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ABSTRACT

This thesis is concerned with the slope stability considerations of the North Wall
at the Mt Newman open pit mine in Western Australia. -This is the largest open
pit iron ore mine in the world and the design of the North Wall presented an
immense challenge. The results of detailed investigations and analyses into the
geoiogical and geotechnical factors which influence large-scale pit wall stability

and subsequent design are presented in this thesis.

Based on conventional mapping and drilling the geology has been studied
including a detailed consideration of structural geology. Moreover, engineering
geological aspects were considered comprehensively. Particular attention was
given to the implications of geology, with three-dimensional consideration of
geological structure, in relation to the geometry of the North Wall. These
detailed considerations are synthesised into a clear picture of how the geological
structure and engineering geological characteristics will influence slope stability
considerations which are most significant for decisions in respect of mine
design. These include potential failure mechanisms as well as factor of safety

for bench-scale and overall stability.

Innovative techniques have been used successfully to assist in providing a clear
definition of the geological and geotechnical picture at Mt Newman. These
include cross hole seismic tomographic imaging to define geological structure on
a large scale, detailed three-dimensional computer graphics modelling in order
to determine the shape and plunge of potentially unstable structures, and
collection of all borehole geophysical data including gamma sonic and neutron

logs with assay data in order to verify lithological interpretations.

This investigation has also been concerned with a critical appraisal of previous
geotechnical work at Mt Newman and, in particular, the shear strength test
results. On the basis of this appraisal a new comprehensive testing programme
was developed in order to define the shear strength of the rock masses and

especially of the sheared and disturbed Jeerinah Shales and Fault Shales.



ABSTRACT

The shear strength testing programme was developed on the basis of modern
concepts concerning the behaviour of rock masses. Reliability of data was
considered before finalising shear strength parameters for different types of

rock mass.

Failures which have occurred at Mt Newman were studied and appropriate slope
stability analyses conducted. From these studies back analysed values of shear
strength parameters were obtained and compared to corresponding values from

laboratory measurements.

Stability analyses for the North Wall were made using several limit equilibrium
models considering slip surfaces of circular and non-circular shape. Before
considering the potential for major overall failures in this way, potential failure
mechanisms were considered on the basis of structural geology and engineering
geological parameters. More importantly, sections were chosen for analysis in
the following different ways: (a) conventional north-south sections, (b) sections
normal to the pit wall, and (c) sections in the maximum plunge direction.

Consideration was given to shear strength anisotropy wherever appropriate.

Stability analyses were also made considering potential bench-scale instability
using planar failure and wedge failure models.

Having assessed the relative importance of various factors and the interaction of
geological and geotechnical engineering parameters, consideration was given to
the economies of several design options for the North Wall. An assessment of
the alternatives indicated that two options were significantly better than others
from the point of view of stability and economics. These two options have
therefore been combined together to formulate the extraction sequence for the
North Wall in the short term. In the longer term, the decision process involved
in making the final choice of pit wall design will be based primarily, although not
exclusively, on the results of an actual field trial involving the North Wall
excavation. (Note that no failures in the Jeerinah Formation have, as yet,

occurred.)

(i1)



ABSTRACT

A cautious approach to the mine design and extraction sequence has been
recommended based on an appreciation of the fact that high shear strengths for
the Jeerinah Formation measured in laboratory tests have yet to be proven in the
field. The strategy associated with this cautious approach is the incorporation of
a toe buttress of variable height. Decisions to finally remove the toe buttress
would be taken in due course based on further observations of the performance

of the North Wall excavation coupled with engineering judgement.
The whole process of analysis and synthesis described in this thesis, which is

primarily relevant to the Mt Newman mining operations, has significant

implications for future open pit mining elsewhere in Australia and the world.

(iii)
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INTRODUCTION AND SCOPE

1.1 AIM OF THIS THESIS

The research work presented in this thesis is the result of detailed investigations
into the pit wall design of the North Wall of Mt Whaleback open pit mine, which
is the largest single pit iron ore mine in the world. A brief descripﬁon of this
mining project is given in Chapter 3. The major aim was to identify the
significant parameters which influence slope stability of such a major rock
excavation and, in doing so, to use a range of new techniques in order to gain a

better insight into the total geotechnical picture at Mt Whaleback.

It should also be stated here that Mt Whaleback is not only one of the largest
open pit mines in the world but is also one of the most structurally complex. In
addition, previous stability analyses of the North Wall of Mt Whaleback had
indicated potential slope failures of up to 60 million tonnes in size. Therefore it
was of crucial importance to determine the salient factors controlling pit wall
stability and design and these are presented in this thesis. These factors are
. somewhat different to the traditional view of slope stability and pit wall design.
Given the size and complexity of the Mt Whaleback operations, these factors are

also of interest to the open pit mining industry generally.

The aim of the original research effort was to investigate an optimum wall
design which was thought to lie between two extreme alternative wall designs.
These were the so-called 'Northern Option' and the 'Southern Option' details of
which are given in Chapters 10 and 11. For the North Wall, these two wall
designs covered an area approximately 2.5km x 1.5km and it rapidly became
apparent that insufficient borehole information and insufficient face exposures
were available in this area in order to provide the basic geological information

required.

1.1






INTRODUCTION AND SCOPE

1.2 LIMITATIONS OF CONVENTIONAL DRILLING

In order to try and obtain more information a detailed drilling programme was
undertaken consisting of 15 fully cored diamond holes with a total meterage of
2108m and 51 percussion holes with a total meterage of 7385m. However, even
this amount of drilling together with existing holes, was insufficient to provide
detailed geological information over the whole area and so borehole locations
were chosen very carefully. Where available, these boreholes were located in
'windows' in the waste dumps on the North Wall and were also concentrated at
the eastern end of the North Wall where existing pit walls were close to final pit

limits and decisions were, therefore, required to be made urgently.

In addition, all relevant pit faces were mapped in order to provide information

about the overall geotechnical picture.

A review of the information likely to be available for this research project after
completion of this drilling, indicated that even this information would be
insufficient in order to cover the area in detail. The cost of even more drilling
to provide sufficient supplementary information would be prohibitive. A
re-assessment of the mining constraints on the Northern and Southern Options
also indicated that the Southern Option presented many operational difficulties
and a management decision was taken to concentrate the area of investigation
between the Northern Option and the then existing pit limit designs such that

maximum ore could be extracted.

1.3 SCOPE OF INVESTIGATIONS

In order to maximize the amount of information obtained from drilling and face
mapping and gain knowledge of the values of relevant parameters sufficient for
accurate geotechnical analyses, conventional and innovative data gathering and

interpretation techniques have been used as follows:

1.2



INTRODUCTION AND SCOPE

For identification or confirmation of lithology, detailed geophysical
logs on all holes including gamma, sonic, neutron and caliper

measurements;

Detailed assay sampling and testing on all holes in order to confirm
the extent of ore and waste and to complement information of

lithology and stratigraphy;

Cross hole seismic tomographic imaging of the structural geology in
order to confirm large scale structures, this was extremely important
for understanding folding in the Jeerinah Formation. It would be
extremely expensive to get the same information by commissioning

more drillholes;

Intensive groundwater monitoring and in-situ testing to determine
field parameters such as permeability and transmissivity and to

identify perched watertables and any artesian conditions;

Careful testing of materials which had undergone complex changes and
disturbance during their geological history in order to determine
realistic shear strength values. (The information previously available
was only for shear strength of intact rocks or for the residual shear
strength along joints);

Sophisticated three dimensional computer graphics modelling of
complex fold structures enabling the correct fold styles to be

determined;

Back analysis of all previous failures on Mt Whaleback enabling
alternative determination of realistic values of field shear strength
parameters which could be compared to corresponding values obtained
from laboratory testing;

1.3



INTRODUCTION AND SCOPE

Stability analyses in areas of potentially unstable structures using
modern methods of slope stability analyses. Limit equilibrium
methods developed by Spencer and Sarma were found to be
particularly useful;

In order to determine the most appropriate cross sections for slope
stability analyses 3-dimensional computer graphics was used. The
sections used were of three types: (1) the conventional mine sections
originally planned two decades back which in this case were
North-South (the North Wall extends approximately East-West), (2)
sections which are normal to the wall, and (3) sections taken in the
maximum plunge direction of potentially unstable structures in the
North Wall (approximately NE-SW direction);

An economic assessment of various pit options incorporating removal

costs as well as capital equipment;
Pit option selection on the basis of both localised face stability as well

as overall pit slope stability and this required 3-D consideration of

geological structures and slope stability.

1.4
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IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

2.1 INTRODUCTION

Open pit mining has created the largest excavated rock slopes in the world and
rock slope stability is a very important consideration for any large scale surface
mining operation. Open pit mining is also one of the most cost—effective ways of
extracting large volumes of minerals from the ground and there are a large
number of different techniques and equipment employed to do this. Traditionally
for very soft rocks, continuous mining systems are employed such as scrapers or
bucket wheel excavators. For weak to medium strength rocks overlying coal
seams, draglines are the most economical way of removing overburden.-
Nevertheless for traditional open-pit mines in weak to very strong rocks, truck
and shovel operations are used and these give the most flexibility of any mining

system and are hence the most common.

The particular method used for open pit mining is important because it
determines to a large extent the shape of the pit walls and hence has a major
influence on rock slope stability. Except for some special cases of footwall
mining, truck and shovel operations have benches and berms of varying heights

and widths. These heights and widths are determined by four major factors being:

the reach of the equipment
the shape and dip of the orebody
safety considerations from falling rocks, and

rock slope stability.

It can therefore be seen that rock slope stability is only one consideration in
open pit mining, albeit a very important one. Some of the most important
factors for rock slope stability as they specifically relate to open pit mining are
outlined in this Chapter.

2.1



IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

2.2 GEOMETRIC PROBLEMS

Open pit rock slopes are designed to follow the shape of the orebody as clésely as
possible up to a maximum practical overall slope angle of approximately
55° - 60°. Since Mines Department regulations will normally not allow
overhanging or near-vertical batter faces, this means that maximum batter face

angles are generally 70°.

Bench heights are dependent upon the equipment used and upon the regulations
which in Australia normally allow a maximum bench height of 20m (except in
special circumstances). Berm widths can typically range from 4 - 25m;
therefore in a practical sense, it is very difficult to get an overall slope of
greater than 55° - 60°.

In terms of rock slope stability, berms are primarily included to catch small rock
falls and increase the safety of miners working below these slopes. However in
some cases (see Ref 2.28) berms actually decrease stability because they enable
surface water to penetrate the rock slope. In the case of Koolan Island iron ore
mine in Western Australia, surface water was penetrating the footwall through
the berms and creating major washouts and pit wall instability (Ref 2.39). This

problem was simply solved by creating a berm-less footwall slope.

For many open pit mines, the orebody is an irregular shape and is dipping at some
preferred orientation. The pit slope which is below this orebody and generally
follows its dip is called the footwall, whereas the opposite slope is called the
hanging wall. Both the footwall and the hangingwall often have very significant
structural implications based purely on this geometry. For example, the major
structural orientation in the footwall normally (but not always) follows the dip of
the orebody. Therefore stability prbblems of footwall slopes are often
associated with exposing or 'daylighting' this major structural orientation in

batter faces.
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IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

On the other hand, the major structural orientation in the hangingwall often dips
back into the slope and therefore toppling failures are more likely than sliding
failures. There are, however, exceptions to this. A subject of this thesis is an
example. At Mt Newman a classic hangingwall situation does not apply.
Because of complex geology involving a major fault the structure is not
favourable to a toppling type failure on the North Wall. This will become clear
in subsequent Chapters.

The above examples demonstrate that some rock slope stability problems are
simply controlled by their geometrical relationships to the orebody and the
structural orientation within the rocks. However this is only applicable in a
general sense and more specific stability considerations are described in the

following sections.

2.3 ROCK STRENGTH

The strength of rocks has been covered in great detail in the literature, but since
rocks are anisotropic and have a wide range of strengths, it is important to
identify which rock strength is relevant to a particular open pit stability
problem. It is therefore important to firstly consider the scale of the problem.
Hoek (Ref 2.37) has summarised scale as being an important factor as shown

below.

Figure 2.1: Simplified representation of the influence of scale on a type of

rock mass behaviour model.

Several giscontinuilies Rock slope Jointed rock mass
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IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

On a small scale of typically a few centimetres, it is the intact strength of the
rock material which is important. This assumes that there are no discontinuities
in such a small rock sample. On a larger scale of a few metres, it is normally
the predominant discontinuity direction which controls rock strength since a
greater number of these predominant discontinuities are encountered than any
other discontinuities. On a very large scale of the whole slope, it is a
combination of many discontinuities and weak rock bridges that control rock
stability and these points have been covered at great length in the literature (eg.
Refs 2.3, 2.4, 2.6, 2.8, 2.10, 2.20, 2.22, 2.35, 2.47, 2.83).

The above model of rock strength is correct in a simplistic sense, but there are
many other important parameters which govern rock strength as applied to open

pits and these are described below.
2.3.1 - Rock Mass Strength

The strength of rock masses is a subject which has been discussed at great length
in the literature and involves the strength of both the rock substance (intact
rock) as well as the strength along discontinuities in the rock. The relative
significance of each of these two factors is still the subject of some debate but
it is probably true to say that their significance should be treated separately for
each problem.

The rock mass strength is controlled by movement along discontinuities as well
as by translation, rotation, shearing and or crushing of the intact rock blocks
which are separated by these discontinuities. In addition, the strength of rock
samples determined from laboratory tests can be significantly different from
field strength depending on specimen size, loading rate, moisture content,
intermediate principal stress and on thei orientation of the failure surface with

respect to the specimen.
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IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

Therefore it can be seen that rock mass strength is very complex and is difficult
to determine from laboratory tests alone. Essentially there are three factors
which control rock mass strength. These are: (1) the intact strength, (2) the
discontinuity strength, and (3) the complex interaction of these two components.

The factors controlling rock mass strength are discussed in the following sections.
2.3.2 Intact Strength

Intact rock strength, that is the strength of rock samples with no discontinuities
within them, is relatively straight forward and normally characterised by elastic
isotropic behaviour with a brittle mode of failure. The intact strength of a rock
- sample is conventionally defined either by its uniaxial compressive strength
(UCS) or by its triaxial strength.

The intact strength of rocks, as defined by UCS, has a very wide range from
greater than 400 MPa to less than 1 MPa (Refs 2.9, 2.15, 2.20, 2.22, 2.37, 2.48,
2.84). There are very few examples of excavated rock slopes greater than 400m
high, therefore the shear stresses in excavated rock slopes seldom exceed
10 MPa (Refs 2.14, 2.16, 2.19, 2.33, 2.44, 2.45, 2.51, 2.78, 2.87). Consequently

the intact strength will be exceeded only for very soft rocks.

Therefore for all practical purposes, the strength of the discontinuities has a
major influence on rock mass strength and hence rock slope stability in medium
to strong rocks. In some instances, rock mass behaviour will still be controlled

by discontinuities even in soft rocks.

The brittle mode of failure of intact rocks has been related to the Griffith
(Ref 2.31) theory of rupture which was originally designed for other brittle
materials such as glass. Griffith's theory. is that fractures are initiated when the
tensile strength of the material is exceeded at the ends of microscopic cracks in

the material.
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IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

These cracks could be at crystal boundaries or grain boundaries or other
microscopic weaknesses. Hoek (Ref 2.38) summarised the implication of Griffith
theory in terms of the conventional Mohr failure envelope as being

t=2lo, (o, )+ 2.1)

' . 3 -
where t = shear strength, O is the effective normal stress and IO',I is the
absolute value of the tensile strength of the material. However, this was

relevant to tensile stress fields.

For rocks subjected to compressive stress where frictional strength is important,
the Griffith theory has been modified and the shear strength is defined by:

1= 2|o,|+0d Tan ¢’ (2.2)

where ¢’ is the angle of friction along the fractures.

Hoek (Ref 2.37) has shown that both the original Griffith theory and the modified
theory do not predict failure of intact rock very well. The original Griffith
theory underestimates strength at high normal stresses whereas the modified

theory overestimates strength.
The above problems with the Griffith failure criterion for rocks have led others
to develop alternative failure criteria (Refs 2.10, 2.32, 2.33, 2.34, 2.36, 2.49) and

the most widely used at present is the Hoek Brown failure criterion.

The Hoek Brown failure criterion can be used both for intact rock and for jointed

rock masses and takes the form:
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6, = 05’ +(mo .05 +s0 %) (2.3)
where _

O’,' = is the major principal stress at failure

0’3' = is the minor principal stress at failure

O, = Iis the uniaxial compressive strength of the intact rock
and,
m & s = are empirical constants

Hoek (Ref 2.38) has described how this criterion can be effectively used for
intact rock, joint surfaces and for jointed rock masses and in each case it
produces a curved failure envelope. In addition, Hoek also demonstrated how the
Hoek Brown failure criterion could be used to model the shear strength of clays
in order to demonstrate its very wide applicability to geological materials. He
fitted his failure criterion to published strength data on intact London clay which
gave values of O¢= 212 kPa, m = 6.475 and s =1 with a correlation coefficient
of 0.98 and indicated that this failure criterion works well over a wide range of

material strengths.

Johnson (Refs 2.49) has also developed an empirical failure criterion for intact

rocks which is of the form:

M B
o = (M +1)

where M and B are rock constants. Johnson derived values for these for a wide
range of intact rocks and clays. There is no significant difference between
Johnson's criterion and the Hoek Brown criterion for intact rocks. However, his

criterion is not applicable to jointed rock masses.
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IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

Therefore, for all practical purposes Hoek Brown criterion has much wider

applicability than Johnson's criterion.

The strength of intact rocks can therefore adequately be described by failure
criterion which produces a curved failure envelope at high normal stresses.
However, since the normal stresses in open pits rarely exceed 10 MPa, intact
rock behaviour in this relatively low stress range is relevant. [t has been shown
that in this low stress range the failure envelope is linear. Therefore for open
pits and particularly for Mt Newman, a linear Mohr-Coloumb failure criterion
quite adequately represents intact rock behaviour (Refs 2.42, 2.63).
Nevertheless, as discussed in Chapter 8, both criteria were examined for this

thesis.

For many weak rocks failure through intact material would theoretically occur in
a direction predicted by the Mohr-Coloumb theory (inclination of [45 + /2] to
the direction of minor principal stress), and there is no preferred failure
direction determined by discontinuities. Considering overall slope failure, the
slip surface would be curved rather than planer on a gross scale. However, on a
small scale, the exact shape of the failure surface will follow the weakest link in
the rock mass which in practice may be clay-coated slickensided shears or
similar surfaces at irregular orientations. For stronger rocks the orientation and
shear strength of discontinuities becomes much more significant in controlling

the shape of the failure surface.
2.3.3 Strength of Discontinuities

The strength of discontinuities is normally the weakest link of rock mass
strength and has been described at length by many authors (Refs 2.3, 2.5, 2.8,
2.25, 2.33, 2.47, 2.53, 2.55, 2.56, 2.57, 2.58, 2.79). Discontinuities in this context
refer to any substantial and distinct weakness surface in the rock mass including
joints, bedding, cleavage, foliation, shears, faults, etc. The strength of these
discontinuities is therefore governed by the frictional properties of the surface
contacts which could be the rock substance itself or a coating material, the
interloéking strength caused by roughness and waviness and any cohesive
strength which for discontinuities is normally very low or zero. One way to

describe discontinuity strength is that proposed by Barton (Refs 2.3, 2.6, 2.8)
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t = o' Tan(¢, +JRC Log,((JCS/d")) (2.3)
where
T = peak shear strength
o' = effective normal stress
JRC = joint roughness coefficient
JCS = joint wall compressive strength
¢y = basic friction angle of smooth planar discontinuities

Other systems have also been proposed to classify the strength of discontinuities
(Refs 2.36, 2.58, 2.59) and most of these exhibit a curved failure envelope with
increasing normal stress. For discontinuity surfaces, the roughness and waviness
will generally be 'over-riden' by shear movement at low normal stresses but be
sheared through at higher normal stresses. Hence this will produce a curved

failure envelope.

It should also be pointed out that both Barton's failure criterion and the Hoek
Brown failure criterion show very similar strength envelopes when fitted to the
same data set (Ref 2.38) and therefore their use really depends on the data
available. Barton's criterion requires a knowledge of the basic friction angle,
the joint roughness coefficient and the joint wall compressive strength, whereas
the Hoek Brown criterion requires a knowledge of the unconfined compressive
strength and the values of m and s constants. Hoek has simplified this process
of fitting the Hoek Brown curves to laboratory data by using a program called
LABDATA (Ref 2.41).

2.9
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The strength of discontinuities therefore depends on the materials in and on
either side of the discontinuity surface, the roughness of the surface and the
normal stress across it. Two extreme examples of discontinuity strength would
be a rough joint surface in fresh granite and a slickensided, 'clay coated' shear in

mudstone.

The former surface would have an extremely high strength with a failure
envelope which is curved at high normal stresses. It would exhibit an initial
frictional strength on a Mohr diagram of approximately 60° - 70° but this
frictional strength would reduce at higher normal stresses and become closer to
its basic frictional strength. However the second example described above would
be a smoother surface and be close to its residual strength. A simple linear plot
with typical values of about ¢=0, § = 10° would adequately represent this

discontinuity strength.

The first example would generally pose no problem in excavated rock slopes
since the initial frictional strength (60° — 70°) is almost the same as the overall
batter face angle. The second example would often pose a significant problem
for rock slope stability, not so much in terms of identifying its ,m'aterial strength,
but in identifying the location of the discontinuity itself. Often they are not
picked up in boreholes (because they are very thin or are washed out by drilling,
etc) and therefore the prediction of rock slope stability in advance of mining
becomes a difficult task. As well as their strength, the orientation of these
discontinuities is the other factor which has an important effect on rock slope

stability and this is discussed in Section 5.

2.3.4 Strength of Jointed Rock Masses

The previous sections have been concerned with the strength both of intact rocks
and of discontinuities but a simple combination of the two approaches will not

produce the correct rock mass strength particularly for the assessment of open

pit stability.
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Traditional approaches to this problem have been to take the field mapping
information from the site geologists and then combine this with some strength
parameter (normally the unconfined compressive strength) and then produce a
scale of field rock strength. The two most common ways to do this are either by
using the CSIR rock mass rating system (Refs 2.13) or by using the Norwegian
Geotechnical Institute's Q rating system (Ref 2.7). Both of these classification
systems are similar and have been reviewed by Hoek (Ref 2.38), Singh (Ref 2.76)
and others and they were originally designed for underground rock mechanics
applications and, therefore, they have several disadvantages for excavated rock

slopes.

° Rock Mass Rating RMR System

The CSIR rock mass rating system is given by
RMR=UCS+RQD+JS+JC+GW+RA (2.6)

where UCS is the unconfined compressive strength, RQD is the rock quality
designation, Js is the joint spacing, JC is the condition of discontinuities (ie their
roughness and separation), GW is the groundwater conditions, RA is the rating
adjustment for joint orientations. Laubscher (Refs 2.54) modified Bieniawski's
original RMR rating which had the same five classification parameters (UCS,
RQD, Js, .IC and GW) but sub-divides these further into sub-classes with new
ranges and ratings for intact strength, joint spacing and condition of joints. The
modified RMR or MBR (modified basic RMR) has a scale of 0-20 (very poor
rock), 21-40 (poor rock), 41-60 (fair rock), 61-80 (good rock) and 81-100 (very
good rock).

Some of the disadvantages with the RMR system are that it does not take into
account the confining stress in ‘the rock nor does it explicitly relate the number
of joint sets although these are indirectly considered by other parameters.
Considerable weight is also given to the block size since both RQD and joint

spacing are classification parameters.
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° The Norwegian Geotechnical Institute Q System
The Q system is given by

Q=RQD/JN IR /d Jw/SRF (2.7)

R'™"A -
where RQD is the rock quality designation, JN is the joint set number, JR is the
joint roughness number, JA is the joint alteration number, Jw is the joint water

reduction factor and SRF is the stress reduction factor.

Basically the Q system is based on three major aspects affecting the rock mass
which are rock block size (RQD/JN), joint shear strength (JR/JA) and confining
stress (Jw/SRF). The range of values for the Q system is 0.001 for extremely

poor rock to 1000 for excellent intact rock.

Some of the disadvantages with the Q system are that the rock material strength
is not taken into account directly and the SRF is used to modify this as
appropriate. Also the orientation of joints is not considered since the number of

joint sets is considered to be more important for movement of rock blocks.

Both the RMR system and the Q system have been related to each other.
Bieniawski (Ref 2.13) gave the relationship as:

RMR =9 1n Q + 44 (2.8)
Singh (Ref 2.76) developed slope adjustment values for use for slope stability or
blasting purposes and also found that the logarithmic correlation between the
slope adjustment values in the RMR and Q system was

RMR =19 1n Q + 26 2.9)

which is slightly different from their direct relationship shown above.

2.12



IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

Hoek (Ref 2.42) has critically reviewed bbth of the above classification systems
and pointed out that some of the parameters they use are not rock properties and
others are not representative of rock mass characteristics. For example, both
the systems include the effect of groundwater whereas this is totally
independent of the rock itself and stability calculations should be performed in
terms of effective stress anyway. Therefore although groundwater pressures are
important, they are not a fundamental rock property.

Also both systems use RQD which is a measure of the number of intact pieces of
core over 10cm long obtained from rock core. The relevance®f this to rock
slope faces on a scale of hundreds of metres in questionable. Both classification
systems were originally designed for use in underground tunnel applications and
have been subsequently adapted for use with rock slopes (Ref 2.7, 2.11).

However in a large scale failure of a rock slope, the failure surface may be
10-50m behind the rock face. Therefore the rock mass characteristics of the
rock near the failure surface will be different to that at the exposed rock face
which has been subjected to both blasting and stress relief. The rock
classification systems are undoubtedly a useful tool to relate measurable field
parameters to rock behaviour and strength but for large open pit slopes they do
not yet provide the complete answer to rock mass strength. The combination of
discontinuity measurements with geophysics appears to hold considerable

promise in defining a rock mass classification system more realistically.

The Hoek Brown failure criterion can be related to the Q and the RMR systems
and in this way they can produce a general indication of rock mass strength. The
figure below shows a range of m/mi and s values from the Hoek Brown criteria
related to Q and RMR both for disturbed and undisturbed rock masses. In this
case the m, value is simply taken from Hoek's table for intact rock (Ref 2.37,
2.38, 2.63).

2.13



IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

Figure 2.2:

m/mi and s values from the Hoek Brown criteria

Relationship between Q and RMR rock classification systems and

Hoek and Brown empirical constants m and s.
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Rock Mass Strength from Laboratory Tests

Many laboratory tests and field measurements have been carried out to
determine rock mass strength (Refs 2.4, 2.12, 2.24, 2.30, 2.32, 2.46, 2.53, 2.76).

Traditionally laboratory tests have involved the compression of an assemblage of

pre-cut square blocks with their man-made discontinuities at various angles to

the compressive stress (Ref 2.55). These tests

indicate that the weakest

strength is obtained when the discontinuities are orientated at about 30° to the

major principal stress direction. However it is interesting to note that at other

orientations to the principal stress direction, failure develops in one of the

following ways:
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where the discontinuities are parallel and at right angles to the
principal stress direction, failure is traditional shear failure at
approximately (45 - 0/2) to the direction of major principal stress and
involves mainly shearing of intact material.

where the discontinuities are orientated between about 0-30° to the
major principal stress directions, a shear zone failure develops which
involves shearing through some blocks and movement along
discontinuities.

where the discontinuities are orientated at greater than about 30° to
the major principal stress directions, a kink band failure develops
where there is complete block rotation between two failure surfaces.

. The above laboratory tests were conducted by Ladanyi and Archambault
(Ref 2.55) and graphically demonstrate the complex failure behaviour of even
very regular laboratory models. In practice, actual failure of rock masses is
even more complex.

