemisphere

Definition of terms used in conjunction with the lower
reference hemisphere steresographic projection.

Figure 26 shows the dip, dip direction and strike conventions
used in conjunction with the Tower reference hemisphere
stereographic projection. Note that dip direction is always
measured clockwise from north and that the strike line is

at 90° to the dip direction of a plane.

Wherever possible, in this baok, both strike and dip direc~
tion will be used when presenting the basic data on sample
problems.

Construction of stereographic nets

The construction of great and small circles on a meridional
stereographic net is illustrated in figure 27. The centres

of the great circle arcs are defined by the intersection of
the east-west line through the centre of the net and the
various chords shown in the figure. The centres of the small
circles are defined by the intersections of the north-south
line through the centre of the circle and the various tangents
to this circle.

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

High quality computer drawn meridional and polar stereographic
nets are reproduced in figures 28 and 29. Photographic or
machine copies of these nets can be used for the plotting

and analysis of structural data, as discussed later in this
chapter. Note that 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 free

of such distortion.
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A counting net for use in conjunction with a polar stereo- Figure 28 : Meridional stereographic net for
graphic net is reproduced in figure 30. For sractical appli- structural geclogy data.
cations, the most convenient form in which this counting

dreawn by Dr. C.4.5t J
Tmperial C

r

net can be used is as a transparent overlay and the reader
is advised to have a number of such overlays preparad. Once
again, care should be taken to ensure that the copies are
not distorted. The use of this counting net for the analysis
of structural data is discussed later in this chapter.

Compute o

hn of the Royal Scheol of
lege, London.

the analysis of

Mines,



Figure 23 : Polar stereographic net on which the poles of Figure 30 : Counting net for use in conjunction with the polar
geological planes can be plotted. stereographic net given in figure 29.

Reproduced with

o droun by Dr.




Figure 312: Meridional and polar stereo-
graphic nets can be mounted on either side
of a piece of hardboard or plywood by means
of transparent adhesive tape. Transparent
plastic sheast coverings will help to protect
the net for field application.

Figure 31b: A piece of tracing paper is
placed over the polgt net and attached to

the board by means of a spring clip. A stock
of tracing paper on which circles correspond-
ing to the outer circumference of the net
have been marked will be found useful for
field work.

Figure 31c: When the tracing paper has been
located over the polar net, the centre of
the circle and the north point are marked.

Firgure 31d: The poles of planes are plotted
nto the tracing paper from field logs.
ifferent symbols should be used to repre-

-
t
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nt different types of structural features.
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Figure 3le: A transparent copy of the
counting net reproduced in figure 30 is
placed over the pole plot and a piece of
tracing paper placed over the counting

net. The counting net is free to rotate
about the centre pin but the tracing paper
is fixed with respect to the pole plot.

The number of poles falling in each 1% area
square is counted and noted on the tracing
paper. Rotation of the counting net allows
maximum pole concentrations to be located
more accurately than using a fixed counting
net.

Figure 31f: On a fresh piece of tracing
paper, contours of equal pole concentration
are constructed by joining equal pole counts.
The north point and the centre of the net
must be marked on this tracing.

Figure 31g: The piece of tracing paper
on which the pole concentration contours
have been drawn is transferred onto the
meridional stereographic net and it is
located on the net by means of & centre
pin.

Figure 31h: Great circles representing the
most important structural features are
constructed by rotating the tracing around
the centre pin until the pole of each plane,
represented by the centre of each pole
concentration, falls on the east west axis
of the net. The corresponding great circle
is traced as shown.
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Construction of a great circle to represent a plane

Consider a plans defined by a dip direction of 130° and a
dip of 500. This may be written 130/50 in a field note book
or on a drawing. Alternatively, the plane is defined by

a strike of N 40 E and a dip of 50 SE. The great circle
representing this plane is constructed as follows :

Locate a piece of tracing paper over the meridional net by
means of & centre pin. Mark the north point and the centre
of the net on the tracing paper. When a number of stereo-
graphic analyses are to be carried out, sheets of tracing
paper on which the outer circumference of the net, the centre
point and the north point have already been marked will be
useful.

d

-,
Heasure off 130° clockwise from north around the circumfer-
ence of the net and mark this point on the tracing paper.
Alternatively, measure off 400 and mark in the strike line,
shown dashed in the upper margin sketch.

Rotate the tracing paper about the centre pin by 400 until
the 130° mark lies on the east-west axis of the net, i.e.
until this mark on the tracing paper coincides with the 909
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 representing the plane is located by counting a
further 90 degree divisions along the east-west axis, while
the 130° mark on the tracing paper is still aligned with
this axis.

