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Letter of Transmittal

Geological Survey Office,
Department of Mines,
Adelaide,
South Australia 5000

11th December, 1972

Sir,

1 submit a report by J. P. Trudinger, Assistant Senior Geologist, on the
Engineering Geology of the Kangaroo Creek Dam.

The need for a second damsite in the Torrens Gorge was recognized by the
Engineering and Water Supply Department many years ago. The first geological
investigations in the vicinity of the present dam were carried out by the Mines
Department in 1949. Investigations recommenced ten years later and led to final
selection of the present dam site, based on geological factors. A critical examination
of this site in the mid 1960’s led to design changes from a concrete arch dam to

the concrete faced rockfill embankment structure, construction of which was com-
pleted in 1969.

Because of geological features of the site, and of their interrelationship to
engineering design, officers of the Engineering Geology Section of the Department
of Mines were associated with the project from about 1964. During construction,
the author was stationed at the site as project geologist, to advise on day to day
problems, and to record the geology of the site as construction progressed.

As a result, the recording of this project has been the most thorough ever
attempted in South Australia.

In the successful completion of the dam, due credit must be given to the design
and construction engineers of the E. & W.S. Department and to the construction
contractors. However, their task must have been assisted very materially by the
continuous availability of a trained engineering geologist throughout the construction
period. The present report will be a valuable reference for future engineering
projects of a similar nature, involving difficult site conditions.

Approval is sought to publish this report as a Bulletin of the Geological Survey
of South Australia.

BRUCE P. WEBB, Government Geologist

To the Honourable D. A. Dunstan, M.P.,
Minister of Development and Mines.

D. A. DUNSTAN, Minister of Development and Mines



Frontispiece— -
Kangaroo Creek Dam, looking west
with City of Adelaide in background.
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ENGINEERING GEOLOGY OF THE
KANGAROO CREEK DAM

SUMMARY

The Kangaroo Creek Dam, located in the Mount Lofty Ranges 14 miles
northeast of Adelaide, has been constructed to provide additional storage
for the Adelaide water supply.

Geological factors led to the selection of the Kangaroo Creek Dam site
instead of two other localities. Consideration of the effects of geological
weaknesses resulted in rejection of the initial concrete arch dam design in
favour of a concrete faced rockfill embankment. The bulk of the embank-
ment was constructed of weak schistose rock from the excavation for the
spillway which was located on the left bank.

The results of systematic geological investigations carried out throughout
the construction of the project were recorded to provide a comprehensive
factual account of geological conditions at the site. The detailed under-
standing which emerged from these investigations of the nature and proper-
ties of the rock substances and rock masses at the site, contributed to the
solution of many of the day to day problems of construction and led to
several significant modifications of the design of some features of the
project.

The presence of clay-filled seams in the left bank resulted in numerous
minor stability problems in the excavation batters, and necessitated
numerous foundation treatments beneath the concrete structures.

Consideration of the mechanism of past slide movements on the left bank
suggested that further movements would probably occur under operating
conditions. Measures were undertaken to protect several project features
from damage which could result from rock slides.

The major problems involved in the excavation and placement of the
rockfill materials were attributable to the weak, anisotropic nature of the
schistose materials at the site and to the complex weathering profiles.

High densities and shear strengths were developed in the embankment
as a result of the high degree of compaction which was achieved by break-
down of the weak, schistose materials. Stronger materials placed beneath
the upstream face and at the base of the embankment ensure that these
zones have adequate permeability to accommodate any leakage from the
reservoir.

Consideration of the effects of geological factors on the efficiency and
applicability of the various construction techniques led to several improve-
ments during construction, and suggested other ways in which the
techniques could be improved for future projects.



INTRODUCTION

The Kangaroo Creek Dam is located in the River Torrens Gorge, 14
miles northeast of Adelaide (Fig. 1). The dam has been constructed as
part of the metropolitan water supply scheme, to store water pumped from the
River Murray via the Mannum-Adelaide Pipeline, as well as increasing the
annual yield of the River Torrens through 112 square miles of catchment

area. At full supply level (800 feet above sea level) the reservoir will con-
tain 6,000 million gallons of water.
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Fig. 1. Regional geology; simplified plan and section.

The Kangaroo Creek Dam project included a 200 feet high rockfill

dam and an 840 feet long spillway, constructed by private contractors on
behalf of the Engineering and Water Supply Department.

The author has been associated with geological investigations for the
project since 1964. Throughout the main construction period (February,

15



Fig. 2. View of rockfill dam and spillway near completion. Reservoir in background is
partly filled.

1968 to October, 1969) the author was stationed at the site as resident geolo-
gist in the construction team. During this period the main objectives of the
resident geologist were:—
1. To assist and advise the resident engineer on geological factors
affecting construction.
2. To keep a complete record of the geological conditions revealed
during construction.
3. To compare the actual geological conditions with those pre-
dicted at the design stage.

This report is divided into four sections:—
1. Background. The relevant geological factors are described
and the history of the project is summarized.
2. Site geology. The detailed geology of the site—the physical
properties, weathering effects and structural features of soil
and rock substances are described.

3. Construction. The geological conditions revealed during con-
struction are recorded, mainly in the form of detailed
geological drawings.
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4. Evaluation. The main geological problems encountered during
construction are described and discussed. The effects of
geological factors on the efficiency and value of various con-
struction techniques are examined, and some suggestions are
made to improve the techniques. The role of the engineering
geologist as part of the construction team is also discussed.
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BACKGROUND
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HISTORY OF PROJECT

Site selection studies

Preliminary investigations for a dam on the River Torrens in the vicinity
of Kangaroo Creek, were carried out as early as 1949 (Miles, 1950). During
the period 1959 to 1960, geological investigations were made at two sites;
one (Site No. 1) near the confluence of Kangaroo Creek and the River
Torrens, and the other 900 yards downstream, near Batchelor’s Bridge
(Site No. 2). These investigations were made to determine the most suitable
site for the construtcion of a 140 feet high concrete dam.

(1) Dam Site No. 1. The investigations consisted of geological map-
ping and the drilling of 13 diamond drill holes. This work showed that the
site comprised a U-shaped valley, the floor of which was 200 feet wide and
underlain by up to 20 feet of alluvium. Rock exposed in the abutments

S S

UPSTREAM OUTLINE e
N — rngr

TREAM OUTLINE §

-

Fig. 3. Site before construction; outline of proposed dam is shown.
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were dolomitic sandstones and slates, with numerous solution cavities along
joints in the calcareous rocks. The results of these investigations are
described by Miles (1950; 1951) and Hillwood (1959).

(2) Dam Site No. 2. A reconnaissance geological examination of this
site indicated that the rock consisted of non-calcareous, metamorphic rocks
(schists and gneisses) of Precambrian age.

Due mainly to the well known difficulties associated with dam con-
struction on calcareous foundations, Site No. 1 was rejected in favour
of Site No. 2, which also had distinct topographic advantages with its narrow
valley and steeper walls, and a larger potential storage volume.

Feasibility stage investigations

The steep, narrow profile of the valley and the apparently high propor-
tion of strong rock outcrop suggested that Dam Site No. 2 was ideal for a
concrete arch dam. During 1960 an exploration programme consisting of
sufficient geological mapping to enable “bedrock maps” to be prepared, and
diamond drilling, was carried out at this site to determine its suitability for
construction of a 140 feet high dam (Hillwood, 1960).

Nine cored holes were drilled, eight to test the foundation conditions,
along the line of the proposed dam and one to check the possibility of leak-
age from the reservoir in a gully to the southeast of the dam site. The holes
were water pressure tested at 10 feet intervals.

The diamond drilling was carried out using ‘NX’ core barrels, and one
or more losses of up to two feet of core occurred in most of the holes.

As a result of these investigations it was decided to proceed with the
design of a concrete arch dam to be constructed at Site No. 2.

Re-assessment and detailed investigation for a concrete arch dam

In 1963 it was decided to change the design of the dam to that of a
200 feet high, double curvature concrete arch. During the following year a
systematic geological investigation was carried out, including detailed outcrop
mapping on a scale of one inch to 20 feet and a new programme of diamond
drilling using ‘NMLC’ coring equipment.

A detailed account of this investigation has been given by Stapledon
(1966).

The investigation revealed the presence in the left abutment of numerous
zones of weakness, some up to two feet wide and containing seams of soil
materials. These zones were correlated with the core losses in the first
diamond drilling programme. The nature of the seam materials and the
results of surface mapping indicated that many of the seams were related
to small slide movements.

To further assess the extent and nature of these foundation weaknesses,
two exploratory adits were excavated in the left abutment. The adits con-
firmed the disturbed nature of the rock mass.
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This exploration led to considerable doubt as to the ability of the foun-
dations to withstand the wide variation of stresses which would be trans-
mitted through a concrete arch structure. The area of investigation was
then extended to determine whether better sites were available within 600
feet in a downstream direction. However, similar conditions were revealed
for each of the new sites investigated.

It was therefore decided to consider other types of dams.

Design stage investigations for a concrete-faced rockfill dam

It was evident from the investigations carried out for the concrete arch
proposals that the site was suitable for the construction of any one of several
types of rockfill dam. The proximity of deposits of usable rock and the
absence of nearby deposits of suitable core materials, resulted in the accept-
ance of a concrete-faced rockfill design.

The investigations for various arch sites had included most of the site
chosen for the rockfill dam, considerably reducing the design stage investiga-
tion requirements. The following supplementary investigations were carried
out:—

1. Extension of the detailed geological mapping on a scale one
inch to 40 feet.

2. Excavation of two hand trenches in the grout cap area and
three bulldozer trenches in the spillway area.

3. Drilling of five diamond holes totalling 780 feet in a proposed
quarry area downstream of the site.

4. Testing of rock materials. Comprehensive reports of factual
geological data were compiled for prospective contractors.
(Painter and Trudinger, 1967; Trudinger, 1967a; Trudinges,
1967b.)

ADOPTED DESIGN OF PROJECT

The purpose of the project is to impound a storage of 6,000 million
gallons of water and to release this water as required into the Adelaide metro-
politan reticulation system.

The project may be divided into four main parts:—

Dam embankment.
Spillway.

Outlet and diversion works.
Quarries.

The layout of the main project features is shown in Fig. 4.
23



SCALE

FEET 40 0 40 80 120 160 200 FEET
[ == e === s =——

METRES 20 0 20 40 60 80 METRE
== : f——]

ACCESS ROAL

R o oGS BERM INTAKE
™ STRUCTUR
! I3 ’ 5
gt // / EMBANKMENT ;
| IR ) &
— 2077000 FT. N - / . / L B g 2077000 FF. N
‘ \ | o'vf
LEFT A - X
ST HENT & BATCHELORS _BRIDG

BLOCK 8
e
2 /,

QUARRY No. 1

;
2
I

SPILLWAY EXCAVATION

—— 532000 FT. €.

70-625 Del C RS Bullas

$ 4 Depe ol

Fig. 4. Site plan.

I P

Dam embankment

The 200 feet high dam consists of a zoned embankment of trapezoidal
cross-section, composed of rockfill, placed and compacted in layers. A con- ‘
crete membrane on the upstream face renders the dam watertight and is con-
nected to the foundation rock around the upstream perimeter of the structure,
by a concrete grout cap. A 50 feet wide berm extends one quarter of the way
up the downstream face of the embankment. ‘

Spillway

Provision for discharge of overflow water is by means of an 880 feet long
concrete-lined, side-channel spillway with a 320 feet long overflow lip at the
upstream end and terminating at the downstream end in a ski-jump.

The safe discharge capacity of the spillway is 24,000 cusecs which repre-
sents a one in one thousand year flood.
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Outlet and diversion works

An 870 feet long diversion tunnel beneath the right abutment was used
for diversion of the River Torrens during construction. The intake structure
consists of a concrete tower inclined against the right bank immediately
upstream of the diversion tunnel. Water from the reservoir is released by
valves in the intake structure to flow along outlet pipes in the diversion
tunnel, up the access shaft, through a screen chamber located on the down-
stream berm of the embankment into the Kangaroo Creek Trunk Main and
thence to the metropolitan distribution system. A separate piped outlet which
leads through the tunnel to two hollow jet valves discharging into the River
Torrens, provides water for riparian rights.

Quarries

The rockfill for the embankment was obtained from six main quarries,
five of which were excavated specifically for the project (Fig. 5) and the
other, an existing commercial quarry.

1. Spillway excavation. The bulk of the material for the embankment
was obtained from the excavation for the spillway. This excavation consists
of a series of five 50 feet high benches separated by 15 feet wide berms, and
a channel up to 40 feet deep and 40 feet wide.

2. Quarry No. 1. This quarry is located immediately downstream of
the spillway. Material from it was used in the lower parts of the embank-
ment and in the downstream berm. The excavation consists of six benches,
50 and 75 feet in height, with berms 15 to 40 feet wide.

3. Quarry No. 2. This quarry is located 1,000 feet southeast of the
upstream end of the spillway. Material from it was used in the upper part
of the embankment. The excavation consists of a single, three-sided bench
up to 70 feet high.

4. Zone 1 Quarry. This quarry is located one and a quarter miles north-
east of the dam. Material from it was used in the outer zone of the
embankment, beneath the upstream face. The excavation consists of a
single three-sided bench up to 50 feet high.

5. Road spoil—contract variation No. 7. Loose spoil materials from
the lower right bank of the River Torrens, a half a mile downstream of the
site, were used in the lower part of the embankment.

6. Riverview Quarry. This privately owned quarry situated three miles
downstream of the dam, provided some of the material used in the upstream
toe of the embankment. The material was obtained from several parts of the
quarry complex.

CONSULTANTS
During the latter part of the investigation for a concrete arch dam, expert
opinion was sought from geological consultants D. G. Moye (then Chief
Geologist, Snowy Mountains Hydro-¢electric Authority) and Professor E. A.
Rudd (then Professor of Economic Geology, University of Adelaide). In his
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capacity as consultant to the Engineering Geology Section, South Australian
Department of Mines, Professor Rudd retained an interest in the project
throughout all stages.

In designing the concrete faced rockfill dam, the Engineering and Water
Supply Department obtained advice from American consultant J. Barry
Cooke. Mr. Cooke made regular six-monthly visits to the site during con-
struction, and was consulted on many of the problems which occurred during
this stage.

REGIONAL GEOLOGY
Physiography

The dam and reservoir are located on the western side of the Mount
Lofty Ranges (Fig. 1) which form part of a major mountain chain extending
from the southern coast to the northern border of South Australia. In the
vicinity of Adelaide the ranges are bounded to the west by coastal plains of
the St. Vincent Basin, and to the east by plains of the Murray Basin.

The ranges consist of a series of ridges and dissected plateaus trending
north to northeast and tilted to the southeast. Several rivers are deeply
entrenched in the western part of the ranges and follow a westerly direction
across the trend of the ranges, before discharging onto the plains.

The River Torrens, on which the Kangaroo Creek Dam is situated, has
its head-waters 15 miles east of the site. From the dam to the edge of the
plains (a distance of three miles) the river flows in a narrow steep-sided gorge
600 to 800 feet deep, and the river grade averages 100 feet per mile. Across
the coastal plain, a distance of 15 miles, the grade averages 15 feet per mile
and the river meanders in an alluviated terraced valley up to 50 feet deep
and 1,300 to 5,000 feet wide.

Stratigraphy and structure

The geology of the region has been mapped by Sprigg, Whittle and
Campana (1951) on the 1 : 63,360 Adelaide map sheet, and has been
described in Parkin (1969). The geological succession is summarized in

Table 1.
TABLE 1
GEOLOGICAL SUCCESSION
Age Description of materials Environment of Location
deposition
Quaternary ........ Clays, gravels and sands  Fluvial and lacustrine. St. Vincent Basin
Clays, silts, sands ...... Marine (shallow) and
estuarine
Tertiary............ Lateritic sandstone .... Terrestrial........... Mount Lofty Ranges

Limestones, sandstones,
marls, sands, etc.
Sands, clays and lignites

Marine (shallow) ....

Lacustrine

St. Vincent Basin

Precambrian
(Adelaide System)

Slates, quartzites, dolo-
mites, phyllites and
tillites

Marine (geosynclinal)

Mount Lofty Ranges
(also underlying St.
Vincent Basin)

Older Precambrian
(Barossian)

Schists and gneisses .. ..

Unknown

Mount Lofty Ranges
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The stratigraphy and structure are shown in simplified form in plan and
section on Fig. 1. The older Precambrian rocks, in which the dam is located
occur within the Houghton Inlier, which is 20 miles long and up to five miles
wide, and extends northeast from Castambul. The sediments of the Ade-
laide System are folded into a series of broad folds trending in a north-
easterly direction.

Most of the major faults, including those bounding the Houghton Inlier,
were formed in Palaeozoic times. During and since the Tertiary period dif-
ferential block movements occurred along some of the Palaeozoic faults,
forming the Mount Lofty Ranges as a series of fault blocks tilted towards the
southeast with the St. Vincent Gulf to the west.

The relationship of the present topography to these fault blocks, is dis-
cussed by Sprigg (1945). Continuing relative movements along these faults
since Tertiary time have given rise in the St. Vincent Basin to several periods
of transgression with marine deposition, and regression with erosion and
terrestrial deposition.

Seismicity

The mountain chain which includes the Mount Lofty Ranges is one of the
most seismically active areas on the Australian continent, the major part of
which is considered to be seismically quiet (Doyle, Everingham and Sutton,
1968). Since systematic recording of shocks in South Australia commenced
in 1962, three to four minor shocks per month have been recorded. A map
showing locations of the main seismic events prepared by Sutton and White
(1968) shows that most shocks have been concentrated along the western
margin of the Mount Lofty and Flinders Ranges, and it is considered that
they represent small movements along the faults which formed the ranges and
adjacent gulf. Most of the shocks recorded have been of small magnitude
(Local Magnitude ( My ) less than three). However several moderate to
severe shocks have been recorded. ’

An earthquake of magnitude 6 on the Local Magnitude Scale, which is
equivalent to Intensity 8 of Modified Mercalli Scale, occurred near Adelaide
in 1954 and is believed to have been caused by small movements at shallow
depth along the Eden Fault (Fig. 1) which passes about three miles west of
the Kangaroo Creek Dam. This shock caused widespread minor damage in
the Adelaide metropolitan area (Kerr Grant, 1956). Several major faults
occur closer to the dam and one of these, the Kitchener Fault, passes within
600 feet of it (Fig. 5). This fault was formed in Palaeozoic times and does
not appear to have been reactivated during Tertiary and Recent times. A
prominent local lineament which crosses the Kitchener Fault near the dam
site (Fig. 5) may be the surface expression of a younger fault, along which
future movements could possibly occur.

GEOLOGY OF PROJECT AREA

The project area, shown in plan in Fig. 5, includes the dam site, spillway,
quarry, reservoir and disposal areas.
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Various aspects of the geology of this area have been described and
discussed by Spry (1951), Webb (1953), Talbot (1963) and Williams
(1967).