Some laboratory test work (Ref 2.73) has shown that very highly compacted
granulated rock behaves in a very similar way to intact rock. This granulated
rock was produced by heating coarse grained marble at 600°C causing the
cementing minerals to fracture due to thermal expansion. The results
(Refs 2.24, 2.73) quoted by Hoek (Ref 2.38) clearly show that the tightly
compacted marble is only slightly weaker than the intact marble and
demonstrates that the interlocking and interaction of particle or rock block
behaviour is a crucial factor controlling rock mass strength. It should be noted
that the stress ranges for this series of tests was much higher than is
encountered in rock slopes (ie. UCS = 82.3 MPa, m = 7.39 s =0.65 for granulated
marble) In any case such material would be unlikely to cause problems for rock
slope stability in open pit mines.
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2.4 NORMAL STRESS RANGE

One of the crucial decisions to make in relation to rock slope stability is 'what
rock mass strength is significant?' For most rock slopes it is only the strength of
the rock mass in the normal stress range of 0 - 10 MPa which needs to be
considered and generally the range 0 -5MPa is quite adequate for most
practical purposes. Therefore only the materials that will fail in this stress
range are significant.

Table 2.1 lists a range of typical rock slopes heights in Australia with the
approximate maximum normal stress range. It can be seen that the maximum
normal stress is only 9 MPa for deep open pit slopes, whereas for open strip coal
mines the maximum normal stress is typically only 2 MPa. However, if the
typical size of failure in such mines is considered rather than the overall slope
height, the maximum normal stress is much less, normally less than 1 MPa, as
shown in Table 2.1. '

Table 2.1: Maximum Normal Stresses for Typical Open Pits in Australia
_ Approx Max
Rock Slope Type Examples Max Depth* Normal Stress
Deep Open Pit Mt Newman Overall slope 350m 9 MPa
Double bench 30m 0.75 MPa
Open Pit ** Saxonvale, Koolan

Island, Coronation  Overall slope 100 -200m 2.5-5 MPa
Hill, Iron Monarch Double bench 20- 24m 0.5-0.6 MPa

etc
Open Strip Coal Most Bowen Overall slope 60 - 100m 1.2 -2 MPa
Basin Mines Typical failure '

height 30m 0.6 MPa

*  Planned or actual depth. There are obviously exceptions to this and much deeper
pits exist (eg. Bouganville -or Bingham Canyon). However even these only have
maximum normal stress in the order of 25 MPa. Moreover, overall slope failures
are much less frequent than bench scale failures. In this case a double bench
failure has been used as a typical example.

** A considerable number of shallow open pit mines (less than 100m) also exists

particularly for gold operations. In this case, the normal stress ranges are
consequently lower.
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This table is based on simple gravitational overburden stresses, however, high
horizontal stresses may exist leading to higher values for normal stresses than
those shown in Table 2.1. In addition, by using Sarma's method of stability
analysis (Ref 2.74) it can be shown that the actual normal stresses on the failure
plane can be different to those generated from simple overburden considerations
alone. However, the basic premise remains that normal stresses within rock
slopes are generally low.

In order to determine the effect of the stress range on rock strength, careful
triaxial tests are essential. A detailed series of triaxial tests were carried out
for Bouganville Copper Mine on a range of weathered andesite samples
(Refs 2.46). These test results were very similar to detailed triaxial test results
conducted for Mt Newman (Ref 2.63 and Chapter 8 of this thesis) on disturbed
Jeerinah Shale samples.

For both Bouganville and Newman the strength of highly weathered or disturbed
samples was several orders of magnitude less than the intact strength of the
same material, and in the case of Newman this disturbed strength could quite
adequately be represented by a simple linear Tau - Sigma n plot at these low
normal stress levels (Ref 2.41).

The usefulness of the above tests is really limited to the situations where failure
will occur through the rock mass. For large rock slopes, failure often occurs on
some pre-existing discontinuity which is 'daylighting' at the toe of the slope
(Ref 2.30, 2.57) and therefore it is the strength and the orientation of such

discontinuities which is of fundamental importance for rock slope stability.

It is the experience of the writer that rock slope failures in Australia almost
always occur where structure or disconfinuities are 'daylighted' at or near the
toe of the slip or in the face of the slope. Examples of this range from simple
undercut bedding on a batter face, to exposing predominant joint sets, to faults
or shear zones occurring near the toe, or having an in-dipping stratigraphic

contact exposed in a pit face.
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Some examples of this are listed in Table 2.2 and they range from failures in
very strong quartzites at Koolan Island iron ore mine in Western Australia to
highly weathered overburden materials at Riverside coal mine in Queensland and

Ora Banda gold mine in Western Australia.

Table 2.2 Examples of Failures Caused by 'Daylighted' Discontinuities

at the Toe

Mine Location Failure Type

Koolan Island WA  Hanging Wall Wedge
Iron Ore

Newman WA South Wall Complex bedding
Iron Ore slides

Saxonvale NSW East Wall Large wedge

Coal

Riverside Qld Highwall Slide on

Coal in-dipping contact
Ora Banda WA South Wall Irregular wedge
Gold

Predominant Discontinuity
Daylighting Near Toe

Two joint sets in very
strong quartzite

Bedding on medium
strength shales

Bedding on medium to weak
tuffs and mudstones

Base of Paleochannel/
Shears in weak clay

Steep, joint set/
shear zone sub-parallel
to face in clay

It is interesting to note that even in very weak overburden materials at Riverside
and Ora Banda (ie. UCS less than 5 MPa), failure is still controlled by weak

discontinuities daylighting at or near the toe. All of these examples listed in

Table 2.2 involve the exposure of some predominant weakness surface at or near

the toe of the failure and therefore discontinuity controlled failures are not

solely restricted to strong rocks.
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Stress analysis studies of open pit slopes (Ref 2.33, 2.44, 2.78) also clearly show
that high shear stresses are generated at the toe of a slope whereas tensile
stresses are generated near the crest. Failure surfaces near the crest of a slope
are normally sub-vertical, normal stresses on them are low, movement is
therefore tensile rather than in shear, and hence the roughness of the failure
surface at the crest of the slope is of little significance. For this reason it is
relatively simple for a failure surface to propagate near the crest of slope since
only the tensile strength of the weakest link need be exceeded. A predominant
discontinuity at the crest of a slope is therefore not normally required for failure
to occur. Numerous examples of this are available at mines around Australia.
For example, at Mt Newman, WA, many failures have occurred where tensile
failure has developed in the upper part of the failure surface along a series of
complex joint sets forming an extremely 'rough' failure surface near the crest of

the slope.

However the opposite applies at the toe of a slope. Here normal stresses are
relatively high, shear stresses are at a maximum and it is the writer's experience
that predominant, relatively smooth discontinuities are normally required for
failure to occur. Failure through intact rock bridges is possible but unlikely
given the high intact strength of the rock compared to the relatively low shear

stresses imposed on them.
These points are discussed further in Chapters 8, 9 and 10.

2.5 JOINT ORIENTATION AND STRUCTURAL GEOLOGY

The orientation of discontinuities in the rock mass has long been recognised as
being a major factor controlling rock slope stability. The orientation of this
discontinuity data commonly refers to detailed scanline or window mapping of
joints. However, it should also be mentioned that there are other significant
weakness zones in the rock mass which have a controlling influence on rock slope
stability. These are faults, shear zones or bedding which generally have a much

greater persistence than joints.
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In the case of Mt Newman, the Whaleback Fault Zone has a displacement of
approximately 600m and is a large scale shear zone with clay and slickensided
surfaces. Therefore, these large scale features need to be mapped and
considered in the assessment of slope stability as well as the normally smaller
scale joint data.

Joint orientation has been used for a long time to define the potential for rock
_ slope failure (Refs 2.26, 2.37, 2.43, 2.66, 2.67, 2.68, 2.75, 2.80). The techniques
used to define joint orientation are normally hemispherical (or stereographic)
methods being either polar or equitorial projection methods (Refs 2.23, 2.69,
2.81).

In Chapter 4 the discontinuity data is plotted using the equitorial equal area
projection method for convenience but other methods can be used. Essentially,
these techniques define the orientation of joint sets and the variation of
individual joints about a mean pole orientation. These mean poles and the
variations about them, can be used to identify potential rock slope failures. This
is commonly achieved by identifying rock wedges which are formed by two or

more intersecting joint sets.

Statistical methods are often used to define the wvariability in joint set
orientations (Ref 2.50, 2.52, 2.67, 2.82) and this variability can be subsequently
used in the statistical analysis of rock slope stability (Ref 2.18, 2.60, 2.70). Rock
slope stability analysis can then be undertaken in terms of two dimensional
multi-planar or step path failure modes or three dimensional rock wedge or rock
block failure modes (Refs 2.26, 2.37, 2.40, 2.68).

A rock wedge in this instance is a mass of rock which is bounded by two free
faces (ie. an inclined batter face and a horizontal berm) whereas a rock block is
normally defined as a mass of rock bounded by only one free face (ie. a batter
face). The stability 6f rock blocks has also attracted considerable research
effort (Refs 2.27, 2.85) which is based on the concept of 'key blocks'. Key blocks
are blocks of rock which because of their position and geometry are required to
move before any other blocks of rock in a rock face can move. Therefore if they
key block is stabilized, all other blocks of rocks are stabilized in the rock face.
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The key block concept works well for underground openings but it has limitations
when it is applied to rock slopes. Specifically, the key block technique is based
on scanline or window mapping of exposed rock faces and therefore does not
include considerations of possible deep-seated rock slope instability. Thus key
blocks techniques are likely to identify only small scale batter face instability
but not larger scale instability.

2.5.1 Kinematic Admissability

The kinematic admissability of a mechanism of rock slope stability must be
considered where failure is controlled by discontinuities and this is often checked
for potential rock wedge failures. However, such considerations may also be
important for more complex failure surfaces. In general, the potential failure
surface must normally (but not always) dip at an inclination greater than the
friction angle. For simple planar failure it must also dip at less than the slope
angle, but for complex failure surfaces (ie. curved, irregular, stepped, etc) the
failure surface can dip at greater than the slope angle near the top of the failure
mass. The key point here is that the major weakness in a rock mass may be a
particular joint set, but if this is dipping at an angle smaller than the friction

angle, its significance to potential instability decreases.

Priest (Ref 2.70) has analysed the kinematic stability of both rock wedges and
blocks, including the effects of all possible unstable blocks in a rock face. This
can be conveniently done by plotting joint orientations as well as the batter face

angle and the friction angle together on a stereoplot.

In this way the potentially unstable rock blocks can be quickly identified. For a
rock face which has actual discontinuity scanline data available, individual
discontinuities can be plotted on face rﬁaps and unstable blocks identified using
similar principles as with the stereoplots, but with the aid of computer
processing (Ref 2.27, 2.70, 2.85). By producing these maps, the inherent
variability of discontinuities is considered whereas with stereoplots only the

mean pole is normally used.
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Another way to consider the variability of discontinuity data is to use statistical
methods to determine the probability of failure. These methods can also include
the variability of rock strength, groundwater pressures and other parameters in
order to produce an overall chart of the probability of failure versus slope angle
(Refs 2.60).

It is the writer's experience that the conventional probabilistic approach to
determine rock slope failure in open pit mines only works well where there is
detailed structural information available, and where the discontinuities have a
consistent orientation both within the pit face and in unmined areas (Ref 2.30,
2.63). Methods have been introduced for alternative consideration of
uncertainties in relation to discontinuity data, notably by using fuzzy set theory
(Ref 2.65) but to date these methods have not been fully developed. In any case,
consideration of such approaches is outside the scope of this thesis.

For large complex rock slopes where the failure surface can be a combination of
different discontinuities the toe of the failure surface is often defined by
predominant in-dipping discontinuities (Refs 2.30). However, the dip of this
failure plane could be less than friction angle since material higher up in the
failure mass often creates a driving force to cause failure. Therefore traditional
stereographic stability methods may often overlook the potential for such a
failure and therefore it is extremely important that the structural geology be
known in detail. This applies in the case of Mt Newman as will be described in
Chapter 4.

The structural geology of large open pit mine slopes is extremely important
because the orientation of discontinuities within the rock mass is controlled by
it. In the case of complex slopes where discontinuity systems are highly variable
a detailed knowledge of the structural geology is essential.
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For example, folding on a small scale can indicate large scale folding which may
be unrecognised in currently exposed pit faces (eg. the shape of parasitic
folding). In addition, the direction of cleavage will often indicate the dip of
asymmetric folding or vice versa. Therefore knowledge of the structural geology
will indicate the likely orientation of discontinuities within the rock slope on a
large scale which may not be available from borehole or face mapping
information.

Since large scale rock failures often involve deep seated failure surfaces,
structural geology can indicate the likely orientation of the failure surface which
may or may not be similar to measurements taken on exposed pit faces. This
particularly applies to large complex slopes such as Mt Newman in Western
Australia and Bingham Canyon in Utah, USA.

In summary, joint orientation is an important parameter which directly affects
rock slope stability. On a small scale of tens of centimetres to several metres,
the orientation of individual joints is the controlling factor. On a larger scale, it
is the orientation of many joints which is the controlling factor on rock slope
stability and the best way to determine these is to have a detailed knowledge of
the structural geology (Refs 2.63, 2.71).

It should also be pointed out that there are other characteristics of rock joints
apart from orientation which are important for rock slope stability including
frequency, persistence, spacing, roughness, waviness (large scale roughness),
coatings and frictional properties. However, these parameters all go to make up

the strength of rock joints and are not considered further in this discussion.
2.5.2 Weathering
The degree of weathering also controls rock strength and hence stability of open

pit rock slopes. The traditional weathering classifications (after ISRM) are as

follows:
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Term
Fresh

Slightly
Weathered

Moderately
Weathered

Highly
Weathered

Completely
Weathered

Residual Soil

Description
No visible sign of rock material weathering; perhaps

slight discolouration on major discontinuity surfaces.

Discolouration indicates weathering of rock material
and discontinuity surfaces. All rock material may be
discoloured by weathering and may be somewhat

weaker externally than in its fresh condition.

Less than half of the rock material is decomposed
and/or disintegrated to a soil. Fresh or discoloured
rock is present either as a continuous framework or

as corestones.

More than half of the rock material is decomposed
and/or disintegrated to a soil. Fresh or discoloured
rock is present either as a discontinuous framework

or as corestones.

All rock material is decomposed and/or disintegrated
to soil. The original mass structure is still largely
intact.

All rock material is converted to soil. The mass
structure and material fabric are destroyed. There is
a large change in volume, but the soil has not been

significantly transported.
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It can be seen that only the completely weathered (CW) rocks have all remnant
structure completely destroyed by weathering and essentially exhibit soil like
engineering properties. Residual soils exhibit no characteristics of rock as
described above.

For rock slopes in extremely dry environments with no groundwater pressures,
this high degree of weathering can actually be advantageous for stability since
all remnant structure has been destroyed and, therefore, potential for failure
along a predominant discontinuity does not need to be considered. In this case
the intact material strength remains low but this is very similar to the overall
material strength and is sufficient for stability of individual batter faces
(Ref 2.29).

For rocks with a lesser degree of weathering (ie. highly weathered and above)
remnant structure does play an important role. Specifically the remnant
structure does create weaknesses within the rock mass which will be

preferentially followed by a potential failure surface.

Weathering also affects the actual condition of discontinuity surfaces since they
are often the natural pathway for leaching within the rock mass. The degree of
weathering can therefore be greater next to these discontinuities and if any
movement has occurred slickensided surfaces can be present. Therefore
although the overall rock may only be highly weathered, its strength may be

quite low due to the reduction in strength on its discontinuities.
2.6 GROUNDWATER
Groundwater has been discussed at great length in the literature in relation to

rock slopes (Refs 2.1, 2.2) and the basic concepts of flow and effective stress are

well known.
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Rock slopes are highly variable but in almost all open pit mines flow is restricted
to the discontinuities in the rock mass, and it is this which is important for slope
stability analysis. Exceptions to this are flow through solution cavities in
limestone quarries or flow through washout cavities in laterite (eg. Groote
Eylandt mine, Northern Territory) but in general it is pressure in the water
contained in the discontinuities which is important.

Given the above, the volume of water contained in the rock mass is generally
very small particularly in tight or highly stressed rock masses. This means that
even a small volume change can cause a large change in pressure and this is an
important point to consider both for recharge and for dewatering programmes
and for dewatering programmes and for analysis of slope stability as well.
Consequently, it only requires a small inflow of water to make a rock slope
unstable, conversely, drainage of only a small quantity of water may lead to
sufficient increase in factor of safety for the slope to remain stable.

Rock masses also commonly have a highly anisotropic permeability which can
result in considerable variability in groundwater levels (note groundwater levels
for Newman described later in Chapter 7 of this thesis). It is the experience of
the writer that idealised drawdown curves shown in text books are rarely
developed in actual rock slopes. Nevertheless, uplift pressures caused by
groundwater have a significant effect on rock slope stability. Numerous stability
‘analyses can be found in the literat_ure, but as a rule of thumb, stability of rock
slopes can be increased by as much as 30% by effective dewatering
(depressurization). This is typically achieved by installing horizontal drainage
holes, but can also be achieved by vertical pumped holes or drainage galleries
(eg. Twin Buttes, Arizona, USA).
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Groundwater also has other effects adverse to stability quite apart from creating
uplift pressures on the failure surface. The first important factor is a decrease
in material strength due to an increased moisture content. This is particularly
true for soft sedimentary rocks (eg. claystones, tuffs) which, when saturated,
may become quite soft. It may be noted that the reduction in stress next to open
pit slope faces enables additional water to be absorbed by the rock itself (eg.
Saxonvale Mine, NSW, Ref 2.85).

The second important effect of groundwater on stability of open pit mines is
erosion and slaking. In tropical areas of Australia, excessive rainfall in the wet
season is a significant problem and produces large volumes of water running off
pit slope faces. Batter faces enable this surface water to run off rapidly but
berms reduce the velocity of flow almost instantaneously. Therefore berms
create the ideal location for groundwater recharge. If porous or friable rock is
present it often creates extensive erosional problems which can lead to large
scale rock slope failures (eg. Koolan Island, Ref 2.28). It is therefore important
that berms as well as pit crests are well graded and sealed with clay in areas of

excessive rainfall to prevent groundwater recharge and erosion.

Slaking or the effects of wetting and drying cause rocks to degrade but this is
generally restricted to the exposed rocks in pit faces and is more directly related
to surface water rather than to groundwater. Nevertheless this can be a
significant problem and cause undercutting of rock faces and subsequent
degradation of batter faces.

Groundwater is therefore an extremely important factor in rock slope stability;
Due to the highly anisotropic nature of rocks groundwater tables should not be
assumed, but should be measured with piezometers and not with standpipes.
Groundwater pressures can change rapidly in short distances in rock slopes since
rocks are rarely isotropic porous media. Therefore the groundwater pressure
near the potential failure surface should be measured directly rather than based

on an average standpipe pressure.
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The reader is referred to Chapter 7 for more details on the Groundwater at

Mt Newman.
2.7 PROGRESSIVE FAILURE

Slope excavated in cohesive soils and soft rocks have a potential for 'progressive
failure'. An understanding of the relevant mechanisms is, therefore, of
tremendous interest. Failure may initiate at some locations along a potential
slip surface involving a decrease of shear strength below the peak value at these
locations. This decrease is associated with a re-adjustment of shear and normal
stresses within the earth or rock mass and with consequent enlargement of the
zone of over-stress and local failure. The concepts concerning progressive
failure have been discussed by Skempton (Ref 2.88, 2.89 and 2.90), Bishop (Ref
2.91 and 2.92) and Bjerrum (Ref 2.93). Factors contributing to progressive
failure include non-uniform stress distribution, non-uniform strain-distribution,
strain-softening characteristics of soils and rocks as well as recoverable strain
energy. Studies of progressive failure have been reviewed by Chowdhury (Ref
2.18) and further references may be found in Bertoldi (Ref 2.94) and Chowdhury
(2.95 and 2.96).

Failures of slopes excavated in hard rock always occur along major

discontinuities or within weakened zones (eg. Refs 2.97, 2.98, 2.99, 2.100).
These failures are, relatively speaking, simultaneous rather than progressive.

This was confirmed by literature sources and is borne out by the writer's own

experience in Australia and from discussions with co-workers around the world.

However, the shear strength along discontiniuties may already have been reduced
during past geological processes. Similarly the shear strength within weak zones
may be close to residual values even before excavation. In so far as excavation
of slopes within hard rock environments may result in further decrease of the

shear strength of weak zones, progressive failure may be involved.
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IMPORTANT CONSIDERATIONS FOR THE STABILITY
OF EXCAVATED ROCK SLOPES

However, this is a subject which has not received much attention probably
because of the importance of many other aspects of much greater significance
such as the characterisation of rock mass strength and the understanding of

engineering geological aspects of slope stability.

As discussed in Chapter 8, back analysis of failures which have occurred at

Mt Newman has not revealed any significant mechanism of progressive failure.

As far as potential instability of the North Wall is concerned the primary
considerations are again the engineering geological aspects, the rock mass shear
strength of the weakened zones (eg. the Whaleback Fault Zone) and shear
strength along discontinuities. The potential for progressive failure is of
secondary importance in establishing a future wall design because the main aim

is to avoid any significant failure until most of the ore has been excavated.

The exploration of potential progressive failure with associated developments
could be the subject of a separate major research project. It was considered

totally outside the'scope of this present thesis.

The writer has, however, direct experience of analytical studies concerning
progressive failure in overconsolidated clays involving both limit equilibrium and
finite element studies (Refs 2.101, 2,102 and 2.104). The writer also has had
experience of potential instability involving excavated slopes in soft rock

environments (Ref 2.103).
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THE MT WHALEBACK MINING PROJECT

The Mt Whaleback mining project is one of the largest single pit iron ore mines
in the world and is currently operated by BHP-Utah International - Iron Ore
Division. The mine is located at Newman in the Pilbara region of Western

Australia approximately 1100km north-east of Perth.

The history of the region dates back to 1896 when a mapping expedition led by
Aubrey Newman, named a peak at the eastern end of the Opthalmia range,
Mt Newman and a cattle station was established there in 1901. However it was
not until 1957 that the un-named, humpback hill 2lkm further south of
Mt Newman was discovered. This of course was Mt Whaleback. A geologist
named Stan Hilditch discovered high grade iron ore at Mt Whaleback and in 1960
Hilditch staked claims to Mt Whaleback and surrounding areas.

During 1963, Amax Inc of the USA became interested in Mt Whaleback and
subsequently invited CSR to form a joint venture company to test the reserves.
These reserves were subsequently proved to be 1.4 billion tonnes of mineable ore
at greater than 63.5% iron. This makes Mt Whaleback the largest known deposit
of high grade hematite in Australia. By 1965 the Japanese had signed a letter of
intent to purchase iron ore and in 1966 BHP became a major purchaser of iron
ore and also became a shareholder and operator of the mining company, then
called Mt Newman Mining Company Pty Ltd (MNM Co).

A township was established at Mt Whaleback and was called Newman as well as a
heavy duty rail line to Port Hedland, 426km to the north. The iron ore mining
and railing operations commenced in January 1969 and the mine is currently
producing 32 million tonnes of ore per year with a total material movement in

excess of 100 million tonnes.
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Initial mining development commenced in an area known as the East Pit since
this had the lowest stripping ratio. Today the East Pit is well developed and
final pit slopes have been established on the South Wall. However the North Wall
is less well established and final pit limits have only been developed at the

extreme eastern end of the East Pit.

Figure 3.1 shows a typical section through the East Pit showing the South Wall
and the North Wall, although more detailed plans and sections are available in
the Appendices. This figure shows that the main orebody at Mt Whaleback is the
Dales Gorge Member although considerable ore is also recovered from enriched
banded iron formation (BIF) in the Joffre Member. The Dales Gorge Member
forms a natural syncline which is truncated by the Whaleback Fault Zone (WFZ)
on its northern limb. This synclinal structure basically determines the shape of
the present and future pit at Mt Whaleback and also accounts for the fact that
the South Wall has developed a greater extent of final pit slopes than the North
Wall (see Figure 3.1).

The equipment employed by MNM Co is quite varied and is on a large scale. The
ore and waste are mined by conventional truck and shovel operations and
MNM Co not only have one of the largest truck and shovel fleets of any mine in
the world but also have the largest capacity machines. MNM Co have also
recently installed (in 1987) an in-pit crushing and conveying system for the waste
on the North Wall of the East Pit in order to improve the efficiency of material
movement. This crusher and conveyor system is located on an interim slope (as

opposed to a final slope) on the North Wall.
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Previous geotechnical investigations at Mt Whaleback have by necessity
concentrated on the South Wall since final slopes were being rapidly developed
on this wall. However, as discussed in Chapters 9, 10 and 11, it has been known
for a long time that the North Wall of Mt Whaleback would present significant
geotechnical problems. This is not only because of the presence of the large
Mt Whaleback Fault in the North Wall, but also because of the southerly-dipping
structures on either side of it. In addition, the North Wall is the location of all
the major waste dumps and therefore surface mapping or drilling is either
impossible or extremely difficult to carry out. Therefore, the structures within
the North Wall have, until the completion of this research project, only been

known in general terms.

Chapters 9 and 10 outline the stability analyses in detail. It is important to
stress here that the major impetus for this research project was due to the
assumed southerly—-dipping structures north of the Whaleback Fault Zone which
were considered to be very adverse to slope stability during the proposed
development of the North Wall. Moreover, the final pit limits were being rapidly
developed and a major crusher and conveyor facility was installed on the North
Wall. All these factors necessitated a detailed research project into the pit wall
design for the North Wall.

Given the tight financial position of the iron ore industry and the very large
tonnages of waste and ore involved between different possible North Wall
Options, a rational and scientific basis for pit wall design was required. The
techniques used to pursue this goal were both detailed and innovative and have
been applied in a unique way to arrive at preferred design options. These

techniques are outlined in detail in the following Chapters'.
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CHAPTER 4

THE RELEVANCE OF STRUCTURAL
GEOLOGY TO SLOPE STABILITY
ON MT WHALEBACK
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STRUCTURAL GEOLOGY

4.1 SUMMARY

The structural geology of the North Wall of Mt Whaleback is one of the key
elements in the overall geotechnical research for pit wall design. As such it has
been accorded high priority and has involved a wide range of detailed
investigations. The investigations have involved both percussion and diamond
drilling, pit face mapping, mapping of costeans as well as collation and scrutiny
of all existing geological information.

The investigations have been complicated by the fact that there are very few
exposures of the Jeerinah Formation in the present pit and much of the crest of
the North Wall is covered in waste dumps. Innovative techniques have been used
to try and overcome these handicaps including the use of cross hole seismic
tomography (see Chapter 5) and the use of sophisticated three dimensional
computer graphics. |

The main findings of this Chapter are that the Jeerinah Formation is not a
simple 'layer cake' model, but is structurally complex being folded on a large
scale. These folds generally plunge to the west although this plunge is variable.
In addition to this variable fold style, the Jeerinah Formation consists of
alternating 'shale' and 'dolerite' units which have been subjected to regional
metamorphism resulting in slate/phyllite and amphibolites being present. This
structural complexity has a major influence on pit wall design as discussed in
Chapters 10 and 11.

One of the major structural units of the North Wall is the Whaleback Fault Zone
(WFZ) and this zone can be conveniently used to separate other major structural
units. The WFZ is a steep south dipping intense shear zone which is a normal
fault with a displacement of at least 600m. This shear zone itself consists of a
melange of altered rock types from both the south and the north of the WFZ and
is approximately 10 — 15m wide. The altered rocks range from kaolinitic clays to
only slightly altered dolerties and there are obviously numerous faults within the
overall shear zone itself. The WFZ also cuts ore bearing horizons and acts as the

northern boundary of the orebody.
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South of the Whaleback Fault Zone. South of the WFZ the rocks are intensely
folded with wavelengths measured in metres and comprise the Brockman Iron
Formation. The orebody is truncated at depth by another intense shear zone,
called the East Footwall Fault Zone (EFFZ), which therefore acts as the lower
limit to the orebody. The rocks which constitute the EFFZ are sheared and
folded versions of the rocks stratigraphically underlying those horizons which are

mineralized.

North of the Whaleback Fault Zone. North of the WFZ are thick meta-dolerites
and slates of the Jeerinah Formation. These rocks are the lowest
stratigraphically in the area of interest. The wavelength of folds in these rocks
is controlled by the thick and relatively massive meta—dolerites and hence is
measured in hundreds of metres rather than in metres as on the south side of the
WFZ. Otherwise the style of folding is identical north and south of the WFZ
except that the axial planes of folds north of the WFZ trend more to the
north-west rather than the west as is the case south of the WFZ. The Jeerinah
slates are dominated by a strong south-dipping axial plane slaty cleavage

although in conventional mining terminology these are referred to as shales.
4.2 COMMENTARY

The majority of the North Wall structure is hidden from view, unlike that of the
South Wall, and therefore it has been necessary to fit together the pieces of the
jigsaw puzzle in order to produce a logical and realistic structural model. Heavy

reliance has been placed on drilling, and where exposures are available, face

mapping.