Rerove the tracing paper from the net and rotate it so that
the north point is again vertical. The final appearance of
the stereographic projection of the great circle and its
pole is illustrated in the lower margin sketch.

-
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Determination of the line of intersection of two planes

The plane defined by a dip direction and dip of 130/50 (or
strike and dip of N 40 € and 50 SE) intersects a plane which
is defined by a dip direction and dip of 250/30 (strike and
dip of N 20 W and 30 SW ). It is required to find the plunge
and the irend of the line of intersection of these two planes.
For clarity of presentation, only dip direction markings will
be shown on the construction.

Relocate the tracing paper on the net by means of the centre
pin and measure off 250° clockwise from north. Rotate the
tracing paper through 20% until the 250° mark on the tracing
paper coincides with the 270° mark on the net.

Count off 30 degree divisions, starting from the 270° mark .
on the net and counting inwards towards the centre of the
net. Trace the great circle which occurs at this position.
Count 2 further 90 degree divisions along the west-east

axis and mark the pole position for the second plane.

Rotate the tracimg unti! the intersection of the two great

circles, which defines the line of intersection of the two

planes, lies on the west-east axis of the net. it will be

found that the north point on the tracing paper now lies at
the 70° position on the net.

The plunge of the line of intersection is found to be 21° by
counting the number of degree divisions from the outer cir-
cumference of the net to the great circle intersection. This
counting is from the 270° mark on the circumference of tha
net inwards along the west~east axis towards the intersection
point.

Note that, with the tracing in this position, the poles of
the two planes lie on the same great circle. This fact pro-
vides an alterpatrive means of loczting the line of inter-
section of two planes since this is given by the pole o
great circle passing through the poles of the two plane

the

i
El

The tracing is now rotated until the north point on the
tracing paper coincides with the north point on the net.
The trend of the line of intersection is found to be 2019,
measured clockwise {rom north.




Relationship between true and apparent dip

Consider a square tunnel in which the vertical sidewalls
trend in a direction from 320° to 140°. The apparent dip of
a joint plane which intersects the vertical gidewall, defin-
ed by the trace of the joint on the sidewall, is 40 SE. The
same joint plane may be seen in the horizental roof of the
tunnel and its strike is measured as N 20 E. [t is required
to find the true dip and the dip direction of this joint
plane.

Mark the direction of the tunnel sidewall, from 320° to 140°,
on a piece of tracing paper located over the meridional net
by means of a centrs pin. Also mark the strike of the joint
on the horizontal roof by a line running from 200° to 20°,
passing through the centre of the net.¥-Ensure that the north
point is marked on the tracing. ’

Rotate the tracing so that the 320° to 140° line lies along
the west-east axis of the net, i.e. the tracing is rotated
anti~clockwise through 500 until the 140° mark on the tracing
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 the
centre of the net from the 90° mark. The point marked T
defines the apparent dip of the joint plane in the direction
of 140°. Note that this apparent dip is defined by the line
of intersection of the joint plane with the vertical side~
wall surface and that, provided the joint plane does not
curve in the span of the tunnel, this apparent dip wiil be
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 horizontal

tunnel roof, lies along the vertical north-south axis of

the net. Since the trace of a plane on a harizontal surface
defines the strike of that plane {see figure 26 on page 65),

a great circle can now be drawn to represent the plane. Since
the point T, representing the apparent dip of the joint plane,
must also lie on this great circle, the position of the great
circle is defined as shown on the drawing opposite.

The true dip of the plane, which is at right angles to the
strike line, is found to be 449,

The tracing is now rotated so that the north point on the
tracing coincides with the north point on the net and the
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 or
strike and dip, it is convenient to work with poles of planes
rather than great circles since the poles can be plotted
directly on a polar net such as that reproduced in figure 29
Suppose that a plane is defined by dip direction and dip
values of 050/60 {strike and dip of N 40 W and 60 NE). Its
pole is Jocated on the stereonet as follows : Use the dip
direction value of 050 given in Zfalics on the circumferential
scale around the polar net to locate the direction of the
pole (dip direction of plane + 180°). Measure the dip value
of 60° from the centre of the net along the radial line
defined by 50 and mark the pole position.

Note that no rotation of the tracing paper, centred over the
polar stereonet, is required for this operation and, with a
little practice, pole plotting can be carried out very
quickly. There is a temptation to plot compass readings
directly onto the polar net, without the intermediate step
of entering the measurements into a field note book. The
authors would advise against this short-cut because these
measurements may be required for other purposes, such as

a computer analysis, and it is a great deal easier to work
from recorded numbers than from the pole plot.