Topography

The area consists of a dissected plateau in which the Torrens River

valley is incised up to 800 feet deep, and 3,000 to 6,000 feet wide.

Between Castambul and Batchelor’s Bridge (Fig. 5) the River Torrens
has formed a steep-sided, rocky gorge with slopes ranging from 27 degrees
(1 on 2) to 90 degrees (vertical). The valley floor ranges from 40 to 80
feet wide and is mainly occupied by the river channel.

Upstream of Batchelor’s Bridge (Frontispiece), valley slopes are mainly
soil-covered and moderate to gentle (about 20 to 30 degrees) except on the
undercut side of the river meanders where slopes are up to 55 degrees (1 on
0.7). Several alluvial terraces occur, 10 to 70 feet above river bed level.
The river meanders over the valley floor which is up to 400 feet wide.
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Castambul Dolomite
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Fig. 7. Prominent fault separating Adelaide System rocks from Barossa Complex rocks;
Gorge Road deviation excavation, 4,000 feet downstream from Kangaroo Creek Dam.

Stratigraphy and structure

The distribution of rock units and major geological structures is shown
in plan and section on Fig. 5. The geological succession and descriptions of
thickness, lithology and location of rock units, are shown in Fig. 6.

The project area may be divided into two main parts:—

1. The area to the north and west of the Kitchener Fault and
bounded on the western side near Castambul by another
prominent regional fault (Fig. 7). This area is an anti-
clinal core known as the Houghton Inlier. The inlier contains
rocks of the Barossa Complex, except in the extreme south-
west corner where Barossa Complex rocks are unconform-
ably overlain by basal Adelaide System sediments.

2. The area to the south of the Kitchener Fault, occupied by
Adelaide System rocks.
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Barossa Complex rocks

These rocks apparently originated as sediments, however, meta-
morphism has destroyed almost all sedimentary features. Talbot (1963)
concludes that there were at least three periods of metamorphism. Evidence
of an initial high grade of metamorphism of the upper amphibolite facies
has been found in relic minerals which occur in parts of the complex. How-
ever most of the minerals are consistent with a lower metamorphic grade
of the lower greenschist facies produced by retrograde metamorphism.

Within the Barossa Complex in the project area two divisions have
been respectively described by Spry (1951) as augen gneisses and schists,
and granulites; and by Talbot (1963) as mica gneisses and quartz-feldspar
gneisses.

1. Augen gneisses and schists. These rocks have been almost com-
pletely altered by retrogression so that no relic minerals remain. The
dominant foliation shown as S1 on Fig. 10, is the one produced by the later
periods of metamorphism. However relics of an earlier foliation shown as
S2 on Fig. 10, occur in places.

2. Granulites. These rocks have been less severely affected by retro-
gression, and contain relic minerals such as garnet and andalusite. The
original foliation shown as S2 on Fig. 10 is quite prominent and in many
places dominates the later S1 foliation.

Spry (1951) has shown that the S2 foliation occurs in the form of
tight isoclinal folds in the augen gneisses and broad folds in the granulites.
The S1 foliation is fairly constant throughout the area, and dips slightly north
of east at 40 to 70 degrees.

Adelaide System rocks

These rocks originated from sediments derived from Barossa Com-
plex rocks which were deposited in the Adelaide Geosyncline. Although the
rocks have been considerably affected by metamorphic processes such as
recrystallization, many of the original sedimentary features such as bedding
remain. The metamorphic grade is that of the lower greenschist facies,
similar to that of the Barossa Complex rocks.

The argillaceous rocks contain a prominent cleavage or foliation which
is near-parallel to the bedding, and near the site area is also near-parallel to
the main S1 foliation in the Barossa Complex rocks.

River Torrens alluvium

These deposits which occur within the River Torrens valley may be
divided into two types:—

1. Contemporary river channel and flood plain deposits,
consisting of silty sands, gravels and boulders flanking the
river channel, which occur up to 10 feet above the normal
river bed level.
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2. Older valley deposits, consisting of cobbles, gravel, sands and
silts, which occur as remnants of terraces up to 70 feet above
present river bed level.

Summary of main geological events
1. Deposition of Barossa Complex sediments.

2. Severe regional metamorphism, faulting and folding (Carpentarian
Orogeny).

3. Retrograde regional metamorphism.

4. Prolonged erosion of Barossa Complex rocks and deposition of
Adelaide System sediments in the Adelaide Geosyncline.

5. Regional metamorphism, folding and faulting (Palaeozoic Orogeny).

6. Prolonged erosion of Barossa Complex and Adelaide System rocks,
resulting in peneplanation.

7. Laterization—development of lateritic crust on peneplain. Fault-
ing—mainly by block fault movements along Palaeozoic faults (Tertiary
Orogeny).

8. Erosion of Tertiary, Adelaide System and Barossa Complex rocks,
development of existing drainage system, deposition of valley sediments and
development of surface soils and weathering profiles.
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Part 2
SITE GEOLOGY



DETAILED GEOLOGY OF SITE
Topography
In the vicinity of the dam the channel of the River Torrens follows an
almost straight course in a westerly direction. The natural river bed gradient
is approximately 1 on 35.

The valley in this area is markedly asymmetric. On the right bank the
valley wall rises up to 750 feet above river level. The ground surface in the
lower 250 feet consists mainly of rock outcrops with slopes mainly greater
than 40 degrees and in places vertical to overhanging. The upper part of the
right bank valley wall is bisected by a prominent gully which extends for
almost one mile in a northerly direction. Slopes in this area range from 30
to 45 degrees with a general flattening towards the top.

The left bank valley wall rises up to 500 feet above river level and con-
sists of rocky ridges up to 100 feet wide trending upslope at right angles
to the river direction, and separated by soil-filled gullies, also up to 100 feet
wide. Slopes are mainly 30 to 45 degrees, flattening to 20 degrees towards
the top of the valley.

Soil substances

The skeletal soils in the site area are typical of the soils developed on
steep slopes in a temperate climate with moderately high rainfall. Two
horizons occur in most of the area and overly bedrock at relatively shallow
depth (mainly less than four feet). The physical and mineralogical charac-
teristics of these soils are given in Table 2. In the gully areas, transported
soils occur in slide deposits up to 20 feet thick. These soils consist of rock
fragments in a matrix of red-brown clay similar to the “B” horizon soil which
overlies bedrock.

TABLE 2
CHARACTERISTICS OF NEAR-SURFACE SOIL SUBSTANCES
Type of  Unified Classification  Fines Atterberg Limits of fines Mineralogy of
substance clay fraction
per cent
Topsoil ..... Sand, excess silty 23 to 39 Liquid limit:—Approximately
fines—(SM) 20

Plastic limit:—Not applicable Illite
to some. Up to 15 in
others
Plasticity index:—Not
applicable in some. Up to
6 in others

“B” horizon  Clay soil, high 42 to 80 Liquid limit:—20to 30 .....

plasticity, gravelly Plastic limit:—15to 18 ..... Illite, trace of
and sandy in kaolin
places.—(CH) Plasticity index:—6 to 10. ...

Slide debris.. Gravel, excess clayey 39 to 63 Liquid limit:—Approximately
fines—(GC) to 25
clay soil, high Plastic limit:—15 .......... Illite, trace of
plasticity—(CH) kaolin
Plasticity index:—9 to 13....

The occurrence of soil in narrow seams within the rock mass is described
on pages 58 to 62.
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Rock substances
Type and distribution
Numerous varieties of rock substance* could be disinguished in the site area on the basis of detailed petrological
differences. However for simplicity they have been classsified into three main types—schist, gneiss and granitic gneiss.
Table 3 summarizes the main petrological characteristics of the fresh rock substances. Detailed petrological
descriptions of thin sections are given in Appendix 2.

TABLE 3
PETROLOGY OF FRESH ROCK SUBSTANCES IN SITE AREA

Mineralogy Texture
Rock substance Grain sizes
Mineral Percentage range Macroscopic Microscopic
Quartz.......... 10to 30 ........ As porphyroblasts up to 2 mm Material contains closely- Material is lepidoblastic
and in groundmass less than spaced, slightly wavy with elongated porphyro-
0.3 mm foliation planes. blasts around which foliae
Porphyroblasts occur are bent. Alignment of
Muscovite (sericite) 40to 60 ........ Less than 0.2 mm (groundmass) . isolated and in elongated porphyroblasts gives dis-
patches continuous banding in
Feldspar ....... Upto20........ Mainly as porphyroblasts up to some places
2 mm.
Schist ..........
Chlorite ........ 5t020.......... As elongated flaky aggregates up

to 20 mm long and 2 mm wide

Pyrite (and other Upto5 ........

sulphides)

Hematite........ Upto5 ........ Individual crystals up to 1 mm
- diameter

Zircon ........ Accessory ......

Tourmaline . ...




LE

Gneiss ..........

Alternating coarse-grained
bands up to 2 mm wide
consisting mainly of
quartz and feldspar, and
bands up to 25 mm wide
of fine-grained foliated
chlorite and sericite

Coarse bands have granular

texture with crystals
elongated along the
foliation. Fine-grained
bands are lepidoblastic
with some porphyroblasts.
Foliae bend around por-
phyroblasts and projection
in coarser bands

Granitic_gneiss ..

Quartz.......... 15t060 ........ As elongated fractured porphyro-
blasts, up to 20 mm long. In
groundmass, less than 0.5 mm

Feldspar ....... 15t030 ........ Mainly as elongated porphyro-
blasts, up to 20 mm long

Sericite ......... 20030 ........ In groundmass, less than 0.3 mm

Chlorite ........ 10to 30 ........ In fibrous aggregates up to 1 mm
long

Pyrite (and other Upto5 ........

sulphides)

Hematite........ Upto5 ........ Individual crystals up to 2 mm
diameter

Tourmaline ....\ Accessory ......

Zircon ........

Quartz.......... Upto40........ Crystals up to 10 mm diameter ..

Feldspar ....... Upto50........ Crystals up to 20 mm diameter ..

Chlorite ........ Upto20........ Fibrous aggregates—individual
fibres less than 0.2 mm wide

Sericite ......... Less than 10.. ... Lessthan0.2 .................

Tourmaline. . . ... Upto2 ........

Pyrite ......... Accessory ...... Individual crystals up to 3 mm

Hematite. ...... diameter

Pegmatitic, coarse-grained,
granular with few narrow
stringers of schistose
material

Coarse-grained, granular,

with a small amount of
lepidoblastic groundmass

* The terms “soil substance”, “rock substance”,

” @

soil mass” and “rock mass” are used in the sense defined in Standards Association
of Australia—Australian Standard Code of Recommended Practice for Site Investigations (in press, 1972).




The three rock types occur in alternating layers and lenses up to 150 feet
wide, but usually 20 to 40 feet wide. The more prominent boundaries
between rock types are generally parallel to the S1 foliation direction. How-
ever there is considerable variation in rock type which is considered to be due
to layering in the S2 foliation direction. Schist and gneiss commonly grade
into one another, however the granitic gneiss usually occurs as relatively
discrete masses.

The distribution of rock substances underlying the embankment and the
spillway excavation, shown in Figs. 24 and 53 respectively, are typical of
their distribution throughout the site. The right bank is underlain mainly
by siliceous gneiss and granitic gneiss, which are considerably stronger than
the flaky sericitic schists and highly feldspathic gneisses which underly the
left bank.

Chemical weathering

This is the decomposition of rock-forming minerals due to the chemical
action of groundwater. The rock materials are virtually impermeable and
ground moisture penetrates the rock along joints, faults and microfractured
areas. The near-surface zones in which stress relief has caused numerous
microfractures to open up, is particularly susceptible. Dixon (1969) has
shown that as chemical weathering proceeds, the intensity of microfracturing
increases, presumably due to the volume changes caused by chemical reactions
at grain boundaries. This has the following physical effects on the rock
substance:—

1. Decrease in unconfined compressive strength.
2. Marked decrease in modulus of elasticity.
3. Increase in porosity.

4. Decrease in coeflicient of restitution.

Classification of weathering products

Various attempts have been made to devise a classification to define
the relative degrees of weathering for a particular rock type. Moye (1955)
devised a classification (Table 4) for weathering products of granitic rocks.

The main disadvantage with Moye’s classification was that it was not
readily applicable to the weaker rocks such as schists. This disadvantage
has been overcome in the case of the schist at Kangaroo Creek by changes in
the definition from a basis of actual strength to one of proportionate strength.
The classification as devised by Moye was found to be readily applicable to
the weathering products of gneiss and granitic gneiss.
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Recently, Dixon (1969) has devised a classification of decomposition
products based on type of decomposition and the strength of the rock sub-
stance. However, as this classification does not indicate degree of decomposi-
tion, the author considers that it should be supplemented by terms such as
those used by Moye. It is preferable however, that the terms are defined
quantitatively, and it is suggested that wherever possible, classification should
be based on the strength of the fresh rock substance.

TABLE 4
WEATHERING ProbuUCTS OF Rock—MoyEe (1955)

Term Abbreviation Definition

Fresh.................. Fr The rock shows no discolouration, loss of strength or any
other effect due to weathering

Slightly weathered. ...... Sw The rock is slightly discoloured but not noticeably weaker
than the fresh rock

Moderately weathered . .. MwW The rock is discoloured and noticeably weakened, but
2in. diameter drill cores cannot be broken up by hand
across the rock fabric

Highly weathered........ HW The rock is discoloured and weakened to such an extent
that 2in. diameter cores can be readily broken up by
hand across the rock fabric

Completely weathered . .. Cw The rock is discoloured and entirely changed to soil, but
the original rock fabric is mostly preserved. The
properties of the soil depend upon the composition
and structure of the parent rock
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Tables 5 and 6 show the classifications of weathering products of schistose and gneissic rocks respectively,
related to Dixon’s classification and various physical properties which can be determined by simple field tests.
The petrological features of the weathering products are also related.

TABLE 5
CLASSIFICATION OF WEATHERING PRODUCTS OF SCHISTOSE ROCK SUBSTANCES

Modification of Moye’s classification (1955) Dixon’s classification (1969) Percentage of
strength of Rebound Petrological characteristics
Unconfined fresh rock number
Term Description Terms compressive substance
strength
Fresh (Fr) ......... The rock shows no discolouration, 5,000 100 28 to 32 Minerals show no sign of
loss of strength, or any other effect decomposition, due to
due to weathering. = weathering. No limonite
g present. Any micro-

= fractures present are filled
with sericite and are due
to metamorphic cataclasis,

not weathering

- Medium
Slightly The rock is slightly discoloured, but strong Feldspars are partly
weathered (SW) but not noticeably weaker than More than 75 23 to 28 weathered to sericite.
the fresh rock. Chips of rock Chlorite is partly
less than 0.5in. thickness can be weathered to limonite.

broken up by hand, across the Pyrite is slightly weathered
fabric at grain boundaries and
hematite shows no traces

3,000 of weathering.

Few open or limonite-filled
microfractures are
present




v

Moderately
weathered (MW)

The rock is discoloured and notice-

ably weakened, and 2in. diameter
cores can be broken up by hand
across the fabric

Highly
weathered (HW)

The rock is discoloured and weakened

to such an extent that chips less
than 0.5in. thick are pulverized
with a light hammer blow

Completely
weathered (CW)

The rock is discoloured and entirely

changed to soil, but the original
rock fabric is mostly preserved.
The properties of the soil depend
upon the composition and structure
of the parent rock

Chemically weathered

Weak

3,000

40 to 75

20 to 23

A major proportion of
original feldspar crystals
consist of sericite.

Chilorite is mainly weathered
to limonite. Pyrite and
hematite are partly
weathered to limonite and
goethite

Very
weak

000

15 to 40

Less than 12

Only traces of original feld-
spars remain—in the
centre of crystal grains.

Chlorite, pyrite and
hematite are absent—
weathered to limonite and
goethite

Large crystals contain
numerous irregular frac-
tures. Numerous micro-
fractures also occur in
ground mass, some open,
some filled with limonite.

Less than 15

Not
measurable
with
Schmidt
hammer

No feldspar present although
outlines of original crystals
remain. Limonite forms
up to 30 per cent of
material occurring in
numerous microfractures
penetrating porphyro-
blasts and groundmass
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TABLE 6
CLASSIFICATION OF WEATHERING PRODUCTS OF GNEISSIC* RoCK SUBSTANCES

Moye’s classification (1955) Dixon’s classification (1969)  Percentage of
strength of Rebound Petrological characteristics
Unconfined fresh rock number
Term Description Terms compressive substance
strength
Fresh (Fr) ........ The rock shows no discolouration, Strong 12,000 100 34 to 42 Minerals show no sign of

loss of strength, or any other decomposition due to
effect due to weathering = t weathering. No limonite

4] present. Any micro-

13 fractures present are
filled with sericite and are
due to metamorphic

} cataclasis not weathering.
10,000
Slightly The rock is slightly discoloured but More than 75 27 to 34 Feldspars are partly
weathered (SW) not noticeably weaker than the weathered to sericite.
fresh rock 10,000 Chlorite is partly weathered

to limonite.

Pyrite is partly
weathered to limonite and
hematite shows slight
weathering at grain
boundaries.

Few microfractures in
fine-grained bands, tight,
some limonite coated.
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Moderately The rock is discoloured and notice- Medium 40 to 75 20 to 27 A major proportion of
weathered (MW) ably weakened, but 2in. diameter strong original feldspar grains
drill cores cannot be broken up has been weathered to
by hand across the rock fabric sericite. Only traces
remain of original chlorite,
which has been weathered
to limonite.
- Pyrite and hematite are
o mainly weathered to
2 3,000 limonite and hematite.
= Microfractures are present
2 throughout, mainly closed.
>
Highly The rock is discoloured and = 15 to 40 10 to 20 Feldspar is absent except
weathered (HW) weakened to such an extent that .S 3,000 for occasional remnants.
2in. diameter cores can be readily g Weak t Chlorite, pyrite and
broken up by hand across the = hematite are absent,
rock fabric © weathered to limonite and
goethite.
Numerous micro-fractures
1,000 throughout, some filled
with limonite, some open
to 1 mm.
Completely The rock is discoloured and entirely Very 1,000 Less than 15  Less than 10 Feldspar absent. Limonite
weathered (CW) changed to soil, but the original weak t occurring in numerous

rock fabric is mostly preserved.
The properties of the soil depend
upon the composition and structure

of the parent rock

patches and micro-
fractures constitutes up to
30 per cent of the material.
Numerous micro-
fractures, including many
open to 1 mm. Quartz
grains surrounded by
limonite

* This classification was applied to materials described as gneiss and granitic gneiss.



Once all this information is related for a particular rock type, then
in most cases only rock type and its degree of weathering are needed to define
the properties of any rock substance. This system has been used successfully
throughout the construction stage geological investigations for the Kangaroo
Creek project, and would be equally applicable to any project in which rock
substances range from fresh to completely weathered.