In order to maximise the amount of information obtained from both the
percussion and diamond drilling programmes, innovative engineering, geological
and computer techniques have been employed. These techniques are worthy of

mention and are as follows:
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@

(b)

(©

The use of cross hole seismic tomography as described in the
Chapter 5. This technique confirmed the presence of large scale fold
structures in the Jeerinah Formation and negated the need for

additional drilling in this area.

The use of computer graphics to model three dimensional structural
geological surfaces as well as to produce all the plans and sections.
The modelling of these surfaces was always undertaken with a
structural geologist reviewing the results and therefore the computer
generated surfaces were never considered to be correct unless they
were checked first. This computer modelling was partly responsible
for the determination of the fold styles in the northern Jeerinah
Formation. This computer modelling was also subsequently used to
section the proposed North Wall design at different angles in order to
produce cross sections for the stability analyses.

The use and plotting of both geophysical (gamma) data and assay data
down borehole traces on cross sections. Traditionélly, the structural
geology was interpreted from the lithological log drawn on the cross
section with a manual reference to the geophysical and assay data if
the interpretation was difficult. However in practice, the gamma log
was at a different scale to the borehole trace on the cross section and
therefore only point data could be compared by manually using a scale
rule. Similarly, the assay data was kept as a computer print out which.
had to be manually compared with a position on the borehole trace.

Plotting this information on the borehole trace has enabled a much
faster interpretation to be made, has highlighted structural anomalies
and has for the first time enabled a direct visual representaﬁon of
both Fe grade and structural geology on the same piece of paper.
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(d) The use of a computer graphics plotting packaged called LOGGER to
produce the graphical borelogs. This enabled the incorporation of both
traditional histogram data (such as weathering, RQD, core loss, etc)
with geophysical data (gamma logs) on the same bore log. This was
not new in itself but use of digital bore log data was to prove
invaluable for Point (c), as well as enabling bore logs to be produced at

any scale, size, etc.

This bore log information is a fundamental source of data for this
Chapter as well as for Chapter 6. It has been collated and presented
to MNM Co on computer discs and has been formated such that it is
simple to produce additional copies of the bore logs. A user guide was

also presented in the report to MNM Co.
4.3 INTRODUCTION
4.3.1 North Wall Geology

The proposed North Wall of the Mt Whaleback East Pit will be excavated in
lower Proterozoic rocks of the Fortescue and Hamersley Groups (see Figure 4.1
and Ref 4.1). These rocks have been strongly folded by westward plunging
inclined to recumbent folds with axial planes dipping towards the south. This
folded sequence has been truncated either late in the folding history or post
folding by flat lying faults, the most important of which is the East Footwall
Fault- Zone (EFFZ) which forms the base of the orebody. This sequence of
structures is, in turn, truncated on the northern side of the orebody by a steep,
south dipping normal fault called the Whaleback Fault Zone (WFZ). Thus, the
orebody is delineated on its base and on its northern side by fault zones.
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To the south of the WFZ are rocks of the Hamersley Group; mineralised and
unmineralised members of the Brockman Iron Formation (viz. the Dales Gorge,
Whaleback Shale and Joffre Members) occur above the EFFZ and unmineralised
parts of lower stratigraphic units, namely, the Wittenoom Dolomite, the
Mt Sylvia Formation and the Mt McRae Shale, occur in and below the EFFZ
(refer to Figure 4.2).

To the north of the WFZ are rocks which are much lower in the stratigraphy than
those mentioned above. These are meta-dolerites and slates of the Jeerinah
Formation belonging to the Fortescue Group (see Figure 4.1). These rocks are
again folded by westward plunging folds with axial planes dipping at 30-45°SW.
The style of folding is similar to that on the south side of the WFZ except that
the amplitude and wavelength of folds on the north side is much greater

(measured in 100's of metres) than on the south side (measured in metres).

The rocks comprising the WFZ are strongly deformed versions of the rocks within
the EFFZ although occasionally parts of the Brockman Iron Formation and
Jeerinah Formation are incorporated as well. Figure 4.2 shows a schematic
picture of the main structural relationships for the North Wall.

4.4 STRATIGRAPHY

The description of the stratigraphy of the North Wall of Mt Whaleback is based
both on the excellent reference work produced by the Resource Development
Department of MNM Co (Ref 4.2) and on the detailed mapping undertaken as
part of this investigation (Ref 4.3). Recent drilling and mapping associated with
the other South Wall pit slope investigations have also enhanced descriptions of
individual stratigraphic units (Ref 4.4). A general stratigraphic column for the
Hamersley Basin is given in Figure 4.1 and the geology of the rock units exposed
or to be exposed in the North Wall is described below. The abbreviations for
each of the stratigraphic horizons is given after the formation name.
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4.4.1 Fortescue Group
Jeerinah Formation (Pfj)

This is the principal stratigraphic sequence likely to influence pit slope behaviour
and design in the North Wall area. It occurs immediately to the north of the
WFZ, although drilling and mapping have indicated that sheared components of

the Jeerinah Formation are located within the fault zone itself.

The formation consists of alternating grey-green, medium to coarse grained
altered dolerites (amphibolites) and green, greenish black to black shales (now
altered to slates and phyllites). The dolerites which show ophitic to sub-ophitic
texture are considered to be intrusive sills and some contact features within
specific dolerite units support this view. Approximately 4km south of
Mt Whaleback itself a small exposure of the top of the formation just below the
Marra Mamba Iron Formation shows the presence of a pillow basalt indicating a
sub—-aqueous extrusive phase at a late stage in the development of the sequence.

The sequence of the Jeerinah Formation can be summarised as follows from
youngest to oldest (it should be noted that the rock unit names used here differ
from former usage by MNM Co and an attempt has been made here to rationalise
the usage and present the rock unit names in a more logical manner than had
grown piecemeal at Mt Whaleback over a period of time):

UNITS OF THE JEERINAH FORMATION

Unit Approximate Thickness (m)
Shale C Indeterminable

Dolerite C Indeterminable

Shale B Variable but generally 70-130m
Dolerite B 120m

Shale A Variable but generally 40-130m
Dolerite A 200m +
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Some of these units are exposed in the pit with the Dolerite A being exposed in
the extreme eastern end of the pit and being overlain by Shale A further west.
Dolerite B overlays Shale A further west and so on. Shale thicknesses appear to
be variable along and across strike. These variations are related in some degree
to E-W trending fold closures where shales thicken considerably. Variations
along strike may be due to any of a number of possible structural or stratigraphic
complications, eg. cross—cutting intrusive contacts, primary stratigraphic
thickness variations, en echelon folding or cross folding.

Specific petrological and geochemical characteristics for the various dolerite
and shale horizons are discussed in more detail later in this Chapter. However,
the following broad observations have been used for stratigraphic identification
of dolerite and shale units:

Dolerite A is a medium grained grey-green amphibolite with a
distinctive top zone (at least 50m) containing black shale xenoliths
(inclusions) and vugs with carbonate infilling.

Dolerite B is a medium to coarse gained felspathié amphibolite with
ophitic to sub-ophitic texture. The Dolerite B/Shale A contact is
indistinct with gradational or transitional characteristics.

Shale A tends to be chloritic and in places is dolomitic. In a few
places, Shale A also changes from a predominantly chloritic shale to a
sericitic shale and this can be picked up from the detailed assay logs.

Thin shaly and sheared zones have been identified within the dolerite units. The

continuity of these zones is uncertain although there appears to be some

correlation between boreholes on a few sections.
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Shear zones are present within the Shale units. This is most frequent adjacent to
the WFZ but others have been located wholly within shale units and remote from
the WFZ and these consist of slickensided and disturbed shale.

4.4.2 Hamersley Group
Marra Mamba Iron Formation (Phmm)

This formation consisting primarily of chert and BIF, has no direct influence on
pit operations or pit stability at Mt Whaleback. A narrow block of Marra Mamba
outcrops just north of the eastern tailings pond within the easterly extension of
the WFZ. A dolomitic breccia intersected in one of the North Wall diamond
holes within the WFZ contains clasts of folded banded iron formation BIF which

may have originated from the Marra Mamba Iron Formation at depth.
° Wittenoom Dolomite (Phd)

This stratigraphic unit consists primarily of greyish brown dolorhitic shales at the
top grading downwards into grey crystalline dolomites. Massive grey crystalline
dolomitic breccias have been intersected at depth in some holes drilled through
the EFFZ and WFZ. Brecciation and shearing is related to the faulting. These
tectonically disturbed components of the Wittenoom Dolomite may have some
influence, at specific locations, on the stability of the toe of the North Wall.

° | Mt Sylvia Formation (Phs)

The stratigraphy of this formation consists of a distinctive BIF unit (Bruno's
Band) at the top underlain by chert/shales and siltstones. The lower section
contains two thin but distinctive BIF units the lowest of which forms the base of
the formation. This formation within the WFZ is complicated by folding,
shearing and brecciation but two important sub-units within the formation have
been identified in this fault zone and form very useful marker horizons. These

are:
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Bruno's Band BIF (or hematite where mineralised), and a

Siltstone sub-unit

These have been used to define the style of faulting as shown in Figure 4.2. A

typical sequence of the Mt Sylvia Formation is given in Figure 4.3.
° Mt McRae Shale (Phr)

This formation is shown in Figure 4.4 and is an 'undisturbed' and complete
~stratigraphic column (Ref 4.4). Within the WFZ and also below the orebody
shearing has produced 'thinning' (dismembering) of the unit. The undisturbed
unit consists, in the upper part, of a distinctive black shale and pyritic black

shale containing a marker horizon identifiable by the presence of pyrite nodules.

The upper limit of this nodular zone is marked by a distinctive massive pyrite
band. The lower part of the unit contains chert beds separated by black shale
grading downwards into a chert/shale sequence above Bruno's Band. In a
weathered state the shales vary from brown to white and are kaolinitic.

Brockman Iron Formation

This formation is the major location of high grade hematite orebodies in the
Hamersley Range. Detailed studies over the last 20 years have identified four
main stratigraphic units referred to as 'members' within the Brockman Iron
Formation. Figure 4.5 illustrates in detail the Brockman Iron Formation
Stratigraphy applicable to Mt Whaleback including a detailed gamma log trace

which is used to locate horizons in percussion holes.
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Dales Gorge Member (Phbd)

This is the main ore-bearing horizon comprising 24 hematite or BIF microbands
alternating with 23 shale bands, the latter varying in thickness from a few
centimetres up to a metre or more. The enriched Member has an average
thickness of about 65m. Unenriched, the Dales Gorge is some 130m thick. The
Dales Gorge Member can be divided into four alternating shaly and non-shaly
units. The Basal Shaly section (also referred to as the Colonial Chert Member)
occurs at the base of the Dales Gorge Member and is officially regarded at
Mt Newman as part of the Mt McRae shale. The next unit contains five thin
shale bands, is usually high grade and extends from CS6 - DS6 (see Figure 4.5).
The Middle Shaly Zone contains seven closely spaced shale bands (DS6 — DS12)
three of which are of the order of 1 — 2m in thickness. The upper non-shaly high
grade zone contains six thin shale bands.

Whaleback Shale Member (Phbw)

Unweathered, these shales are green to greenish-black. A 'marker' chert band
known as the Central Chert Band or CCB occurs just above the base of the unit.
The shales weather to pink and brown kaolinitic shales. When tectonically
superimposed on Mt McRae Shale, as for example along the Whaleback Fault,
there are some problems in distinguishing the two shale units when both are in

the weathered state.

Joffre Member (Phbj)

This comprises a BIF succession up to 240m thick with minor shale bands and
some sporadic enrichment. Only the lower 100m of this member is thought to be
exposed at Mt Whaleback. Using a variation in the number of shale bands
present, the Joffre Member at Mt Whaleback has been sub-divided into four
sub-units denoted J ] to J 4 from the base upwards (see Figure 4.5).

4.10



STRUCTURAL GEOLOGY

4.5 STRUCTURAL GEOLOGY
4.5.1 Overview of Structural Geology

The structural geology of the North Wall of Mt Whaleback can be broadly divided
into three structurally (and stratigraphically) distinct areas:

° South of the Whaleback Fault Zone
° The Whaleback Fault Zone
° North of the Whaleback Fault Zone

As discussed previously the area south of the WFZ comprises stratigraphy from
the Brockman Iron Formation, Mt McRae Shale and Mt Sylvia Formation.
Macroscopically, this area is folded into two synclines separated by an anticline.
Two flat-lying fault zones occur on the flat limb areas of the north limbs of the
two synclines. These are termed the Central Fault and the East Footwall Fault
(EFFZ), the latter forming the lower boundary to the orebody.

The northern boundary to these lithologies is the WFZ. A possible, early
generation of folds has been identified in an area north of the mine. The effect
of these early folds in the mine is uncertain, however they are thought to be
responsible for local variation of small scale fold plunges. The Central Fault and
EFFZ are thought to be related to each other (and to numerous smaller scale
low-angle normal faults) yet pre—date the development of the WFZ.

The WFZ also forms the northern boundary to the ore bearing horizons and brings
stratigraphy of the Brockman Iron Formation into contact with that of the
Jeerinah Formation and has a minimum displacement of 600m. The fault zone
dips to the south and is normal in sense of displacement, that is, the southern
block is downthrown.
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The material within the WFZ is highly deformed material of predominantly the
Mt McRae Shale and Mt Sylvia Formation. This material is thought to be derived
largely from the EFFZ. The WFZ and the EFFZ system together are thought not
to form a listric fault system but rather comprise the intersection of two faults
with the WFZ post-dating and thus offsetting the EFFZ.

Norfh of the WFZ are dolerites and shales of the Jeerinah Formation. The
layered sequence of dolerites and shales is asymmetrically folded on a large
scale. Large folds which intersect the WFZ have been identified by drilling. In
the area of investigation three dolerite units and three shale units have been
identified due to new interpretations. Cross-hole seismic tomography has been
successful in confirming both the large scale folding in the Jeerinah Formation
as well as the presence of small parasitic folds on larger scale fold limbs and this
technique is described in Chapter 5. The folds in this area are of the same

generation as the main phase of folding exposed in the mine.
4.5.2 Structure of the Area South of the Whaleback Fault Zone

The area south of the WFZ comprises a folded and faulted sequence of BIF, chert
and shales. These lithologies form the Joffre Member, Whaleback Shale Member
and Dales Gorge Member of the ore bearing Brockman Iron Formation.

Rocks below the orebody consist of mainly faulted, sheared and folded Mt McRae
Shale Formation, Mt Sylvia Formation and part of the Wittenoom Dolomite. The
rocks of the Brockman Iron Formation are folded but contain small faults and
shear zones. The rocks of the Mt McRae and Mt Sylvia Formations in the area of
interest constitute a large shear zone termed the East Footwall Fault Zone
(EFFZ) which forms the lower boundary to the orebody.
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° Folding

The main fold system in this area is characterised by large westerly plunging
asymmetric folds (refer to Figures 4.6 and 4.7).

The axial planes and rarely developed axial plane cleavage dips at 20° to 60° to
the south-southwest (Figure 4.8). The sense of overturn on the folds is to the
north, that is, the folds verge té the north. Consequently, southern limbs of
anticlinal folds dip at 20° to 40° to the south while the northern limbs dip
steeply, becoming overturned locally. The southern limbs tend not to develop
small scale parasitic folds while the steep to overturned limbs are intensely
folded at this scale. Macroscopic folds tend to develop a divergent cleavage fan
with small scale folds on steep limbs having shallowly dipping axial planes while
those on shallow limbs of folds generally have more steeply dipping axial planes.

The hinges of these folds are classified as close to open and rounded although
there is considerable variability (Plate 4.1). Some folds in fact are quite tight
with angular hinges. The difference in fold styles does not always appear to be
lithology controlled. However, folds in predominantly shale units tend to be
tighter with steep limbs becoming more overturned than folds in predominantly

iron formation units (Plate 4.2).

Fold plunge can vary by as much as 20° in a small area although large scale
regular variation has not been recognised in the area under investigation
(Figure 4.9). However, a systematic plunge reversal occurs at the far western
part of the mine. In this area folds plunging west change plunge to east over a
zone where small scale fold plunges are quite variable. Small scale fold plunges

in the eastern part of the pit generally range in azimuth from 250-270°.
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An axial plane cleavage is developed occasionally in shale bands interbedded with
banded iron formation. In predominantly shale units with lesser banded iron
formation this cleavage is better developed and of more consistent orientation.
The cleavage developed in shale bands within predominantly banded iron
formation units has a more variable orientation due to the large competence
contrast between shale and layered chert and hematite. In banded iron
formation rocks, planes of dissolution (pressure-solution cleavage) are sometimes
developed.

A lineation is pervasively developed which often appears to be an intersection of
bedding and cleavage. This suggests the possibility that a solution cleavage may
be reasonably widespread in predominantly banded iron formation lithologies.
Alternatively, and more commonly, this lineation exists as microfolds of bedding
laminations. This lineation is broadly parallel to the observed orientation of
mesoscopic fold hinges. It may therefore be assumed to parallel the large scale
fold hinges in any particular area.

In mapping the distribution and orientations of particular fabric elements, the
large scale structure can be determined. The distribution of asymmetries of
small scale folds and cleavage-bedding relationships indicates the location of the

large scale structures.

In this area a large syncline (locally termed the East Syncline) has been mapped
out with numerous smaller scale structures developed on its limbs. The axial
trace of this fold trends approximately west and is located near the centre of the
East Pit. The flat lying northern limb of this fold is truncated by the WFZ to the
north.

A late phase of brittle deformation is developed in the mine. This consists of
kink-type folds sometimes becoming chevron folds (Plate 4.3). These folds
refold (locally) the main fold system and its axial plane cleavage thus
post—dating it. Many folds and irregularities in the surface of the Footwall Fault
may be attributed to the kink-type folding. The amplitude of these folds varies
from a few centimetres to several metres with steeply dipping axial planes. The
plunge is variable since these folds are obliquely superimposed on the main fold
system.
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Faults with small displacements are sometimes developed along the boundary of
a kink band. Development of kink folding is widespread but is concentrated in a
zone near the centre of the pit. This is important for slope stability
considerations since the orientation and shape of the EFFZ may be expected to

change in this area.
° An Early Fold Phase

Differences in style and orientation of folding are common. An area where these
differences are pronounced was mapped at approximately 5900E (locally known
as 'Death Valley' see Ref 4.3). A consistent south-westerly oriented structure is
clearly evident which is oblique to the main fold system present in the mine
(Plate 4.4). On close inspection it was revealed that a large proportion of these
early 'folds' contained chert bodies (oblate in cross-section, see Figure 4.10)

whose three-dimensional shape could not be ascertained.

The chert bodies appear to be remnants of partially dissolved chert layers within
the iron formation. The possibility exists that the chert bodies are elongate and
actually form the core of the structures which are oblique to the main
generation of folds. These chert bodies occur in another area where they are
better exposed. Most commonly their shape is that of an oblate spheroid

however irregular forms showing incomplete dissolution occur (Figure 4.10).

They have not been observed to have the geometry of a prolate spheroid which -
would be required to form an apparent fold. Folds also occur which do not have
a core composed of chert and it seems probable that those folds which do have

chert cores actually nucleated on pre-existing chert bodies.

The geometry of refolding observed in 'Death Valley' indicates that the
formation of the folds which are oblique to the main phase of folds pre-dated the
formation of the main phase of folds (Figure 4.11). That is, where two anticlines
meet a 'dome' is formed while the intersection of two synclines produces a

'basin' structure.
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Given that the main fold system becomes strongly overturned while the fold
system oblique to it appears more upright, then to produce a series of 'domes’
and 'basins' the more upright oblique fold system must have pre-dated the main

fold system observed in the mine (Plate 4.5).

Evidence for these early folds in the mine is rare although some good examples
exist. A faint lineation related to these early folds is rarely developed. This
lineation consists of microfolds of bedding where it can be observed in section.
No other fabric development related to these folds has been observed so that
microstructural evidence for the existence of these folds cannot be found.
Similarly microstructural overprinting criteria (more reliable than re-fold
produced geometries) cannot be established.

The presence of the early fold generation has two important implications for the

structural geology (and slope stability):

roughness at the scale of a bedding discontinuity.
unusual orientations of bedding on a larger scale.

If a particular bedding surface has developed on it two generations of folds
rather than just one the rock masses above and below this surface will be 'keyed
in'. That is, if only one fold system existed on a particular surface, slip could be
accommodated in the direction of plunge of that fold system. The presence of
two fold systems intersecting obliquely greatly diminishes the possibility of slip
on the bedding. '

Bedding surfaces showing both generations of folding at the mesoscopic scale
have only been encountered in the Joffre Member. This phenomenon could,
conceivably be present where thinly laminated Banded Iron Formation occurs. In
the area of investigation, areas of unusual orientations of bedding cannot be

predicted since large scale early folds have not been found.
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Faulting

The Brockman Iron Formation in the area under investigation is bound below and
to the north by faults. The fault below the ore-bearing units is a shear zone of
uncertain thickness termed the East Footwall Fault Zone (EFFZ). The fault to
the north also consists of a zone of sheared rocks whose thickness is variable but
known in most places. This zone is here termed the Whaleback Fault Zone (WFZ)
(see Section 4.3).

Small scale faults are relatively common in the area mapped althngh the sense
of displacement is often difficult to determine due to lack of marker horizons
within many of the units. Based on style of faulting in better exposed areas, it is
thought that most faults exposed have a normal sense of movement. However,

some are clearly reverse in sense (Plate 4.6).

Based mainly on style, faults in the area may be broadly divided into two
generations. Steep normal faults dipping to the south (generally) appear to
post—date the main phase of folding and thus are probabiy related to the
Whaleback Fault. One exposure at the east end of the East Pit (Bench 16,
Plate 4.7) shows a steeply dipping normal fault which displaces the East Footwall
Fault. Clearly this fault, and probably most of the steeply dipping normal faults,
post—dates the formation of the East Footwall Fault. Another exposure in the
same area shows a shallowly north dipping reverse fault which displaces the East
Footwall Fault. It appears then that the East Footwall Fault formed early in the
faulting history of the area.

‘A well developed system of steep south dipping normal faults extends for a

considerable distance along the north side of the orebody just to the south of the
WFZ. These faults are well displayed on sections 8000E westwards to 7480E.
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Some other good examples of shallowly dipping normal faults are exposed on the
South Wall. They occur on the steep limb area of a large scale fold in rocks of
the Mt Sylvia Formation. These faults generally dip to the south and appear
more pronounced where they displace an intensely folded competent layer such
as Banded Iron Formation.

It appears that at some stage during folding, volume problems were created
which caused the formation of these antithetic low-angle normal faults. The
style of folding observed does not allow for infinite 'stacking' of folds through
fhe stratigraphy. That is, volume problems are created when the folds are not of
a similar (class 2) style thus the fold 'dies out' along its axial zone and the strain
is taken up elsewhere. Combine this with rocks of vastly differing ductile
properties and extensional regimes will be formed to accommodate areas of
volume deficiency. This process appears to be responsible for the formation of
low angle, antithetic normal faults.

Although the Central Fault is not part of this investigation it is thought to be
related to the low-angle, antithetic normal faults observed in' other areas. That
is, the zone directly below the Central Fault consists of predominantly
extensional structures developed similarly to the previously discussed faults on

the steeply dipping to overturned limb of the Central Anticline.

The East Footwall Fault appears to be a similar structure with, probably, similar
timing to the Central Fault. Internal structure of the zones directly below the
upper surface of both faults is very similar with folding and evidence of
extensional tectonics (Plate 4.8). An important aspect in common to both of
these structures is the direction of younging directly above and below the upper
surface of each fault. The Central Fault has upwards younging Dales Gorge
Member above.
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This is clear since the stratigraphy in this area can be traced up into the
Whaleback Shale and Joffre Members respectively. Directly under the fault,
bedding dips shallowly to moderately to the south with the Mt Sylvia Formation
overlying Mt McRae Shale, that is, the sequence is younging downwards. The
fold vergence in this zone is upwards and to the south.

The East Footwall Fault also has upwards younging Dales Gorge Member directly
above which can be seen to underlie the Whaleback Shale and Joffre Members
respectively. Directly below the upper surface of the East Footwall Fault the
position within the stratigraphy is not clear. However, it is almost certain that
under the East Footwall Fault at the east end of the East Pit is Mt McRae
Shale. Younging cannot be determined by direct stratigraphic relationships,
however a section in this area clearly shows that fold vergence is upwards to the
south (Plate 4.9). This implies that the stratigraphy is overturned directly below
the East Footwall Fault.

Based on the above evidence relating to similarity of geometry, style, position of
faults in the stratigraphy and relation to fold structure it is apparent that these
faults are of similar timing in the deformation history of the area.

Gently south—dipping, normal faults become an important aspect of the structure
of rocks south of the WFZ in the western part of the area (see Sections 7120E
through to 6880E in Appendix A). This is particularly important because such
structures will be an integral part of any proposed buttresses composed of
Brockman Formation rocks (see Chapter 10).

° Summary of Structure South of the Whaleback Fault Zone (WFZ)

South of the Whaleback Fault Zone is a complexly folded and faulted
stratigraphy consisting of predominantly Brockman Iron Formation rocks. Large
scale folds in the mine, from north to south, include the East Syncline, the
Central Anticline and the South Syncline. Only the East Syncline and part of the
Central Anticline are within the area of investigation.
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These folds are typical of the main phase of folding observed in the mine. An
early phase of folding appears to have a limited effect on the rocks although this
is uncertain. The early structures would be oriented approximately

southwest-northeast on flat-lying limbs of the main folds.

The area is affected by two generations of faulting one of which appears to be
broadly coeval with the folding. The faulting which appears coeval with the
folding includes small scale antithetic, low-angle, normal faults as well as the
East Footwall and Central Faults probably being large scale examples. The other
generation of faulting is probably related to the WFZ which clearly post—dates
folding. These faults are generally steeply south dipping with a normal sense of
movement.

4.5.3 The Structure of the Whaleback Fault Zone (WFZ)

The ore bearing horizons of the Brockman Iron Formation are fault-bounded to
the north at Mt. Whaleback. This fault is termed the Whaleback Fault, however
it consists of a zone of faulted material which is here termed the WFZ. The
fault zone brings the Brockman Iron Formation into tectonic contact with the

Jeerinah Formation.

The WFEZ consists of two south dipping, east-west striking (generally) boundary
faults, designated the North and South Whaleback Faults, which enclose a zone
of sheared and faulted material. The boundary faults display a marked degree of
curvature (north-south, steeply pitching). The fault zone is of variable thickness
and, to the west, becomes a single fault surface. From drilling information it is
apparent that where two boundary faults are present, these faults generally
diverge with depth. It then seems likely that to the west there would be a fault
zone at depth, with the intersection of the two faults plunging to the west

moderately steeply.
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The WFZ constitutes a normal fault with a minimum movement of 600m across
the zone. The material within the fault zone is derived from below the orebody.
This has been established by the recognition of marker units within the fault
zone. In one area (Bench 17, East Pit) part of the nodule zone and triplets
(chert) of the Mt McRae Shale Formation are recognisable within the fault zone.
Silty material within the fault zone is highly oxidised but still recognisable as
part of the Mt Sylvia Formation siltstone unit.

In most areas where the WFZ can be observed, the enclosed material is highly
Sheared with relic, small scale fold hinges preserved. The shear surfaces and
axial surfaces of infrequently preserved folds (now parallel) dip less steeply than
the boundary faults. In other areas numerous steeply dipping faults which
broadly parallel the boundary faults are recognisable.

It is thought that most of the material within the WFZ is highly deformed
material derived from the EFFZ which has subsequently been cut by fault planes
related to the WFZ. Much of the movement across the WFZ would have been
accommodated by these internal fault planes as well as by sighificant movement
on the boundary faults themselves. It is not clear whether or not the two
boundary faults were formed simultaneously although this seems likely.