Figure 32 shows a plot of 351 poles which have been plotted
directly onto a polar stereographic net from a set of field
data. [t will be noted that different symbols have been

used to represent different types of geological features.
This is particularly important when these features have
different characteristics and when it is important to isolate
certain families or even individual featurass. For example,
in the case of the data plotted in figure 32, the stability
of an underground excavation may be controlled by the single
fault and it is cleariy important to differentiate between
this one feature and the remaining 350 poles. In the case

of the data plotted in figure 32, the characteristics of

the bedding planes and the joints were very similar and

their poles are treated as a single population in the analysis
which follows.

The counting net presented in figure 30 was devised by Coyne
and Bellier, consulting engineers in Paris, and contains

100 ''squares'' which represent 100 equal areas on the sphere.
The derivation of this net is analogous to that used by
Denness>9:80 for his curvilinear cell counting net for use
with equal area projections and the interested reader is
referred to these papers for further details. Obviously,
because of the different types of projection, explained on
page 61, the counting cells for use with the stereographic
projection are significantly different from those used by
Deness for equal area projections.

The most convenient method for using the counting net is to
have a transparent overlay prepared and to centrz this over-
lay over the pole plot by means of a pin through the centre
of the net. A piece of tracing paper is mounted on top of
the overlay, pierced by the centre pin but fixad by a piece
of adhesive tape so that it cannot rotate with respect to the
pole plot. Hence one has a sandwich in which the transparent
counting net can rotate {reely between the pole plot and

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 on
the net and this is done by keeping the counting net in a
fixed position and counting the number of poles falling in
each counting cell. These numbers are noted in pencil on
the tracing paper at the centre of each cell. In the case
of figure 32, the pole count will be 350 since the single
fault is treated separately and should not be included in
the pole population. !

Once the total pole population has been established, the
numbers of poles which meke up different percentages of the
total are calculated . In the case of this example, these
numbers are noted in figure 33.

The counting net is now rotated to centre the densest pole
concentrations in counting cells and the maximum percentage
pole concentrations are located. By iurther small rotations
of the counting net, the contours of *decreasing percentage
which surround the maximum pole concentrations can quickly
be established. With practice, this counting technique

will produce rapid results which are of comparable accuracy
to most other manual pole contouring techniques.

In discussing early drafts of this chapter with geological
colleagues, the authors encounterad very strong opposition
to the use of the stereographic projection for pole
contouring. Most of these geologists had been trained to
use the equal area projection for this task and felt that,
because of the distortion of the stereographic projection,
severe errors would be introduced in using it for pole
contouring. This opposition forced the authors to conduct a
number of comparative studies which persuaded them that these
fears were groundless, at least when the analysis was part
of the solution of an engineering problem in which one is
not concerned with the precise shape of low percentage
contours.

The sceptical reader is invited to carry out the following
comparison for himself. The data plotted in figure 32 and
used to generate the contours presented in figure 33 were
also presented in Rock Slops Engingering (Second edition)?
but, in that case, were plotted and contoured on equal
area projection grids. The reader is invited to contour
both sets of pole plots, using the methods recommended in
each bock and he will find, as the authors have done, that
the significant pole concentrations fall within %1 degree
of each other on the two types of net. This degree of
accuracy is certainly adeguate for the anaiysis of any
engineering problem.

The reader is also referred to the detailed discussion by
Stauffer®! who considered the levels of pole concentration
which should be regarded as significant in a pole population
of a given size. Stauffer concluded that most geologists
attempt to contour pole populations which zre far too

small and he offered 2 set of guidelines on the choice of
pole population size. These guidelines are too detailed to
Jjustify inclusion in this discussion but, briefly, Stauffer
suggests that contouring should not be attempted on pole
populatieons of less than 100 and that, for very weak pre-
ferrad orientations, as many as 1000 poles may be required
to give a reliable result. A full discussion of Stauffer's
recommendations is given in Aock Siope Engineering?.
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Computer processing of structural data

Consulting organisations and individuals involved in the
processing of large volumes of structural geology data have
turned to the computer as an aid . Details of some of these
computer techniques have been published by Spencer and
Clabaugh®2, Lam®?, Attewell and WoodmanS* and Mahtab et al®5.
Many of these techniques utilise the coordinates of the poie
on the surface of the sphere and so eliminate the distortion
which is inherent in any of the projections which reduce
this spherical surface to a two dimensional plane. The
reader who is likely to become involved in & large amount

of structural geology processing is advised to explore the
possibility of using these computer techniques in his own
work.

Sources of error in structural data collection

Before leaving the subject of structural geology interpre-
tation, two common sources of error are worthy of brief
mention.