Chemical weathering profiles

The depth and degree of chemical weathering in the rock at the dam
site are extremely variable, as they are often related more to the suscepti-
bility of the rock type and to the pattern of joints and faults than to the depth
below the ground surface. Small variations in relative proportions of those
minerals which are comparatively susceptible to chemical weathering, such
as pyrite, hematite and feldspars, are commonly reflected by marked varia-
tions in the degree of chemical weathering.

An idealized profile of the degree of weathering for a particular rock
type is shown in Fig. 8.

ghly Weathered

e

Wi

Modercie\y Weathered

Fig. 8. Profile showing degree of weathering for a particular rock type.

Actual profiles such as those shown in Fig. 53 are far more complex,
due to variations in rock type and the influence of joints and faults.

Physical properties

The results of unconfined compression tests on dry cores of unweathered
samples of the three main rock types, are summarized in Table 7.
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TABLE 7
UNCONFINED COMPRESSIVE STRENGTHS OF ROCK SUBSTANCES

Rock type No. of Unconfined compression Modulus of Elasticity
samples strength (Ib/sq./in.) (Ib/sq.in. x 10%)
Average Range Average Range
Schist ........... 11 3,650 3,040 2.5 4.4
Gneiss........... 9 10,660 7,660 7.3 8.0
Granitic gneiss . .. 4 11,300 8,800 5.9 0.5

A series of unconfined compression tests are also carried out on paired
samples of schist. One of each pair was tested dry, the other after soaking
. in water for one or two wecks. The results are plotted in Fig. 9 and show
a distinct relation between the unconfined compressive strength and the angle
B (the angle between the foliation direction and the horizontal).

These results are consistent with the results of the comprehensive series
of strength tests on similar foliated rocks, carried out by Donath (1961).

The results also show a marked decrease in strength due to saturation.
Values of unconfined compressive strength for the saturated samples ranged
from 35 to 70 per cent of those of the dry samples.

The results of other laboratory tests on fresh and partly weathered rock
samples are given by Painter and Trudinger (1967) and Trudinger (1967c).

These results are summarized in Table 8.

TABLE 8
LABORATORY TESTS ON ROCK SUBSTANCES
Tvpe of Substance Physical Properties
. . Sodium
Rock type Degree of Specific Absorption Porosity Los Angeles  sulphate
weathering gravity (per cent) (per cent) abrasion soundness
(s.s.d)t (per cent) loss per cent
(5 cycles)
Gneiss ..... Fresh .... 2.69t02.80 0.6 to 2.6 Not known 36 0.7to 5.7
Slightly 2.64t0 2.68 2.1to029 Not known Not known 13.5to 21.9
weathered
Moderately 2.6 2.3t0 3.4 Not known Not known 44
weathered
Schist ..... Fresh .... 2.68t0280 0.7to1.2 4.8 43 0.2t02.7
Slightly 2.68t02.70 1.1to 2.7 5.2to0 6.1 Not known 38
weathered
Moderately 2.65 1.8 to 3.0 8.0 Not known 62
weathered
Dolomite .. Fresh .... 2.81 1.0 Not known Not known 1.2
Slightly 2.68 2.7 Not known Not known 2.6
weathered
Moderately 2.50 6.8 Not known Not known 14.9
weathered

¥ Saturated and surface dry.

Note: Where a single value is given, only one of the particular test was made for the type
of rock substance. Where more than one test was made, a range of values is given.
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The results of a series of Schmidt rebound hammer tests carried out on
the excavation surfaces at Kangaroo Creek Dam, are included in Appendix
4. The theory of the test is described by Dixon (1969). In Tables 5 and
6 the rebound numbers obtained from the Schmidt hammer tests are related
to the degrees of weathering of the rock substance.

Durability

Three types of tests were carried out to determine the relative durability
of different types of rock substance. The aim of these tests was to induce
rapid weathering by extreme physico-chemical and temperature effects in the
belief that the results could be related to the weatherability of the rock under
more normal conditions.

The test results are given in Appendix 5. Two of the tests (sulphate
soundness test and D.M.R. weathering test) are particularly harsh in rela-
tion to natural conditions. The results show that considerable breakdown of
most samples occurred under test conditions. However, the temperature and
weak salt solution tests caused almost no breakdown, even after 50 cycles,
and it is considered that the effects of this test are more indicative of weather-
ing effects under natural conditions.

The rapid deterioration of sulphide-bearing rock substances is discussed
on pages 150 to 157.

Rock masses
Structural features

The rock mass is weakened to varying degrees by geological structural
features of the types shown and described in Fig. 10. Those features which
show a constant range of orientations within the site area are shown relative
to the main engineering features of the project, in Fig. 14. In the following
text the terms “spacing” and “extent” are used as defined by John (1962).

Foliations*
Two separate foliations are present in the site rocks.

1. S1 foliation is present to some extent in all site rock materials.
In most rocks it is the major textural feature of the rock
fabric, to which it contributes marked anisotropy. The orien-
tation is constant within a relatively small range through-
out the site area.

* The term “foliation” is used to include laminar banding of minerals as well as alignment
of tabular minerals, in the sense of Turner and Weiss (1963).
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STRUCTURAL FEATURE

DESCRIPTION

NOTES ON ORIGIN

VI, //////7
//////////’

Y5y 7
WA A

In SCHIST—occurs as wavy laminar arrangement of fine
grained sericite and chlorite.

In GNEISS — occurs as fayering of parallel bands up to
lcm. diameter of coarse grained quartz and feldspar
with alternating bands of foliated, fine grained sericite,
quartz and chlorite,

Alignment of tabular minerals accompanied by
metamorphic differentiation — effects of Post-Adelaide
system low grade regional metamorphism.

Layering formed of alternating parallel bands 1mm. to
10cm. wide with different mineral assemblages e.g. quartz
and feldspar with sericite, quartz and biotite {commonly
distorted or completely obscured by S1 foliation).

Metamorphic differentiation during high grade regional
metamorphism — Pre-Adelaide system.

7/ /
7
//////j§
7s ////

Zone of near-parallel, closely-spaced joints which intersect
one another and divide the rock into narrow platy blocks.
Joint faces are commonly slickensided.

Zone commonly contains one or more crushed seams.
Total width from 10cm to 2m

Small displacements along a number of joints, due to
shearing.

CRUSHED SEAM

Near-planar seam of mechanically disintegrated rock,
commonly composed of sand and gravel-sized rock
fragments in a silty matrix.

Total width from Imm to 20cm

Displacement along single plane causing crushing ot
irregularities, due to shearing,

/07 /

////////
v, 700 s
Y /sy

JOINTS Sets 1 and 3

Near-planar partings across which there is zero tensile
strength. Surfaces commonly slickensided. Set 1 joints
parallel or near-parallel to S1 foliation. Limonite coated.
(For detailed physical description see TABLE 9)

Rock failure in shear.

¢ / /
’/\///////\\/
NN Y

JOINTS Sets 2 and 4

Near planar partings. Surfaces rough.
Commonly en echelon. Limonite coated.

(For detailed physical description see TABLE 9)

Rock failure in tension.

7777 1
77, e
Sl !y

MINERAL VEIN

Tabular and irregular masses of quartz, feldspar, and
chlorite. Often contain vughs which may be partly clay-filled.

Hydrothermal intrusion and alteration.

ey

7 / 14,

G

A A A

MR 2 YA
N2 N A

i A

Band up to 10cm wide, within which there is sharp
angular deflection of the foliation (S1).

Commonly contain joints along axial pianes.

Migration of axial surfaces by internal shearing.

SHEET JOINT

Curved irregular partings, near parallel to ground surface.
Gaping or filled with transported soil. Surfaces commonly
limonite coated.

Generally tighter at greater depths.

Rock failure in tension due to re-distribution of
overburden stresses.

70—619b Del.D.V.M. Bull .44

Adapted from Stopledon (1944}

S.A. Dept. of Mines

Fig. 10. Structural features present in rock masses within the Barossa Complex.
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2. S2 foliation is restricted in occurrence, having been obliterated
in most places by the more recent S1 foliation. The variation
of orientation from place to place suggests similar folding,
although there is an overall dip towards the southeast at shal-
low angles (20 to 40 degrees). The S2 foliation has been
distorted by the S1 foliation by varying degrees in different
places, as shown in Fig. 11.

Fig. 11. Distortion of S2 foliation by S1 foliation.

Sheared and crushed zones

These features occur within or near to the orientation range of the Sl
foliation. They may be divided into two main groups which probably
represent conjugate shear directions.

SPILLWAY

STA RL
< pare 2] A

Fig. 12. Sheared, partly crushed zone exposed in excavation for spillway block LB;
Set (2) joints indicate displacement of 10 ¢cm across seam.

Sheared and crushed zones intersect the rock mass throughout the
site, spaced less than 100 feet apart and extending for more than 300 feet.
In some places (Fig. 12) displacements of joints along sheared zones, indi-
cate that relatively recent overthrust movements have occurred along these
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structures. It is considered that these displacements were caused by Tertiary
fault movements which re-activated pre-existing (Palaeozoic) weaknesses.

Two types of crushed seams and zones are present throughout the rock
mass (Fig. 20).

1. Zones of rock disintegrated to silt size. These occur as seams
less than one centimetre thick formed by crushing of the rock
substance due to translational movement.

2. Zones of partly disintegrated rock. These occur as zones up to
30 centimetres wide*, containing rock fragments up to 20
centimetres in length which have been affected by localized
translational and rotational movements.

In many places crushed zones and seams occur within sheared zones,
in which they indicate the planes along which relatively high displacements
have occurred.

KANGAROD CRETE DM TR

SPILLWAY

Fig. 13. Steeply dipping kink band exposed in initial excavation for spillway block LE;
the zone also contains a seam of infilled clay 8 cm wide.

* Throughout the project, the Metric system of measurement was used to describe the
thicknesses of geological structures, and the British system was used for all other
measurements. For convenience the same procedures have been followed in this text.
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Kink bands

These features consist of monoclinal folds in the foliation, with axial
planes usually less than 50 centimetres apart (Fig. 13). The zone between
the axial planes, which is considerably disturbed and commonly contains
numerous openings or mineral veins, may constitute a significant weakness
within a rock mass.

Kink bands were intersected at intervals of 20 to 300 feet at the site.
In the spillway channel foundations, three prominent kink bands dipping
steeply towards the north, form the back of past slide masses. In other
parts of the site there are kink bands with different orientations and with dips
less than 20 degrees from the horizontal.

Tectonic joints

Tectonic joints occur in four main sets as shown in Figs. 14 and 15.
The main characteristics of each set are shown in Table 9.
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TABLE 9
JoINT CHARACTERISTICS

Field relationships

[43

Joint Spacing * Extent Description of surface texture
set
Large scale Small scale Coatings

1 15 cm to 5 metres More than 30 metres  Slightly wavy. Ampli- Smooth to slightly Limonite. Sometimes Commonly intersect
(0.5 to 15ft.) (100ft.) tude 15-60 cm. scaly, or slicken- white silt (ML) and divide. Rarely
mainly 1 metre Wave length more sided (grooved). fade out

than 20 metres. Lay Lay of slickensides

of waves—approxi- —approximately

mately 40° towards 40° toward the east.

the east Depth of irregulari-
ties mainly less than
I mm

2 15 cm to 10 metres 3 to 15 metres Mainly planar. May Hackly to ridged. Limonite .......... Commonly occur en
(0.5 to 35ft.) mainly (10 to 50ft.) be curved towards Depth of irregu- echelon. Fade out
3 metres fringes. Some are larities 0.5 to 3 mm. or terminate against

slightly wavy with Lay of ridges—45° other discontinuities
amplitude up to towards northeast

15 cm and wave (i.e. approximately

length more than 3 40° from direction

metres of dip)

3 1 to 12 metres 15 to 25 metres Planar to slightly Smooth. Occasionally Limonite or chlorite ~ Some show plumose
(3 to 40ft.) mainly (50 to 80ft.) curved slickensided. Lay structures towards
approximately of slickensides dips fringe
8 metres 20° to 40° east.

Depth of irregu-
larities mainly less
than 1 mm

4 30 cm to 15 metres 3 to 15 metres Mainly planar, may Hackly to ridged. Limonite .......... Commonly occur en
(1 to 50ft.) (10 to 50ft.) be slightly curved Depth of irregu- echelon. Fade out

larities 0.5 to 3 mm. or terminate against

mainly 5 metres

towards fringes.
Some are slightly
wavy with ampli-
tude up to 15 cm.
Wave length more
than 3 metres

Lay of ridges—25°
towards the north
(i.e. approximately
60° from direction
of dip)

other discontinuities

* Spacing is measured normal to the joint planes.

t The ranges given refer to all directions within the joint plane.
direction, was evident from field observations.

No widespread tendency for elongation of joint planes in any particular



Set (1) joints are within or near to the S1 foliation direction and, like
the sheared and crushed zones the distribution of Set (1) joints shows a
dumb-bell-shaped maxima, the lobes of which probably correspond to con-
jugate shear directions.

Set (3) joints are relatively infrequent. The limited number of meas-
urements of these joints is partly due to the fact that most of the site excava-
tions were elongated near-parallel to the Set (3) strike direction (Terzaghi,
1965).

The spacing of joints, particularly Set (1) joints, varies in different rock
types. Generally the joint spacing is much broader in the gneissic rocks.
In the granitic gneiss, joints tend to be discontinuous and irregular.

Sheet Joints

These joints, which are also known as exfoliation or Bankung joints,
are believed to be formed as part of the mechanical weathering process. They
occur in a zone within 30 feet of the surface of the rock, in areas where
tectonic joints are either too broadly spaced or unsuitably orientated to relieve
the tensile stresses developed in the valley walls (Stapledon, 1966). They
are approximately parallel to the ground surface, and in many places several
parallel joints occur in the near-surface zone, spaced two to 15 feet apart
(Figs. 69 and 70). Usually the outermost sheet joints extend further and
are more open.
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Fig. 14. Orientation diagram of structural features.
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Fig. 15. Stereographic projection of joint poles.
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Unit blocks

The concept of unit blocks is discussed by John (1962). A unit block
is defined as a homogenous rock unit surrounded by a system of structural
features intersecting a rock mass.

In the site area unit block sizes range from 10 by 30 by 30 centi-
metres up to 300 by 600 by 600 centimetres. The most common sizes of
the unit blocks in different rock types are given in Table 10.

TABLE 10
Sizes orF UnNiT BLOCKS

Rock type Unit block sizes
Schist..........oo i 10 x 30 x 30 cm to 50 x 200 x 300 cm
GREISS . .voi ittt ien e 20 x 30 x 50 cm to 200 x 400 x 400 cm
Granitic gneiss ...............coun.. Greater than 30 x 50 x 50 cm. (Unit blocks usually

incomplete due to discontinuous nature of joints).

Mechanical weathering

This is the macroscopic physical disintegration of the near-surface rock
mass, and is believed to be initiated by the redistribution of stresses that fol-
lows the removal of overburden by erosion (Hast, 1967). Once fine cracks
develop, the process is continued by the roots of vegetation which grow
down along them, and in some cases by deposition of expansive clays. The
rock mass may be further disturbed by downslope creep or slip movements. In
closely jointed rock masses and where tectonic weaknesses occur near-parallel
to the ground surface, mechanical weathering results mainly in small out-
ward movements by relaxation of existing joint blocks. In more broadly-
jointed rock masses, sheet joints are formed approximately parallel to the
ground surface (see page 53).

The mechanical weathering profile may be classified into four zones:—
1. Transported material consisting of soil and loose rock fragments.
2. Zone of severe mechanical weathering effects. The rock

mass contains numerous gaping or soil-filled joints exceeding
one centimetre in width.

3. Zone of minor mechanical weathering effects. The rock mass
contains few gaping or soil-filled joints and those that do occur
are mainly less than one centimetre in width.

4. Zone unaffected by mechanical weathering.

Mechanical weathering profiles
Typical profiles of right and left banks are shown diagrammatically in
Fig. 16.

On the right bank the main effect of mechanical weathering has been
the development of numerous sheet joints. On the left bank tectonic (Set
1) joints near-parallel to the ground surface have been opened up, wedge-
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shaped masses of rock have been loosened by block-slide movements and in the upper parts flaky, chemically weathered
rock has been highly disturbed by downslope creep. Some sheet joints occur in the lowermost 70 feet of the valley wall.

Transported material occurs only in isolated patches on the right bank whereas on the left bank it occurs in extensive
areas up to 30 feet thick. The zone of severe mechanical weathering effects is about 20 feet thick in the right bank and
between 30 and 70 feet on the left bank. Minor mechanical weathering effects extend to depths of 50 feet in the right
bank and to more than 100 feet on the left bank.

LEGEND

Transported soil

Zone of severe mechanical
weathering effects

Zone of minor mechanical
weathering effeces_____._.___ 2

Rock mass unaffected by
mechanical weathering__..___ Tectonic

Joints

Face of sheet joint
Disturbed rocky ridge. ks j
Contains soil channels

$re
Highly disturbed area—affected N% .
between outcrops. ACCESS RO,

by downslope creep. 54
Contains numerous seams of infilled 2%
clay, N
Y. DAM CREST

Q Sheet joints approximately parallel
to the ground surface, clay-filled
or partly open, up to |5 cm wide.

Sceep knob,
overhanging in places

Recumbent wedge mass. \i:
Contains numerous seams
of infifled clay up to IS cm

—

Gaping cavities <<__|

Al

——— Well developed sheeting and

loosening of near-surface

joint blocks. Seams of Face of
N infilled clay up to 10 cm  sheet joint £

Steeply-dipping tectonic joints,

SCALE N FEET
40

4 0 80 120
) near-parallel to valley wall
==t = 1 TORER s B Yo, Up to 20 cm wide, £aping or
SCALE IN METRES 5 ™, CHANNEL ‘ g e filled with rock fragments
10 [] 10 2 30 [ i A 3
= o 50 m deep 0 =

$.A. Dept. of Mines

71—498 Del.D.VM. Bull.44

Fig. 16. Diagrammatic mechanical weathering profiles of right and left abutments.



Beneath the river channel the zone of minor mechanical weathering
effects is about 20 feet deep. The surface contains numerous waterworn pot-
holes up to one and a half feet deep and up to three feet in diameter.

The role of mechanical weathering in the development of site topography

Right bank. The natural surface of the lower part of the valley wall
consists mainly of the faces of sheet joints, exposed due to the removal of
overlying rock by sliding. In several areas steep bluffs of rock occur, in
places where the slide masses have terminated along steeply-dipping joints
(see Figs. 67, 69 and 70).

In the upper part of the valley superficial transported soils up to five
feet thick occur over much of the surface. In many places these soils occur
directly on the faces of sheet joints.