Structure within the WFZ appears largely discontinuous although where
sufficient drilling has been carried out certain marker horizons can be traced out
(for example elements of Mt McRae Shale, Mt Sylvia Formation and Wittenoom
Dolomite in sections 7880E, 7800E, 7720E and 7640E). The interpretation of
structure in this area is very tentative due to the intensity of deformation of
EFFZ material and largely unknown amounts of deformation and rotation of
material within the WFZ.
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Another problem is that, at depth, the position of the south boundary fault (South
Whaleback Fault) of the WFZ is not clear below its intersection with the EFFZ.
This problem arises because directly below this intersection rocks of similar
lithology (Mt McRae Shale) are in tectonic contact. Extensive drilling would be
required to intersect recognisable marker units and thus accurately determine
the lower extent of the South Whaleback Fault.

A breccia zone composed of fragments of chert, shale and Banded Iron
Formation within a (mainly) dolomitic matrix is present at depth in the northern
part of the WFZ. This breccia zone is laterally quite extensive although not
necessarily continuous. It has been intersected in drill holes on Sections 8360E,
7960E and 7920E. The breccia is thought to be developed within the Wittenoom
Dolomite with fragments of Banded Iron Formation possibly derived from the

underlying Marra Mamba Formation.

In many areas rocks (both shales and dolerites) of the Jeerinah Formation are
included within the WFZ and these may occur either on the south side of the
WFZ with stratigraphically higher rocks between faulted Jeerinah and Jeerinah
Formation proper, or they may occur on the north side of the WFZ in close
proximity to unfaulted Jeerinah. This latter situation is especially common in
the east end of the area making the north side of the WFZ difficult to define.

° The South Whaleback Fault and the East Footwall Fault

The relationship of the WFZ to the EFFZ is a matter of considerable discussion.
An exposure on Bench 19 (Plate 4.10) shows the intersection of the southern
boundary fault of the WFZ and the East Footwall Fault (see also Figure 4.12).
Despite a great deal of faulting and shearing, it is apparent that the South
Whaleback Fault truncates the East Footwall Fault, thus demonstrating that the

East Footwall Fault is an earlier structufe than the WFZ.
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This exposure also demonstrates the anastomosing nature of the South Whaleback
Fault. In this area the Footwall Fault dips moderately steeply to the southwest
but becomes flatter towards the intersection with the steeply dipping South
Whaleback Fault. Where exposed, the large undulations and occasionally steep
dip seen on the East Footwall Fault can be attributed to the effect of large kink
type folds (Plate 4.11) which post-date the main phase of folding. This causes
the intersection of the two faults to range from being at a high angle to being
sub—-parallel.

As discussed in Section 5.2, the EFFZ is thought to be related to the main phase
of folding. The WFZ however, clearly post—dates the main phase of fblding. The
latter relationship is exposed on Bench 18 where a fold observed in oblique
section has both limbs truncated by the Whaleback Fault Zone (Plate 4.12).

It has been postulated that the South Whaleback Fault and the East Footwall
Fault are the same fault constituting a listric normal fault. Listric normal
faulting is characterised by rotation of markers adjacent to the fault
(Figure 4.13). The geometric constraint of rotation of markers adjacent to a
curved fault surface is not observed in the area of investigation. Fold axial
surfaces near the fault do not show any dextral rotation looking west nor does
flat lying strata in this area. In some cases a sinistral rotation is observed where

these markers are actually 'dragged’ up against the fault.

The South Whaleback Fault and the East Footwall Fault are thought not to

constitute a listric normal fault for the following reasons:
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the Whaleback Fault appears to truncate and displace the East
Footwall Fault thus post-dating it.

the East Footwall Fault is thought to be related to and coeval with the
main phase of folding while the Whaleback Fault clearly post-dates
this. . '
expected rotation of strain markers adjacent to the fault is not

observed.
Summary of the Whaleback Fault Zone Structure

The WFZ constitutes a normal fault bringing into tectonic contact the Brockman
Iron Formation with the Jeerinah Formation. The fault zone itself consists of
sheared rocks derived from the East Footwall Fault containing material from the
Mt McRae Shale and the Mt Sylvia Formation. In many instances rocks of the
Jeerinah Formation are also present within the WFZ.

4.5.4 Structure of the Jeerinah Formation

As a result of the work undertaken as part of these investigations, a new
interpretation has been made for the Jeerinah Formation which is to the north of
the WFZ. The Jeerinah Formation comprises deformed dolerites -and shales and
three dolerite units and three shale units have been recognised due to the new
interpretation of the structure in this area. Surface mapping of exposures north
of the waste dumps has revealed new aspects of the style and scale of
deformation in the Jeerinah Formation. Results of this mapping, previous
mapping, previous drilling and drilling from the current program have been

incorporated to form these new structural interpretations.

These interpretations indicate that the folds plunge generally to the west with
shallowly to moderately, south to south—West dipping axial planes. A penetrative
axial plane slaty cleavage developed in the Jeerinah Shale units is defined by the
parallel alignment of white mica (Plate 4.13). This cleavage is the predominant
foliation in the shale units and bedding is often difficult to distinguish.
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The dolerite units show little internal fabric except When they occur in sheared
areas close to the WFZ. Dolerite A shows anisotropy when weathered,
suggesting the presence of limited fabric development. Dolerite B appears
coarser grained and more massive (from field observations) and no internal fabric

caused by deformation has been observed.

A crenulation cleavage is somewhat sporadically developed in the Jeerinah
Shale. The crenulation cleavage dips steeply and is most prevalent in the
western part of the area mapped (ie. west of approximately 7400E). The
crenulation cleavage is formed by deformation of the earlier formed slaty
cleavage. It ranges from zonal to discrete and, in one sample, a second

crenulation cleavage was observed.

The second crenulation cleavage clearly overprints the first crenulation cleavage
and so the two sets observed are not conjugate. In all, four folding deformations
occur in the Jeerinah rocks (including later-stage kink bands), however only the

first deformation appears to have controlled the geometry of the folded surface.

A generation of late stage kink folds is also well developed north of the WFZ.
These are generally smaller and have better defined kink bands than those south
of the WFZ. These folds do not appear to affect the gross geometry of the area
and may be related to the kink-type folding observed south of the fault.

The geometry of the folded surfaces has been determined using surface outcrop
mapping and drilling information. Surface outcrop mapping has not only provided
constraints on the position of shale/dolerite contacts at the surface but has

delineated the presence of large scale folds.
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By mapping cleavage/bedding relationships (Plate 4.14) and the orientations of
other fabric elements, a large scale synclinal axial trace was found. This fold

has a minimum wavelength of several hundred metres.

Using previous surface outcrop mapping (undertaken by Mr S Kale in the late
1970s (Ref 4.6)), of an area now concealed under waste dumps, and using drill
hoie information, a structural model based on the style of deformation in
currently exposed areas has been developed. The previous outcrop mapping and
rock type at the collars of shallow drill holes in this area has been used to
construct a new outcrop map (see Ref 4.3). Both past and present deep drilling
have provided constraints on the shale dolerite contacts at depth and have

enabled a coherent structural model to be produced.
Folding

The folds north of the WFZ are nearly identical in style and orientation to those
mapped south of the WFZ. The difference between folds from the two areas is in
amplitude and wavelength.

The folds to the north of the fault zone are larger in both amplitude and
wavelength than those to the south, this being a function of the greater layer
thickness in the Jeerinah shales/dolerites than that present in the more thinly
layered banded iron formations and shales. This effect is probably also a
function of homogeneity within the layers. That is, the shales and more so the
dolerites of the Jeerinah Formation are more homogeneous than the finely
layered banded iron formations and regularly interbedded chert and shale units.

Locally irregular fold plunges are observed in this area as they are to the south
(Plate 4.15). These fold plunges are not always attributable to the
deformation/folding which produced the crenulation cleavages. This phenomenon
may be caused by the presence of an early, weaker deformation, as is thought to

be the case regarding plunge variations in folds to the south of the fault.
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The cross—sections, mapping and modelling broadly show two large scale folds
which trend north-westwards and away from the WFZ in going from east to west
and these are shown in detail in Appendix A. The eastern-most section (7680E)
shows a small syncline containing Shale A. Progressing through the sections
westwards, the Shale A within this syncline becomes larger in profile as the
hinge of the fold deepens and moves to the north.

As a consequence of the angular relationship between the orientation of the WFZ
and the plunge of the folds, an anticline appears containing Dolerite A in its core
“around 7560E and is well established by 7480E. The hinge of this anticline moves
northwards on the sections for a westward progression of sections. The western
part of the area lies on the upper flat limb of this anticline. The expected next

syncline to the south has, at this stage, not been intersected.

Correlation of drilling constrained contacts with the shape and positions of those
outlined by the cross-hole seismic tomography program is good (see for instance
Section 6880E between drill holes G1463 and G1481 in Chapter 5). This

information has been incorporated into the three-dimensional structural model.
° Summary of the Structure North of the Whaleback Fault Zone

The dolerites and shales north of the WFZ are interlayered and folded on a large
scale. The axial planes of these folds dip to the south-southeast with plunges to
the west. Detailed maps have been constructed from previous surface outcrop
mapping and drilling and these maps are available elsewhere (Ref 4.3). Drilling
and surface outcrop mapping have enabled the assessment of the style and scale
of deformation in the Jeerinah Formation and been further confirmed by
cross—hole seismic tomography in areas where this technique was applied. To the
best knowledge of the writer it is the first time that such a technique has been

used to reliably define geological structure.
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4.5.5 Timing Relationships of Geological Events

A number of geological events post-dating deposition of sediments and
emplacement of doleritic intrusions have contributed to the evolution of the area
under investigation. These include deformation and fluid related processes such
as mineralisation and dissolution of some rock layers. Lack of fabric
development and hence lack of conclusive overprinting criteria has made the
task of timing various events difficult. Rare cross—cutting relationships and
folded surface geometries have been used to outline a geo—chronological

framework for the area.
The interpretation of post—depositional geological events is as follows:

@) the dissolution of some chert layers within banded iron formations. It
is not clear whether this process is a product of tectonism or of earlier
burial/diagenesis. The interpretation that dissolution of chert layers
occurred early in the history of the area is dependent on the relative
timing of the two fold phases. Since the chert bodies often occupy the
core of the suspected early folds it is thought that these folds may

have nucleated on them.

(ii) Folding in the area of investigation is the dominant post-depositional
feature. Folding post-dates the formation of the chert bodies. The
main phase of folding observed post—dates the occasionally developed

oblique group of folds.

(iii) The second group of fblds, that is the main phase of folding observed
in the mine is associated with antithetic, low-angle, normal faulting.
It is thought that these faults developed in response to volume
problems associated with the large scale folding of competent

lithologies.
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@iv)

)

(vi)

(vii)

The two prominent examples of this type of fault are the Central
Fault and the East Footwall Fault. An axial plane cleavage of variable
intensity was developed parallel to the main fold phase. The main
phase of folding in the mine is also well developed in the Jeerinah
Formation to the north of the Whaleback Fault.

Post—dating this main folding event in the Jeerinah Formation are two
sporadically developed crenulation cleavages. No large folds

associated with these crenulation cleavages were found.

A late stage brittle deformation caused kink folding which locally
refolds the main phase of folding and its associated faulting. The kink
folds also appear to post-date the crenulation cleavages developed in
the Jeerinah Formation although no direct overprinting relationships

could be found.

Timing of mineralisation is uncertain with respect to the kink folding.
Mineralisation does however post-date the main phase of folding and
obscures fabric in banded iron formation lithologies. Zones of
mineralisation also cross—cut large scale folds. Mineralisation
probably pre—dates the development of the WFZ. Mineralised 'slices’
of iron formation occur in the WFZ suggesting mineralisation occurred

before faulting.

This, however could be lithology controlled process whereby a 'slice'
of Banded Iron Formation becomes isolated within shales of the fault
zone and becomes mineralised later by fluids selectively replacing

components of only Banded Iron Formation.
Rarely developed, north-south, steeply pitching, open kink folds

deform small faults and shear surfaces within the WFZ. This is the

latest phase of deformation to affect the area.
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4.6 COMPUTER GRAPHICAL MODELLING

The use of three dimensional computer graphics has been extensively used to aid
with the interpretation of geological structure of the North Wall of
Mt Whaleback. An Intergraph computer system was employed to take
two—dimensional geological interpretations made by the study team and link
them together to form a three-dimensional surface of each of the geological
contacts. Where surface geological plans were also available, these were also

used as input into the three—dimensional model.

It became apparent that the only way to fit the known data together in a logical
way was to incorporate large scale folds in the Jeerinah Formation and this is a
major finding of this research project. These folds are now consistent with
surface outcrops and cross—-sectional information. Considerable effort was made
to ensure the fold styles postulated fitted the known data and this is sensitive to
the order of spline fit chosen. Nevertheless, the three-dimensional surfaces
produced enabled cross—-sections to be taken at any orientation, a feature which

was subsequently used in the stability assessment.

The software used in this work was not a geological modelling package, but a
mechanical engineering design package. However, it was sufficiently powerful
and flexible that the skilled operators employed on this work were able to
produce the results required. All the detailed plans and sections produced for

the detailed mining report have also been made using an Intergraph CAD system.
4.6.1 Modelling of the Jeerinah Formation

The detailed structure of the Jeerinah Formation was one of the major unknown
factors prior to this geotechnical research. The reasons for this are that the
Jeerinah Formation has relatively few exposures in the present pit and that the
natural ground surface north of the WFZ is covered in waste dumps. Therefore

detailed face mapping or drilling investigations are difficult to undertake.
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Part of the solution to this problem was to use cross hole seismic tomography
between boreholes and also to use sophisticated computer graphics as described
above. The steps involved in this computer graphics modelling have been
described in Ref 4.8 and were as follows:

1 Obtain all the previous borehole information including stratigraphic
contacts and assay data and put this onto the CAD system. This
involved a total of about 2500 boreholes for the North Wall.

2 Put all the known stratigraphic contacts available from bench plans

onto the three dimensional model.

3 Digitise existing cross-sectional structural interpretations and keep in

a separate file.

4 Fit data from Steps 1 and 2 into three dimensional surfaces using
MEDS modelling software. This step involved complex surfaces being
created in order to fit known data points from 1 and 2. It also became
apparent that there were many ways to fit a three dimensional surface
to known data points depending on the splice fit chosen (ie. the degree

of curvature).

5 The three dimensional surfaces from Step 4 were then sectioned and

compared to the original cross sections obtained from Step 3.

6 Data from Steps 3, 4 and 5 were then reviewed by a structural
geologist in order to ensure that fold styles were admissable. A new
three dimensional model was then created based on all previously
known information. The purpose of this model was to identify areas
which were lacking in information and which could therefore be used

to optimise drill hole locations and face mapping programs.
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7 As additional drill hole and mapping information became available it
was input into the computer model and an updated model produced.
This was continually reviewed by a structural geologist to ensure that
the model was not 'computer driven'. This process was repeated until
all of the information was incorporated into the computer model and a
final interpretation was made.

8 The three dimensional surfaces were then sectioned in the
conventional north-south direction, in a direction normal to the pit
wall and in the maximum down-plunge direction. These three cross
sections were then used in the stability analyses in order to optimise
pit wall design and to ensure that the actual minimum factors of
safety were obtained. These aspects are discussed further in
Chapter 10.

4.6.2 Three Dimensional Surface Modelling

Some examples of the three dimensional surfaces produced by the method
described above are shown in Plates 4.16 to 4.21 and the detailed north-south
cross sections also showing these surfaces are given in Appendix A. The surfaces
modelled include all of the Jeerinah dolerite/shale contacts, the southern and the
northern extent of the WFZ as well as the original topographic surface and the
pit wall designs. It should be pointed out that the accuracy of all the three
dimensional surfaces is dependent upon the amount of information available and
in particular the WFZ at depth and the Jeerinah contacts in the far western area,
are based on limited information. Also the shapes of the southern edges of the
Jeerinah contacts are unusual, since these folded surfaces are truncated by the

WFZ which is itself an irregular surface.
The surfaces produced from the computer modelling confirmed much of the

previously suspected structural geology, ie. folding on a large scale in the

Jeerinah Formation and drag folding close to the WFZ.
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The steps to achieve the three dimensional surfaces have been outlined in the
previous section. Previous work indicated that there was a general plunge in the
stratigraphy to the west, but three dimensional modelling revealed that this

plunge was also variable.

Plate 4.16 shows a cross section through the North Wall from the west (left side)
to the east (right side) with all of the Jeerinah Formation units in their correct
spatial position. The colour coding of these surfaces represents the following
horizons: '

Colour of Surface Strat Horizon Beneath
Blue Dolerite A
Green Shale A
Orange Dolerite B
Red Shale B
Above Red Dolerite C

It can be clearly seen that the plunge decreases towards the west. The blue and
green three dimensional surfaces are truncated at depth because they are below
the final proposed pit floor and there is no information at this depth. It should
also be noted that the scale of Plate 4.16 is over 3km long and 300m high. On a

closer inspection, these three dimensional surfaces are revealed as quite complex.

Plate 4.17 shows four different views of the Shale A/Dolerite A contact and it is
quite clear that there is folding in both an east-west direction and in a
north-south direction and that there are parasitic folds on large scale fold

structures.

Plate 4.18 shows four different views of the Dolerite B/Shale A contact and
Plate 4.19 shows the same contact after some additional borehole information
had become available. Plates 4.18 and 4.19 show that the fold styles are
dependent upon the amount of information available and therefore it is essential
that the fold styles produced by computer modelling are verified by a structural

geologist.
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Plate 4.20 also shows how apparent steep folds can be caused by truncation, in
this case by the WFZ. The straight red lines shown on Plate 4.20 represent the
north—-south section lines from which the three dimensional surface was

generated.

In _the stability analyses these three dimensional surfaces were sectioned in the
maximum dip direction and normal to the proposed pit wall in order to check
rock slope stability. The conventional north—-south cross sections were also used
in the stability analyses. |

Consideration was also given to three dimensional slope stability, and there is
obviously considerable potential for 3-D interlocking of large blocks on these
surfaces. However, there is presently no method available to realistically model
the slope stability considering such complex 3-D surfaces as potential slip

surfaces.

Finally Plate 4.21 shows all of the 2-D structural, geological and geophysical
data that were used to compile the 3-D surfaces. This information was then
linked section by section in order to create the 3-D model. It is interesting to
note that the tomograms themselves do show some anomalies and need to be
considered with this other information in order to produce a realistic
interpretation of the structure of the North Wall. This structural modelling
proved to be a crucial step which had to be taken before a reliable wall design

could be developed.
4.7 GEOCHEMISTRY OF THE JEERINAH FORMATION

Core specimens were taken from diamond holes in order to determine the
petrography and geochemistry of rocks in the Jeerinah Formation. These rock
samples were forwarded to AMDEL Laboratories and the results are presented in
their Report (Ref 4.5). Details of the location and nature of each sample are

given in Figures 4.14 to 4.16.
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The main purpose of the geomechanical work was to determine if recognisable
petrographic and/or geochemical differences exist between the various shale
units and between the dolerite units. These differences if present could be used
for correlation and hence better structural interpretation from borehole
intersections. Another objective was to determine if distinctive marker horizons

are present within the shale or dolerite horizons themselves.
4.7.1 Petrography of Jeerinah Shale Units

Both Shale A and Shale B units were sampled with fourteen (14) Shale A
specimens and seven (7). Shale B specimens being analysed. A review of the

petrographical results indicates the following distinguishing features:

SHALE A

(o]

generally distinctly 'chloritic', although 'sericitic' in places

(o]

occasionally 'dolomitic' (two examples)
° occurrence of chloritic siltstones (three examples)
SHALE B

(o]

generally distinctly 'sericitic'

Figure 4.17 is a triangular plot of the shales using sericite — chlorite — quartz as
the end members. The above brief comments are clearly illustrated by the

constituent mineralogy plot.
4.7.2 Geochemistry of Jeerinah Shale Units

Table 4.1 gives the averages and standard deviations of the major 'oxide'
constituents determined by AMDEL (Ref 4.5). Relatively speaking, Shale B has a
higher Al2 O3 and K20 content and a lower I—"e203 content. Shale A shows a
wider scatter of values of these particular constituents as indicated by the

standard deviations.
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The higher Fe
A1203 in Shale B reflect its sericitic nature. Shale A appears to have a distinct

2O3 in Shale A reflects its chloritic nature. The higher KZO and

'dolomitic' component. This is indicated by higher MgO and CaO percentages
and a higher Loss on Ignition (LOI).

Plate 4.21 shows the gamma logs, plotted along the borehole traces. Chemical
analyses are also shown by coloured histograms. In such plots, potassium peaks
correspond to sericitic shales and are accompanied by correspondingly high
gamma intensities; magnesium peaks correspond to chloritic shales. The plots
indicate that the results shown in Figure 4.17 are perhaps an over—generalisation
and that chlorite rich areas or sericite rich areas are characteristic of both
Shales A and B. More detailed work would be necessary to bring out useful
correlations although some sections show broad correlation in mineralogy of the
shales from one drill hole to the next.

The significance of the tomograms to the Structural Geology is discussed further
in Chapter 5.

4.7.3 Petrography of Jeerinah Dolerite Units

Table 4.2 compares the proportions of the major mineral constituents of the two
dolerite units sampled; Dolerite A (9 specimens) and Dolerite B (13 specimens).
The following distinctive features are recognised:

DOLERITE A
° Contains a noticeably higher percentage of chlorite compared with
Dolerite B. This is probably due to the assimilation of the presence of
Shale A xenoliths.

Calcite percentage is also higher. As observed in the core, 'vugs' are

usually filled with carbonate. This is a distinctive Dolerite A feature.
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It should be noted that Dolerite A was drilled and hence sampled mainly in the
top 50m, ie. in the xenolithic and vuggy top. Hence the characteristics observed

may not be completely representative of the dolerite unit as a whole.

DOLERITE B

o

Generally low chlorite content.
° Increase in amphibole and epidote content with depth, ie. towards
contact with Shale A. There is corresponding decrease in plagioclase

and pyroxene proportions.
4.7.4 Geochemistry of Jeerinah Dolerite Units

Recognisable geochemical differences between Dolerite A and Dolerite B reflect
the mineralogical differences discussed previously. The higher chlorite content
in Dolerite A is reflected in a generally higher Fe203 percentage and lower
A1203 percentage. The higher Loss on Ignition (LOI) in Dolerite A is thought to
be due to a higher carbonate content. Other significant but less explicable
differences are higher values of TiOZ, KZO and PZOS in Dolerite A as compared
with B (see Table 4.3). The gamma log traces and assay histograms shown in
Plates 5.1 to 5.7 in Chapter S indicate a sharp change in value between shale and
dolerite.

4.7.5 Summary of Geochemical Data

From the limited sampling and analysis carried out as part of this investigation it
would appear that there are some real, albeit general, petrographical and
geochemical differences between the major shale and dolerite units within the
Jeerinah Formation. However distinctive petrographical and/or geochemical
'marker horizons' within individual shale or dolerite units have been observed,
although Shale A does contain 'dblomitic‘ and 'siltstone' components. Continuity
of these is unknown at this stage.

4.37



DU -0 ) popiOg

S /SOOI oSO Sy NS
R JposDq ‘8 ) LApep o s

LS yIep ! 19
ooys ‘419

Froys ouw ‘g1g
oS

s Lo ey uwopp
718 YA LI Xp dpoys
1R o Oys

OUS AW 41 G

YR I (27

qos o 19
s '8yer00 ! 419
LS/ sory proo
Foys puo 418

SFXTIONLT LNVYNVIHOG

S8

ael/

os
(94
(%93

acl

s
005 - 05/
009-02/

S oz

(W) SSIVHIAHL

SANVYI0A 3K 1N

NOLLYWSAS HYNIETX
RQUAN IR PIDN — o
RQUBH POVTN —  NOLIYWYQS NOHI YEHYH Yoy
JOQURNY VUMY JUNOH —

JOQUR Y SOIOEVY JSOH —

NOILYARIQS VIAUS AN
FTHS FVYI LN
Lqusyy 86109 9/07 — _
18QURH B/YS YIOGHOUM — NOLLYWAQS MOMI N HWXDOMS
IOQUISHY 844 fOr — ”
 NOUYWEQS I TIOM 1734
SANVITIOA VS 7ONOOHK
NOULYHSHQS NOH YO3F97008

SUNIFWIAFS ASVIULNIL

FLIKITTVO
TUS AJTTVA

YIGHIH

AHIVIHODILIVHL S

JLINTIOT WOONILLIK .ﬁ

%

NLYWEQS

7id

T

nwyd

TTyg

Tuyg

[ep4d

pyd

eyd

74

Peyd

Aq4d

/944

[0%]

AGd

04d

S ]

€]

C L% £

SIS T 60

XYY ATISEITNYH

L |

NALOKLOSS ¥ ANO0T

ANTIIY
- AdVULsAL

aOI¥3S

FIGURE
4.1

REGIONAL STRATIGRAPHY

Scdle

Drn

Dwg No.




R
swa|qoid sojUBYOQWO8Y) Y}M BaIY
37vIs ILYWIXOHIISY
LAY
Sossaw e o 311W0700
S0 600050 § NOILYWHOS WOONILLIM
¥ 31VHS
= Y38W3IN  3y3d0r
8 311 ,.oo Y3BW3W 3IVHS
S HOVEIIVHM
NOILVWEOS
3NOZ L1INV3
HYNIY33r HOVEITYHM
HL1HON H1NOS.

ub|seq l[eM UYiJON snojre.d

FIGURE

N
A
0
=
=
jLa]
=
2
]
[£3]
—
<
[oupn
D
[
O =
jan i 7p)
@ <t
=
0
N
[ &)
Z <
= &
O 4
I <t
wv T
=
=
c .
O =
= =
~
< =
O <<

Scale

Drn

Dwg No.




Typical sequence in the upper part of the formation

at Mt. Whaleback ( from drilthole 0238 )

NTERDEDOED CHERT AMO SHALE,
SO FERRUGIHOUS

# MT. Mc RAE

FormaTion (Pl

BRUNO'S
B, HASSIVE, VARIABLY HEMATISED BAND
WTERBINDED OHERT AMD SHALE,
SO FERRUGIMOUS, BANDIG S - (Omm
OOAX BRIOC S, s INTERBEDDED
FERRUGROUS  SHALE _
BLACK SHALE WITH LESSER CHERT
BLACK SHALE WITH SLTSTOMNE BANO '<
SILTSTONE WITH RARE
BLACK SHALE PARTRGS
BLACK SHALE
SELTSTOME WITH SHALE PARTRGS
SILTSTONE
HI. SYLVIA
SLISTONE, DOLOCITIC r FORMATION (Pns ]
HTERBEDOED DOLONTE “SHALL:. A) SHALE
COARSE SUTSTOME MTH  SHALFSEARTINGS <
SHALY WITH RARL CMERT. ANQ SLTSTONE BANDS
SHALEL AKDLLSSERCHERT. SOME O€RT
BRECTATED
CERT PARTLY ORECCATED
SHALE MITH SOME OHERT BAMDS
BASAL
INTERBEDDED
CHERT, SHALE
SHALE M0 (HERT AN0D BIF
SCALE 1:250 g
0
1 - - - .
Mt. Newman Mining Co. Pty. Limited
2 metres
3
{
5
Scale FIGURE
MT SYLVIA FORMATION: -
Drn TYPICAL SEQUENCE 4.3
| i Deg. No,



Typical sequence at Mt. Whaleback
(compiled from drlillhole 0227 and mapping information)

[ 3

BROWH BLACK SHALE, C(OHHOHLY EHTERBEDOED
WTH TWQ CHIRT BANMOS

BLACK SHALE WATH P€W T (HERT BAMOS W
UPPER PART. SOME SHALES ARE SILICEOUS
OTHERS (SPEOALLY ™ THE UPPIR PART AR
DOLOMTIC WTTH CCSORETE (RYSTALS. SO
LUTE BAMOS PERAUGSIOUS CONCRE TIOKS

BLACK SHALE WITH PYRITIC LAMMAL

HASSIVE PYRTE

BLACK SHALE WITH PYRITC
HOOWRLES AMD LULMTE BAMOS

PYRITIC SHALE

BLAK SHALE WITH PYRITIC
NMOOULES AMD LULMTE BANMCS

CHERT
BLACK SHALE
QERT, HASSIVE

BLACK SHALE

CHERT

BLACK SHALE WITH LLTE BAMOS
CHERT WITH LLUITE PARTWNG

BLACK SHALE, tWMOR (HERT BAMDS.
RARE PYRITIC NOOULES AMITKIME BAMOS

CreRT, poTeCTLYBMNGE0 — G CHERT
BLACK SHALE :

CHERT SASSIVE
NIERBEDOED GERT MO SHALE

CHERT, PASSIVE
NTIRBLDOCD QEAT AMQ SHALL

CHERT, PASSIVE

SCALE 1:250

SwWwN -~ o

L DALES GORGE MEMBER,
BROCKMAN IRON

BASAL SHALEY FORMATION

DOUBLE CHERT

ZONE

}PYRITIC LAMINATE
5 HASSIVE PYRITE

> NOOULE ZONE

TRIPEET CHERT
HMT. McRAE

FORMATION (Ptr]

LOWER SHALE WITH
(" MINOR CHERT

BASAL INTERBEDDED
(HERT AND SHALE

MI. SYLVIA
FORMATION

Mt. Newman Mining Co. Pty. Limited

\ BRUNO'S BAND

FIGURE

MT MCRAE FORMATION: 4.4
Drn TYPICAL SEQUENCE
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BANDING IN IRON FORMATION 'RELIC BEDDING IN CHERT LAYER

Field sketch of chert pod. Bedding is visible and clearly
truncated without apparent deformation hence probably
due to dissolution. : "

CHERT LAYER SHOWING
INCOMPLETE DISSOLUTION

LINEATION ON
BEDDING PLANE

\BANDEO IRON FORMAT ION
WITH THIN CHERT LAYERS

Scale

Orn SCHEMATIC SECTION THROUGH CHERT POD
AND SKETCH OF DISSOLVED CHERT LAYER

Owg No.