A frequent source of error in joint surveys is the iaclusion
on the same plot of poles from different structural domains
Hence, in mapping 2 tunnel, a geologist may pass from one
set of geological conditions into another. Working under
poor visibility conditions, this transition may be missed
uniess the geologist has carried out a preliminary recon-
naissance to establish the limits of each structural domain.
It is very important that only those poles representing
geological features within one domain should be plotted on
the same stereonet.

A second source of error lies in the direction of the face
being mapped relative to the orientation of the structural

features in the rock mass. |If mapping is confined to a
single adit, & major feature running parallel to the adit
may never be detected until it appears unexpectedly in the

face of an excavation which is larger than the adit. This
problem of joint sampling was discussed by Terzaghi5® who
suggested a method of correcting for the error by weighting
joint measurements in favour of those almost parallel to the
direction of the exposure on which measurements are made.
The authoers consider that the Terzaghi correction is appro-
priate for joint measurements on borehole core and when the
only access underground is a single straight tunnel with
smooth walls. A preferred method for minimising this error
is to carry out the mapping in tunnels driven in different
directions or to supplement the tunnel mapping with boreholies
drilled at right angies to the tumnel direction. In this
way, most of the structures which exist in the rock mass
will be exposed and the danger of encountering unexpected
features will be minimised.

Isometric drawings of structural planes

Many engineers find it extremely difficult to visualise
structural features when these are presentad in the form of
great circles or poles on a sterszographic projection.
Frequently, important points are missed by these angineers
when working on the design of an underground excavation
because the geologist has failed to present his data in a
form which can be understood by the engineer. This problem
can become acute when the data are being reviewed by a non-
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technical panel which may happen if the design becomes the
subject of a legal dispute as a result of an asccident or a
contractual claim.

In order to overcome this communication problem, the authors

have sometimes used isometric drawings of intersecting planes

in an effort to present structural geology information in

a relatively familiar pictorial form. A simple technique

for constructing such isometric drawings is presented below. )
Figure 34a : isometric view of a set of

planes striking north-south and dipping

The margin sketch shows an isometric view of a cube and it 3
at various angles between 0 and 90°.

will be noted that the three visible faces are equally
obligue to the line of sight. In this projection, none of
the edges of the cube are true lengths but all are equally
reduced by a factor of 0.8165. Graph paper with isometric
projection markings is readily available commercially.
The second margin sketch shows the direction convention
which has been adopted for the presentétion of isometric
Isometric projection of projections of structural planes. ®

a cube

Figure 3ka shows an isometric view of a set of planes dipping
towards the west at various angles and striking north-south
(dip direction 270°). These planes are all identical in
size, being square in a true plan view, and it will bz noted
that their corners generate an ellipse as they are rotated
about the strike line in an isometric drawing. This fact
has been used in the construction of & simple set of figures
which can be used to generste isometric views of planes and
which are presented in Appendix 2 at the end of this book.
Figure 34b gives a superimposed view of the planes shown

in figure 3k4a and the comstruction figure shown in figure
3hc.

Figure 3%b : Superimposition of figure 34s
on the construction figure for drawing
isometric view of planes having a dip direc-
tion of 270°.

Wertical

- The construction figure for a particular dip direction value,
in this case 2709, consists of a strike line (shown with
starred ends) and a3 set of dip lines at 10° dip increments.
These dip lines represent a line marked through the centre

7 of the square plane, paraliel to one of its edges. The

v outer circle in the construction figure serves no purpose

other than to form a frame for the drawing. An essential

feature of the construction figure is the vertical line
marked on each figure.

The use of the construction figure is best illustrated by
means of a practical example. It is required to comstruct
an isometric view of a square plane defined by dip direction
and dip values of 270/50 ( strike N -5 and dip 50 W ). Using
the 270° dip direction constructicn figure, trace the strike
line and the line representing the 50° dip , as shown in
figure 35a. Mark the vertical line on the tracing paper.
Using a parallel rule, draw the edges of the sguare by
drawing lines parallel to the strike and dip dirsction lines
at the ends of these lines, as shown in figure 35b. The
final appearance of the 270/50 plane in isometric projection
is shown in figure 35c.

Figure 36a gives an isometric view of three planes defined

by dip direction and dip values of 010/90, 270/50 and 120/70.
The intersection lines in this figure are fairly obvious in
the construction but, in more complex cases, it may be
difficult to visualise the intersection lines. In such

cases, the plunge and trend of the lines of intersection

can be determined on a stereographic projection , as described
on page 73, and these values used to locate a construction

Figure 3b4c : Con