Left bank. The surface of the valley wall consists of alternating rocky
ridges and soil-filled depressions from 30 to 120 feet in width, and trending
upslope.

The rocky ridges consisting of disturbed and partly detached joint blocks,
form part of large block slides which extend to considerable depths. The
nature of these slides is discussed on pages 141 to 150.

Many of the depressions occur where V-shaped gullies formed by the
sliding of wedge masses of rock have been partly filled with transported soil
materials from above. In other more recently formed gullies the slide planes
are still exposed. Figs. 17, 18 and 19 show different stages of the failure
of wedge masses on the left bank.

Soil seams

The rock mass in the site area is intersected by a wide variety of seams,
some of which are illustrated in Fig. 20. These seams constitute the most
significant weaknesses in the rock mass and hence have been the subject of
considerable study. Table 11 describes the main types of seams, their com-
position, properties and origin. Field classification of seams using the
criteria given in Table 11, has proved extremely valuable in assessing the
stability of excavations, quality of foundations, results of grouting etc.
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i e :
Fig. 17. Seam of infilled clay in a Set (2) A s ' " Fig. 19. V-shaped gully formed by
joint which forms one side of a semi- Fig. 18. Soil mass of rock fragments sliding along Set (1) and Set (2) seams;
detached wedge of rock. and clay, filling a V-shaped gully formed spillway channel, north wall—foundation
by sliding of wedge mass bounded by for block LH.

Set (1) and Set (2) joints; central part of
spillway excavation.
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TABLE 11

CLASSIFICATION OF SoiL SEAMS IN Rock MASSES

Crushed seams Decomposed seams

Infilled seams

Composite seams

Numerous types

Breccia Rock flour Weathered Altered Red-brown Grey-green (see Fig. 20)

Grading...... Gravel in a Mainly silt, Mainly fine Usually Clay soil, high  Clay soil, high  Mixtures of clay and silt
matrix of silty  some sand sand and silt medium to plasticity, plasticity,
sand (GM) (MH, ML, (ML, SM) coarse sand with up to with up to

SM) (SP, SM) 60 per cent of 40 per cent
sand and sand and
gravel (CH) gravel (CH,

SC)

Mineralogy .. Gravel consists Sericite, quartz, Mainly sericite and illite (approx. Sand and gravel Sand and gravel Mixtures of illite, sericite,
of schist or illite, 50 per cent) with quartz and are quartz are quartz quartz, smectite and rock
gneiss smectite limonite and rock and rock fragments
fragments. fragments. fragments.

Silty sand is Clay is Smectite,

sericite, quartz smectite, illite, kaolin

and illite illite and
kaolin

Physical Low dry Low dry Low density. Medium dry High dry High dry Combination of properties
properties strength strength strength. Plasticity index strength. strength. for other types
approximately 5 Plasticity Plasticity

index 30 to 70 index 20 to 40

Orientation .. Near set (1) direction .......... Mainly along Irregular ..... Along all joint directions. ....... Mainly along set (1)

set (1) direction
direction

Extent ....... Commonly Commonly Up to 20 metres Up to 20 metres Up to 100 Less than 20 Up to more than 30 metres
more than 50 more than 50 metres metres
metres metres

Range of UptoS0cm .. Uptolcm.... Upto100cm.. Upto100cm.. Uptoi0cm .. Upto40cm .. Up to 100 cm

thickness
Mode of Partial crushing Complete Weathering of  Alteration by Precipitation in  Precipitation in Combination of 2 or more
formation of asperities crushing of highly suscep- hydrothermal open joints of open joints of other types
on plane of asperities on tible minerals solutions, erc. clay from clay from
tectonic plane of groundwater groundwater
shearing tectonic in oxidizing in reducing

shearing environment

environment




Seams of infilled clay are widespread throughout the site, but particu-
larly on the left bank (Figs. 12, 13 and 17) where they are up to 40 centi-
metres in width. The appearance and composition of the clay suggest that
it is derived from the clayey “B” horizon soils (Table 2). The following
mechanism is postulated to explain the formation of infilled seams:—

1. Openings between adjacent unit blocks in the rock mass are
formed by mechanical weathering processes.

2. Clayey material from surface soils is washed into and deposited
in the openings which after numerous cycles of infilling and
drying, are eventually filled with clay. A similar mechanism
is postulated by Casagrande (1951) to explain the occurrence
of clay infilling voids in openwork gravels.

3. Subsequent saturation may cause the clay to expand, thus
enlarging the separation between unit blocks and allowing
further infilling to occur after drying out.

Some of the seams are laminated, which confirms this progressive
mechanism of formation. Other seams contain randomly orientated rock
fragments which occupy almost the entire width of the seam, indicating that
the separation of joint blocks in these cases, was not progressive.

Permeability

The permeability of the rock substances in the site area is negligible.
Within the rock mass it is not strictly correct to consider a mass permea-
bility, as the flow of water is restricted to localized paths along selected
structural features. This is due to the fact that open-jointed areas are rare
even within the zones of severe mechanical weathering, as these areas have
been subjected to widespread infilling with clayey soil materials. For this
reason the flow of water through the rock mass is slow throughout most of
the site.

Only three areas of widespread open-jointing were encountered during
investigation and construction. These were the spillway ski-jump north wall,
left abutment block and right abutment block foundations—see Figs. 40,
49 and 36 respectively. In other parts of the site the structural defects are
either tightly closed or mainly filled by soil materials. Permeability tests
in these areas showed leakages mainly less than three lugeons with occasional
higher leakages, up to 40 lugeons.
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Fig. 20. Varieties of seams intersecting rock mass in site area.
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Groundwater

With the steep valley slopes in the site area, much of the water from
heavy falls of rain reaches the river by surface run-off. In gully areas per-
colation is restricted by clayey subsoil materials and the water soaks down-
ward on the upper surface of the clay to emerge as seepages near the base of
the valley.

Water entering the rock mass follows localized narrow paths along
‘'selected structural features. The percolation rate is slow and the amount of
water absorbed into the rock is relatively small.

After periods of dry weather the free water table is near the level of
the River Torrens (Fig. 21), rising slightly away from the valley. After
moderately wet periods there is a zone of saturation near the surface. It is
only after a period of prolonged wet weather that this zone of saturation
extends to the water table. At such times the water table is near-parallel and
close to the ground surface (Fig. 21).
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Fig. 21. Groundwater situation (idealized) at site area.
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Part 3
CONSTRUCTION



FOUNDATIONS

Embankment

Requirements of foundations

The main consideration applied to rockfill embankment foundations is
that they should be at least as strong as the embankment material itself.

The criteria for acceptance of the foundations were that they be:—
1. Mainly rock—so that rock to rock contact develops between
rockfill and foundation.

2. Intact or almost intact—so that the foundation does not settle
significantly under the loads applied by the embankment.

3. Durable.
4. Non-erodible.

Fig. 22. Left abutment after removal by D8 bulldozer of soil materials up fo 20 feet
thick, which occurred beneath a shallow gully up to 200 feet wide.
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In order to achieve acceptable foundations it was necessary to remove:—
1. Topsoil, spoil, tree stumps etc.
2. Completely and highly weathered rock except where it occurs
in localized zones, too narrow to be excavated.

3. Masses of highly disturbed rock containing a high proportion
of soil materials.

The specifications required the progressive removal of loose materials
as the embankment advanced upwards. Loose materials were defined as
those which could be readily removed by small excavating machines operating
from the surface of the embankment.

Method of excavation

A small back-hoe loader machine was used to remove soil materials for
approximately five feet above the embankment surface. This method proved
satisfactory in most places. In those places where slopes were steep and loose
material exceeded four feet in thickness, the excavation commonly tended to
become unstable. In the central part of the left abutment where loose
material was up to 20 feet thick, it was removed by Caterpillar D8 bulldozers
(Figs. 22 and 25). Final clean-up was then carried out as specified.

The lower part of the right abutment, and the river channel were covered
by up to 20 feet of road spoil, which was removed using front-end loaders,
followed by more detailed cleaning of the remaining pockets of soil using
back-hoe machines (Fig. 23).

Fig. 23. Foundation clean-up in downstream part of river bed.
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Geological investigations

After each horizontal strip of foundation had been excavated, it was
inspected by the resident geologist before placement of rockfill. At vertical
intervals of 20 feet, the five feet high strip of foundation above the embank-
ment was logged in plan on a scale of one inch to 20 feet. A geological plan
of the foundation showing the major geological weaknesses (Fig. 24), was
compiled from these strip plans.

Foundation conditions

The geology of the foundations under all zones except zone 5, is shown
in plan in Fig. 24 and in cross-section in Fig. 25.

Right bank. The rock substance in the foundations consists mainly
of fresh to slightly weathered gneiss with minor amounts of fresh schist and
bands of slightly to moderately weathered granitic gneiss up to 10 feet wide.

The rock mass is relatively intact and appears to be undisturbed except
for the presence of numerous sheet joints and Set (1) joints containing up
to five centimetres of highly plastic clay. Sheared zones up to 100 centi-
metres wide, some containing crushed seams up to two centimetres wide, are
spaced from five feet to 80 feet apart.
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Fig. 25. Embankment foundation; geological section along dam axis.

River bed. The rock foundations were not exposed in the central
part of the river bed where existing spoil materials were compacted to form
zone 5 of the embankment. However the foundation geology may be sub-
stantially inferred from the exposures on either side (Fig. 24). Upstream
and downstream of zone 5 the foundations consist of mainly fresh schist and
gneiss with several sheared, partly crushed zones 10 to 50 feet apart. The
surface contains numerous potholes ranging from 20 to 100 centimetres
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in diameter and up to 40 centimetres in depth. Channels up to 50 centimetres
deep, occur along the traces of the sheared zones and several smaller channels
occur along prominent joints.

Left bank. The foundations consist of slightly weathered schist with
bands of slightly to moderately weathered gneiss up to 40 feet wide, and
minor moderately weathered granitic gneiss.
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Fig. 26. Legend of geological symbols and abbreviations used in Figures.

Two main gullies which occur in the foundation appear to have been
formed by the removal by sliding of wedge-shaped rock masses.

Sheared zones up to 210 centimetres wide occur spaced up to 80 feet
apart. Most of the rock mass has been affected by small scale sliding move-
ments which have resulted in the formation of numerous seams of infilled
clay, some up to 50 centimetres wide (Fig. 24).
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Grout Cap
Design

The grout cap consists of a series of 11 concrete blocks marked A to K
on Fig. 27, which connect the concrete slabs of the upstream face to the
foundation rock at the upstream periphery of the dam embankment (Figs. 27
and 28). The blocks are reinforced by two layers of steel mesh tied into the
rock mass by a pattern of grouted anchor bars (Figs. 27 and 29). Individual
blocks are connected to each other and to their respective face slabs by nine
inch wide PVC waterstops.

Fig. 28. Construction of grout cap on right bank. Blocks F, G and K are complete.
Pouring of block H in progress.

The specifications stipulated that the grout cap be founded on groutable
rock over a minimum horizontal width of 12 feet, and that the concrete have

a minimum thickness of 7 with 7 — h X 12 -+ 12 inches.

200
“h™ is the vertical distance in feet up to the dam crest at reduced level 910.00.

72



A major function of the grout cap was to facilitate the formation of a
grout curtain in the upper part of the foundation. Grout pipes were installed
prior to pouring of each block.

Method of excavation

Right bank. Excavation commenced in the lower part of the valley
with removal of spoil from the Gorge Road deviation by a dragline machine.
Further hand clean-up of loose material was followed by close-pattern drilling
and blasting, and hand clean-up of the blasted rock. A batter was formed by
pre-splitting, with holes at angles ranging from 76 degrees (1 on 0.25) to
vertical, and spaced about two feet apart. The depth of excavation below
the natural surface ranged from 12 feet in block G, to 25 feet in block K.

The total quantity of material removed from the excavation was approxi-
mately 3,500 cubic yards of which an estimated 90 per cent consisted of
rock materials.

Fig. 29. Erection of lower layer of reinforcing steel mesh in grout cap, block E.
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River bed. Gorge Road deviation spoil and river gravel were removed
from the river channel by dragline, followed by hand clean-up. No rock
excavation was carried out except for a small area adjacent to the left bank.

Left bank. Fill materials beneath the Old Gorge Road were removed by
D8 bulldozer and back-hoe shovel. Some close-pattern drilling and blasting
was then carried out in the area.

From the Old Gorge Road excavation up to RL815 through a jagged
rocky ridge, excavation was carried out in several steps by close-pattern
drilling and blasting.

Above RL815 excavation of the soil-filled gully was initially by hand
methods, and later by Caterpillar D8 bulldozer. This was followed by close-
pattern drilling and blasting of the rock mass, removal of blasted material by
bulldozer and hand clean-up. This process was repeated until acceptable
foundations were exposed.

For most of its length the batter was pre-split at an angle of 76 degrees
(1 on 0.25). The depth of the excavation below the natural ground surface
at the toe of the batter ranged from three feet in block D to almost 30 feet
in block B. The total quantity of material removed from the excavation was
approximately 5,500 cubic yards of which an estimated 70 per cent con-
sisted of rock materials.

Requirements of foundations

As recommended by the consultants, Moye and Rudd (1966), the
criteria for acceptance of foundations for the grout cap were that they be —

1. Strong.

2. Durable—there should be no risk of rock substances disintegrat-
ing in water.

3. Impervious, or capable of being made so by dental treatment or
grouting.

4. Non-erodible—the grouting will not be 100 per cent effective;
if leaks develop through rock joints the adjacent rock
should be capable of withstanding erosion.

5. Mechanically stable, that is, not detached from the rock mass.

In order to achieve such foundations it was necessary to remove:—

1. Topsoil and organic matter including roots, except for occasional
roots penetrating deeply into otherwise acceptable rock.

2. Completely, highly and moderately weathered rock, except
where it occurred in narrow zones.

3. Detached or loosened pieces of rock, including pieces loosened
by blasting, except where such loose rock would be sur-
rounded by concrete.

4. Rock containing seams of infilled soil.
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In practice it was not possible to achieve this standard of foundation in
some areas, even after considerable excavation. In such places extra founda-
tion treatments were undertaken to reinforce the rock mass and to improve the
bond between concrete and rock.

Geological investigations

The following procedure was adopted to determine the suitability of each
section of grout cap foundation:—

1. Immediately after excavation and preliminary clean-up, the
section was inspected by the resident geologist and the feature
engineer.

2. If further major excavation was obviously required it was
immediately specified.

3. If no further major excavation appeared necessary, the founda-
tion was geologically logged in plan and section on a scale
of one inch to 10 feet. The results of this logging are included
in Fig. 30. In some areas further clean-up was required to
delineate the extent of particular geological weaknesses.

N

. A factual geological report was prepared and submitted, along
with recommendations for further foundation treatments, to a
meeting of the Foundation Committee*. This committee
either passed the foundation or specified further excavation.

9,1

. Anchor bar holes were probed with a “scraping rod”f to locate
sub-surface defects, and in particular to reveal any major
defects not exposed in the foundations. The results of these
probes were used to determine modifications to the pattern
and depth of anchor bar holes, and to interpret the results of
grouting operations. In several areas the probes revealed
thick seams, resulting in further excavation.

Foundation conditions

Right bank (blocks G, H, J and K—Fig.30). The foundation rock is
mainly fresh to slightly weathered gneiss. Slightly weathered granitic gneiss
occurs over 30 per cent of the foundation area in blocks H and J. Fresh
schist occurs in minor amounts in the upper parts of block K.

The foundation surface for a large area under blocks G, H and T is
formed by the face of a narrow sheared zone containing a crushed seam up
to two centimetres wide, which is approximately parallel to the embankment

* The Foundation Committee consisted of the following members:—Engineer for Construc-
tion, Engineer for Design, Engineer for Water Supply, Design Enginecer—Dams Section
(all Engineering and Water Supply Department), and Senior Geologist, Engineering
Geology Section (Department of Mines).

t The scraping rod consists of a three-eighths of an inch diameter solid metal rod of circular
cross-section with a pointed projection at one end. Weaknesses are detected by scraping
the point against the side of the hole.
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upstream face. Joints and thin weathered seams which branch out from
the sheared zone, also form prominent faces in the foundation. This zone
of joints also underlies block K (section KA, KB and KC, Fig. 30) and was
penetrated by most of the anchor bars installed in this area.

Disturbed rock containing numerous gaping joints, some open to 10
centimetres (four inches), forms the foundation in the upper part of the
excavation (block K and a small part of block J). The origin of the gaping
joints is discussed in the section on the right abutment block (pages 83 and
84).

The remainder of the foundation was relatively intact with narrow gap-
ing joints open less than one centimetre, and a few narrow seams of infilled
soil less than one centimetre wide. Adjacent to block H on the downstream
side, the rock contains several gaping joints and infilled seams up to 15 centi-
metres wide. However this disturbed zone lies almost completely outside the
grout cap foundations.

River bed (blocks E and F—Fig. 30). The foundation rock is mainly
fresh gneiss with minor amounts of fresh schist and granitic gneiss. A zone
up to three feet wide containing moderately weathered pyritic gneiss, occurs
in the central part of block E.

Much of the foundation surface of the lower part of block F and most
of block E consists of potholes from 25 to 50 centimetres in diameter and up
to 40 centimetres in depth. A prominent sheared zone up to 100 centimetres
wide containing two narrow crushed seams, occurs in block E. This zone was
intersected by anchor bar holes drilled in the northern part of the block.
Several narrow seams up to 15 millimetres wide, of infilled sand and clay
occur in the foundations, and the scraping of anchor bar holes suggests
that one or more narrow, near-horizontal sheet joints occur within 10 feet
of the rock surface. '

Left bank (blocks A, B, C and D—Figs. 30 and 31). The foundation
rock is mainly slightly weathered schist. Bands of slightly weathered gneiss
occur in the lower part of block D and the upper part of block A. Granitic
gneiss ranging from moderately to slightly weathered, comprises 40 per cent
of the foundation for block B, but does not occur in the other blocks.

The final surface of the foundations for blocks A, C and D was step-
shaped, with Set (1) joints and seams dipping slightly steeper than the over-
all slope, forming the back of each step (Fig. 31). The foundation for
block B was approximately horizontal.

The foundation rock mass contains numerous seams of highly plastic
infilled clay up to 20 centimetres wide (Figs. 30 and 31). The origin of these
seams is discussed in the section on the stability of the left abutment (pages
141 to 150).
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Foundation treatments

In several areas the rock mass in the foundation did not meet the
required criteria for strength and durability and it was apparent that these
conditions extended to considerable depth.

Two types of remedial treatment were carried out in these areas and
are shown in Fig. 30.

Dental treatment was carried out where soil seams more than 50 milli-
metres in width intersected the foundation surface. The purpose of this treat-
ment was to guarantee an effective bond between the concrete and the founda-
tion rock and to avoid water seepages along the interface which could result
in erosion of the seam materials.