FIGURE
4.10




EARLY OPEN FOLDS (Fy)

REFOLDED BY

RECUMBENT
(F2) MAIN FOLDS

Two sequences of refoling. The first produces domes and | (a)

basins as exposed in “ Death Valley " the second does not. |

RECUMBENT
FOLDS EARLY

REFOLDED BY

UPRIGHT
OPEN FOLDS

NO DOMES OR
BASINS PRODUCED

(b)
Scale FIGURE
Orn DIAGRAM OF REFOLDING GEOMETRIES 4.11
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a) EXPECTED ROTATION OF HORIZONTAL BEDDING
ASSOCIATED WITH LISTRIC FAULTING

ROTATION OF DEFORMED LAYER LESS ROTATION == FIRST CLEAVAGE
CAUSES INTENSE DEFORMATION NOT PARALLEL AND BECOMES
WITH FABRIC PARALLEL TO CRENULATED

THAT OF THE FIRST DEFORMATION

e \
eSS

bl © EXPECTED ROTATION OF AXIAL PLANE CLEAVAGE
ASSOCIATED WITH LISTRIC FAULTING

Scale FIGURE
ROTATION OF STRAIN MARKERS ADJACENT

Orn TO A LISTRIC FAULT 4.13
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AVERAGE OXIDE GEOCHEMI|STRY:

TABLE 4.1

JEERINAH SHALES

SHALE A SHALE. B

OX | DE

% SD % S D
$i0 58.2 9.9 59.8 3.0
TiO 0.82 0.32 0.95 0.06
Al O 12.1 3.5 16.5 1.1
Fe O 15.7 5.6 9.9 2.0
MnO 0.14 0.11 0.05 0.01
MgO 4,2 1.8 3.8 0.3
Cal 1.14 1.8 0.15 0.04
Na 0 0.06 0.03 0.77 1.18
K 0 1.84 2.18 3.15 1.02
PO 0.13 0.04 0.11 0.02
LOI 5.4 2.4 4.2 0.7




TABLE 4.2

MINERALOGICAL PERCENTAGES FOR JEERINAH DOLERITES

DOLERITE A
HOLE NUMBER
MINERAL
D192 D204 D255 D256
inc depth
Plagioclase 35 40 25 45 30 25 40 45 40
Amphibole 10 20 30 - 45 40 20 25 25
Epidote 20 5 zG - 7 25 15 10 10
C. Pyroxene 20 - - - - - - - -
Calcite 3 5 3 - - - 4 5 3
Pot. Felspar 5 5 2 - - 2 - 1 -
Quartz - - - 15 5 - 1 - 3
Opaques 2 - - 3 5 1 5 4 3
Chlorite 5 20 15 30 5 7 15 10 15
Sericite - - - 7 - - - - -
Carbonate - - - - 3 - - - -
Leuco-Sphene - 4 3 - - - - - -
DOLERITE B
HOLE NUMBER
MINERAL
D190 D191 D192 D212 D255 D256
inc depth inc depth inc depth
Plagioclase 35 45 40 1 5 10 45 45 - 25 40 8 13
Amphibole 30 20 20 50 55 55 10 15 45 40 25 50 | 50
Epidote 25 15 25 40 35 30 10 15 50 25 20 30 | 30
C. Pyroxene 3 20 10 - - - 20 15 - S= 10 - -
Calcite 3 - - = - - 2 2 - /— e |
Pot. Felspar 1 - - 1 3 1 3 - 3 3 2 5 T
Quartz 1 - 1 2 - - - - - - - - -
Opaques 1 1 - 2 1 2 - 2 1 1 1 1 1
Chlorite - - 2 2 - 1 10 5 - 1 - 5 5
Sericite - - - 1 - 1 - - = 2 - 1 -
Carbonate - - - - - - - = - 3 - - -




TABLE 4.3

AVERAGE OXIDE GEOCHEMISTRY: JEERINAH DOLERITES

DOLERITE A DOLERITE B
OX |DE

% SD 2 SD
Si0 48.9 1.4 47.6 1.2
Ti0 1;04 0.14 0.64 | 0.11
Al O 14.3 0.6 15.5 0.9
Fe O 11.0 1.6 9.9 0.9
MnO 0.15 0.03 0.16 | 0.02
MgO 8.1 1.5 9.5 1.2
Ca0 8.1 1.9 10.5 2.3
Na O 2.6 1.3 2.3 0.7
K O 1.4 0.9 0.8 0.5
PO 0.16 | 0.04 0.06 | 0.02
LOI 4.5 1.0 2.9 0.8







Plate.4s2 Strongly overturned fold limb in the current
breakthrough developed in predominantly shales of the
Mt. Sylvia Formation.
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Plate. 4,3 Well developed chevron folds in the Mt. McRae Shale.
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Plate.¢,5 Well developed domes and basin structures developed
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Plate.4.,6 Low angle reverse fault offsetting the East Footwall

Dextral sense looking east.

Fault.

[

Plate. 4.7 Steeply dipping normal fault offsetting the East

Dextral sense looking east.

Footwall Fault.



Plate.4.8 Photograph showing intensely folded chert and shale
sequence (Mt. Sylvia Formation?) below the East

Footwall Fault.
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Plate.4.9 Folds in the Mt. McRae Shale
immediately below the East Footwall
Fault. Looking east, vergence is
upwards to the south and stratigraphy
i~ overtarned,
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Plate.4.10 Intersection of the Whaleback Fault Zone (steep, to
the left of photo) and the East Footwall Fault
(shallow, to the right of photo).
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Plate.4.12 The Whaleback Fault Zone clearly truncating a fold
(main phase of folding) exposed in obligue section.
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Plate.4.13 Bedding (S,), slaty cleavage ( and crenulation
cleavage (S,) relationships in %he Jeerinah Shale
(steeply dipping fold limb).



Plate.4.14 Bedding (S, )/Cleavage ) relationships in the

Jeerinah Shale

(%hallow old 1imb). Photograph

taken looking west (down plunge) verpence downwards

to the north.



Plate.4.15 Doubly plunging fold in a chert layer within the
~Jeerinah Shale.
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Plate 4.16 Cross section through Jeerinah Formation looking north.
Blue — Dolerite A; Green — Shale A; Orange — Dolerite B;

Red - Shale B; Above Red - Dolerite C

(Note: Scale is about 3km from left to right)

Plate 4.17 Contact between Shale A (above) and Dolerite A (below)
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Plate 4.18 Contact between Dolerite B (above) and Shale A (below)

Plate 4.19 Contact between Dolerite B/Shale A (revised from Plate 4.18 after
additional borehole information available)
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N

Plate 4.20 Contact of Shale B (above) and Dolerite B (below) which has been
truncated by the northern extent of the WFZ (yellow mesh)
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CROSS HOLE SEISMIC INVESTIGATIONS

5.1 INTRODUCTION

The Structural Geology of the North Wall of Mt Whaleback has been described in
detail in Chapter 4. However, the conclusions reached in that Chapter would not
have been possible without the information obtained from the Cross Hole Seismic
tomography investigations.

It has been emphasised in Chapters 3 and 4 that most of the structure of the
North Wall is hidden from view, and therefore there were only two sources of

information available. These were:
information available from face mapping which was very limited, or

information available from dfill holes which was obtained at a high
cost. There were difficulties associated with obtaining more of this
information due to waste dumps located on the crest of the North
Wall. Drilling through these waste dumps is not feasible at reasonable

cost.

Information from these two sources indicated that there might be large scale
folding in the Jeerinah Formation north of the Whaleback Fault zone. This large
scale folding could not be confirmed by drilling without a significant increase in
the size of the drilling program and of the budget which was unacceptable. This
folding could not be confirmed by other techniques such as surface seismics
because of the large waste dumps located on top of the Jeerinah Formation.
Nevertheless the presence or absence of large scale folding in the Jeerinah
Formation was of fundamental importance to the overall stability of the North
Wall. Hence there was strong incentive to find an alternative method to confirm

the geological structure.
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BHP Central Research Laboratories had been refining seismic techniques for
some years and had already conducted cross hole seismic tomography
investigations at a prospective lead-zinc mine at Blendervale (Ref 5.3) in the
Kimberley region of Western Australia and had developed software and expertise
over a number of years in seismic tomographic techniques (Refs 5.1, 5.2, 5.4).
Therefore it was logical that cross hole seismic torhography be used on the North
Wall of MtNewman in order to confirm the structural geological
interpretations. This was the first time that this technique had been used in a
large scale operating pit in Australia. It may have been used in underground
ﬁlines in some other countries, but to the writer's knowledge it has not been

applied in surface mining situations elsewhere.
5.2 METHOD

Cross hole seismic tomography invdlves generating a signal in an exploration
borehole, and receiving the signals with a detector in another borehole. This is
repeated many times so that a tomgraphic image can be created to provide a
2-dimensional image of the structures between the borehole.s. Tomography is
the method whereby the area between the two boreholes is divided into a large
number of cells and a seismic velocity is calculated for each cell by means of
iterative techniques. The size of the cells determines the resolution and this in

turn is dependent upon the number of shots and detectors used.

In principle, cross hole tomography can be applied to a wide range of minerals,
provided that there is sufficient contrast of properties, such as velocity and

attenuation, in the structures.

In general, the application of cross hole seismic surveys should enable
mineralisation and/or overburden boundaries to be determined with fewer
boreholes, thus reducing the costs of exploration and mine planning. Other
information, such as the location of fractured zones and highly stressed areas,

may also be obtained.
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5.3 FIELD PROCEDURE

The area under investigation is shown in Figure 5.1. Eight boreholes in the
vicinity of the proposed northern pit limit were selected, as listed in Table 5.1.

These boreholes were used to form eight hole pairs, as shown on the Figure 5.1.

S~ Boreholes

Figure 5.1 Location of hole pairs used in the tomographic surveys

The layout of the cross hole seismic survey is shown in Figure 5.2. The source
consisted of two small explosive boosters and a seismic detonator, attached to
the end of a small steel pipe. These were prepared on the surface and lowered to

various depths down one borehole.

A detector string was lowered into the other borehole utilising ground water for
coupling. A data acquisition system developed at CRL was used for recording.
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SHOT FIRING RECEIVER
STATION STATION

Shot n

GEQPHONES RAISED
PROGRESSIVELY
UP HOLE

AREA
OF
TOMOGRAM:

o=

Other Source Locations
—

Geophones

(D=0 0000 000 u—

Shot 1

N

Figure 5.2 General field layout for tomographic surveys’

Personnel requirements included two technical personnel and a shot-firer

provided by Mt Newman Mining Co.

During the two week survey period a total of 400 explosive shots were fired, as
shown in Table 5.2. Turn-around time (time between shots) ranged from four

minutes for shallow shots (around 80m) to ten minutes for deep (300m) shots.
All shots were fired below the water table. Attempts to raise the water level
(and hence increase the coverage of the survey) in the boreholes by filling with

water were not successful as the holes drained within minutes of filling. All

holes remained open at the completion of the survey.
5.4 DATA PROCESSING TECHNIQUES

Data processing for the cross hole seismic survey involved mainly tomographic

imaging of transmission data in a cross—section bounded by the boreholes.
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Tomography is the process of determining the extent of anomalies within a body
from projections made through the body. For geophysical applications,
tomographic imaging enables anomalies of physical properties, such as velocity
and attenuation of seismic wave propagation, to be mapped onto a 2-dimensional

section. P—wave velocity has been used in this present tomography work.

The mathematical algorithms for tomographic imaging have been described in
Reference 5.4. In brief, the section of interest is represented by a 2-dimensional
grid of small cells, as shown in Figure 5.3. Each cell has a uniform velocity
distribution within its boundaries, and changes between cells are stepwise. The
time taken for the seismic wave to travel from the source to the detector is
equal to the sum of the time taken for the wave to travel through each cell. The
time taken in each cell is obtained from the known distance divided by the
velocity of that cell. By iteration, the velocity in each cell is adjusted such that

the difference between the measured time and the calculated time is minimal.

SOURCE

—-

l
l
l
'l______._l,_
' : |
| | | DETECTOR
|
S SU S SO S —
| —+ t — i
I l ' ! ,
l I | | 1
l l I 1 ‘
(ISP P SRS S
Figure 5.3 Cells and transmission paths for tomographic imaging
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An important aspect of tomographic imaging with velocity is the determination
of the arrival time of the seismic wave. This was achieved firstly by computer
techniques (Ref 5.5) followed by visual verification and editing on a graphics

terminal.
5.5 PROCESSING RESULTS

The raw data of a typical shot and the frequency spectrum of one of the traces
are shown in Figures 5.4 and 5.5 respectively. The frequency content of the data

ranges from approximately 50 hz to 1000 Hz.

‘!1' "F‘ldw‘l\gﬂl \‘W" *‘hU»'M.‘»' S NG et L BN o e

IR SNTON | TP XTY S DTSERPRIRESY IS PRV SV

',{ ,*/t.'.ft.!;,\cg-’ Bl '{ Ll‘k»{a.n"[/r/lnl.w-w‘dj‘«\,\-«I\.v-..wa-'r-e Al A e e

— l| K tﬁl’i‘ "\‘(L l-\E\\m‘;\'\,‘-! i \'f\\f]l'.“/‘l' O N e S TS Y SUNERORS

T L REY WA TSR ML A N SV e P

v."’(U(Jy'lll-'lk‘(J‘\‘N\/w'\«'\v"-\-*-‘lf-'\.‘\"—'v-”«MV\H-‘-V--*-M'f~f~ e Pt

\1"14 W{’A f’;lw/\".‘\‘l\’“\“\'"‘l"v"" R S et e e e T

l«(‘“.‘.‘(.\-(nMﬂ-'\ A e, AN A\ . O atind

————(/‘1‘1 Hﬂ,"\'r{,‘fgwﬂ("ﬂ‘fw\\m'w A A A e A

: w"-‘['(""r'$~‘*‘\'rﬂ‘~ﬂ.'M.-—v-»\,--,-‘_

Detector Channel

“'I ,I'u.\,.. A AN S A ANt e\ e A s P e e

Figure 5.4 Typical raw data

The overall dynamic range of the data is approximately 70 dB, indicating that
the data are of only moderate quality. This has been due to large background
noise generated from mining activities in the area. This has caused some
difficulties in determining the arrival time of the seismic signals using the

automatic picking software.

The tomographic imaging results (tomograms) for two adjacent hole pairs, Nos 1
and 3, are shown in Figures 5.6 and 5.8, respectively. Interpreted shale/dolerite
contacts are also superimposed, with low velocity regions corresponding to shale,

and high velocity regions corresponding to dolerite.
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g -
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Frequency
Figure 5.5 Typical frequency spectrum

It should be noted that the velocity values shown in Figures 5.6 and 5.7 are
relative only. Absolute velocity was not considered due to information bias
necessary to reduce image noise, possible depth measurements errors, anisotropy

and ray path refraction.

Overall results for the eight hole pairs are given in Figures 5.6 to5.13,
inclusive. In these figures the section considered is a vertical plane containing
the collars of the two boreholes. Interpreted dolerite/shale contacts are drawn
in dotted lines. It should be noted that, as shots and detectors were located
below the water table, contacts very close to the water table could not be

interpreted with confidence, and were thus not shown in some cases.

A high velocity region is noted within the shale region in Hole G1481 on all the
sections utilising this borehole (Figures 5.7, 5.9 and 5.10), which was
subsequently shown to be indicative of an area of varying mineralogy. This
specific high velocity zone was caused by a change from a chloritic shale to a

sericitic shale (see Chapter 4).
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A high velocity region is also noted within the shale region in Hole G1493
(Figures 5.12 and 5.13) which is again due to sericitic shale. However, compared
with that in Hole G1481 this area is relatively small.

5.6 DISCUSSION AND CONCLUSIONS

Cross hole seismic tomography survey undertaken at the North Wall of
Mt Whaleback was the first tomography survey conducted for an open pit mine in
‘Australia. Inevitably there were some minor technical problems but the survey
was conducted efficiently, with no disturbance to mining activities. An average
of one hole pair per day was surveyed and a total of eight pairs were surveyed in
the complete survey.

The following conclusions can be made about the data and the results obtained
from this survey.

The field data was only of moderate quality due to the large
background noise associated with adjacent mining activity. This noise
is mainly from haulpaks in the immediate area although shovels and

conveyors must also contribute to this noise.

Despite this noise, tomographic imaging was possible from the
majority of the data.

'The shale/dolerite contacts can be defined by the tomographic
images. Where the nature of the dolerite intrusion is gradational, the

tomographic images produced are also gradational.
Detailed structural and lithological interpretations can be significantly

enhanced by combining all the available tomographic, borehole,

gamma and assay data on each cross-section.
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This present tomography work was limited to areas below the water
table (approximately RLS575) since water is used as a coupling fluid to

the rock. However this did not prevent information being obtained
from the area of interest.

The cross hole seismic tomography work confirmed that there was
large scale folding in the Jeerinah Formation at depth (down to 300m)
and that ths folding was complex in three dimensions (see modelling
section at the end of Chapter 4).

A summary plot of the tomography results for a typical section plotted
in its true spatial position with borehole gamma log data and assay
data, is shown in Plate 5.14. The folded structures in the Jeerinah
Formation are evident from the tomogram which shows the Shale A
between the underlying Dolerite A and the overlying Dolerite B. This
‘picture graphically demonstrates the power of this technique in
locating geological structures.
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ENGINEERING GEOLOGY

6.1 INTRODUCTION

The research into the geotechnical parameters which influence the design of a
major pit slope has necessitated the detailed examination of the engineering
geology of the North Wall of the Mt Whaleback pit. The relevant engineering
geology parameters have been studied in detail and have been determined by
field mapping of all pit face exposures and costeans as well as an examination

and re-logging of borecore samples.

This Chapter forms a crucial link in the thesis and progresses naturally on from
the Structural Geology (Chapter 4) which in turn naturally progresses onto the
Physical Properties (Chapter 8) and Stability Analysis (Chapter 10) and Economic
Assessment (Chapter 11).

Much innovative work has also been undertaken as part of the work presented in
this Chapter. The analysis of discontinuities have been undertaken in detail
using a computer package called DCONB and a summary of the results is
presented in the figures. The investigations have also been widespread and have
not solely been restricted to the North Wall of Mt Whaleback. The Jeerinah
Formation has been examined in the extreme north-east of the study area (at
least 1km north of the pit and beyond the area of waste dumping) where costeans
were excavated specifically for this purpose. Also a flow unit in dolerite was
examined in the Marra Mamba area 4km to the south-west of Mt Whaleback in
order to determine discontinuity patterns away from the Whaleback Fault Zone.
It should be pointed out that suitable exposures of the Jeerinah Formation are
extremely limited on the North Wall itself and hence the need for this

comprehensive investigation.
The objective of this Chapter was to determine the rock mass characteristics of

the North Wall rocks both adjacent to and remote from the WFZ in order to

predict rock behaviour and rock mass shear strength.
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6.2 DATA COLLECTION AND ANALYSIS

The stratigraphy has been described in detail in Chapter 2 and the discontinuity
measurements have been undertaken not only on the Jeerinah Formation north of
the WFZ, but also on the Hamersley Group (ie. the Mt Sylvia Formation, the
Mt McRae Shale and the Brockman Formation) to the south of the WFZ.

As these discontinuity measurements were being undertaken, it was evident that
the rocks close to the WFZ were disturbed and so the discontinuity
measurements have also been designed to locate the extent of this disturbed

zone.
6.2.1 Location of Exposures for Discontinuity Measurements

Exposures of Jeerinah Formation rocks within the East Pit suitable for -
discontinuity surveys are very limited and mainly occur to the east of 7600E and
are ‘largely located in the Jeerinah Dolerite A (refer to Plates 6.1 and 6.2).
Exposures of the Jeerinah Shale are restricted to small outcrops within the
'diSturbed' zone, adjacent to the WFZ (Plate 6.1), and are of limited value for
assessing the general rock mass characteristics. Surface exposures of Jeerinah
Shale A occur to the north of existing waste dumps (approximately 900m north of
current pit limits) and costeans have been used for discontinuity surveys. More
extensive exposures of the Jeerinah Dolerite A occur within the existing East Pit
but these are all located within approximately 50m of the WFZ, and therefore
will be influenced by it.

A small exposure of Jeerinah Dolerite is located to the south of Mt Whaleback
within a flow unit close to the Jeerinah/Marra Mamba Iron Formation contact
(Plate 6.3). Planar jointing is well developed at this location and discontinuity
surveys have been conducted for control purposes in assessing the influence of

the WFZ upon disturbed exposures within the East Pit.
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Discontinuity surveys have also been conducted within the Joffre Member of the
Brockman Iron Formation to allow a comparison with the joint systems of the
Jeerinah Formation rocks. These surveys have utilised outcrops at varying
distances from the WFZ and have enabled its influence upon jointing to be
assessed (see Plates 6.5 to 6.8).

The width of the 'disturbed' zone adjacent to the WFZ has been estimated by:
discontinuity surveys conducted within the East Pit,

an assessment of diamond drill core for fracture frequency, nature of

the discontinuity surface and degree of weathering,

by the variation in the uniaxial compressive strength of diamond drill

core.

During the data collection phase it became clear that variations existed in the
discontinuity systems associated with the different fold limbs of large amplitude
folds in the Jeerinah Shale. An example of the fold style developed with
shallow—dipping, southern limbs and steeply-inclined (locally overturned),
northern limbs is shown in Plate 6.9 for a Whaleback Shale sequence to the south
of the WFZ. The variations in the discontinuity systems are described in detail
in the following sections because of the influence upon the stability of any North

Wall design where the Jeerinah Shale is exposed.
6.2.2 Features of Data Surveys

These discontinuity measurements have been made in accordance with guidelines
recommended by the International Society of Rock Mechanics (Ref 6.1) and the
practices of Mt Newman Mining Company (MNM). Discontinuity surveys of
surface exposures using scanlines and window mapping includes a description of

the following features:
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discontinuity type

discontinuity orientation

discontinuity shape/roughness (small scale roughness less than 100mm)
infilling type and material

° infill width

discontinuity termination

discontinuity trace length or persistence

discontinuity wavelength and amplitude (medium scale roughness
0.1 - 10m)

physical condition including weathering.

Similar information is recorded on the structure logs of diamond drill cores with
the exception of discontinuity termination, trace length and only small scale
roughness. Values for discontinuity spacing have been calculated for surface
scanline surveys, whereas fracture frequency/rock quality designation (RQD)
have been calculated for drill core structural logs.

The detailed discontinuity surveys have been conducted by using relatively long
base lines (eg 20 - 50m) at selected locations with the discontinuity orientation
data being assessed in detail for each location.

This method of data measurement has been chosen because of the limited
number of suitable exposures of the Jeerinah Formation, particularly the
Jeerinah Shale units, away from the WFZ and the requirement of assessing the
influence of the WFZ upon the discontinuity systems of different geological

formations with significant lithological and rock strength variation.
It was also important to check for the presence of disturbed, weathered zones of

varying width particularly within the Jeerinah Formation rocks and the above
method was ideally suited to this.
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The data collected as part of this work has resulted in approximately 700 data
sets being collected from five discontinuity surveys in the Joffre Member, 750
data sets from six surveys in the Jeerinah Dolerite A and 500 data sets from
three surveys in the Jeerinah Shale A. There were no exposures of the other
Jeerinah Formation units and, therefore, no discontinuity measurements were
taken on them. The location of the individual surveys within the East Pit is
shown in the maps presented elsewhere (Ref 4.3).

This discontinuity data has then been processed using a computer package called
DCONB which produces output in the following forms:

stereoplots (both pole plots and contoured plots) of discontinuity

orientation allowing 'clusters' or discontinuity sets to be identified.

discontinuity cluster analysis in terms of a mean pole orientation,
Fisher's Constant (a measure of the clustering) and the variation about

the mean pole determined by Eigen vector analysis.

frequency  histograms of discontinuity spacing, persistence,
shape/roughness and termination for each cluster or set identified.

The discontinuity parameters that have a significant influence upon slope

stability and wall design considerations are discussed in the following sections.
6.3 DISCONTINUITY ORIENTATION

A summary of the discontinuity data for each of the main st'ratigraphic units
(Jeerinah Dolerite, Jeerinah Shale and Joffre Member) is presented on Figures
6.1 to 6.3 respectively. A summary of the discontinuity sets present on

individual surveys is included in Table 6.1.
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A comparison of joint set orientation in Table 6.1 reveals that only one set (Set
D), with an approximate north-south orientation, is common to all stratigraphic

units surveyed (Jeerinah Dolerite A, Jeerinah Shale A and Joffre Member).

Each stratigraphic unit appears to be characterised by a distinct joint system
such that each of the three units can be considered as a major structural domain
with a strong lithological, stratigraphical and structural influence evident. The
discontinuity surveys conducted in the vicinity of the WFZ have identified a
modifying influence upon the joint systems in both the Joffre Member and
Jeerinah Dolerite such that further sub-domains could be defined, if necessary,
as more exposures become available. (For example, the underlined discontinuity
measurements in Table 6.1 have been influenced by the WFZ.)

The mean pole orientation values for the sets identified within each geological
unit, are summarised in Table 6.2 together with the calculated values of Fisher's

Constant K, which provides a measure of the clustering of discontinuity sets.

If the discontinuity sets due to the WFZ are omitted (Set H), three dominant
joint sets (Sets B, C and D) can be defined in the Joffre Member. Only two
dominant sets (D and I) are well defined in the Jeerinah Dolerite A within the
East Pit, although two others (Sets E and F) may be developed beyond the
influence of the WFZ. The limited discontinuity surveys conducted in the
Jeerinah Shale A suggest that two structural domains (fold related) can be

distinguished. These are described in more detail in Section 6.3.2

The joint systems for the three stratigraphic units are presented graphically on
Figures 6.4 to 6.6 respectively, together with relevant bedding and cleavage
information. A comparison of these figures indicates that the joint systems for
the Jeerinah Dolerite and Shale, in particular, are strongly related to the

principal stress direction. This is discussed further in the following sections.
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6.3.1 Jeerinah Dolerite A

A summary of discontinuities in the Jeerinah Dolerite A is given in Tables 6.1
and 6.2 and indicates that joints are characterised by well ordered jointing with

well developed sets trending north-west to south—east (SetI) and north-south
(Set D).

The relationship between these sets and the less well developed Sets E and F,
suggests that Set I formed parallel to the fold axis direction, Set E normal to the
fold axes, with Sets D and F representing a conjugate set of shear joints (refer to
Figures 6.4 and 6.7). This joint system indicates a fold axis direction of 315°
which is discussed further in Section 6.3.4.

All four joint Sets (D, E, F and I) are present in a flow unit at the top of the
Jeerinah Formation which is exposed close to the Marra Mamba contact, south of
Mt Whaleback (Figure 6.8 and Plate 6.3). In the North Wall pit exposures Sets E
and F are generally poorly defined due to the influence of the Whaleback Fault.
The steep dip associated with all of the joint sets identified in the Jeerinah
Dolerite is consistent with a gently dipping limb present in the North Wall to the
east of approximately 7000E.

6.3.2 Jeerinah Shale A

One of the major features of the Jeerinah Shale A is that it is characterised by
an axial plane slaty cleavage having two structural domains defined by folding.
Shallow, south—dipping limbs are characterised by up to four dominant joint sets
(A, D, G, I) and a minor joint set (B). In addition bedding is generally partially

preserved although the axial-plane slaty cleavage is well developed and dominant.
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Steeply dipping northern limbs, however, are characterised by only two well
defined joint sets (A and G). The north-south joint set (D) is poorly represented
in contrast to all other survey locations. Bedding is generally poorly preserved
and both an axial-plane slaty cleavage (S1) and a later developed crenulation
cleavage (S2) are present. The S1 cleavage dips to the WSW at approximately
30° and the S2 cleavage dips at 50-60° to the SW. These relationships are
demonstrated further by means of schematic drawings (Figures 6.9 and 6.10 and

Plate 6.11) with a summary stereoplot of cleavage data presented on Figure 6.11.

6.3.3 Joffre Member

Table 6.1 shows that the discontinuity system in the Joffre Member differs
markedly from that in the Jeerinah Formation with only the dominant Joint Set
D common to both units. A joint set parallel to the fold axis direction of
250-270° is absent with a normal set (Set B) of limited occurrence. An
axial-plane cleavage was only found to be well developed on one scanline
situated in a synclinal keel. The joint system is generally not well defined and
the relationship to folding is indistinct (refer to Figures 6.6 and 6.12). This is
probably due to the variation in minor fold axes described in Chapter 4 with a
range of 230-300°. A range of 253-280° was measured over the survey areas
contained in Table 6.1 and this is shown on Figure 6.6.

Low angle faulting was found to occur in several of the mapping areas and is
clearly related to the fold axial-planes with a dip of 40° (see Plate 6.7). Faults
with a flatter dip are evident on the steeply—dipping fold limbs (see Plates 6.5
and 6.6) where quartz veins up to 10mm thick occur. These faults appear to be
quite extensive in Plate 6.6 but with dip angles of less than 25° they have had
little effect upon the stability of the interim pit walls. The formation of these
flat—dipping faults is discussed in Chapter 4.
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6.3.4 Summary of Fold-Related Discontinuities

The relationship 'between systematic jointing and folding is well documented
(Ref 6.2, 6.6) although different joint genesis models have been prbposed. No
single hypothesis can account for the formation of joints in different geological
environments, and therefore different joint formation mechanisms probably
apply in different cases. The most common of these hypotheses consider fhat
joints are shear or tensional fractures resulting from local or regional
compression, tension, torsion or some combination of these forces (Ref 6.6).
Other papers were also examined but found to have no direct relevance to the
subject matter of this section (Ref 6.7, 6.8, 6.9, 6.10 and 6.11).

The forces associated with folding are often considered to be responsible for
joint formation. Where these forces are compressional, two sets of joints are
often formed which intersect at an acute angle and which face the direction of
the compressive force. However, if the forces are tensile, then two sets of
joints at right angles to each other are generally formed, one set oriented down
dip and the other along the strike of the fold (Ref 6.6).

This joint genesis model applies to many folding related joints, but again the
model considers only two joint sets and exceptions to this model can be found.
Therefore, it cannot be considered to be representative of all field situations.

The theories for joint formation include the following:

° SHEAR THEORY which states that failure will occur at some point
where the maximum shear stress exceeds the shear strength of the
material and the fractures formed will form an acute angle facing the
direction of the maximum principal compressive stress. However this

assumes that only two joint sets would form in the rock mass.
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TENSION THEORY which states that failure will occur along a plane
at right angles to the direction of the maximum tensile stress. This
theory has the disadvantage that it assumes that the direction of
tensile stress must vary in order to accommodate different joint sets

in the same rock mass.

° TORSION THEORY this assumes that two sets of fractures would form
at right angles to each other as a result of a torsional stress system.

Such orientations of joint sets are difficult to choose in practice.

There are other hypotheses for joint formation including fatigue and stress relief
but these are also related to a change in the stresses acting on the rock mass. In
practice, most rock masses exhibit joints formed as a result of one or more of

the above mechanisms.

For the Jeerinah Formation at Mt Whaleback, the joint sets do correspond to the
conventional theories of joint genesis. These joints are formed either by shear or

tensile forces.

The Jeerinah Dolerite exp.osures, both within the East Pit and to the south of
Mt Whaleback exhibit a joint system developed in response to folding as
described above (refer to Figure 6.4). Tension joints (Sets E and I) form
approximately parallel to the two principal stress directions and hence should be
characterised by rough, undulating surfaces. A conjugate set of shear joints
(Sets D and F) form obliquely to the principal stress direction and frequently -
have planar surfaces. The term 'shear joints' does not necessarily imply that any
movement has occurred across the joint surface but simply describes the
relationship to the principal stress direction. Planar jointing within the
Dolerite A unit in the East Pit is rarely found to be developed. However, when
such jointing has been found, it has been associated with Sets D and F on surveys
SWO014 and SW016 (refer to Plate 6.4).
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The joint system developed within the Jeerinah Dolerite indicates a fold axis
direction of 310-315° which is demonstrated by the folds to the north-east of

the study area. This suggests that the joint system developed in the Jeerinah
Dolerite is related to an early fold phase.

The joint system within the Jeerinah Shale is not as well defined (refer to
Figure 6.5) with the shear joint sets only poorly developed. However, the fold
axis direction indicated by the joint system of 290-305° compares favourably
with the S1 cleavage developed on both fold limbs within the Jeerinah Shale.
This suggests that the joint system developed in the Jeerinah Shale has been
influenced by a later fold phase. Alternatively, it could be a consequence of the -

rotation of the major fold limbs in relation to the principal stress direction.

The relationships discussed above are summarised in Table 6.4 and compared
with those for the Jeerinah Dolerite and Joffre Member. These aspects have

also been described in Chapter 4.

The joint system present in the Joffre Member is not as well defined as those in
the Jeerinah Dolerite and Jeerinah Shale and its relationship to folding is

inferred from the presence of an axial-plane cleavage.

The indicated fold axis direction of 250-280° is confirmed by more extensive
mapping summarised in Chapter 4 and suggests a further fold phase or rotation
of major fold limbs. The major fold axes in the Jeerinah Formation to the
north-west of the study area also have an east-west trend. There is a fold limb
rotation, from north-west to south—east in the eastern part of the study area, to
an orientation east—west in the western part of the study area (west of 7500E).
The effect of this on the discontinuity system of the Jeerinah Dolerite and Shale,

needs to be further investigated as suitable exposures become available.
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6.3.5 Whaleback Fault Zone (WFZ)

The Whaleback Fault is a major shear zone with a WSW-ENE strike and a dip to
the south of about 60-75° which is intersected by the eastern section of the
present North Wall between approximately 7000E and 8500E. Nearly all of the
discontinuity mapping in the Jeerinah Dolerite A and to a lesser extent the
Joffre Member, has been influenced by the Whaleback Fault in the following

ways:

a modification of the orientation of existing discontinuity sets (ie.
bedding, jointing);

the formation of additional discontinuities, both with and without

associated displacement.
6.4 THE DISTURBED ZONES NEXT TO THE WFZ
6.4.1 Disturbed Zone in the Jeerinah Dolerite A

The effect of the WFZ on the Jeerinah Dolerite A is shown by the discontinuity
mapping on Bench 16, located within approximately 15m from the North
Whaleback Fault (Figure 6.13 and Plate 6.13). This mapping indicates a strong
effect of the WFZ with a predominance of steep, southerly—dipping jointing. The
joint sets that are recognisable to the south of Mt Whaleback are generally
poorly defined with the exception of Set D which has a decrease in mean dip of
around 25° to 61°. This is consistent with an increased southerly dip of the

Dolerite A unit adjacent to the Whaleback Fault produced by drag effects.

The results of discontinuity mapping on Bench 15, which is approximately 25m
from the North Whaleback Fault, is shown on Figure 6.14. This reveals a reduced
influence due to faulting with a decrease in the importance of southerly-dipping
discontinuities relative to northerly-dipping jointing. These discontinuity
surveys suggest that the 'disturbed' zone adjacent to the WFZ is approximately
15-20m wide within the Jeerinah Dolerite A unit. Jointing within the 'disturbed'
zone is shown schematically on Figure 6.15 and can be compared with Figure 6.7

which is not in the disturbed zone.
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A summary of all faulting within the Jeerinah Dolerite A is shown on Figure
6.16. This reveals the presence of southerly—-dipping normal faults and a series
of northerly-dipping shears, faults and shear joints forming in response to drag
folding on the Whaleback Fault (refer to Plate 6.14).

This northerly—dipping faulting should also be characterised by a normal sense of
displacement (@ normal fault situation). North-south orientated faulting is
generally limited, being indicated by a series of shear joints (Figure 6.16). The
relationships between jointing, shearing and the WFZ are shown schematically on

Figure 6.17.
6.4.2 Disturbed Zone in the Jeerinah Shale A

The effect of the WFZ upon the Jeerinah Shale A has been difficult to assess
because of the limited exposures available. The discontinuity sets identified
within the 'disturbed' zone of the Shale A are shown on Figure 6.18 and include
‘an axial-plane cleavage and joint set G, both of which dip to the south-southwest
to south-southeast at approximately 35-60°.

Bedding may also be present and be co-planar with cleavage in some areas. The
dip of these discontinuity sets can be expected to increase, however, wherever
drag folding adjacent to the WFZ occurs. The width of any 'disturbed' zone
within the Jeerinah Shale and the mean dip of any south-dipping discontinuities
has important implications for the stability of individual benches in any pit wall
design. Further data collection will therefore be required to assess the variation
of discontinuity dip, due to drag folding in the various Jeerinah Shale units as

suitable exposures become available.
6.4.3 Disturbed Zone in the Joffre Member

The effect of the WFZ upon the Joffre Member to the south is indicated by
Table 6.1. Discontinuity surveys S0005-7 are located between 150-500m from
the WFZ and can be considered to be unaffected by it. Survey S0008 (Plate 6.8)
is within approximately 60m of the WFZ with joint set C absent and joint set D
rotated by 10-15°. Survey S0009 (Plate 6.8) is about 30m from the WFZ with
only joint set D remaining of those developed to the west.
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In addition, joint set H is present with a similar strike to that of the WFZ and its
origin is certainly fault related. Although these data are limited, the width of
the 'disturbed' zone adjacent to the WFZ appears to be greater than that

indicated for the Jeerinah Dolerite units and is at least 30m.
6.5 DISCONTINUITY SPACING, PERSISTENCE AND TERMINATION

The analyses of joint spacing, persistence and termination, for the Jeerinah
Dolerite A, the Jeerinah Shale A and the Joffre Member are summarised in

Table 6.3 and are described in detail below.
6.5.1 Spacing Data

The spacing data for joint sets of all units is variable. However it generally has
a negative exponential distribution with similar range of mean values of
0.16-0.35m for the Joffre Member and 0.10-0.43m for the Jeerinah Shale A. The
increased mean spacing values of 0.40-0.90m for the Jeerinah Dolerite A is
consistent with a high strength, relatively isotropic igneous intrusion
(Plate 6.12). The spacing of the axial-plane cleavage in the Joffre Member was
found to be 0.26m for Survey S0006.

6.5.2 Persistence Data

The persistence data was generally found to have a uniform or log normal
distribution over the range of values chosen. Mean values for each joint set
analysed are shown in Table 6.3 with large standard deviation values for the
Joffre Member and Jeerinah Dolerite A indicative of a large range of individual
values. A range of mean values of 0.42-0.82m for the Jeerinah Shale A may be
due in part to the size of exposures available for mapping with costeans being
limited to a vertical height of 2m. The termination data indicate that only
Sets A and G could be affected, however, because of the proportion of individual
joints extending beyond both exposure limits is limited to 24% for Set A and 17%
for Set G.
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The mean persistence values for the Jeerinah Dolerite A have a range of
1.51-3.92m but these are considered to be lower bound values. The terminéltion
data indicates that between 50-80% of individual joints extend beyond one or
both limits of the exposure formed by a single 15m bench and so the persistence
values should be weighted accordingly.

The mean persistence values for jointing in the Joffre Member also indicate a
range of 1.00-3.05m. However joints often extend beyond one or both limits of
‘the exposure (refer to Table 6.3) and hence these values should also be
considered to be lower bound values. This is clearly demonstrated by Plate 6.5

which also reveals the localised persistence of the axial-plane cleavage.
6.5.3 Features of the Disturbed Zone Next to the WFZ

The borecore data for diamond drill holes has also been analysed in detail to
determine the width of a 'disturbed' zone in the Jeerinah Formation rocks
adjacent to the WFZ. The results are summarised in Table 6.5 for holes
D248-D263 together with data available from previous drilling holes
(D190-D212). Data for the Dolerite A, Shale A and Dolerite B units is generally
good, but only limited information is available for the Shale B and Dolerite C

units to the west.

This disturbed zone has been identified by using the fracture frequency and RQD

data from borehole data_.

The northern limit of this 'disturbed' zone has therefore been defined as
occurring at the point at which the fracture frequency falls to a base level. In
the Jeerinah Dolerites this was less than 5 (frequently 2-3) and 5-15 for the
Jeerinah Shales. The corresponding RQD values are generally 90-100% for the
Jeerinah Dolerites and 30-80% for the Jeerinah Shales. On this basis the best
estimate of the width of the 'disturbed’ zone indicated by the data in Table 6.5 is

as follows:
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Stratigraphic Unit Width (m)
Dolerite C 10
Shale B 15-28
Dolerite B : 3-12
Shale A 10-17
Dolerite A 4-8

The width of the 'disturbed’' zone is reduced in the Dolerite units as would be
expected for stronger, more competent material but it also appears to be
reduced in the Dolerite A and Shale A units to the west. The data available
suggest that the 'disturbed' zone in the Dolerite B and Shale B units to the west
is also more highly fractured than the Dolerite A and Shale A units to the east
(see Table 6.5).

6.6 DISCONTINUITY ROUGHNESS

For unfilled discontinuities surface roughness forms an important component of
shear strength. Three scales of 'roughness' are generally used for slope stability

studies as follows:

a Large scale roughness (wavelength greater than 10m) which is usually
| interpreted by marking stratigraphic contacts in a number of drill
holes. It influences large-scale slope stability. However, the data are

not usually sufficient to accurately define this roughness.

b Medium scale roughness (wavelength 0.1-10m) which can be estimated

in field surveys and influences the stability of individual benches.

C Small scale roughness (wavelength less than 0.1m) which can be
measured from single drill cores and field exposures and influences the

shear strength that is determined in laboratory direct shear tests.
Medium scale roughness has been assessed where possible by means of amplitude

and wavelength measurements and used to calculate a roughness angle i which

contributes to the overall discontinuity shear strength as follows:
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T= 0, tan{d + ()

where T = shear strength of discontinuity
On' = effective normal stress
@  =base friction angle
L =roughness or dilation angle

Small scale roughness has been described in accordance with both the ISRM
suggested methods (Ref 6.1) for discontinuity field surveys and MNM Company
practice for HQ size diamond drill core. Both systems utilise four categories of
roughness (rough, smooth, polished and slickensided) with three shape categories
in the ISRM method (planar, undulating and stepped) and eight shape categories
(designated A to H) in the MNM Company system.

However the ISRM method was adopted for field surveys because it facilitated
the reduction in total number of classes from 32 to only 12 and this was

considered to be quite adequate for the information required for this thesis.
6.6.1 Medium Scale Roughness

Mean 'i' values are included in Table 6.3 for joint sets within the Joffre Member
and Jeerinah Dolerite A and also the axial-plane, slaty cleavage developed in the
Joffre Member. No data has been collected for the Jeerinah Shale A because of

limited exposures of undisturbed material within the present pit limits.

The 'i' values for the Joffre Member are reasonably consistent with a mean value
of 4.5+ 2.5° for both cleavage and jointing. In contrast the jointing in the
Jeerinah Dolerite is more irregular and consistent with relatively thick igneous
intrusions and the south-dipping jointing adjacent to the WFZ has a roughness

value of 8 + 3°.

These results are discussed further in Chapter 10 in relation to the stability of

individual benches.
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6.6.2 Small Scale Roughness

Data from both the field discontinuity surveys and the structural drill logs have
been used to assess small scale roughness and the influence of the WFZ on such
roughness. For the discontinuity surveys histograms of combined shape and
roughness for each of the main joint sets have been analysed and are summarised
on Figures 6.19 and 6.20 for holes D248 — D263. Earlier drill log information
with the exception of D202, D204 and D211 for the 'disturbed' Jeerinah Shale A

has not been used because of the different logging systems employed.

Jointing in the Jeerinah Dolerite is generally characterised by undulating and
rough surfaces on a small scale whereas the planar jointing that is present in a
dolerite flow unit to the south of Mt Whaleback (refer to Plate 6.3) is only
sporadically developed in the intrusive Dolerite A unit (Plate 6.4). This planar
jointing is mainly associated with the shear joint set D, as expected and also with
joint set I which has a parallel trend to the fold system in the Jeerinah Dolerite.
The structural drill hole information presented in Figure 6.19 confirms that
undulating/rough surfaces of categories G and H dominate both joint and fault
surfaces in the 'undisturbed' Jeerinah Dolerite units.

Joint surfaces in the Jeerinah Shale (Figure 6.20) are more variable but the

following comments are made in relation to the field surveys:

Joint sets A and I are normally the least planar joint surfaces. They
are characteristic of sets which have developed parallel to the fold
axes, ie. Set 1 which generally has undulating and rough surfaces, and
set A which forms a conjugate set with the S2 cleavage and

consequently a stepped surface dominates.
Joint Set D has the most planar joint surfaces. They are

characteristic of sets which have developed normal to fold axes but as

shear jointing in an earlier fold phase.
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[+

The shear joint sets (B and G) are characterised by rough surfaces

which could be either planar or undulating.

The structural drill hole information (Figure 6.19) for the 'undisturbed' Shale A
unit indicates that undulating (Category G) joint surfaces dominate but that the
surface roughness may be smooth, polished or slickensided. This suggests that
the 'disturbed' zone due to the WFZ may extend beyond the limit of in-pit
diamond drilling with differential movement occurring on most discontinuity

surfaces.

The field discontinuity surveys were conducted at distances up to 900m from
current pit limits and can be considered to be beyond the influence of the WFZ.

The nature of the S2 cleavage surfaces is discussed in detail in relation to the
WFZ (Section 6.5.3).

Discontinuity surfaces in the Joffre Member are also variable, as follows:

The least planar surfaces are characteristic of joint set H which is
developed adjacent to the WFZ.

The most planar surfaces are characteristic of the axial-plane

cleavage which has developed normal to fold axes.
Joint sets B, C and D all exhibit variable surfaces (planar, undulating
and stepped) with stepped surfaces forming up to 40% of the total on

individual surveys.

The small scale roughness characteristics for each of the main stratigraphic

systems are summarised in Table 6.6.
6.6.3 Discontinuity Roughness Next to the WFZ
The WFZ has produced pronounced drag folding in some areas of the upthrown

Jeerinah Formation rocks as well as incorporating Jeerinah, Mt McRae and
Mt Sylvia units within the WFZ itself.
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This drag folding should be accompanied by differential movement particularly
on south—dipping discontinuities which will increase in dip in the 'disturbed' zone
adjacent to the WFZ.

In the Jeerinah Shale units, south—dipping discontinuities in the form of joint sets
G and I, bedding and the axial-plane cleavage (southern fold limbs), were formed
prior to the WFZ (refer to Section 6.3.5). The differential movement would
therefore be expected to occur on these discontinuities particularly the

axial-plane cleavage which is the dominant foliation on the southern fold limbs.

With reference to Figure 6.20 this appears to be true with the axial-plane
cleavage being the dominant discontinuity set in the 'disturbed' zones of the
Shale A unit (42%) and particularly the Shale B unit (81%), although this relates
to only one drill hole, D263.

In the Jeerinah Dolerite units no inclined south-dipping discontinuities were
present before the WFZ formation and hence, steeply-dipping jointing and
faulting developed in the 'disturbed' zone adjacent to the WFZ (refer to Section
6.3.5). |

The discontinuities associated with shearing within the 'disturbed' zone should be
characterised by a reduced roughness when compared with discontinuity
roughness from areas to the north of the WFZ. This appears to be confirmed by
Figure 6.19 for the Jeerinah Dolerite units with the 'disturbed' zones being
characterised by faulting with slickensided, polished or smooth surfaces. "The
histograms for the 'undisturbed' material reveal that undulating (Category G)

and irregular (Category H) jointing and faulting with a rough surface dominates.

A comparison of discontinuity roughness for the 'disturbed' and 'undisturbed'
Jeerinah Shale A material indicates a similar trend. The percentage of
slickensided and polished discontinuities is 77% in comparison to 62% for
Jeerinah Dolerite units. The dominance of slickensided and polished faulting in
the ‘'undisturbed' plot 1is largely due to extensive shearing on the
Shale A/Dolerite B contact identified by drill hole D255 and hence the difference
should be greater than indicated. '
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The histograms in Figure 6.20 for Jeerinah Shale A also indicate an increasing
proportion of planar discontinuities (Category A) in the 'disturbed' zone (24%

compared to 12% for the 'undisturbed' zone).

The occurrence of the steeply-dipping, axial-plane cleavage in the ‘'disturbed'
zone is particularly important for bench-scale stability where drag-folded,
Jeerinah Shale outcrops in upper part of the North Wall. This occurs between
6280E and 6880E in the Shale B unit and 7400E to 7560E in the Shale A unit. The
data for the Shale B and Dolerite C units is limited to only two reliable drill
holes and hence further drilling should be considered in this area to confirm the
dominance of the axial-plane cleavage in the 'disturbed' zone and the associated

weathering effects which are discussed in Section 6.8.
6.7 DISCONTINUITY INFILLING

The width of an infilled discontinuity and the composition of the infilling are
both important factors in modifying the shear strength of a discontinuity due to
surface roughness. If the infill thickness is greater than the amplitude of the
surface asperities, then the shear strength properties will be largely those of the
infilling. Filled discontinuities that have originated as a result of weathering
along them may have fillings composed of decomposed or disintegrated rock.
This process is particularly important in 'mudrocks', including shales, where
residual clay minerals are deposited on persistent discontinuities, particularly
bedding and cleavage planes. Although some discontinuity infillings in the
'disturbed' zone adjacent to the WFZ can be related to weathering processes, all
infillings are described in this section because of the modifying influence upon
the shear strength of discontinuities due surface roughness described in
Section 6.6.

Structural borehole log data has been used to assess the nature of discontinuity
infillings with summary histograms for the Jeerinah Formation presented in
Figure 6.22 and for the Joffre Member in Figure 6.23. These histograms include
all of the data available for boreholes D190 onwards with no differentiation
possible for 'disturbed’' material adjacent to the WFZ.
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The following comments are made in relation to the Jeerinah Formation
(Figure 6.22):

discontinuity infillings are present as surface films in the Shale units
but coatings with a mean thickness of 1.7mm form up to 33% for the
Dolerite A unit and 19% for the Dolerite B unit.

chloritic mineral infillings dominate in all units either individually in
the case of the Dolerite A unit or together with iron oxides (found in
Shale A), carbonate (found in Dolerite B) or significant clay (found in
Shale B).

infillings with a high friction angle occur in up to 30% of the
discontinuities in the Dolerite units in 45% of the Shale A unit but in
only 9% of the Shale B unit.

The discontinuity infillings in the Dolerite units can be considered to have
minimal influence upon the discontinuity shear strength because of the limited
thickness when compared to the surface roughness (both small and medium
scale). The Shale discontinuity surfaces however, are characteristically smooth
or polished, particularly in the 'disturbed' zone adjacent to the WFZ (refer to
Section 6.6.3) and hence, any infillings with a low friction angle will have an

important bearing upon bench-scale stability.

The limited data available for the Shale B unit indicates that chlorite and clay
minerals are present on a high percentage of discontinuity surfaces. This is
particularly significant for the area to the west of 6880E where the Shale B unit
will be exposed. This area is also associated with increased fracturing and
wéathering, and with a reduced rock mass strength. The presence of
discontinuity surfaces with a low friction angle can be expected to extend.
beyond the 'disturbed' zone adjacent to the WFZ because of the presence of dark
grey, graphitic phyllites in both Shale units.
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The majority of discontinuity infillings (90%) in the Joffre Member are present
as a film with iron oxide being the dominant type, forming 68% of the overall
total. The remaining discontinuities are mainly infilled with clay (9%) or both
clay and iron oxides (14%).

Clay coatings comprise 6% of the total discontinuity infillings and these are
predominantly associated with bedding planes with a mean thickness of 2.7mm.
The presence of clay-coated bedding planes is relevant to the interim pit wall
designs that utilise a toe buttress within the Joffre Member. This includes the
slope below the in-pit crusher station at 7800E where in-dipping Joffre beds
occur at dips of approximately 15°.

6.8 WEATHERING EFFECTS

Weathering is important in assessing the engineering characteristics of a rock
mass because of its profound effect on the physical and mechanical properties of
rock material eg. porosity and permeability, friability, strength, deformability,
etc. Of particular importance in relation to the North Wall is the effect upon
the weathering profile of penetrative weathering down the WFZ and laterally
into Jeerinah Formation rocks.

Little weathering data was available prior to the commencement of the field
work of this thesis and so all available field exposures within the East Pit have
been mapped for an assessment of both weathering and intact rock strength. All
diamond drill core for D248-D263 has also been assessed for weathering with the

grade described according to the recommendations of the ISRM (Ref 6.1).

Data from the diamond drill holes is summarised in Table 6.7 together with the
depth of intercept with the North Whaleback Fault. The limited data available
suggests that three zones of weathering can be defined according to the depth of
weathering adjacent to the WFZ as follows:
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a 5920E - 7000E approximately where weathering to a vertical depth of
300m has occurred affecting the Dolerite C, Shale B and Dolerite B
units.

b 7000E - 7800E approximately where weathering down to 150m has

affected the Dolerite B, Shale A and Dolerite A units.

C 7800E — 8400E approximately where weathering to a depth in excess of
200m has occurred in the Dolerite A unit.

The northward penetration of weathering into the Jeerinah Formation also
appears to be quite variable but there are insufficient data to establish any
definite trends. A zone of moderate weathering occurs adjacent to the North
Whaleback Fault up to 3m wide in the Dolerite A and B units and possibly even
wider in the Shale B and Dolerite C units to the west. Slight weathering
indicated by discolouring has been detected at distances up to 50m from the WFZ
in the Dolerite A unit and 85m in the Dolerite B unit.

Existing exposures of the Dolerite A unit to the east of 7800E indicate that the
weathered zone increases in width upwards and towards the original topographic
surface. This is one aspect that should be investigated further in the area to the
west of approximately 6900E where the Shale B and Dolerite C units will be
exposed.

6.8.1 Strength Reduction

The strength reduction associated with increasing grade of weathering is well
documented. In order to assess the strength reduction adjacent to the WFZ the
uniaxial compressive stréngth (UCS) values for Jeerinah Formation rocks are
summarised in Table 6.8. This shows that UCS results for weathered material

adjacent to the WFZ are available for the Dolerite B and Shale B units.
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A strength reduction in a zone approximately 10m wide is evident in the
Dolerite B unit with D192 exhibiting decreasing strength with increased
weathering grade towards the North Whaleback Fault contact. The UCS range
for the weathered and ‘'disturbed’ zone of 19-66 MPa is significantly lower than
the mean UCS value of 96 MPa for the Dolerite B unit. A zone of similar width
in the Shale B unit is evident from Table 6.8 with a strength reduction of about

75% occurring based on the limited UCS values available.
- 6.9 SUMMARY AND IMPLICATIONS FOR SLOPE STABILITY

Analysis of the engineering geology data has enabled an assessment to be made
of discontinuity characteristics of the Jeerinah Formation including a
comparison with the discontinuity characteristics of the Joffre Member to the
south of the WFZ.