*" KANGAROD CREEX DAM
CUT OFF TRENCH
BLOCK D

Fig. 32. Foundation for grout cap with Fig. 33. Foundation for grout cap with
infilled clay seam 5 cm wide before infilled clay seam 5 cm wide after
dental treatment. dental treatment.
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The procedure adopted was as follows:—

The seam and adjacent rock was excavated using jack-hammers,
to form a channel of U-shaped cross-section in the foundations
and for one or two feet on the upstream side (Figs. 32 and
34).

2. The excavation was throughly cleaned by air/water jet.

The excavation was filled by well-vibrated concrete (Fig. 33).
The concrete was poured before the seam materials could dry
out below their natural moisture content.

This type of treatment was applied to seven seams all on the left bank,
for which a total of approximately 40 cubic feet of concrete was used.

Fig. 34. Cut-away view of dental treatment of infilled clay seam in foundation for grout
cap, block A.

79



35

-

5 UOIDAD DX

<

- N

e SRS
v_uo_ﬂ.

K




A different type of dental treatment was adopted on the right bank in
areas of gaping joints. Joints open more than three centimetres were treated
by pouring one to three cement/sand mortar into them until overflow
occurred. A total of 10 cubic feet of mortar was used in the foundation
for block K.

Anchor bars additional to the six feet pattern specified, were installed
to reinforce parts of the foundation which were partly disturbed or semi-
detached. In some cases the extra bars were installed to depths of 20 feet
into the foundation. Approximately 120 linear feet of bars were installed
in blocks A, B and C on the left bank, in addition to the specified pattern.

Stability of final cuttings

Right bank. The batter ranges in height from 10 feet to approximately
30 feet and slopes towards the embankment at 70 to 90 degrees (Figs. 35 and
30—-cross-sections).

Joint faces forming the batter are rare and the traces of drill holes are
visible in most places.

Above blocks K and J several clay-filled sheet joints occur, dipping
towards the embankment at 20 to 40 degrees (sections KC, JA and IB, Fig.
30). The joint blocks overlying these joints were pinned by rock bolts to
the underlying rock mass. Rock bolts were also installed in other parts of
the batter to minimise loosening of jointed areas and to pin individual blocks.

A total of 28 expanding-shell rock bolts were installed, ranging in length
from eight to 20 feet. They were all grouted to ensure permanent support of
the batter.

Left bank. The batter ranges in height from zero feet to 32 feet, and
slopes towards the embankment at 40 to 65 degrees. Set (2) joints are near-
parallel to the batter direction and form the excavation surface above most of
block C and parts of blocks A and B.

A wedge-shaped mass of rock which occurs above the upper part ot
block C, dips towards the embankment at about 30 degrees. The stability
of this mass is discussed in “Stability of left abutment” (pages 141 to 147).
No other large masses dipping towards the embankment were apparent.
Small joint blocks up to two cubic yards in volume which occur in the upper
part of the excavations, are likely to become unstable after filling of the
Ieservoir.

Right abutment block
Design
The right abutment block located at the top of the right abument, is an
irregular block of mass concrete, approximately triangular in both longi-
tudinal and cross-section (Fig. 30).

Fig. 35. Right abutment
upstream of embankment.
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The dimensions are as follows:—

Base Ienith o o« 56 o5 w0 s 58 @ W 70 feet

Minimum (base) width .. .. .. .. .. .. .. 5 feet

Maximum (crest) width .. .. .. .. .. .. .. 22 feet

Maximum height .. o ¢ ¢ o5 55 ve e e 36 feet

Volume .. .. .. .. .o «v v« v+ «v oo .. .. 800 cubic yards (approxi-
mately)

The block forms a continuation of the grout cap, to which it is connected
by nine inch PVC waterstop.

Fig. 36. Floor of right abutment excavation, with numerous gaping joints open up
to 30 cm.
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Method of excavation
The excavation was carried out in two horizontal stages by drilling and
blasting from above, and removal of loose material by hand barring.

Foundation conditions

The excavation was mainly in fresh gneiss with some slightly weathered
granitic gneiss. The rock mass in the north and east (upstream) batters and
the upstream half of the floor has been only slightly affected by mechanical
weathering, however the upstream part of the floor and part of the down-
stream wall are in the zone of severe mechanical weathering. Hand clean-up
of the floor in this area revealed numerous near-vertical gaping joints (Figs.
30 and 36), open up to 15 centimetres and apparently extending to consider-
able depths.

Fig. 37. Dental treatment of gaping joints in floor of right abutment block excavation.
After clean-up joints were filled with slurry of 1 to 3 sand/cement mortar.
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It is considered that these joints, most of which were near-parallel to
the steep valley wall, were opened up by mechanical weathering associated
with stress relief. Detailed examination of the rock in the valley wall for
100 feet below the foundation failed to reveal any structural defect which
could have formed the base for these movements, and it was concluded that
the movements had been rotational with the tops of the blocks moving out-
ward toward the valley, as shown in Fig. 38.

SECTION THROUGH
RIGHT ABUTMENT BLOCK

Right obutment
block excavation

/
/K

/
Directi f Plane of
irection © - \ grout holes
movement
\\
\ Fig. 38. Section through right abutment
block showing direction of movement
\ that caused opening up of joints.

Goping joints

Foundation treatments

It was apparent that the foundation rock as exposed, was not adequate
to support the weight of the block without some treatment. It was also
apparent that further movements of the disturbed area would be prevented
by the presence of the embankment once it was constructed. However, it
was considered that there was a possibility of movements occurring before the
embankment reached the level of the block. To avoid such movements and
to strengthen the foundations, the following measures were adopted:—

1. Only the lowermost five feet deep concrete lift was placed before
the embankment advanced within 20 feet of the base of the
block.

2. A single row of six by 20 feet long rock bolts was installed below
the base of the block.

3. The gaping joints were treated with thick sand/cement (three
to one) mortar slurry (Fig. 37), following the procedure out-
lined on page 81.
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4. Mortar pads were installed across the major joints to indicate
any movements.

5. A total of 15 anchor bars were installed in the north wall of
the foundations to help support the block.

6. The grout curtain which had been designed as a series of vertical
holes in a plane at right angles to the dam axis, was angled
into the abutment at 70 degrees to avoid the highly disturbed
area.

7. Three rock bolts were also installed in the batters to stabilize
individual semi-detached blocks.

Spillway channel
Design
The concrete-lined spillway channel occupies most of the lowermost
bench of the spillway excavation (Fig. 53). The outlines of the main parts
of the structure are shown in plan and section on Fig. 39.

The main dimensions are as follows:—

Overalllength.................... 880 feet
Overall width .. .. .. .. .. .. .. .. .. .. 70 to 110 feet
Width of invert .. .. . e 40 to 42 feet
Slope of invert (up to start of skl-]ump) e 1 on 24
Height of wall above invert .. .. .. .. .. .. 15 to 42 feet
Maximum slope of ski-jump invert .. .. .. .. 45 degrees
Slope of downslope (north) wall .. .. .. .. 60 degrees
Slope of upslope (south) wall .. .. .. . 45 degrees
Minimum specified thickness of concrete slabs . 1 foot
Number of concrete slabs .. .. .. .. .. .. .. 47

Length of overflow lip .. .. .. ce vv e oo 310 feet

The reinforced concrete slabs or blocks are connected to each other by
PVC waterstops and are anchored to the foundations by grouted anchor bars
installed eight feet into rock, on a six by six feet pattern.

The north wall of the spillway adjacent to the embankment is formed

oncrete gravity blocks of trapezoidal cross-section. In several other
prac s, over-excavation precluded the use of thin slabs as designed, and
necessitated the construction of similar concrete gravity blocks., e.g. block
XCI, Gully block, block LQ.

Drainage of the walls and floor is provided by means of weep holes,
and in the overflow lip foundations by a drain which flows through a gallery
in the left abutment block (LE), and out onto the downstream face of the
embankment.

Requirements of foundations
The criteria for acceptance of foundations for the channel were that
they be:—
1. Mainly strong and durable; sufficiently strong for the anchor
bars to resist uplift stresses up to 16 tons per bolt.
2. Mechanically intact; that is not detached from the rock mass
or with a freedom to become detached.
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In practice weak and very weak rock materials and mechanically sus-
pect rock were accepted where they occurred in localized zones or in places
where the operational stresses would be low, and the consequences of failure
slight, e.g., near the top of the channel wall, downstream of the embankment.
In other places rock bolts were installed to strengthen the foundations.

Geological investigations

The following procedures were adopted to determine the suitability of
each section of foundation:—

1. Immediately after preliminary clean-up the foundation was
inspected by the resident geologist, a geological plan was pre-
pared, and areas marked where special foundation treatment
appeared necessary.

2. A joint inspection between the resident geologist and the feature
engineer was carried out to specify the details of foundation
treatment.

3. After final clean-up, immediately prior to concrete placement,
the foundation was inspected again and extra details added
to the geological plan.

Foundation conditions

The detailed geology of the spillway channel foundation is shown in
plan and section on Fig. 39. The relative occurrence of the main rock types
is shown in Table 12.

TABLE 12
OccURRENCE OF MAIN Rock TyPes, SpiLLwAy CHANNEL
Rock type Proportion of foundation Predominant degree of
weathering
Schist.........oovvviiiinnnn. SOpercent ............... Fresh to slight
Gneiss ... 40percent ............... Slight to fresh
Granitic gneiss ............... 10percent ............... Slight to moderate

Towards the upstream end of the channel, upstream of Ch.250, the
foundations consist mainly of schist; and in the ski-jump area downstream of
Ch.750, mainly of gneiss. In the central part schist and gneiss occur in
approximately equal proportions in alternating bands five to 50 feet apart.

Sheared zones four to 60 centimetres wide and crushed zones 0.1 to 15
centimetres wide occur in the foundations spaced mainly 20 to 100 feet apart
and in places merging and intersecting. The rock for distances up to four feet
adjacent to many of the sheared zones, is moderately to highly weathered
and hence weak to very weak.
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Fig. 41. Spillway channel, north wall, block LO, with disturbed wedge shaped
block in upper part of foundation.

As shown on Fig. 53, most of the rock in the foundation has been only
slightly disturbed by mechanical weathering and contains few infilled seams
or gaping joints. However parts of the foundation for the north wall have been
considerably disturbed and contain numerous infilled clay seams, some of
which are up to 30 centimetres wide (Figs. 41 and 46). The initial excavations
for the overflow lip, left abutment block (Fig. 49), gully block and ski-jump
north wall (Fig. 40) exposed highly disturbed rock, and a considerable
amount of extra excavation was necessary in each case to expose acceptable
foundations.
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Overbreak

Overbreak which occurred during excavation of the spillway channel,
was due to three main causes:—

1. Inaccuracies and errors in drilling and blasting technique, such
as overdrilling, deviation of holes, overblasting, surveying
errors, etc.

2. Lack of planarity of pre-split surface due to concavities between
pre-split holes.

3. Loosening along geological weaknesses resulting in back-break
due to slip-out, or necessitating barring down of joint blocks.

In the central part of the channel floor (blocks F4, F5 and F6) the
two four feet of overbreak which occurred was due mainly to over-drilling
of burden holes. In other parts of the floor, the overbreak was localized
and mainly associated with loosening along geological defects.

In the sloping batters for the north wall overbreak was slight except, in
the ski-jump area where up to six feet of highly disturbed rock in the north
wall (Fig. 40) was removed by barring.

In the south wall overbreak was up to three feet and was mainly due
to inaccurate drilling.

Foundation treatments

Provision was made for drainage of the channel foundations to reduce
uplift forces on the channel lining which would otherwise occur due to the
presence of a positive head of water in the hillside and in the reservoir. The
treatments which are shown in Fig. 39, consisted of the installation of drains,
located so as to intersect geological zones along which water could travel.
The probable effect of this treatment on the groundwater situation is shown
in Fig. 21.

A single line of “weep holes” was drilled on a 10 feet spacing to pene-
trate through the concrete lining and three inches into rock, along the toe of
the upslope (south) wall of the channel. In the channel floor “wet seam
drains” were installed to relieve water pressure from all major seams.
Upstream of the embankment the seams were drained on both sides of the
channel floor. Downstream of the embankment the seam drainage was
confined to a short section of three to 10 feet on the southern side.

The procedure adopted for wet seam treatment was as follows:—
1. The seam and adjacent rock were excavated using jack hammers
to form a channel of U-shaped or V-shaped cross-section
(Fig. 42).
2. The excavation was thoroughly cleaned by air/water jet.
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3. The excavation was filled with “no-fines” porous concrete (Figs.
43 and 44) composed of 380 Ib of cement per cubic yard
of three-quarters of an inch aggregate, and covered with tar

paper.
4. A drain pipe was installed from the porous concrete to protrude
above the channel floor level.

5. After pouring of the lining the drain pipe was trimmed to the
level of the channel floor.

Fig. 42. Narrow crushed seam exposed in Fig. 43. Narrow crushed seam exposed in
the floor of the spillway channel excavation the floor of the spillway channel excavation
before wet seam treatment. after wet seam treatment.

In three separate parts of the ski-jump foundations the rock mass con-
tained open or clay-filled sheet joints resulting from movement of joint blocks
outward towards the valley. These areas were strengthened by the installation
of rock bolts eight to 20 feet in length (Fig. 39) which were anchored to intact
rock.
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The rock mass between the end of the ski-jump and the Old Gorge
Road was also strengthened by rock-bolting to pin large, disturbed joint
blocks which could otherwise have become detached during periods of spill-
way discharge, resulting in undercutting of the spillway concrete. Several
seams in this area were dentally treated to avoid erosion during periods of
small discharge.

3 inch diameter
P.V.C. drain pipe
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\ \ ~ N
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Fig. 44. Diagrammatic section through typical “wet seam drain” in floor of spillway
channel.

Changes in design during construction

In several parts of the foundations for the downslope (north) wall of the
spillway channel, the presence of geological weaknesses in the rock mass
necessitated re-design of the concrete structures.

Spillway overflow lip
(Blocks XC1, LB, LC, LD and LE)

In the original specifications the overflow lip was designed as a series of
concrete slabs topped by curved gravity crest blocks, and anchored to the
foundation rock mass by means of a pattern of bars installed horizontally
through the slabs at six feet centres (Fig. 45). During excavation it became
evident that the rock mass in this area had been disturbed by small-scale
slide movements (see pages 145 to 150). It was considered that this rock
mass, particularly in the upper part of the ridge between the channel excava-
tion and the valley slope, could not be relied on to provide the necessary resis-
tance to the dynamic stresses which would occur during peak overflow. In
particular it was considered that the spillway concrete should be separated
from one particular wedge-shaped mass which was considered to be unstable
(wedge mass No. 2).
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Fig. 45. Spillway overflow lip; design changes during construction.
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Fig. 46. Initial excavation for spillway block LE showing disturbed rock containing thick
seams of infilled clay (seams K and A).

Excavation at the upstream end of the spillway channel proved to be
deeper than anticipated due to the presence of a soil-filled gully, necessitat-
ing re-design of the lip in this area. Two possible design layouts (design 2
and design 3) were considered to avoid this area (Fig. 45).

1. Design 2 involved curving the channel into the hillside to avoid
not only the gully in the corner, but also wedge mass No. 2.

2. Design 3 involved shortening the channel to avoid the gully, and
excavation of part of wedge mass No. 2 so that the structure
could be anchored to the relatively intact underlying rock
(Fig. 76).

Design 3 was chosen for economic reasons. It involved considerably
more excavation than the original design, with a corresponding increase in
volume of concrete, as shown in Fig. 45. The aim of these modifications was
to make the structure less dependent on the foundation rock for its support.
To increase the resistance to uplift and to dynamic stresses during peak dis-
charge, the re-design also incorporated a six by six feet pattern of vertical and
sloping anchor bars and a drain of porous concrete on the channel side of
the foundation.
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Fig. 47. Vertical batter of final excavation for spillway block E. The surface of the
disturbed rock has been bitumen coated to eliminate bonding between rock and
concrete.

As the rock in the northern wall of the excavation was of suspect
stability, it was separated from the concrete by means of a non-adhesive
bitumen coating. At the downstream (western) end of the overflow lip
(block LE) the rock mass contained several thick infilled clay seams includ-
ing seams A and K (Fig. 46) which contained up to 40 centimetres of highly
plastic clay. Additional excavation amounting to 40 cubic yards was carried
out to remove this disturbed rock down to RL870 (just below the level of
the spillway channel floor) so that seams A and K were almost completely
avoided (Fig. 39).

The foundation floor in block LD was sloped upwards at 45 degrees
from RL870 to RL885. The vertical batter on the northern side of the
excavation was coated with bitumen to render it non-adhesive (Fig. 47).
In order to reduce uplift on the block from water passing through the grout
curtain, a six by six feet pattern of anchor bars was installed and a row of
drainage holes drilled from a gallery formed within the block.
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Left abutment block

(Block LF)

The excavation was initially taken to the level of the adjacent spillway
floor foundation, as specified. The rock mass at this level was highly dis-
turbed, particularly towards the upstream end of the block where hand
clean-up revealed numerous gaping joints, some open up to 50 millimetres
(Figs. 48 and 49) and apparently extending to considerable depths. As
this part of the spillway foundation provides a relatively short leakage path
around the embankment, it was decided that for the foundations to be accept-
able, they required the following treatments:—

1.
2.
3.

Reinforcement of the rock mass.
Grouting, to reduce leakage past the embankment.

Drainage, to alleviate uplift forces which could be caused by
water penetrating through the grout curtain.

To achieve these requirements the following procedure was adopted:—

1.

Extensive hand barring and light blasting to remove the most
severely disturbed and weathered rock.

. In the upstream 20 feet all gaping joints were treated with a

slurry of sand, cement and water.

The irregularities in the foundation were filled with concrete up
to the general foundation level.

Anchor bars were installed in the upstream 30 feet of the
foundation, on a six by six feet pattern, 15 feet into rock.

Blanket grouting of the upstream 30 feet of the foundation was
carried out after the pouring of two six feet lifts of concrete.
Holes were drilled to a depth of 30 feet and grouted in a
single stage at 20 pounds per square inch. Primary holes
were spaced in a 10 feet grid pattern, and secondary holes
were also grouted in most places.

. A drainage gallery was formed through the centre of the block

to connect with the drain from the overflow lip.

. In the upstream 35 feet of the foundation a single row of

drainage holes was drilled from the drainage gallery, with
holes six feet apart and extending 20 feet into the rock.

The locations of grout holes, anchor bars and drainage holes are shown

on Fig. 48.

It was considered that the foundation for the downstream part of the
block would be best left untreated, as the rock mass in this area was obviously
free-draining due to the large number of gaping joints.
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Fig. 48. Left abutment block; geological plan and sections.
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Fig. 49. Gaping joints exposed in foundation for left abutment block.