The width of a 'disturbed' zone of Jeerinah Formation rocks adjacent to the WFZ
has been estimated by analysing discontinuity data (for orientation, fracthre
frequency and surface roughness), rock mass weathering and the strength
reduction produced by weathering. A summary of this engineering geology data
for both 'undisturbed' and 'disturbed' material adjacent to the WFZ is presented
in Table 6.9. Only those engineering geology aspects which have an important

bearing on slope stability are discussed in further detail.
6.9.1 Jeerinah Dolerite A

Jeerinah Dolerite A is a strong to very strong, medium grained amphibolite
which is characterised by steeply-inclined joint sets in a well defined and regular
pattern. The 'disturbed' zone adjacent to the WFZ has been defined by both

surface mapping and diamond drilling and has the following characteristics:
increased 'fracturing' (mainly as faulting) in a zone up to 8m wide with

relatively smooth surfaces (slickensided, polished or smooth) on a
small scale (less than 100mm) forming 40% of the total.
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fault-related, south—dipping discontinuities dominate in a zone up to
15m wide with the dip direction having a large angular range between

100° and 240°, which increases the potential for wedge formation.

The potential for localised wedge failures, within the 'disturbed' zone in

particular, is assessed further in Chapter 10.
6.9.2 Jeerinah Shale A

The Jeerinah Shale A is a medium strong, slate/phyllite with the dominant
foliation being a well-developed axial-plane cleavage which generally dips to the
south-west at 40° to 60°. Bedding is occasionally preserved on shallow-dipping

southern fold limbs and may be co-planar with the axial-plane cleavage locally.

Jointing is generally well defined and related to a fold axis direction in the range
290° — 305° and to the axial-plane cleavage. With the exception of jointing
normal to the fold axis direction, all joint sets are inclined at approximately 40°
to 70° with two sets dipping south-southeast to southwest. Four sets of
discontinuities therefore, have the potential to influence the stability of
individual benches in any North Wall design, with the axial-plane cleavage and

east-west shear jointing dominating.

The influence of these discontinuities upon bench-scale stability will vary locally
because of the effects of the WFZ upon individual discontinuity parameters
includi'ng orientation, surface roughness, infilling material and extent of
weathering. The width of this 'disturbed' zone adjacent to the WFZ has been
defined by diamond drilling with limited exposure available in the existing East

Pit. The 'disturbed' zone should have the following characteristics:

local variations in discontinuity orientation (both strike and increased

southerly-dip) due to drag folding.
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increased 'fracturing' in a zone up to 17m wide with relatively smooth

surfaces (slickensides or polished) on a small scale (less than 100mm).

Shearing at the Dolerite A/Shale A contact has been detected in boreholes 160m
apart with an associated strength reduction within the Jeerinah Shale material.
This contact will be exposed to the west of approximately 7400E in proposed
North Wall designs and therefore the implications of an increased dip within the
'disturbed' zone of the WFZ are discussed in Chapter 10. A detailed analysis of
bench stability is also presented in Chapter 10.

6.9.3 Jeerinah Dolerite B

The Jeerinah Dolerite B is a strong to very strong, medium to coarse grained
amphibolite that will be exposed in the proposed North Wall designs to the west
of 7400E. No suitable exposures occur within or to the north of the East Pit and .

so all data are interpreted from drill hole logs.

The joint system developed in the Jeerinah Dolerite A unit has been found to be
cbnsistent with that developed in a flow unit to the south of Mt Whaleback and
so the same system has been assumed to be present in the Dolerite B unit. As
local variations in the development of any particular discontinuity set (including
jointing, faulting, etc) can occur, particularly adjacent to the WFZ, it is
recommended that further field mapping be undertaken, as exposures become
available, to confirm the nature of the discontinuity system.

The drill hole data suggests that the width of the 'disturbed' zone is greater in
the Dolerite B (up to 12m wide) than the Dolerite A unit (up to 8m wide). The
‘disturbed' zone in the Dolerite B unit also appears to be more highly fractured
with a significant strength reduction due to weathering. A strength reduction is
also associated with shearing at the Shale A/Dolerite B contact which is
significant for slope stability wherever this contact is exposed, and locally

steepened, adjacent to the WFZ.
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6.9.4 Jeerinah Shale B

The Jeerinah Shale B is a medium strong, slate/phyllite that will be exposed in
the proposed North Wall designs to the west of approximately 6880E.
Engineering geology data are available from only four drill holes which indicate
that the 'disturbed' zone adjacent to the WFZ is extensive with increased
fracturing up to 28m away, associated with significant weathering and strength

reduction.

Revised structural interpretations indicate that the trend of the major fold axes
affecting the Jeerinah Formation have rotated from northwest — southeast to
approximately east-west within the Shale B unit. The discontinuity analysis
described in Section 6.3 indicates that the discontinuity system developed s
related to the direction of the major fold axes. Therefore, it may be
inappropriate to adopt the Shale A discontinuity system for the Shale B
material. However until additional data are collected, evidence in support of

this assessment cannot be produced.

6.9.5 Joffre Member

The Joffre Member forms an important aspect of any North Wall slope design
and structural and engineering geological mapping have indicated that the

following structures could influence wall designs:

shallow-dipping, normal faults occurring on the steep, northern fold

limbs which may be locally steepened adjacent to the WFZ.

axial-plane shears occurring in the hinge zones of minor folds.

persistent, axial-plane cleavage which develops in the hinge zones of

large folds.

bedding which may be locally steepened (due to drag folding) and
associated with clay infilling, adjacent to the WFZ.
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Data concerning these structures is generally limited because of the emphasis
placed on the structure north of the WFZ by MNM Company. However, the
significance of these structures to both the large-scale stability of toe buttress

designs as well as to small-scale bench stability will be discussed further in
Chapter 10.

6.9.6 Jeerinah Shale/Dolerite Contacts

The Jeerinah Dolerites are major intrusive igneous bodies with'sheared contacts
which have been encountered in some of the diamond drill holes. The cross
section on 7320E is a good example since it shows sheared zones within Shale A
as well as within Dolerite A. These sheared zones were encountered in diamond
holes D202 and D192. Sheared material is also present between the WFZ and the
dolerite, with sheared dolerite often incorporated within the WFZ itself.

These sheared contacts are often associated with the presence of graphite and

clay minerals which obviously reduce the shear strength along the contacts.

6.10 CONCLUSIONS
The main conclusions of the engineering geology investigations are as follows:

An extensive engineering geology investigation of the Jeerinah
Formation, north of the WFZ, indicates that the alternating sequence
of regionally metamorphosed shale (slate) and dolerite (meta-dolerite)
units are competent and/or medium to high strength (greater than
40 MPa for shale units and greater than 70 MPa for dolerite units).

However, these rock mass strengths are reduced adjacent to the WFZ.
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The four main geological units that influence the North Wall design of
the East Pit (ie. the Jeerinah Dolerite, Jeerinah Shale, WFZ material
and the Joffre Member) are characterised by different lithologies,
discontinuity systems and rock mass strengths.

The WFZ material has been identified as the weakest geological unit
to be exposed in the North Wall with a significant kaolinitic clay
content. The rock mass strength properties are described in more
detail in Chapter 8.

The WFZ material that will be exposed in the North Wall is extensively
sheared, altered and weathered with previously formed discontinuity
systems largely destroyed.

The Jeerinah Formation (both shale and dolerite units) and the Joffre
Member are characterised by regular discontinuity systems. This work
has enabled a detailed assessment of bench stability to be conducted
(refer to Chapter 10).

The discontinuity systems, developed in the various stratigraphic units
are influenced mainly by the varying lithology, style of folding and the
WFZ. It is also considered that the discontinuity system of the
Jeerinah Shale is influenced by a rotation of the fold axis direction
from northwest-southeast in the extreme east of the area under

investigation to approximately east—west in the western area.

A ‘'disturbed' zone adjacent to the WFZ is developed in all
stratigraphic units particularly the Joffre Member (at least 30m wide)
and Jeerinah Shale (up to 20m wide in the Shale A and 30m in the
Shale B unit).
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The 'disturbed' zone 1is characterised by increased fracture
frequencies, modified discontinuity orientation, wvariations in
discontinuity surface roughness and weathering effects, ie. reduction
in rock mass strength and discontinuity shear strength due to the
formation of clay minerals.

The extent of penetrative weathering associated with the WFZ appears
to be greater to the west of 7000E where it can be detailed to a depth
of approximately 300m. The northern extent of this weathering also
appears to be greater in this area affecting the Jeerinah Dolerite B,
Shale B and Dolerite C units.

Drag folding adjacent to the WFZ occurs both to the north in the
Jeerinah Formation and to the south in the Joffre Member resulting in
an increased dip of south dipping stratigraphic contacts and
discontinuities. This influence of the fault has a major bearing upon
the bench stability of all stratigraphic units. The main south-dipping
discontinuities include:

(@) Jeerinah Dolerite — normal faulting and fault related jointing
sub-parallel to the WFZ.

(b) Jeerinah Shale - an axial-plane, slaty cleavage dominates but

jointing and bedding may also be present.

(c) Joffre Member - bedding dominates but low angle normal
faulting, axial-plane shears and an axial-plane cleavage may be
locally persistent.

In addition to the discontinuities described above, stratigraphic
contacts associated with shearing occur at shale/dolerite boundaries in
the Jeerinah Formation, eg. Shale A/Dolerite B contact between
7160E and 7400E.
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6.11 RECOMMENDATIONS

The discontinuity systems outlined for the Jeerinah Formation are based largely
upon the mapping of existing exposures to the east of 7600E where the
Dolerite A and Shale A units outcrop. Further data collection in areas to the
west is strongly recommended as exposures become available and the following

specific recommendations are made:

Determine the effect of the fold axis rotation upon the discontinuity

system in the Jeerinah Shale units by additional field mapping.

Measure the variation in the dip of south-dipping discontinuities,
especially the axial-plane cleavage produced by drag folding on the
WFZ by field mapping as suitable exposures become available.

Ascertain the nature and extent of the sheared shale/dolerite contacts
in particular the Shale A/Dolerite B boundary between 7160E and
7400E by diamond drilling.

Locate the extent of the ‘'disturbed' =zone and discontinuity
characteristics adjacent to the WFZ in the Dolerite B, Shale B and
dolerite units further west than has previously been measured by
diamond drilling and field mapping.

Quantify the northern extent of penetrative weathering adjacént to
the WFZ and the associated reduction in rock mass strength and
occurrence of clay-coated discontinuity surfaces by diamond drilling.

This applies particularly to the Jeerinah Shale B unit.
If a North Wall design encompasses a toe buttress in the Joffre

Member rocks, there will be a requirement to confirm the nature of -

south dipping discontinuities adjacent to the WFZ.
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Faultl Jointing Cleavage
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Refer to Fig. for Discontinuity Shape/Roughness Classification
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SUMMARY OF DISCONTINUITY INFILLING

IN THE JEERINAH FORMATION
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Joffre Infillings
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LEGEND

Q - Quartz (including quartz & iron oxide)

P - Pyrite (including pyrite & iron oxide)

A - Carbonate (including carbonate & iron oxide) A
I - Iron Oxide (including manganese oxide)

KQ - Clay & quartz

BP - Chlorite & pyrite (including clay & pyrite)

BA - Chlorite & carbonate B
BI - Chlorite & iron oxide (including clay & iron oxide)

B - Chlorite
K - Clay C
KB - Clay & chlorite

A - High friction angle infillings
B - High/low friction angle combinations
C- Low friction angle infillings
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TABLE 6.2

SUMMARY OF MEAN POLE ORIENTATION VALUES FOR JOINT SETS

Stratigraphy ' .
Joffre Member | Jeerinah Doieri*e A Jeerinah Shale A
Fisher's Mean Fisher's Mean Fisher's Mean
Joint Set Constant(1) Pole Constant - Pole Constant Pole
K K K
A - - | - - 99 019/60
B 51 077/86 - - 36 272/66
C 28 091/63 - - -
D 38 105/86 69 101/86 71 292/88
E - - - - - -
Fox - - 24 169/88 - -
G - - - - 48 168/42
H * 48 023/86 28 200/90 - -
| - -~ 42 229/72 | 56 216/73
NOTES:

*

(1

Data strongly influenced by the Whaleback Fault Zone-

Fisher's Constant, K, provides a measure of the clustering of
discontinuity sets and is estimated by:

K=N-=-1

N -R

(N = number of observations, R = resultant vector)

If there is no preferred orientation, K is close to unity and

if all discontinuities are parallel, K approaches infinity.
High K values thus indicate a small scatter.
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TABLE . 6.4

COMPARISON OF JOINTING AND CLEAVAGE W!TH FOLDING

T B
Stratigraphy
Discontinuity Jeerinah Jeerinah
Type Dolerite A Shale A Joffre Member
- i
Jointing: |
Paralle! Fold Axis | | + A : G
Normal Fold Axis E D B
Shear Joints D+F B+ G ; D
S1 Cleavage - 290-305 deg 250-280 deg
generally
$2 Cleavage - 290-310 deg | -
|
| I
Fold Axis Direction 310-315 deg 290-305 deg | Unclear |
Indicated by Jointing ;
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TABLE 6.7

SUMMARY OF WEATHERING ADJACENT TO THE NORTH WHALEBACK FAULT

Depth (m)
Section | Borehole Down
(E) Number | Stratigraphy| Weathering Detalls FZ |Vertlcal
5920 D248 Dolerite B MW/HW - 0.7m SK - 30m (EOH) 180 165
D249 Dolerite B None 325 300
6280 ' D261 Dolerite B SW - 8m (EOH) 310 290
6480 D263 | Dolerite C | My ~ 10m - 170 | 155
Shale B MW - 22m SW - 24m (EOH)
6870 D255 Dolerite B MYy — 3m SW - 85m 80 85
7400 ; D256 | Dolerite B } SW - 13m % 110 140 |
| Shale A ; SW - 45m
! Dolerite A | SW - 48m
7560 258 % Dolerite A | MW - 3m SW - 25m (EOH) 110 E 140
251 Dolerite A None 205 ; 230
7640 250 Doterite A None 165 180 |
7720 257 Dolerite A None | 265 | 275
7800 252  Dolerite A None 190 | 225
7920 254 & Dolerife A | SW - 5m (EOH) 215 250
8360 260 | Doterite A |MW - 3.5m SK - 10m (EOH) 185 | 160

Notes:

FZ - Fault Zone

Weathering Grade - F = Fresh
SW = Stlightly weathered
MW = iloderately weathered
HW = Highly weathered

EOH - End of hole

All distances quoted are calculated normal to the WFZ
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Plate 6.1 Whaleback Fault Zone exposed in the North Wall of
the East Pit at approximately 8300E.
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Plate 6.3 Planar jointing developed in a flow unit to the south
of Mt Whaleback.
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Plate 6.4 Planar shear jointing (set D) developed in the
weerrmmR Dolerite A at approximately 7050F
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Plate 6.5 Widely-spaced jointing developed in the Jeerinah Dolerite
A in the East Pit.
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Plate6.6 Fault-r dipping jointing adjacent to the

Whaleback Fault Zone.
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Plate 6.7 North-dipping shearing present in the Jeerinah
Dolerite A at approximately 7800E (Survey SWO14).
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Plate 6.8 Oxidised Jeerinah Shale A on a shallow, south-dipping
fold limb to the north of Mt Whaleback {Survey S0015).
View to the SSW with joint sets described relative to
the fold axis direction.
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Plate 6.9 Unoxidised Jeerinah Shale A on a steeply-inclined,

north-dipping fold limb (Survey SW018).
View Lo _the WSE. parallel to fold axis direction.



Plate 6.10 Fold style to the south of the Whaleback Fault Zone
(Whaleback Shale sequence).
View to the west with the north limb locally overturned.
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Plate 6.11 Discontinuity system developed in the Joffre Member
beyond the influence of the Whaleback Fault Zone (Survey
S0005}) .
Lower view towards the NW.
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Plate6.12 Low angle faulting developed on a steeply-inclined,
northern fold limb in the Joffre Member (Survey S0006).
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Plate 6.13 Axial plane shearing associated with minor folding in
the Joffre Member (Survey S0007).
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Plate 6.14 Discontinuity system developed in the "disturbed" zone
of the Joffre Member due to the Whaleback Fault (Surveys
S0008 and S0009).

Both views to the NW with scanlines located on shallow-
dipping, southern fold 1imbs.
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GROUNDWATER AND ITS IMPLICATIONS

7.1 INTRODUCTION

It has been recognised for a long time that groundwater can adversely influence
the stability of slopes in a number of ways. This was briefly discussed in
Chapter 2, Section 6. Until 1984 all previous mining activity on Mt Whaleback
was above the water table which is at Bench 19 (525RL) in the main orebody.
Present pit plans indicate that the pit will go to at least Bench 32 in the extreme
west of the present study area (5800E) and even deeper further west. Since the
present standing water level in the North Wall is between 550 — S75RL, the
potential head of water in the North Wall could be as high as 240m in the

western part of the study area.

Currently, pit dewatering of the orebody takes place in order to dewater ahead
of mining. But the orebody is substantially more permeable than the rocks of the
North Wall and this has caused some concern over the difficulty of dewatering
the North Wall rocks and the consequent effect on stability (Refs 7.1, 7.2). This
has guided the groundwater investigations of the North Wall and the scope of
works has been as follows:

Examination of the nature and extent of existing hydrogeological data;

Establishment and definition of the aquifers and aquicludes which may
effect the pit slope design;

Examination of percussion and diamond drilling data collected during

the geotechnical exploratory drilling programme;

Determination of hydraulic parameters of different stratigraphic

horizons and structural features within the final slope.

7.1



GROUNDWATER AND ITS IMPLICATIONS

These hydraulic parameters were subsequently used in a preliminary design of a
depressurization system (Ref 7.2) although this has now been shown to be
dependent upon other factors which are described in Chapters 10 and 11. Work
conducted as part of this Chapter has enabled a realistic assessment of the
effect of groundwater conditions on the stability of the North Wall.

7.2 PREVIOUS WORK
7.2.1 Drilling

Both percussion and diamond drilling has previously taken place within or near
the proposed North Wall slope design options. This drilling has principally been
used to define the orebody, but has also been used to determine standing water
levels. A list of all the boreholes used for water level monitoring on the North
Wall is given in Table 7.1 whereas the boreholes which have piezometers

installed in them are given in Table 7.2.

As part of these groundwater investigations, additional deep percussion and
diamond drilling was completed to provide further geological and geotechnical
data on the nature of the materials which lie to the north of the Whaleback Fault
(see Chapters 4 and 6). Several of these bores were used for the installation of
simple piezometers, and considerable packer testing of the various lithological

units was carried out.

The permeability results have been obtained from these holes although the North
Wall of Mt Whaleback is the location of the main waste dumps and boreholes can
only be sited in 'windows' in the waste. The above factors coupled with the
continuing excavation process at Mt Whaleback, have made it difficult to obtain
ideal locations for water monitoring bores and hence their widespread
distribution as shown in Figure 7.1. Nevertheless reliable groundwater data has

been obtained as part of these investigations.

7.2
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Table 7.1: Current Water Level Monitoring Bores
North Wall Mt Whaleback

BORE CO'?E?&?ATES REESEED? i REMARKS

. (m) (m RL)

6947 8205.8/5914.4 595.0 544 ) piezometer PrjE/ST)
G684 | 8195/5875 565.0 534.7 piezometer priE/s'!)
6529 | 8000/5868 595.6 560.8 | Piezometer PfjEa
6709 | 7559/5702 625.0 558. 1 Open Hole PfjSa/Eb
G708 | 7480/5730 639.2 534.2 | Open Hole PfjSa/Eb
caa1 | 7178.2/5759.9 | 594.7 552.9 | Piezometer PfjSa
6496 | 7179/5691  597.0 571.4 | Open Hole PFiEb/Sa
G493 . | 6719/5646 597.0 567.8 | Open Hole PfjSb
G553 | 6400/5522 610.5 566.9 | Open Hole PfIEC/Sb
6552 | 6280/5500 613.2 564.9 | Open Hole PfjSb/Eb
G551 6280/5555 596.7 566.2 | Piezometer PfjSb/Eb
G694 | 6199.2/5607.6 | 591.4 565.8 | Open Hole PFIEc/Sb
6695 | 6196.4/5502.4 | 610.8 564. 4 Open Hole PfIEc/Sb
61241 | 8200.6/5858.0 | 551.8 525.76 | Piezometer PfJE/S

NOTES:

PfjEc Jeerinah Dolerite C
PfjSb Jeerinah Shale B
PfjEb Jeerinah Dolerite B
PfjSa Jeerinah Shale A
PfjEa Jeerinah Dolerite A
(1) Whaleback Fault Zone
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Table 7.2: Completion Details of Piezometer Installations
CO-ORDINATES RL TEST INTERVALS
BORE HOLE E/N () () (m) ROCK TYPE
G1422 7680.1/5890.0 588.3 101.0 - 140.2 Pfj - Dolerite A
G1423 7156.2/5778.2 595.7 145 - 164.8 Pfj - Dolerite A
/Shale A antact
52.3 - 60.0 Pfj - Shale A
G1424 7159.7/5686.8 594.9 190 - 205.5 Pfj - Dolerite A
/Shale A Contact
G1427 7156.3/5547.0 610.0 176.2 - 187.7 Pfj - Shale A
60 N
G1502 7320.0/5728.9 639.6 178.8 - 188.8 Pfj - Dolerite A
G1507 7400.5/5779.9 639.7 159.0 - 169.9 Pfj - Dolerite A
88.0 - 95.0 Pfj - Shale A
G708 7480.0/5730.0 639.2 143.3 - 158.3 Pfj - Dolerite A
G947 8205.8/5914.4 595.0 N/A
6684 8195/5875 565.0 74 - 78 prjgsst!
G529 8000/5868 595.6 104 - 110 PfjEa
G491 7178.2/5759.9 594.7 156 - 162 PfjSa
G551 6280/5555 596.7 N/A PfjSb/Eb
NOTES:
PfjSb Jeerinah Shale B
PfjEb Jeerinah Dolerite B
PfjSa Jeerinah Shale A
PfjEa Jeerinah Dolerite A

(1)

. Whaleback Fault Zone
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Field procedures involved drilling either diamond or percussion holes, locating
the test horizon from either drill chips or core, confirming the location of the
horizon with the geophysical logs, conducting packers tests if appropriate and
then installing piezometers.

Piezometers were installed by backfilling the hole to the base of the selected
horizon, installing a lower bentonite grout seal, placing the slotted PVC tube
over the height of the test horizon, and then installing an upper bentonite seal.
This simple method of field installation has proved to be successful for the

piezometers installed as part of the groundwater investigations.
7.2.2 Standing Water Levels

The bores used to monitor standing groundwater levels are shown in Figure 7.1
and these are presently being monitored on a regular basis (monthly or three
monthly) by Mt Newman Mining Co personnel. These standing water levels vary

due to mining operations as well as due to variations in groundwater recharge.

It should be pointed out that some previous bores have also been destroyed due to
mining operations, but the existing bores do give a good indication of the

piezometric surface.
7.2.3 Piezometric Surface

Piezometric surface maps are simply contour maps of the piezometric
groundwater levels and maps have been constructed for May 1984 and May 1986
in order to show variations with time (Figures 7.2 and 7.3). They indicate that
there is a steep hydraulic gradient along the North Wall of the pit which
corresponds to the location of the Whaleback Fault Zone (WFZ).

1.5
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The WFZ is therefore acting as a partial aquiclude to groundwater flow even
though the permeability of some of the friable units in the WFZ is high.
However the extensive shearing of the WFZ has caused it to have a highly
anisotropic permeability. For example, thin clay zones exist throughout the WFZ
and are orientated parallel to the fault zone itself and probably create a partial
barrier to groundwater flow. In addition, recharge to the dolerites and shales of
the Jeerinah Formation from runoff from Mt Whaleback via the talus slope
materials may also account for the substantially higher groundwater levels to the
north of the fault zone (Figure 7.3).

Comparison of Figure 7.2 and 7.3 clearly shows that there has been a significant
fall in the groundwater levels in the orebody itself due to in-pit dewatering.
This has created a steep gradient in the piezometric surface and this will
continue to develop as mining continues. The maximum level of the groundwater
table immediately north of the WFZ is S60RL (see Figure 7.3) and this may be
causing some of the damp patches visible on the North Wall on Bench 17 in the
East pit.

However localised damp patches are probably also a result of perched water
tables within the WFZ as revealed by the standing water level data. These
localised perched water tables are shown in Figure 7.4 and are thought to be

associated with faulting in the WFZ.
7.3 . PIEZOMETER INSTALLATIONS AND PACKER TESTING

A list of the piezometers installed on the North Wall of Mt Whaleback is given in
Table 7.2 and it can be seen that most of the piezometers are installed in either

the Jeerinah Dolerite or the Jeerinah Shale.

Falling head tests on these piezometers has also been undertaken and these tests
show the calculated permeability of the Jeerinah Dolerite and Shale as shown in
Table 7.3. These results range from 1078 1o 10711 m/s which are very low

permeability values.
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Table 7.3: Summary of Falling Head Tests
BORE HoLE &7 I?LgRVALS LITHOLOGY PEQ%EXE?EE?Y (msgt)
m/sec)
61422 101.6 - 140.2 PFj - Dolerite A | 3.1 x 10" 551.2
61423 145 - 164.8 Pfj - Dolerite A | 8.0 x 10" 551.6
/Shale A Contact
52.3 - 60.0 Pfj - Shale A 2.9 x 107 547.5
61424 190 - 205.5 PFj - Dolerite A | 9.0 x 107 566.3 (?)
/Shale A Contact
61427 176.2 - 187.7 Pfj - Shale A 1.0 x 107" 533.7
61502 178.8 - 188.8 Pfj - Dolerite A | 1.2 x 107 542.9
61507 159.0 - 169.9 PFj - Dolerite A | 1.0 x 107 548.7
88.0 - 95.0 PFj - Shale A 1.0 x 107 551.8
6708 143.3 - 158.3 Pfj - Dolerite A | 3.4 x 10 554.6
G491 156 - 162 Pfj - Shale A 6.9 x 10 °
6529 104 - 110 Pfj - Dolerite A | 6.9 x 10 ° (?)

They can be compared to the permeability results obtained from the packer
testing programme.
North Wall. It should be noted that all of the packer tests were undertaken in
diamond holes (designated with the prefix D) whereas the piezometers are all in
percussion holes (designated with the prefix G). The packer tests carried out
during the drilling programmes were either a single packer with a falling head
test or a straddle packer with a water pressure test at various pump-in

pressures. In some cases both types of test have been carried out in the same

Table 7.4 shows all of the packer testing results for the

hole over the same interval with generally good agreement in the results.
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Table 7.4:

Or.u 1ole

[o B )

D251

D272

02Cus

D266

D297

o211

D2j2

0213

Co-Ordinates

7392E/3399N
TSUN)

7%8%E730CN
(73°N)

7328E/3522N

Zi93E/36I9N
(78*N)

7199E/3570N

70COE/5487N
(31°N)

6830E/3460N
(81*N)

7399E/5506N
(73°N)

6879E/3378N
(30°N)

7CGGE/3390N
(82°N)

719%E/3360N
(31°N)

7473E/35€6N
(80°N)

6718E/5435N
(79°3)

7339E/5462N
(80°N)

Summary of Packer Testing Results

Interval (m)

98.7 - 103.1
121.6 - 126.3
138 - 163
1933 - 1312
[32.6 - 1383
l64.6 - 1710
1786 - 182.9
197.2 . 2580
219.5 - 225.6
260.3 - 2369
2621 - 268.2
2339 - 29246
298.7 - 3003

26.3 - 102.)
109.3 - 113
143.7 . 149.7
130.7 - 1367

110.0 - 1230
119.0 -123.0
1340 -141.0
161.0 - 162.0
170.0 - 182.0

177.6 -187.0

188.0 - 196.3
209.0 - 223.7

1130 -11%9.0

137.0 - 140.2

149.0 - 135.3

119.0 - 126.5
197.0 - 205.0

131.0 - 138.6

97.0 -97.2
113.0 - 120.0
136.0 -162.5

188.0 - 195.0
218.0 - 223.2

197.0 - 203.4
241.5-2472.0

182.0 - 187.1
194.0 - 198.0
209.0 - 21 5.5

77.0 - 32.0
113.0 - 120.0
137.0 - J41.0
1530 - 163.0

33.0 - 87.9
152.0 - 269.0
2420 - 249.0

83.0 - 91.2
1160 - §22.1
133.0 - 140.5
143.0 - 148.2
160,0 - 170.3
1850-19L.0

Seratigraphy

Phbj 33 (Ore)
Phbj 33 (Ore)
Phe/Phs (WF2)
Phe/Phs (WF2)
Phr/Phs (WFZ)
PhvjPhs (WF2)
Pf} Ea

P{) Ea

Pfj Ea

P Ea

Ptj Ea

Pl Ea

P{) Ea

Phbj 31 (Ore)
Phbw

Phbd/Phr (EFF2)
Phr (EFF2)

Phbj J2/Phe (WFZ)
Phr (WF2)

Phr (WF2)

P{} Sa

Ptj Sa

Phbj 31 (Ore)

Phbj J1/Phbw
Phr (WF2)

Phbj 32 (Ore)

Phbj J1 {Ore)

Phr (WFZ)/Plj Sa

Phs (WFZ)
Plj Sa

Phbj J2/Phr (WFZ)

Phbj 32
Phbj 1
Ph¢ (WFZ)

Phoj 32
Phr/Phs (WFZ)

Phbw
Phr (EFFZ)

Phbj 31
Phbw/Phbd
EFFZ

Phbj 31
Phs (WFZ)
Phs (WFZ)
Pfj Ea

Phbj
P{j Sb/Eb
Plj Eb

Phbj 32
Phbj 31
Phbw

Phbd

Phbd

Phr (EFFZ)

Permeabdility
(m/sec)

2.3 x 10-6
1.8x 106
2.8x 1073
7.0 x 107
8.2x 1072
29x 1077
3.0x 10-?
v.3x 10°?
4.0x 10°?
3.0x 1072
3.0x 10-?
1.0x10-8
bx10°8

“.2x 108
1.8 x 10-8

2.0x 10-8
3.9 x 10-9
7.1 x 10-9

2.7 x 107
{min 21.8 x 10~7)
(max s3.2x |0-7)
2.3x 109
22x10°8

X X MK X XK X
o
1
~

10-6
3.0x 10-8

6.5 x 10~
10-?