Block LH and Gully block

Excavations for these blocks included the removal of thicknesses up to
20 feet of soil materials which occurred in gullies formed by old wedge slides
(Fig. 19). The extra excavation involved in removing this soil necessitated
re-design of these blocks from thin concrete linings to self-supporting struc-
tures of gravity section (section D-D, Fig. 39). Some extra rock excavation
was also necessary to provide suitably shaped bases to support the blocks.

Ski-jump

Considerable over-excavation occurred towards the top of the north
wall due to the method of excavation. Further over-excavation occurred
due to the removal by barring, of loose rock fragments which occurred
towards the downstream end of this wall (Fig. 40). The resulting foundation
was considered inadequate to support the lining as designed, and so the
blocks in this area (LO, LP and LQ) were widened by five feet to make
them more self-supporting (section B-B, Fig. 39).

A concrete key near the downstream edge of the ski-jump which was
specified in the initial design, was not constructed as it was considered unwise
to cause further disturbance to the rock mass in this area.
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Fig. 50. Erection of form work, reinforcement and grout pipes for left abutment
block, after treatment of open-jointed area at upstream end.

Intake structure
Design
The intake structure is a concrete tower inclined against the right bank,
immediately upstream of the diversion tunnel (Fig. 4). The main advan-
tage of the inclined tower design over the conventional vertical tower, is its
resistance to damage by earthquakes. The dimensions are as follows:—

Feet

Length (measured along slope) .. .. .. .. .. .. .. 270

Vertical height .. <o s sa au 5o 53 55 we 59 45 55 200

Height of walls (measured normal to the floor) .. .. 17

Width of floor .. .. .. .. .. .... ... .. .. .. 165 to 17.8

Thickness of walls .. .. .. .. .. .. .. .. .. .. .. 2.5 and 3
Degrees

Angle of inclination (floor) .. .. .. .. .. .. .. .. 46

Angle of inclination (walls) .. .. .. .. .. .. .. .. 90 (vertical)

Water from the reservoir may be selected at different levels by a series of six
bellmouth inlets located in the roof of the structure and controlled by butter-
fly valves. The water passes from the inlets through a pipe (48 inches in
diameter) within the structure, into the diversion tunnel.
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The control room at the top of the structure is constructed on a
horizontal foundation which originally formed part of the access road excava-
tion. The inclined section of the structure is founded within a vertical-sided
excavation up to 19 feet deep, with the floor sloping at 46 degrees. The
lower part of the structure (base) is approximately cubic in shape with
vertical walls, and is connected by PVC waterstop to the upstream portal of
the diversion tunnel. It is situated on a horizontal foundation and rests
against a vertical wall, 20 feet in height, on the north side.

Requirements of foundations

The intake structure is largely self-supporting so that the loads imposed
on the foundations are quite small. The main requirement of the foundations
is that they be stable under the range of conditions which might occur during
the life of the structure.

In order to achieve foundations of suitable strength and stability to
support the structure, it was necessary to remove:—

1. Spoil, topsoil, tree stumps, etc.

2. Completely and highly weathered rock except where it occurred
in localized zones, or in the upper parts of the walls of the
excavation.

3. Parts of the rock mass which had been severely disturbed by
mechanical weathering processes and contained a significant
proportion of gaping or soil-filled joints.

Method of excavation
The following excavation procedure was adopted:—

1. Soil and loose boulders were removed from the surface by
dragline.

2. Vertical pre-split holes two feet apart were drilled for each wall,
to within six inches of the floor level, and blasted.

3. For each 20 feet stage commencing at the top, pre-split holes
one and a half or two feet apart, were drilled along the line
of the proposed floor, and fired. The burden was fragmented
with vertical holes or with a combination of “lifter” holes
angled at 46 degrees and vertical holes.

4. The fragmented rock was removed by scraping with a dragline.

5. Loose material in the walls and floor was removed by hand
barring.

6. Corners and high spots were trimmed with jack hammers.
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Geological investigations
Regular inspections of the excavation by the resident geologist and
feature engineer were conducted throughout the excavation period, to deter-
mine the necessity for extra excavation and the installation of rock bolts.

The excavation was logged in plan and section on a scale of one inch to
10 feet.

Foundation conditions

Most of the rock in the walls and floor of the excavation consists of
gneiss, slightly weathered in the walls and fresh to slightly weathered in the
floor. Several bands two to 12 feet wide, of slightly to moderately weathered
granitic gneiss, trend across the excavation.

The rock mass adjacent to the excavation has been severely affected by
mechanical weathering to depths up to 15 feet normal to the natural ground
surface. Irregular sheet joints near-parallel to the ground surface, occur

Fig. 51. Sheet joints gaping open to 20 c¢cm in upper part of intake structure

excavation, downstream wall.
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along most of the length of both walls (Fig. 51) and form the floor in many
places where overbreak has occurred. These joints extend up to 40 feet, and
are commonly partly open or filled with infilled soil materials for thicknesses
of up to 15 centimetres. Many tectonic joints and several sheared zones also
contain infilled clay, due to past downslope movement.

The rock mass beneath the floor of the structure is only slightly affected
by mechanical weathering and the joints are either tightly closed, or contain
less than 15 millimetres of infilled clay. In the excavations for the intake
structure base and the control room, the joints are mainly tightly closed except
for a few which are clay-coated.

Several seepages from slightly open seams and joints in the floor of the
excavation occurred during excavation and gradually diminished in the follow-
ing weeks. Further seepages and small flows occurred following periods of
heavy rain.

Foundation treatments

Sheet joints in the walls and floor of the excavation dipping downslope,
caused overbreak in many places. In order to restrict the overbreak and
stabilize the rock adjacent to the excavation, a total of 18 rock bolts was
installed.

In the lower part of the excavation, a sheet joint containing up to 10
centimetres of clay was exposed in a small area of overbreak three feet below
the design floor level (Fig. 52) and apparently extending beneath the foun-
dation on the upslope side. Jack hammer holes drilled in this area confirmed
the extension of the seam for a distance of 25 feet upslope. The rock above
the seam amounting to 50 cubic yards, was then removed.

Stability of foundations

It is considered that the floor of the excavation is below the zone of
severe mechanical weathering and that sheet joints beneath the floor are mainly
tightly closed and relatively restricted in extent, and therefore not likely to
cause instability. Several sheet joints which occur in the vertical wall of the
excavation for the base of the structure, extend less than 20 feet along the
batter parallel to the river direction, and contain less than 10 millimetres of
infilled soil. This wall has been reinforced by the installation of 22 rock bolts.

Sheet joints in the walls of the excavation caused small stability problems
during excavation. The walls were reinforced by the installation of 18 rock
bolts.

The intake structure itself provides additional support for loose blocks
in the walls.

A sheared partly crushed zone which outcrops downstream of, and dips
beneath the intake structure, was considered as a possible source of major
instability in combination with Set (4) joints. However the Set (4) joints
exposed in the excavation extend less than 10 feet and hence do not constitute
a danger.
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Fig. 52. Lower part of intake structure excavation showing pre-split floor, under-
lain by sheet joint.
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QUARRIES
Spillway excavation
Design
The spillway excavation consists of a series of five benches and a chan-
nel which terminates in a ski-jump at the downstream end. The excavation
as constructed is shown in plan and section on Fig. 53. The dimensions are
as follows: —

Feet
Length (horizontal distance) . . « ee .. .. 900
Maximum height of upslope face in elevatxon ceoe. .0 210
Maximum plan width of excavation .. .. .. .. .. .. 360
Width of channel floor .. .. .. .. .. .. .. .. .. .. 42 to 44
Vertical distance between berms O 11
Width of berms .. .. e e e .. .. 45
Maximum depth on channel centre lme ce e e oo .. 80
Degrees
Cutting angle, upslope (south) batters (between berms) 45
Overall angle top to bottom (including berms) . .. .. 40
Cutting angle, downslope (north) batter .. .. .. .. .. 60
Slope of channel floor and berms .. .. .. .. .. .. 2.3 (1 on 24)
Total volume of excavation .. .. .. .. .. .. .. .. .. 360,000 cuyds

Method of excavation

The first excavations in the spillway were haul roads cut at three dif-
ferent levels to provide access to quarry No. 1. The uppermost road
(RL1020 to RL1000) was mainly excavated by ripping and scraping using
Caterpillar D8 bulldozers, with blasting in some sections. The lower haul
roads (RL970 to 950 and RL910 to 890) were excavated mainly by drilling
and blasting from a face advancing from upstream to downstream.

The excavation of haul roads was followed by stripping of surface soil
and loose rock fragments by scraping with Caterpillar D8 bulldozers. The
remainder of the spillway was then excavated berm by berm by drilling and
blasting, commencing from the top (berm 1). Each berm was excavated
progressively in stages from upstream to downstream.

Drilling patterns. 'The drill holes in the pre-split batters were nominally
three feet apart for batters 1 to 5 and two feet apart for the channel walls.

The pattern of burden holes ranged from eight by six feet to 10 by
10 feet, the most common spacing used being nine by seven feet. Burden
holes were all vertical except in the channel where a V-shaped pattern was
adopted. All holes were three inches in diameter and were drilled using
Air-trac percussion rigs.

Explosives. Powder factors ranged from 0.45 pound per cubic yard to
0.8 pound per cubic yard, with 0.65 pound per cubic yard the most commonly
used charge. The main explosive used was ANFO (Ammonium nitrate/fuel
oil mixture) in conjunction with cordtex relays and electric detonators.
Gelignite (Anzite yellow) was also commonly used.
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Fig. 53. Spillway excavation, rock types and weathering; plan and sections.

The pre-split was achieved by the attachment of half or quarter plugs
of gelignite to strings of cordtex at spacings of one to two feet, with a powder
factor of 0.8 ounce per square foot.

Secondary blasting. Most blasts produced considerable amounts of
materials too large to be handled efficiently by the excavating machinery. This
oversize material usually came from near the free face of the bench being
excavated, and was usually located towards the outside edge of the pile of
blasted rock. Where oversize rock formed a small proportion of the volume
(less than 10 per cent) it was usually side-cast, and secondary blasting was
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carried out after completion of loading of the rest of the pile. Where it
formed more than 10 per cent of the volume, the oversize rock was re-drilled
and blasted before loading of the pile commenced.

Loading. The blasted material was loaded by means of a four and a
half cubic yards capacity shovel or front end loader of five and a half cubic
yards capacity, into rear dump trucks with capacities of 20 or 27 cubic yards.

Trimming of batters. The designed batter angle of 45 degrees proved
too steep to allow removal of loose material by bulldozers pushing directly
downslope or by loading equipment working upslope. However it was not
sufficiently steep for the material to roll down due to gravity. The procedure
adopted to form the batters consisted of trimming with the side of a bull-
dozer blade. For this purpose it was necessary for the bulldozer to work
back and forwards along a receding ramp located against the batter. This
procedure resulted in considerable breakdown of the rock as the ramp
receded.

Geology of excavation

The original valley surface in the spillway area consisted of three steep
rocky ridges up to 100 feet wide separated by soil-filled gullies up to 200 feet
wide. Excavation showed that the soil-filled gullies contained up to 20
feet of transported material underlain by mainly intact schist and gneiss, and
that the rocky ridges consisted mainly of disturbed schistose rock materials.
In the excavation as a whole (Fig. 53), schist, gneiss and granitic gneiss
occurred in the proportions of 50, 35 and 15 per cent respectively. Within
each particular rock type the severity of weathering effects increased upwards,
towards the crest of the hill and outwards, towards the valley (Fig. 53). The
rock in benches 5 and 6 was predominantly fresh.

The zone in which there has been considerable disturbance by mechani-
cal weathering (Fig. 53) ranged up to 50 feet in thickness and comprised
almost 40 per cent of the volume of the spillway. This zone contained
numerous infilled clay seams up to 40 centimetres wide, along joints and
sheared zones. In the remainder of the excavation including the upslope
batters and the channel floor, the rock mass had been relatively unaffected by
mechanical weathering. Infilled seams in this zone were rare and mainly
less than two centimetres in width.

Fragmentation

The grading of the rock produced by blasting varied considerably due
to wide differences in geological conditions and blasting technique between
one part of the excavation and another. Except for five to 20 per cent of
material which was too large to be handled by the excavation machinery,
and which was reduced in size by secondary blasting, the gradings achieved
by the primary blasting were generally within the limits required for the
rockfill (Fig. 57). The percentage of minus one inch material at this stage
in the excavation/placement cycle ranged from an estimated 25 per cent
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in areas where the surface soil had been incompletely removed, to 10 per
cent in the areas of comparatively unweathered rock. The predominant frag-
ment size ranged from 60 by 30 by 10 centimetres, up to 120 by 80 by 30
centimetres.

During handling, the grading of the rock changed considerably due to
breakdown, particularly where the rock substance was moderately or highly
weathered. In many places this breakdown was sufficient to cause rejec-
tion of the rock.

The shape of the rock fragments was related to the rock type and in
particular to the degree of anisotropy. Blasting of the schistose rocks produced
flaky fragments (Fig. 54) with the maximum dimension commonly three to
six times that of the smallest. The fragments of gneiss were more bulky
(Fig. 55) with the ratio of largest to smallest dimensions usually less than
three.

Selection of embankment materials

The main criteria used to select rockfill for zones 2, 3 and 4 of the embank-
ment are described on pages 119 to 125. Material unsuitable for the embank-
ment was hauled to the disposal area. As far as possible once construction
of the embankment had commenced, material for the embankment was pro-
duced from a single face as desired. However, owing to the difficulty of
producing material suitable for zone 2, a particular area of the spillway
excavation away from the main face was set aside for this purpose.

Fig. 54. Face of spillway excavation, bench 4. Primary blasting and some secondary
blasting (foreground) have produced highly flaky fragments of the weak schist.
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Fig. 55. Shovel loading bulky gneiss from quarry No. 1, bench 4. Fines occur mainly in
material pushed down by D8 bulldozer from upper parts of the bench.
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Large quantities of sound rock were sent to disposal due to contamina-
tion with fines derived from surface soil and highly to completely weathered
zones. Control of this wastage of rock proved to be the most difficult aspect
of the excavation.

In some places where the material was exceptionally sound it was mixed
at the embankment with contaminated material that would otherwise have
been directed to disposal.

Stability of batters

The overall angle of the upslope wall of the spillway cutting was designed
to minimize the failure of the wedges of rock bounded by Set (1) and Set (2)
weaknesses. Fig. 56 shows that although some wedges are free to slide with
slopes of 45 degrees, the size of the blocks which could fail is limited by the
presence of berms. Two wedges of rock, each less than two cubic yards in
volume, failed in this way but the loose material was retained on the berm
below.

No other wedges or blocks with freedom to slide into the excavation were
evident from detailed examination of the batters, and no special treatments
were considered necessary to improve the stability.

ISOMETRIC VIEW OF
SOUTH (UPSLOPE) WALL OF
SPILLWAY EXCAVATION

Moximum size of
wedge that could
slide by movement
along typical Set(l)
and Set(2) joinfs

TRACE OF FOLIATION

Typical Set{l) and Set(2)
joints; may intersect to
form obtuse angle wedges
plunging at about 40°

Typical Set(l) and Set(4)

joints; may intersect to

form acute ongle wedges

plunging ot about 20°

71—315 Del.D.V.M. S.A. Dept. of Mines

Fig. 56. Diagram showing stability of spillway cut.
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Design changes during construction

Although the pre-split technique resulted in satisfactory batters from the
viewpoints of stability and appearance, the batters tended to deviate from
the specified lines. Most of the irregularity was due to the wandering of the
70 feet long drill holes. In order to achieve maximum accuracy of the chan-
nel wall foundations it was decided to shorten the lengths of pre-split holes
by incorporating an extra berm (berm 5) five feet wide. located two feet
above the level of the channel concrete. To accommodate the extra berm
the angle of batter 4 was steepened to 50 degrees.

Quarry No. 1
Design

The quarry situated immediately downstream of the spillway consists of
a series of six, three-sided benches (Fig. 4), extending to the level of the Old
Gorge Road. The dimensions are as follows:—

Feet

Vertical height of benches .. .. 50 (benches 1 to 4)
70 (benches 5 and 6)
Width of berms .. .. .. .. .. 20 (berms 1 to 3)
: 40 (berms 4 and 5)

Degrees

Cutting angle (between berms) . 76 (1 on 4) for hillside wall

63 (1 on 2) for downstream wall
Overall cutting angle .. .. .. .. 63 (1 on 2)
Total volume of excavation .. .. 115,000 cu yds

Method of excavation

Excavation commenced with stripping by Caterpillar D8 bulldozers of
loose soil materials in the upper part of the quarry area (benches 1 and 2).
Access to this area was through the spillway cut. Stripping of surface soil
below the level of berm 2 was carried out from above using a dragline.
Benches 1, 2, 3 and 4 were then excavated progressively in stages from
upstream to downstream, and the material was hauled via the three haul roads
constructed as the first stage of excavation for the spillway.

The material from benches 5 and 6 was loaded from the Old Gorge
Road and hauled to the embankment via the downstream ramp. Caterpillar
D8 bulldozers were used to push the blasted material from bench 5 onto the
road below. The steep batters were “self mucking” and did not require
trimming by bulldozers.

Drilling. The drill holes in the pre-split line were three inches in
diameter and spaced four feet apart. The pattern of burden holes was
mainly 9 by 7 feet, and holes were sloped parallel to the pre-split holes at
76 degrees and drilled to the level of the berm.
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Explosives. In the pre-split holes single or half plugs of gelignite were
attached to strings of cordtex, with a powder factor of approximately one
ounce per square foot.

In the burden holes ANFO was used and the powder factor ranged from
0.6 pound per cubic yard in the upper benches to 1.2 pounds per cubic yard
in the lower benches.

Secondary blasting and loading. As for the spillway excavation (see
pages 104-105).

Geology of excavation

The original ground surface in the quarry area was formed by a prom-
inent steep ridge of jagged rock ranging in width from 30 feet at the top to
80 feet at the bottom. The ridge was flanked on the upstream side by a
shallow rocky gully containing a small creek and on the downstream side by
a prominent soil-filled depression. The quarry was located to include as much
as possible of the ridge, and a minimum of the soil-filled depression which
drilling had shown to be underlain by weathered, feldspathic gneiss.

The rock from the excavation consisted of gneiss and schist in the pro-
portions 60 and 40 per cent respectively. The degree of weathering increased
with height above the valley floor, ranging from moderately and highly
weathered in bench 1 to fresh and slightly weathered in benches 5 and 6. It
also appeared to be related to the feldspar content of the rock which showed
vertical as well as lateral variation, due to a complex pattern of metamorphic
differentiation along both the S2 and S1 foliation directions.

Soil was mainly less than five feet thick, and unlike the rock mass in the
spillway area, mechanical weathering effects in the quarry area were insigni-
ficant at depths of more than 15 feet below natural surface.

Fragmentation

The grading of the blasted rock ranged within the same limits as the
rock from the spillway excavation. However the quarry rock required much
less handling, due to the much steeper batters, and in particular there was
little need for bulldozing, the process responsible for the most severe break-
down. For this reason and also because of the predominantly higher strength
and durability of the quarry rock, the rockfill delivered to the embankment
contained considerably less fine material than the rock from the spillway.

Stability of batters

In designing the quarry it was not feasible to adopt batter angles which
would completely exclude the possibility of wedge or block slides. However
the exploration had not revealed any weaknesses likely to contribute to major
instability and it was considered that minor instability could be handled
during construction.
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The quarry batters contain relatively few geological defects and most
of the prominent ones dip into the slope. Set (2) and (4) joints which could
combine with Set (1) seams and joints to give wedges with freedom to slide,
mainly extend less than 10 feet.

The only slides to occur were of wedge blocks up to five cubic yards
at the tops of the batters. Several of these blocks were removed by hand
barring after removal of materials from each bench.

Quarry No. 2

During construction it became apparent that the spillway and quarry
No. 1 excavations as designed, contained insufficient material to complete
the embankment, and that up to 60,000 cubic yards of additional rock would
be required. A rapid exploration programme consisting of surface mapping,
four bulldozer trenches and eight Air-trac (percussion) drill holes, was car-
ried out at a site located 600 feet northeast of the disposal area (Fig. 5).
The exploration revealed a sequence of dolomites with alternating strong
and weak bands up to 20 feet thick, dipping east into the hillside at 20 to 40
degrees. The weak bands although similar in composition to the strong
bands appeared to have been far more severely affected by chemical weather-
ing. In many places a “skin” up to four feet thick of strong case-hardened
dolomite obscured the nature of the underlying material. Results of the
exploration suggested that with considerable selection and rejection, the
required quantities of rock would be available.

Petrographic examination of the dolomite revealed that it consisted
mainly of microcrystalline dolomite carbonate with 15 to 30 per cent of
sand-sized quartz and some feldspar (see Appendix 2). Weathering has
resulted in the breakdown and leaching of the carbonate minerals.

Sulphate soundness tests were carried out to assess the durability of the
dolomite materials. The results indicated that the rock, even in a highly
weathered state, is resistant to sulphate attack (see Table 8).

Geology of excavation

Stripping of the area resulted in the removal of an average of six feet
of soil materials, with thicknesses up to 25 feet in places. The quarry was
excavated in a single bench up to a height of 65 feet and with batters sloping
at approximately 76 degrees or 1 on 0.25.

Excavation showed that in addition to the weak bands orientated along
bedding, there were numerous patches of soft weathered materials, apparently
unrelated to geological structure. The places where these patches intersected
the surface corresponded to the deep pockets of materials removed during
stripping. The degree of weathering showed only slight decrease with depth
below the ground surface.
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The dolomite material was closely jointed, with unit blocks mainly bulky
in shape and ranging from five by five to 50 by 50 centimetres in size. The
case-hardened surface was relatively free from joints.

Fragmentation

The stronger bands of rock were reduced by blasting to unit block sizes
and retained these sizes during handling. Blasting and handling of the weak
rock caused considerable breakdown, reducing much of the rock to sand
and gravel-sized fragments. Excavation of the case-hardened rock resulted
in blocks up to 200 by 100 by 100 centimetres in size.

Little attempt was made during loading to separate the finer, weak dolo-
mite from the strong rock, as the materials were intimately mixed together.
The alternative approach was to excavate the areas containing strong rock in
preference to the weak areas. This also proved difficult due to the complex
weathering pattern.

Zone 1 Quarry

The original specifications stipulated that rock for the embankment
should be obtained from the spillway and quarry No. 1 excavations. How-
ever the obvious difficulties involved in producing rock of zone 1 grading
(see Appendix 6) from these areas influenced the contractor to search for
an alternative, more practical source.

A reconnaissance geological survey of rock within two miles of the site
carried out on behalf of the contractor, indicated a promising occurrence of
quartz gneiss 1.2 miles east of the dam site (Fig. 5).

A programme of trenching and drilling was suggested to prove the
suitability and quantities of materials, however the contractor decided to
explore the proposed quarry area by stripping of surface soil and excava-
tion of a trial quarry. The trial quarry produced closely jointed, weathered
quartz gneiss which after screening on a two inch screen, fitted the required
grading envelope for zone 1. Although weathered, this rock was strong to
very strong due to the interlocking of granular quartz and feldspar (Appendix
2), and breakdown during handling proved to be insignificant.

Geology of excavation

The overburden of surface soil averaged four feet but was up to six
feet thick, and consisted mainly of brown silty clay. Excavation was carried
out by extending the trial quarry southwest into the hill. The rock proved
to be progressively less weathered away from the surface.
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The rock mass is closely jointed with at least four joint sets forming
unit blocks ranging from three by five by five centimetres to 50 by 30 by 30
centimetres in size, and mainly bulky in shape. In the mechanically weathered
zone within 25 feet of the surface, most of these joints were cohesionless,
however at depths greater than 30 feet many of the joints were strongly
cemented.

Fragmentation

In the outer zone of mechanically weathered rock most of the unit blocks
were separated during blasting and handling so that the material produced
consisted mainly of joint blocks five by five by three centimetres to 50 by
30 by 30 centimetres in size.

In the zone of rock relatively unaffected by mechanical weathering, the
blasting and handling processes were insufficiently severe to rupture the
cementing bond between many joint blocks, and blocks up to two by one
by one metres were produced. Attempts were made to overcome this
problem by using higher powder factors, however much of the blasted
material exceeded the specified grading. The oversized material was further
broken down at the quarry site by the impact of a crane-mounted ball weight,
and on the embankment face by sledge hammers.

EMBANKMENT
Design

The embankment is a decked rockfill structure of trapezoidal cross-
section (Fig. 57), 200 feet high and with a crest length of 400 feet. The
crest width is 25 feet and the width at the base is 600 feet. A 50 feet wide
berm on the downstream side accommodates the screening chamber. The
upstream face slopes at 1.3 to 1 and the downstream face at 1.4 to 1. A
concrete membrane consisting of 40 feet wide slabs ranging in thickness
from one foot at the crest to three feet at the toe, rests on the upstream face.
The total volume of material in the embankment is 435,000 cubic yards.

Internally the embankment consists of five zones as shown in cross-
section on Fig. 57. The zones consist of rockfill placed in layers, sluiced
and compacted. The main statistics and requirements of each layer are

tabulated in Fig. 57.

Zones 1, 2 and 4 are filter zones, designed to drain any leakage which
occurs through the face and abutments. Zone 1 was manufactured to a
specified grading envelope (see Appendix 6) to ensure adequate permeability
and also to ensure that the face when rolled, provides a suitable foundation
for the placement of the upstream face. Zone 2 also acts as a “buffer zone”
to eliminate contamination of the clean zone 1 material by fines from zone 3.
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Fig. 57. Embankment zones; main statistics and requirements for each layer are tabulated.

Method of construction

Wherever possible, embankment layers were placed systematically from
downstream to upstream. The hauling trucks dumped the fill material in
heaps at the edge of the layer and the material was then spread by several
passes of a Caterpillar D8 bulldozer.

During dumping and prior to spreading, the material was thoroughly
sluiced by a monitor mounted on a Caterpillar D7 bulldozer. Sluicing water
was applied to each load for a minimum of three minutes to ensure that each
cubic yard of rock received a total of 180 gallons of water. Some of the
sluicing water flowed across the surface and down the embankment face, and
other water percolated through the fill. The water was retained by the down-
stream measuring weir and continually re-circulated.
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Each layer was compacted by four passes of a 10 ton vibrating roller
towed behind a Caterpillar D7 or D8 bulldozer. Access to the lower 100 feet
of the embankment was by means of external ramps, the downstream ramp
to RL768 and the upstream ramp to RL800. Above RL800 an internal
ramp was placed extending into the spillway channel at RL860, downstream
of the left abutment block. Fill material brought in via the ramp was used
to complete the embankment to this level. Above RL860 another internal
ramp was constructed rising to crest level against the right abutment block,
and the embankment was finally completed with rock transported via the right
abutment access road.

Fig. 58. Rolling of upstream face. Three passes of the vibrating roller resulted in
compactions of up to 0.6 foot of the sloping surfaces of zome 1.

After completion of the embankment, the face of zone 1 was com-
pacted by three passes of the vibrating roller (Fig. 58). The upstream face
was then placed on this surface in 40 feet wide slabs, connected by PVC
waterstop. The lowermost part of each slab was placed and surfaced by hand.
The rest of the slab was top-formed by a moving screed (Fig. 59).
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Fig. 59. Placing of concrete membrane on the upstream face of the embankment. The
triangular corner piece of each slab was surfaced by hand and the remainder top-
formed by a moving screed.

Sources of rockfill

The main rock materials and their distribution within the embankment
are shown on Fig. 60.

Excavation of access roads through the spillway and excavation of
quarry No. 1, benches 1 and 2, and part of bench 3 were carried out prior
to commencement of the embankment. Usable materials from these excava-
tions were classified at the face as either suitable for zone 3 or suitable for
zone 4, and accordingly removed to zone 3 stockpile or zone 4 stockpile. A
stockpile was also made of material from the downstream access road. Once
placing of rockfill had commenced, all material classified as suitable was
transported directly to the embankment. Placing of the stockpiled material
occurred mainly during delays in production of quarry and spillway material.

Zone 4 was constructed mainly of rock from benches 3 and 4 of quarry
No. 1 and from road spoil (contract variation No. 7). Production of rockfill
materials on a large scale from the spillway did not occur until bench 3 was
reached at which stage the embankment had reached RL772, and quarry
No. 1 which was 90 per cent complete, was temporarily abandoned.
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Fig. 60. Distribution of the main rock materials in the embankment.

Where possible, production of zone 2 material was kept separate from
the other rockfill production. An area of strong gneiss in the upper part
of the spillway ski-jump excavation was reserved for this purpose. In some
places the rill of a pile of blasted rock was used for zone 2 and the inner part
for zone 3. This method was used to produce zone 2 material from zonc 3
stockpile.

The bulk of zone 3 was constructed of material from the spillway excava-
tion. However as construction proceeded, it became evident that insufficient
material remained in the spillway to complete the zone. Material from a
supplementary quarry (quarry No. 2) formed a major part of zones 2 and
3 above RL854.

Zone 1 was constructed entirely of materials quarried away from the site
area, initially from Riverview Quarry, and subsequently from zone 1 quarry.

The downstream berm was constructed of rock from quarry No. 1
benches 5 and 6, and from the spillway ski-jump excavation.
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Fig. 61. Embankment zones; diagrammatic sections through typical layers.
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Nature and behaviour of rockfill

Zone 1. The main criteria used to determine the acceptability of rock
for zone 1 were as follows:—

1. A particle size distribution which occurred mainly within the
specified grading envelope (Appendix 6).

2. Sufficient durability to withstand significant crushing during
handling and rolling i.e. mainly strong to very strong materials.

The first 12 layers or 24 feet of zone 1 were constructed of strong
quartzite material which although otherwise satisfactory, contained approxi-
mately 5 per cent of highly plastic clay fines which adhered to the frag-
ments, and substantially lowered the permeability of the rolled rockfill. A
typical grading is shown in Appendix 6.

Above RL725, zone 1 was constructed of quartz gneiss. The rock
ranged from strong, moderately weathered material in the lower part of the
zone, upwards into very strong slightly weathered to fresh material. The
increase in strength was accompanied by a coarser grading.

A diagrammatic section through a typical layer of zone 1 is shown on
Fig. 61. The fragments are mainly bulky and subangular with less than
10 per cent of flakey, more schistose material. Only very slight crushing
of fragments occurred at the surface of the layers and this was caused mainly
by the impact of the cleats of the bulldozer caterpillar treads on rock frag-
ments at the surface. Each layer rolled to an even pavement surface in
which the fragments and voids could be easily seen (Fig. 62). In localized
parts of some layers about RL870, contamination by fines from the adjacent
zone 2 material caused some filling of voids and the development of a thin
permeability barrier over part of the surface.

Ring density tests through typical layers of zone 1 (Table 13 and Figs.
62 and 63) indicated dry densities averaging 120 pounds per cubic foot
which corresponded to porosities of approximately 25 per cent. A test in a
contaminated area indicated a density of 141 pounds per cubic foot and a
porosity of 16.4 per cent.

Rolling of the face with three passes produced an even surface similar
to the surfaces of individual layers (Fig. 58).

The measured vertical compaction due to rolling ranged up to 18 centi-
metres.
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Fig. 62. Ring density test hole No. 5 excavated in zone 1 at RL792, through gneiss
from zone 1 quarry.

Zone 2. The main criteria used in the selection of materials for zone 2
were:—

1. Low fines content—preferably less than 10 per cent of minus
one inch material (visual estimation).

2. Low content of highly to completely weathered (weak to very
weak) material.

3. Absence of fragments exceeding three feet in largest dimension.

Below RL770 the material was mainly strong, fresh gneiss, and indi-
vidual rock fragments remained clearly visible on the surface after rolling,
ensuring continuous rock to rock contact.

A tendency to form silty “skins” which occurred on the surface of
layers between RL770 and RL860, was partly due to breakdown of weak
material in the upper foot of each layer (Fig. 61), and partly to contamination
by fines from adjacent areas of zone 3.
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Above RL860 the criteria for selection of material were relaxed to
accept dolomite material containing up to 50 per cent of minus one inch
material. The only ring density test carried out in zone 2 was located in
an area of dolomite (Table 13).

Fig. 63. Ring density test hole No. 1 excavated in zone 3 at RL751, through schist
from quarry No. 1.

Zone 3. Initially the criteria for selection at the quarry face, of material
for zone 3 were:—

1. A proportion of minus one inch fraction less than 25 per cent
(determined by visual estimation).

2. Less than 20 per cent moderately to completely weathered
(weak and very weak) material.

3. Absence of highly plastic clayey fines.

These criteria proved unsatisfactory due mainly to the difficulties involved
in estimation of the proportion of fines. On the advice of the consultant J.
Barry Cooke, a new criterion was adopted, namely that material be rejected
if, after spreading on the embankment, the layers failed to support the weight
of the construction equipment.
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TABLE 13
RING DENSITY TESTS

Test No. Zone R. L. Layers Type of material Source of material Dry density Calculated Notes
From To penetrated porosity
. lbs/cu. ft. per cent
1 3 751 737 1.3 Gneiss and schist slightly Quarry No.1.......... 150.4 12.6 6ft. ring used
weathered to fresh
2 3 758 754.5 1 Schist slightly to fresh .... Quarry No. 1, bench 5. . 165.0 4.4 6ft. ring used
3 3 766 762 1 Gneiss, mainly fresh ..... Quarry No. 1, bench 6. . 142.1 17.86 8ft. ring used
4 1 778 774 2 Quartz gneiss, fresh to Zone 1 quarry ........ 123.6 24.5 5.5ft. diameter
slightly weathered ring used. 15
per cent passing
lin. (1.6 per
cent—100 sieve)
5 1 792 788.5 1.75 Quartz gneiss, fresh to Zone I quarry ........ 116.0 27.5 5.5ft. diameter
slightly weathered ring used
6 3 809 804.5 1.5  Schist, mainly slightly Spillway, bench 4 ...... 150.6 12.90 8ft. diameter ring
weathered used
7 3 823 818.5 1.5  Schist and gneiss, slightly Spillway, benches 4 and 5 148.1 14.1 8ft. diameter ring
weathered to fresh used
8 3 857 852 1.8  Schist and gneiss, mainly Spillway, benches 4 and 5 155.4 9.5 7ft. diameter ring
slightly weathered
9 3 854 849 1.8  Schist and gneiss fresh to Spillway channel ...... 160.6 6.5 7ft. diameter ring
slightly weathered
10 2 875 872 1 Dolomite, weathered ..... Quarry No. 2.......... 151.4 12.2 8ft. diameter ring
50 per cent
passing lin.
11 1 886 882.5 1.75 Quartz gneiss fresh (con- Zonel................ 141.0 16.4 6ft. diameter ring

taminated with fines
from zone 2 dolomite)




X4

Failure of this test would indicate that rock to rock contact had not been achieved and that the material was
behaving as a cohesive soil rather than a rockfill. In practice, rockfill containing up to 50 per cent of minus one
inch fraction was accepted using this criterion.

A variety of materials were used in the construction of zone 3 with the result that the characteristics differ
markedly from place to place. The quality of much of the material used, particularly between RL745 and RL770,
was far higher than the minimum standard required, and would have been suitable for placement in zone 4. The
bulk of the material above RL770 consisted of slightly weathered schist with some moderately weathered schist.
Breakdown of the weaker rock which occurred during placing and compaction, added to the existing fines to form
a total of 25 to 40 per cent of minus one inch material, most of which was concentrated in the upper foot of the
layer (see section in Figs. 61 and 63).

In the upper part of the zone, dolomite material was used (Fig. 61). A comparison of the properties of
dolomite and schist rockfill is shown in Table 14.

TABLE 14
COMPARISON OF PROPERTIES OF DOLOMITE AND SCHIST ROCKFILL
Strength of rock Grading Particle shape Amount of Nature of Density Porosity
substance fines fines
Schist.......... Medium strong to weak... Up to 2 metres in Flakey. Commonly Silt soil— 150 10 per cent
largest dimension  Angular to 30 per cent— (ML) sandy, Ib/cu. ft.
subangular lin. clayey

Mainly from 10 cm
to 100 cm in
largest dimension

Dolomite. . ..... Mainly strong ........... Upto50cm ...... Bulky, sub- Commonly Sand, excess 150 12 per cent
angular 50 per cent— clayey fines Ib/cu. ft.
lin. (SC)

Some medium strong and  Mainly from 5 cm
some weak material to 20 cm




Above RL860, most of the rockfill was placed without sluicing, as it
was considered that any settlements above this level would be insignificant.
Rockfill placed in this way showed a more uniform mixing of fines within the
layers.

Zone 4. The criteria for selection of zone 4 at the quarry face were:—
1. A proportion of fines estimated at less than 10 per cent.

2. A low proportion of minus six inches material (less than 20
per cent).

3. A low proportion of soil and very weak rock material.

Weaker rock was accepted in large fragments provided that it remained intact
during loading at the face.

Fig. 64. Surface of typical zone 4 layer; material is gneiss from knob excavation.
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On the embankment, the main criterion for acceptance of the material
was that sluicing water did not form large ponds on the surface. In places
where extensive ponding occurred, the full force of the sluicing jet was
concentrated on the surface, washing the finer surface material into the large
voids in the lower part of the layer so that the surface water could percolate
through the fill.

Below RL737, the embankment contained a considerable proportion
of slightly to moderately weathered rock, which underwent considerable
crushing at the surface. However, the fragment size of the dumped material
was mainly more than two feet, resulting in numerous large voids ensuring
adequate permeability in all directions.