7.1 x 10-8
9.6 x 10-2
4.6 x 108
2.6 x 10°9
1.8 x 108
107
10-%

10-8
2.8 x 10-10

10-8
10-7

2.0x 107
1.1 x 1077

Drill Hole

D190

D9t

D192

0230

D23)

D232

D23

D253

D236

D237

D253
D239

D260

D26l

Notes:

Phbj
Phbw
Phbd
Phr
Phs
P1j Sb
Ptj Eb
Pi} Sa
P{jEa
Phd
WFZ
EFFZ
(s)

Co-Ordinates Ihnterval (m)
6718B/3N73N 176.0-183.)
7040E/3610N 3.3 - 0%

176.9 - 187.}
7333E/3600N 216.9 - 229.1
70°N)
7839E/3392N) 31.0 - 39.2
77.3-800%
1 14.0 - 120.0
7361E/3583N) 39.0 - 937
1250 - 130.6
7800E/3663N 63.0-758
7920E/3640N 4.0 - 60.0
30.0 - 60.%
60.8 - 122.9
84.0 - 122.9
108.0 - 122.9
6872E/548IN 4.8 - 326
214.8 - 2236
280.0 - 312.9
290.0 - 31 2.9
74500E/3600N. 114.0 - 1267
7721E/5344N 86.0 - 90.8
3%0-119.2
100.0 - 119.2
17 5.0 - 20%.3
7582E/5632N 33.0-072.3
6392E/3369N 144.0 - 269.0
190.0 - 269.0
206.0 - 269.0
8360E/581IN 26.0 - 33.9
33.8-62.2
75.0 -93.0
6258E/5177N 203.9 - 219.9

Joifre Member

Stratigraphy

Ptj Eb

P} Eb
Pti Sa

Pr) Ea
Phe (WFZ)
Phy (WF2Z)
PIj Eb

Phe (WFZ)
Pt} Sa/Pi) Ea

Phs (WF2)

Phe/Phs (EFFI/MFI)

WFZ/Phs
Phs/P1j/Phd (WF2)
P1j/Phd (VFT)
Phd (WF2)

Phb)

Pt] Sa/Pl} Eb
P1) Sa/P1) Ea
Pt) Ea

Pfj Sa

Phr (EFFZ)
Phr/Phs

Phs
Phd/WFZ/Pl) Ea

Phe (WFZ)
Phr/Phs (EFF2Z)
Phr/Phs (EFFZ)
Phr/Phs

Phs (WFZ)

Phd (WFZ)

Phd (WFZ)

Phbd/Phr

)
Whaleback Shale Member ) Brockman lron Formation
Dales Gorge member

Mt McRae Shale

Mt Sylvia Formation

Jeerinah Shale B

)

Jeerinah Dolerite B

Jeerinah Shale A

Y3eerinah Formation

Jeerinah Dolerite A -
Wittenhoom Dolomite

Whaleback Fault

Zone

East Fooiwall Fault Zone

Straddle Packer

Test

Permeadility
{m/rer)

[ ERTALLY)

wtn10-%8)
Yax 100%S)

1.0 x 10-%¢s)

1o x 156

9.7 x 10-3
310x 1071

2711078

6.0 x 10°?
1.0 x 19°9

7.8 x 1678
3.0x 1072

3.0 x 109
2.6 x 16-2
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The packer test results also show low permeability results for the Jeerinah

8 to 10"9 m/s. It can be seen that units

6 to 10_7 m/s.

Formation generally ranging from 10~
south of the WFZ have much high permeabilities in the range 10~

1.4 FALLING HEAD TESTS

The field permeability values have been calculated using the method proposed by
CANMET (Ref 7.3). The coefficient of permeability is calculated by knowing the
time taken for equalization of water pressure conditions in a piezometer as
follows:

k=0133S12/L m/s

where k = permeability, m/s

T = radius of standpipe, m

L = length of test interval, m

S = slope of graph, log h + / he
vs time for one log cycle

l=n
Il

excess head at time t =t

h = excess head at time t=o0o-

The test is simply conducted by raising the water level in the standpipe and
measuring the time taken to reach the static water level. The permeability

values calculated by this method are shown in Table 7.3.
1.5 PACKER TESTING

Packer testing was conducted on selected horizons in diamond holes by using a
wireline packer which could be hydraulically inflated once it passed through the
end of the drill rods. The drilling mud was flushed out with water prior to the
test taking place and so the horizon of interest was defined by the packer at the
top and the bottom of the hole. After the test, further drilling proceeded in the

normal manner.
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7.6 CALCULATED PERMEABILITIES

Both the field work undertaken as part of these groundwater investigations and
previous field work has been used to calculate the permeabilities of the different
stratigraphic horizons encountered on the North Wall and the summary of results

is shown in Table 7.5. .
Table 7.5 Stratigraphic Summary of Calculated Permeability

r ) -
o or Tests | RANGE O?m;EESEAB'L’TY PEngﬁg?EITY
. {m/sec)
1. OREBODY UNITS
Joffre Formation (Phbj)
J3 ' - - .
J2 8 2.9 x 10" -2.3x10" |8.9x 107
o 6 a.2 x 107" -1 x 07’ 1.8 x 107
Whaleback Shale Member (Phbw) |
W8 5 2.3x10" -1.4x10" 6.9 x10”
Dales Gorge Member (Phbd)
BD 1 2 x 107
2. FOOTWALL UNITS
East Footwall Fault
EFF , ] 4.6 x 107
Mt McRae Shale (Phr) ' 4 9.7 x 107 -7x10" |5.5x10"
Mt Sylvia Formation (Phs) 7 1.4 x 10" -4x10” Jle.2x10™"
Wittenoom Dolomite (Phd) 1 1 x 10
3. WHALEBACK FAULT ZONE
a) Footwall Units
Mt McRae Shale - -
Mt Sylvia Formation 10 7x107 -8.2x10" 8.8 x 107"
Wittenoom Dolomite 2 1:2x 107 - 1.3x10" (6.6 x 10
b) Jeerinah Formation Units 3 2.7 x 10 -50x10" |2 x 10"
4. JEERINAN FORMATION (Pfj)
Dolerite ¢ - - -
Shale B - - -
Dolerite B 4 3.2 x 107" - 1.5 x 107 [4.8 x 107
Shale A 9 1 x 107 -2 x 107 4.6 x 10°°
Dolerite A 21 P x 107 -3 x 107" [12x 107
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Taken in isolation, these permeability results can be misleading, and so it is also
useful to look at the standing water levels, the structure and the permeability
data in order to form a complete picture of the permeability of the North Wall.
For example, the permeability of the rock itself is secondary and faults, joints
and bedding planes will have the major effect on rock mass permeability.
Examination of the diamond drill core also indicates that the primary
permeability of the rock is extremely low, and that the secondary permeability
will be highly anisotropic and dependent upon the predominant orientation of

discontinuities.
7.7 CONSIDERATION OF DEPRESSURIZATION OF THE NORTH WALL

Before addressing the problem of depressurizing pit slopes in the North Wall, it is
important to consider if such depressurization is necessary for slope stability

considerations.

Present slope stability calculations indicate that all formations south of the WFZ
will need to be depressurized whereas the Jeerinah Formation north of the WFZ
will not (refer to Chapter 10). However the overall stability of the Jeerinah
Formation is not certain and therefore there may still be a requirement to

depressurize north of the WFZ.

With the current rate of mining of approximately one bench per year (ie. 15m)
depressurization of formations south of the WFZ is occurring by gravity drainage
(refer to Figures 7.2 and 7.3). This confirms the permeability data for the Joffre
Member of 10_6 to 10_7 m/s which indicates that gravity drainage will work
effectively.

However the permeability data for structures north of the WFZ (ie. 10_7 to 10_9
m/s) indicate that gravity drainage and simple pumping will not work and that
some form of artificial depressurization such as vacuum assist may be

necessary.
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Detailed analytical and numerical modelling of the likely requirements for pit
slope depressurization have been undertaken by Australian Groundwater
Consultants (Ref 7.2) and their work indicated that horizontal drain holes 40m
long spaced 10m apart on every bench would be the most effective way of
depressurizing the Jeerinah Formation. This was based on a bulk permeébility of
10-9 m/s for the dolerites and 10_8 for the shales.

However this proposed depressurization scheme suffers from several major
disadvantages as follows:

° The cost of installing such a large number of horizontal drains would
be high.

It would only depressurize a relatively narrow skin of the North Wall
immediately adjacent to the pit face even if it were to work
successfully. It would do nothing to stabilise potentially deep-seated

failures in the Jeerinah Formation.

There is no guarantee that such a depressurization scheme would
work. Conversely strain relaxation due to stress relief may actually
increase the permeability such that depressurization occurs naturally

anyway.

Given the above, a re-assessment of the feasibility of depressurizing the North
Wall was undertaken (Ref 7.2). This work indicated that although a general
theoretical approach to the depressurization of large slopes has been given by
Brown (Ref 7.4), it is not always universally applicable. Brown relates the
coefficient of consolidation, Cy » to the permeability k, and the specific storage

SS as follows:

¢, = 1</SS (7.1)
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where

k the coefficient of hydraulic conductivity (permeability) is
defined as quantity of water which flows through a unit area of
material under unit head gradient. It has the units [L/T].

S the specific storage is defined as the volume of water which is
produced from a unit volume of saturated material when it is

subjected to a unit head reduction. It has the units [L—l].

c is called the coefficient of consolidation in soil mechanics with
. 2
units [L~/T].

This relationship indicates that a material with a high permeability and a small
storage capacity will be easy to drain. Conversely, a low permeability and a high
storage capacity material will be difficult to drain. The coefficient of
consolidation, Cy» is essentially a parameter used in the field of soil mechanics
and is a measure of the time taken for a change in head to occur in the ground
and is therefore useful when considering depressurization of slopes.

If we consider typical values for k and S S for the North Wall of Mt Whaleback we

get: k = 10~ m/s and S¢ = 107> m_l, and from the above equation we would get
c, = 10_3

marginal class for depressurization by horizontal drains.

m2/s. Brown (Ref 7.4) quotes rocks with such Cy values as being in the

Another factor to consider is the possibility of depressurization by unloading.
This effect is common in excavated clay slopes where negative pore water
pressures or suction pressures are generated due to the low permeability of the
clay and the reduction in overburden stress. However, the c, values for the

North Wall rocks are much too high for this to occur.
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In order to determine actual ¢, values in the field either vertical holes or
horizontal drains could be used. However pump testing in vertical holes is likely
to produce very low flows. Flows from horizontal drains are likely to be more
effective but the piezometric head should also be monitored in this case. Even
though the mass permeability of the North Wall rocks is low, most of the water
movement is confined to small joints and discontinuities. Therefore even a very
low flow in terms of quantity of water could produce a dramatic effect in terms
of depressurization. However the time taken for full depressurization of the
slope up to and including the natural phreatic surface may still take several

years because of the overall low permeabilities.
7.7.1 Flow Through A Single Fracture

Permeability of jointed rock has been studied by several workers (Refs 7.5, 7.6,
7.7, 7.8). The most commonly accepted equation for flow through a single
fracture is based on the theory of flow between two parallel plates. The cubic

law, as this equation is frequently called, is

q= ie3/12u (7.2)
where

q is the flow rate per unit width of the fracture,

e is the aperture separating the fracture surfaces,

u is the absolute viscosity of the fluid, and

i is the head gradient. This may be related to Darcy's

law.

g =kia=kil/n (7.3)
where

a is the width of material which would contain one

fracture.

n is the number of fractures per metre
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Thus, from equations 7.2 and 7.3 the relationship between k and n is
given by

k= n 3/ 12u (7.4)

Taking the viscosity of water as u = lO—7 ms, the theoretical
relationship between fracture aperture (e), frequency (n) and
permeability (k) is shown in Table 7.6.

TABLE 7.6
THEORETICAL APERTURE PERMEABILITY RELATIONSHIP

Frequency Fracture aperture e (mm)

n (m-1) k=10-T(m/s) k=10"8(m/s) k=10—9(m/s)
0.3 0.074 0.035 0.016
1.0 0.050 0.023 0.010
3.0 - 0.035 0.016 0.007

Because of the roughness of real joint surfaces, hydraulic flow is not as efficient
as that assumed in the parallel plate theory. The actual average joint aperture
to produce a given material permeability is likely to be in the range 1.5 to 2.5
times the tabulated values (Ref 7.9). Even after applying this factor, the joint
apertures required to produce permeabilities in the range 107~ to 1077 m/s are

very small.

The reduction in stress caused by mining reduces the overburden stress which
effects both the vertical and horizontal stress components. Discontinuities
orientated parallel to the slope will tend to open very slightly in the zone of
stress reduction and hence increase the overall permeability. This can be

quantified very approximately by using the cubic law, ie. equation 7.2 above.
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To demonstrate the effect of overburden removal, it can be assumed that the
overburden stress beneath the ground would be 3 MPa for every 100m depth.
Further it can be assumed that the normal stiffness on rocks would be
approximately 80,000 MN/m3 in the stress range 1 to 5 MPa, then a stress
reduction from 4 to 1 MPa would cause an increase in the average aperture from
0.39mm to 0.43mm (Ref 7.9). According to the cubic law this would be expected
to increase the permeability by 34% which is very significant. The actual
stiffness and joint apertures for North Wall rocks may be slightly different to
those quoted in the example above but nevertheless this still indicates the effect
of overburden removal.

7.8 CASE STUDIES

Other open pit mines around the world have also presented significant pit slope

depressurization problems in low permeability rocks.

Work by Hoek (Ref 7.10) has shown that Lornex Mine in British Columbia has
rock mass permeabilities around 10—7 m/s and there has been a great deal of
argument on whether the slopes can be drained. Alternative evaluations have
been carried out on the merits of drainage adits versus horizontal drains and

there has been no clear resolution of this issue on a theoretical basis.

Horizontal drains, up to 300m long have been installed, following a trial drainage
program, and the general consensus is that they have resulted in significant
depressurization — at least enough to have justified the expenditure and to
permit safe mining beneath the slopes. The drainage mechanism appears to be
related to the penetration of zones or compartments of higher permeability
within a rock mass which, on a global scale, appears to be impermeable. Early
borehole pumping tests and permeability measurements on this site were not

very encouraging.
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Ref 7.11 describes work at Twin Buttes mine in Arizona where depressurization
of a clay rich rock slope was carried out by means of an adit with fans of drill
holes. The overall permeability of the material was around 10_8 m/s. The fans
of drill holes are about 120m apart. Depressurization occurred slowly over many
months. Beyond the Whaleback Fault Zone the North Wall rocks at Mt Newman
are not expected to be clay rich therefore, depressurization is expected to be

easier at the Mt Newman mine than at the Twin Buttes mine in Arizona.

The paper by Sharp (Ref 7.12) on the Jeffrey Asbestos mine in Quebec explains
how a combination of drainage methods was used to stabilise a major rock slide.
It had previously been concluded that drainage of the intact rock would be of
little benefit because of its low permeability. However, once the major slide had
commenced, a fairly well defined shear zone with high permeability (due to
dilation of the rock on shearing) developed. Surface water drainage was
introduced to minimise recharge into the slide area. Moreover, horizontal drain
holes were drilled and those penetrating the base of the slide pfoduced
significant flows. Temporary closure of one of these produced a water pressure
of 520 kPa. After three months drainage, closure of the hole produced a
pressure of only 35kPa. It is inferred from these groundwater investigations
‘that drain holes in the correct locations, would be useful in controlling a rock
slide if it commenced, even if low permeability made depressurization of the

intact rock mass uneconomic.

Hoek (Ref 7.10) also quotes work being undertaken at Fushun West open pit in
China, horizontal drain holes are being used to depressurize a slope in shale.

The shale foliation dips into the wall at about 20° and the permeabilities values
are low across bedding (10_8 m/s) but much higher parallel to bedding (3 x 10—6
m/s). Groundwater was close to the crest at each bench, apparently dammed up
on shale beds. Horizontal drain holes (actually inclined up to cut through beds)

have successfully drained this material.
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7.9

CONCLUSIONS

The permeabilities of the North Wall rocks are low and on an initial
assessment would indicate that depressurization would not be
practicable. The permeabilities obtained for the Jeerinah Dolerites in
particular are extremely low (7 x 10_9 m/s) and it is possible that
these results are low because of the falling head test method adopted.
Future groundwater work should confirm these results with the rising
head method.

Horizontal drain holes are likely to be useful to depressurize the North
Wall rocks. However, if the ratio of permeability to specific storage
k/S S of the rock mass is less than 10_'4 m2/s, depressurization will be
relatively slow and difficult.

The exact layout of a horizontal drainage system is dependent upon
the size of the potential unstable zone. Considering the potential size
of these failure zones as outlined in Chapter 10, .it is likely that
horizontal drains up to 200m long will be required.

Horizontal drains are theoretically not feasible because of low

permeability of the in-situ rock (the Jeerinah Formation). However,

use of such drains may still have beneficial effects because:

(@) an increase in the aperture of joints aligned approximately
parallel to the rock slope may occur due to stress relief,
(b) the ability to drain will be enhanced on any slide surfaces on

which slight shearing accompanied by dilation, has occurred.
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Recharge of groundwater due to surface water infiltration should be
prevented by careful surface earthworks to prevent ponding. This is
important because any water that gets in, however small, would create

further problems of depressurisation of this low permeability rock.

Groundwater will have a significant effect on the stability of the
North Wall and stability analyses should be undertaken assuming no
drawdown for the Jeerinah Formation. This would be the worst case
at least in the short term. This aspect has in fact been considered in
Chapter 10 where the effect of this assumption on overall stability
analyses is explained. However it should be re-emphasised that
stability is the primary factor determining whether depressurization is
necessary or not. High groundwater pressures are not a problem on
their own but only in relation to their effect on stability.
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PHYSICAL PROPERTIES AND ROCK MASS SHEAR STRENGTH

8.1 INTRODUCTION

Previous test work (Refs 8.2, 8.8, 8.9, 8.13, 8.16) and stability analyses (Ref 8.14)
highlighted _the problem of potential instability on the North Wall due to the
relatively low shear strengths assigned to possible failure surfaces. Specifically,
the Jeerinah Shale A and Shale B units dip towards the south behind the
Whaleback Fault Zone (WFZ) and the potential for failure along these Jeerinah
Shale units became a critical factor in the stability analyses. For large scale
overall slope failure, potential failure surfaces have most of their length in
Jeerinah Shale and a relatively small proportion of their length in either the WFZ
or the Brockman Iron Formation. Hence the shear strength of the.Jeerinah Shale
became of paramount importance for the determination of the overall stability
of the North Wall.

Shear strength values assigned to the Jeerinah Shale in previous work
(Refs 8.12, 8.14) were based on :

(a) shear strength test data of both discontinuities and reconstituted

material, and

(b) back analyses of previous failures on shale units on Mt Whaleback.
This however did not include any back analyses of failures within the

Jeerinah Shale unit since no failures have occurred within it.

The above sources of information gave shear strength parameters for the
Jeerinah Shale of ¢ = 40 kPa, Dr = 19°. Using these strength values it was clearly
demonstrated that the stability of the North Wall was marginal at best.
Groundwater pressures played a key role in the stability analyses and would have
to be decreased dramatically for the North Wall to be even marginally stable.

This conclusion appeared to be very conservative and detailed testing of the
weakest zones ('disturbed' zones) within Jeerinah Shale was considered to be
most desirable. There are some important points to note in relation to the

strength of these 'disturbed' zones as follows:
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(@)

(b)

(©

@

Laboratory testing of these 'disturbed’' zones involved failure of core
samples in either uniaxial or triaxial compression. The classical
conical failure of a core specimen was rarely developed unless the
disturbance was completely ubiquitous. In some cases the samples
simply broke apart rather than failing due to a shearing mechanism.

All previous failures on Mt Whaleback have involved relatively low
strength materials with failure occurring along pre-existing
discontinuities. This has almost always involved failure along bedding
at the toe of a slope although failure through a combination of joint
sets has occurred higher up along the failure surface. It is almost

certain that no failures have occurred through intact rock.

Back analyses of all previous failures have indicated shear strengths
considerably lower than those obtained from the present testing of
samples of rock material which, in its geological history, has been
'disturbed' (referred to as 'disturbed' samples in all subsequent
discussions).

It should also be emphasised that there is a wide variation in strength
values obtained for these 'disturbed' samples. This is to be expected
since different locations have undergone varying degrees of
disturbance. However this does create problems when efforts are
made to group data sets together and determine realistic shear

strength values. This point is discussed in detail in Section 8.3.

The above points may simply indicate that failure along these 'disturbed' zones

in the Jeerinah will not occur, rather than indicate that strength values obtained

from laboratory testing of 'disturbed' samples (reported in this Chapter) are an

overestimate of the true strength. Nevertheless, these points are important and

have led to a cautious approach for pit wall design.
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8.2 PREVIOUS TEST WORK

Considerable physical testing of rocks from Mt Newman has taken place over the
past 15 years and a comprehensive list of this previous test work with the results
is given in Table 8.1.

The initial test work was undertaken by Dames & Moore in 1972 and subsequent
work has been undertaken by Golder Associates, Julius Krutschnitt Mineral
Research Centre, Dames & Moore and BHP Engineering (Refs 8.2, 8.8, 8.9, 8.13,
8.14, 8.16).

Early work by Dames & Moore in 1972 concentrated on the Jeerinah Formation,
Mt McRae shale and the Brockman Formation materials. Further work by Dames
& Moore in 1981/82 also concentrated on Mt McRae shales and the Dales Gorge
Member shales. Work by the Julius Krutschnitt Mineral Research Centre in 1983
concentrated on the Jeerinah Formation and on the Fault Shale. Golder
Associates have tested many different lithologies, including the Jeerinah
Formation, Mt McRae shale, Whaleback shale and Fault zone shale.

It can be seen from Table 8.1 that the majority of the early test work was either
unconfined compressive strength tests (UCS) or Hoek shear box tests. The UCS
test is a useful indicator of rock strength but is relevant only to intact rock
samples. Very often it is only the intact competent rock samples that are tested
in the UCS test, and not weak rock samples.

On the other hand, Hoek shear box tests are always conducted on existing
discontinuities or on sawcut samples. Additionally, the Hoek shear box test can
prove to be unreliable in many cases, unless extreme care is taken with the
testing procedure and the analysis of the results. (For example, the normal loads
used on samples are often too high, the strain rate cannot be controlled easily,
and the sample size is often very small in relation to the size of the cast block

resulting in sample rotation problems, etc etc.)
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The results of this initial test work indicated that it was reasonably
straight-forward to determine strengths of discontinuities (although past results
have been the subject of some criticism - Ref 8.11); the residual strengths of
sheared, remoulded material; and the strength of the intact rock. However it
was not easy to determine the rock mass shear strength relevant to pit wall
stability and this initial test work was really based on an over-simplified view of
rock mass shear strength and its measurement.

8.2.1 Previous Results

A tabulated summary of the previous test results is given in Table 8.1. This
Table indicates the lithology, the sample type and the test type as well as the
source of the data. It can be seen that there is a wide range in the results
particularly for Hoek shear box tests (designated SHC in Table 8.1). The friction
angle results obtained are normally in the range of 18 — 30° for Mt Whaleback
rocks.

There are of course some exceptions with clays generally having lower friction
values (the lowest being 9° for a conventional shear box test on remoulded clay).
However for rocks, the range of 18 —30° appears to be the right order of

magnitude.

Nevertheless, some previous shear tests on discontinuity surfaces had fairly low
friction angles but high to very high cohesion values (see Table 8.1). In general
these values of apparent cohesion quoted for shear tests on joints and bedding
are in the order of 100 - 500 kPa.

The validity of these results must be questioned and this data has already been
critically examined for the Mt McRae Shale and found to have serious
deficiencies (Ref 8.11). In addition, the contributions of sample size, ram
friction, high normal stresses and variations in the roughness angle on the
sample, have not been considered properly. Thus there are significant

uncertainties in regard to these and the results cannot be considered reliable.
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Therefore it was considered difficult to select a realistic cohesion value to

represent rock mass shear strength based on previous shear strength tests.

The unconfined compressive strength results are also of variable reliability and
those tests which looked suspect were excluded from consideration. From the
data presented in Table 8.1, there is a considerable number of tests for the
Mt McRae Shale (31), the Jeerinah Shale A (10), the Jeerinah Dolerite B (12) and
for Fault Shale (31). These results also show a wide range of values, however,
reasonable confidence can be placed on only some of them. For example, the
Mt McRae Shale and the Jeerinah Shale A have UCS values of approximately
50 MPa, whereas the Dolerites have much higher strengths and range from 80 -
118 MPa. The Fault Shale had a measured UCS value of 10 - 15 MPa, although
the actual UCS of the Fault Shale may be considerably lower than this since only

reasonably competent samples would have been selected for testing.

It is important to stress here the meaning of the UCS results quoted in
Table 8.1. They are only the compressive strength values of the sample selected
for testing. The ISRM recommends at least five specimens be tested before one

UCS result is quoted in order to overcome the natural variability in rock strength.

However where the sample is 'disturbed’ or weathered, there can still be a wide
variation in UCS values. For the purposes of determining rock mass strength, it
is therefore important to consider the condition of the rock and its compressive
strength, as well as its friction angle, or in the case of non-linear failure

criteria, its m and s values (see Appendix B).

Table 8.1 also lists m and s values which have been calculated for the Mt McRae
" Shale and the Joffre Shale. For the Mt McRae Shale the values were described
in detail by Hoek (Appendix C) and for the Joffre Shale were described by BHP
Engineering (Ref 8.16). These curved failure envelopes were considered to be
useful to assess the rock mass shear strength of these particular lithologies and

are therefore quoted in Table 8.1.
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Finally, it should also be noted that some of the earlier shear box test results did
not include the values of apparent cohesion or the non-linear nature of the shear
strength envelope for the various defects tested. A single parameter of shear
strength'(such as a single value of internal friction angle) makes it impossible to
determine the actual rock mass shear strength. Although it is appreciated that
discontinuities should theoretically have zero cohesion, in practical terms they
may have a small value of cohesion. Even if Patton's bi-linear failure criterion
is used (Ref 8.1), where two friction angles are quoted, one for use in the low
stress region and the other angle used in the higher stress range, a cohesion value
should be quoted for the second (high stress) friction angle so that the shape of
the failure envelope can be determined. Without this cohesion intercept the
point of intersection of the two friction angles cannot be determined.
Alternatively, the effective normal streés at which the slope failure envelope

changes should be quoted.

Having critically examined the uncertainties and limitations of previous testing
met