Above RL737, zone 4 consisted mainly of very strong to strong gneiss
with a low proportion of fines (Figs. 61 and 64). This material withstood
compaction with very little crushing and remained free-draining in all
directions.

Zone 5. This zone consisted of existing road spoil and river gravel
materials, compacted in place. After compaction, several trenches were
excavated through the zone to check for any potentially compressible
materials.

The trenches revealed that rock spoil was underlain by clean waterworn
river gravels (Fig. 60). Patches of silty material occurred in the river gravels
and in the spoil, however these were of small extent. No concentrations
of organic material were revealed.

The rock material in the spoil and river gravels consisted mainly of
strong to very strong gneiss with mainly less than 10 per cent clay and
silt sizes.

Permeability barriers

Due to the method of placing of zone 4, sloping barriers of relatively
impermeable material were formed across the embankment in several places.

The construction of the steel mesh protection at the downstream end of
each layer necessitated a large amount of traffic travelling across the sloping
face of each layer. The resulting breakdown and contamination caused the
formation of silty barriers or “skins” sloping upstream as shown in Fig. 65.

In a similar way, delays in placing of rockfill at the upstream end of
the dam resulted in the formation of a sloping barrier extending from the
upstream toe of zone 5 to RL737 (see Fig. 65).

Prolonged sluicing was carried out in several areas to increase the
permeability through these barriers.
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Fig. 65. Sloping barriers or “skins” developed on zone 4 and zone 5.

The surfaces of the internal ramps in zone 3 were also contaminated due
to excessive traffic, however the direction of these zones is such that they
do not constitute barriers to drainage through the embankment.

In most of zone 3 above RL770 and in the upper parts of zone 2, spread-
ing and compacting of rockfill material caused considerable crushing of
rock, resulting in the formation of bands of silty material in the upper parts
of the layers (Figs. 61 and 66). The development of these surface skins is
in direct proportion to:—

1. The amount of fines in the material transported to the embank-
ment.

2. The amount of weak and very weak rock materials in the rock-
fill.

3. The amount and type of traffic passing over the surface.

Skins in the central part of zone 3 were commonly five to 15 centimetres
thick and in some places attained a thickness of 50 centimetres. In some
layers a continuous skin developed across the zone, but in most cases were
interrupted by areas where rock fragments protruded through the skin.
Sluicing water tended to form ponds on the surfaces, and most of this water
eventually flowed across the surface and down the upstream or downstream
face of the embankment.
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AN e
Fig. 66. Surface of typical zone 3 layer; weak schist has broken down to form
cohesive skin.

The skin material consisted of rock fragments separated by a matrix of
sandy silt (ML). The grading of the matrix indicates that considerable
crushing had occurred of the weathered schist to its constituent minerals—
mainly silt-sized mica and quartz. Detailed examination revealed rock to
rock contact throughout the skins.

The results of laboratory tests carried out on relatively undisturbed
samples of the skins are:—

Shear strength parameters ¢’ 39.5°
¢ 121b/sq. in.
Compressibility
(under K, conditions i.e. no lateral strain)

1.3% under compression equivalent to
120 feet of rockfill.

Coefficient of permeability 3 X 10 cm per sec. i.e. the permeability
of a silt.
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These tests indicate that from the point of view of shear strength and resis-
tance to settlement, the skins do not constitute weaknesses in the embank-
ment. However the presence of the skins markedly decreases the vertical
permeability of the zone.

! L ine o

Fig. 67. Steep knob of rock in upper part of right abutment.

EXCAVATIONS TO STABILISE NATURAL SLOPES

The construction programme included the removal of two overhanging
knobs of rock on the right bank (Fig. 4) which had been shown by design
stage investigations to be potentially hazardous to construction activities.
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Intake structure knob

The knob which occurred between the intake structure site and
Batchelor’s Bridge, was removed as part of the preliminary contract for the
intake structure excavations. The knob was partly underlain by a promin-
ent sheet joint which was considered to be a potential plane of sliding during
excavation and construction of the nearby intake structure. A total of
approximately 800 cubic yards of rock were removed and the resulting bat-
ter which slopes at approximately 60 degrees contains no defects which could
cause instability.

Right abutment knob

This knob was located immediately above the proposed grout cap
excavation.  Several gaping sheet joints and numerous small cavities
occurred in the lower part of the knob (Fig. 67). Water-flows from these
joints indicated that they were connected with open joints near the level of
the existing access road. It was considered that the knob if allowed to
remain, would constitute a major hazard during and after excavation particu-
larly as it would be undercut in part by the grout cap excavation. Approxi-
mately 4,300 cubic yards of rock were excavated to a pre-split batter dipping
at 50 degrees towards the river. The slope was chosen to remove as much
as possible of the mechanically disturbed rock and at the same time preserve
a minimum width of 30 feet of access road.

Method of excavation

The contractor elected to excavate the entire knob with a single blast.
The pre-split holes were drilled from the access road at intervals of three feet.
In an attempt to penetrate the lowermost corner of the knob, holes were
drilled towards the upstream at an angle oblique to the direction of dip of
the proposed plane. Consequently these holes were up to 100 feet long
compared to a maximum length of 70 feet if they had been drilled down-dip.

The burden holes were drilled from the access road on an eight by
eight feet pattern in three rows. The outer rows were at a shallower angle
so as to fan out into the knob.

The blast resulted in less than half of the material being removed from
the knob. The remainder of the rock, although considerably disturbed by
the blast (Fig. 68) proved extremely difficult to remove. When it was even-
tually removed by a variety of means including jetting, barring and a con-
siderable amount of further blasting it became evident that the failure of the
blast was attributable to two main causes.
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1. Excessive wandering of pre-split and burden holes, which
resulted in distances of more than 20 feet between the lower
parts of some holes.

2. Misfires in several pre-split and burden holes.

The lowermost corner of the knob remained intact after the blast, and
apparently had not been penetrated by any of the drill holes.

Stability of the knob excavation

The batter produced by the excavation (Fig. 35) contained numerous
sheet joint faces, however none of these joints appear to penetrate into the
rock mass.

The excavation for the grout cap exposed several prominent sheet joints
underlying and approximately parallel to the knob excavation surface. The
rock overlying these sheet joints was stabilized by the installation of grouted
rock bolts, some of which were installed in the face of the pre-split batter
(Fig. 35).

Fig. 68. Loose rock remaining on pre-split batter after blasting of knob on right abutment.




DIVERSION WORKS
Diversion tunnel
Design

The 870 feet long diversion tunnel occurs within the right abutment
between the base of the intake structure 40 feet upstream of the upstream
toe of the embankment, and the downstream measuring weir, 30 feet down-
stream of the downstream toe of the embankment (Fig. 4). The tunnel is
gothic arch-shaped in cross-section, 14 feet wide at the base and 15 feet
high. It is straight except for a 100 feet curved section at the downstream
end and a 120 feet curved section towards the upstream end. Radius of
curvature of the curved sections is 107.5 feet. The floor of the tunnel is
at a grade of 1 on 143 in a downstream direction.

The tunnel capacity with water stored to the crest of the coffer dam
was 2,100 cusecs. Water from Millbrook Reservoir was diverted through
the tunnel during the construction by means of a four feet diameter pipe,
the Millbrook trunk main. This was later supplemented by a three feet
diameter pipe, to convey outlet water from the reservoir.

A 30 feet long concrete plug was constructed in a section of tunnel
below the grout cap (Fig. 4). The grout curtain was extended to surround
this plug. The tunnel was nominally unlined, but provision was made in
the design for support consisting of steel sets and concrete lining.

Geological conditions

Despite the shallow cover ranging from O to 40 feet normal to the
slope of the natural surface, the tunnel is in mainly fresh rock. The rock
types are gneiss, schist and granitic gneiss in the proportions 60 to 20 to 20
respectively. Mechanical weathering effects are limited to 10 feet normal to
the ground surface at the downstream end and 20 feet at the upstream end,
and consist of numerous gaping joints and seams of infilled clay.

The tunnel for most of its length penetrates the S1 foliation direction
at 45 to 60 degrees and intersects sheared or crushed zones dipping in the
same directions, at intervals of 20 to 200 feet. Moderately to highly
weathered rock occurs within these zones and for up to 40 centimetres on
each side.

Numerous flows of water up to 20 gallons per hour occurred initially,
however most of them diminished and eventually dried up. Several flows
up to four gallons per hour and a few seepages persisted throughout the
summer periods. The seepages and flows came from sheared zones, joints
and vuggy quartz veins.
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Overbreak and support

Because of their favourable orientation, Set (1) defects such as sheared
zones, crushed zones and joints caused very little overbreak in the tunnel walls.
In the roof, overbreak was also small, due to the broad spacing of joints in
other directions (Sets (2), (3) and (4) ) which could combine with Set (1)
defects to form potentially unstable joint blocks. The maximum overbreak to
occur was three feet in the walls and four feet in the roof.

Steel sets and concrete lining were installed to support the mechanically
weathered rock masses adjacent to the upstream and downstream portals for
lengths of 36 feet and 21 feet respectively. A section of three steel sets,
and concrete lining 25 feet long was also installed in the central part of the
tunnel, adjacent to a prominent sheared partly crushed zone which was
intersected by the tunnel at an oblique angle.

In several other places where “blocky” rock occurred below sheared zones
in the crown of the tunnel, the rock mass was reinforced by rock bolts. Ten
rock bolts totalling 60 feet in length were installed in three separate areas.

Pneumatically applied mortar (P.A.M.) was used to protect several
sheared, partly weathered zones from further deterioration.

Stability of upstream area during construction

After commencement of the main contract it was realized that to convert
the diversion tunnel into an outlet tunnel, work inside the tunnel would have
to be carried out for a period of up to three months after completion of the
embankment. During this period water would bank up in the reservoir and if
a large flood occurred, the reservoir could be filled. The resulting head of
up to 180 feet of water would cause hydraulic pressures up to 78 pounds per
square inch in the rock mass upstream of the barrier formed by the grout
curtain and tunnel plug.

In a report on this problem (Trudinger, 1967b) it was concluded
that:—

1. External pressure on the downstream section of concrete lining
would be that of the full static head.

2. Within 20 feet upstream of the concrete lining, joint water
pressure would be close to that of the full static head.

3. As far downstream as the tunnel plug, considerable joint water
pressure would be transmitted through the open-jointed zone
adjacent to the surface of the tightly-jointed zone adjacent to
the tunnel. This pressure would cause rock falls in closely-
jointed areas.
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As a result of these considerations the following extra work was carried
out to support the rock mass surrounding the tunnel upstream of the tunnel
plug:—

1. The installation of one and a quarter inch thick steel lining to
reinforce the existing concrete lining at the upstream end of
the tunnel.

2. The construction of a further 20 feet section of reinforced con-
crete lining adjacent to the existing section.

3. The installation of 78 by eight feet long rock bolts to reinforce
the jointed portions, which amounted to about 50 per cent of
the tunnel crown, between the upstream concrete lining and
the tunnel plug.

Access shaft
Design
The access shaft consists of two parts:—

1. A three-sided open cut excavation in the right bank (Fig. 69)
at the north end of the downstream berm of the embankment
(Fig. 4). The excavation extends up to 30 feet below natural
surface level with batters sloping at 70 degrees. The base
of the excavation which is a 30 feet square horizontal bench
at the same level as the embankment berm (RL765), houses
a control building and the collar of the shaft.

2. The shaft which is rectangular (11 by 12.5 feet) in cross-
section, extends vertically for a depth of 40 feet between the
open cut excavation and the diversion tunnel just upstream of
the downstream curve.

The shaft is lined with reinforced concrete for a minimum thickness of
one foot near its junction with the tunnel, and also, in the upper 10 feet
where it forms a collar which projects a foot above the bench level and sup-
ports a metal cover. The shaft houses the 2.5 feet diameter outlet main and
also provides access to the diversion tunnel by means of a ladder-way.

Method of excavation

The open cut was excavated in three stages by blasting. The broken
rock was removed by hand barring in the upper two stages and by front-end
loader in the lowest stage.

The shaft was excavated from the top in five feet stages by conventional
shaft-sinking methods, with the blasted material loaded by hand into buckets
which were hauled to the surface by crane.
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Fig. 69. A series of five near-parallel sheet joints exposed in and above the access
shaft open cut.

Geological conditions

The open cut is in fresh to slightly weathered gneiss and the shaft is
entirely in fresh gneiss. A series of five sheet joints near-parallel to the
ground surface (Figs. 69 and 70), are exposed in the open cut and the
surrounding slopes. These joints which occur in a zone up to 10 feet from
the natural rock surface, are partly open and partly soil-filled up to five
centimetres thick. Set (1) and (2) joints are relatively infrequent and
mainly tightly closed. The shaft itself contains very few joints of any type
and most of those that do occur extend for less than five feet.

Stability and support

The sheet joints within and above the open cut excavation dip down-
slope at approximateely 45 degrees and constitute potential failure planes.
The zone of rock in which these joints occur was reinforced during construc-
tion by the installation of 15 grouted rock bolts, 10 to 15 feet in length. Set
(1) joints are favourably orientated with respect to the excavation batters,
and other tectonic joints are limited in extent. Following heavy rain seven
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Fig. 70. Partly open sheet joints exposed in the downstream wall of the access shaft
open cut.

months after excavation, there was a fall of a single joint block approximately
two cubic yards in volume, which caused minor damage to the control
building. The block which was located at the top of the 70 degree batter
at the back of the excavation between two rock bolts, failed by sliding along a
prominent sheet joint. Following this rock-fall a further nine grouted rock
bolts each eight feet in length, were installed in the area.

One rock bolt was installed to stabilize a ragged area at the top of the
south wall of the shaft. This area has been further supported by erection of
the concrete collar.

Concentration of stresses in the area where shaft excavation meets tunnel
excavation have caused cracking and loosening of the rock mass in the tunnel
walls. This area has been strengthened by the installation of 27 rock bolts
each eight feet long in a pattern of four rows at four feet centres. The area
was also concrete-lined for aesthetic reasons.
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Fig. 71. Distribution of grout holes; plan and section, also summary of grouting results.




GROUTING
Design

To reduce leakage through the near-surface zone of rock around the
upstream perimeter of the dam, a grout curtain was constructed consisting
of 281 holes with a total length of 13,091 feet.  Grouting operations were
facilitated by the provision of the concrete grout cap through which most
of the holes were drilled. The distribution of grout holes is shown in plan
and section in Fig. 71. The holes ranged in depth from 60 feet at the toe
of the dam (blocks E and F), to 40 feet in the upper levels.

On the right bank the holes were drilled in a single line and fanned
out where necessary so that the distance between the ends of adjacent holes
was less than or equal to 10 feet. In blocks J and K and the right abutment
block, the plane of holes was also angled into the abutment at approximately
70 degrees. Holes in the upper part of the right abutment block foundations,
and in the access road foundations, were collared directly into rock. Holes
were also drilled from the diversion tunnel to intersect the grout curtain
beneath block J.

On the left bank the holes were drilled in two rows along the grout cap
and in a single row beneath the spillway overflow lip. In addition to this
curtain grouting, additional “consolidation holes” were drilled in block C to
ensure the intersection of specific geological weaknesses; and a pattern of
“blanket grouting” was carried out in the highly disturbed rock mass at the
upstream end of the left abutment block.

Procedures

The holes were drilled using drifter-type percussion drills, and grouting
was by means of the downstage technique with a single packer at the top of
each stage. Primary holes spaced approximately 10 feet apart were drilled
in 20 feet stages. Successive holes were drilled and grouted in order so that
the leading hole was a stage behind the trailing hole. Secondary holes were
drilled and grouted only if the combined take of the same stages of two
adjacent primary holes exceeded two bags of cement. Tertiary holes were
drilled and grouted in most places where takes in the secondary holes
exceeded two bags.

The grouting pressures were increased with the depth of the stage as
follows:—

Pressure

Stage (b./sq. in.)
0-20 feet .. .. .. .. .. .. .. .. .. 20
20-40 feet .. .. .. .. .. .. .. .. .. 40
40-60 feet .. .. .. .. .. .. .. .. .. 60
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Grout consisting of water and cement in a 5 to 1 ratio was used through-
out the programme, however thicker mixes were used where prolonged high
leakage rates occurred. Grout injection was terminated when the take rate
fell below 0.1 per bag per 20 minute period.

In places where leakages of grout occurred at the surface, they were
sealed by caulking with oakum.

Results

The grout “takes” are summarized on Fig. 71 which also gives the
average “take” per foot of hole drilled in each area.

Two large takes of more than 20 bags occurred, one below the grout cap
block A, and thé other below the access road, adjacent to the right abutment
block. The rest of the takes were less than one bag, apart from a few
moderate takes of five to 10 bags which mainly occurred from holes drilled
in the lower part of the valley through grout cap blocks E and F. Due to
the small takes in the primary holes, approximately half of the proposed
secondary holes were not drilled. Tertiary holes were only required in three
areas.

Small leakages occurred in several areas, mainly on the left bank. The
maximum distance of surface leakage from the point of injection was 30 feet.
In the spillway overflow lip area where the grout holes were collared directly
into the rock foundations, widespread surface leakages in the vicinity of the
grout holes made it difficult to accurately estimate grout takes.

Survey measurement of the grout cap did not reveal any movement of
the concrete blocks during grouting operations.
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Part 4
EVALUATION



STABILITY OF LEFT ABUTMENT

The geological investigations for the proposed concrete arch dam
(Stapledon, 1966) revealed within the left bank, the presence of numerous
clay seams indicating that the rock mass within 100 feet of the surface had
been affected by small but widespread slide movements, and that further
sliding was likely in the future. Stapledon (1965) observed that “ . . . it
is felt that a major slide upstream from the dam (arch site) is a distinct possi-
bility during operation.”

Excavation for the grout cap and spillway foundations on the left bank
exposed numerous infilled clay seams (Figs. 31 and 39), confirming that
the rock mass in this area had been affected by widespread slide movements.
Work carried out to study the nature of these slide movements included:—

1. Detailed logging of excavations within the affected area.

2. Installation of “tell-tale” mortar pads across joints and seams.
3. Drilling and logging of two diamond drill holes.
4

. Reassessment of drilling and mapping data from the feasibility
and design stages.

The presence of infilled clay seams along sheared zones, crushed seams
and joints indicates that the rock mass has been disturbed in the recent past,
causing relative movements of unit blocks with respect to each other.

Several separate areas of deep-seated sliding are recognized. The
rock masses between these areas are relatively undisturbed except for the nor-
mal near-surface zone of mechanical weathering. Such relatively intact masses
were exposed in the outer parts of the exploratory adits, the foundations for
grout cap block D and the lower part of block C, and diamond drill hole
KC39.

Disturbed areas upstream of embankment
Disturbed area A

Several slides in this area were delineated during exploration for a
concrete arch, and two are outlined on Fig. 72. They are best explained by
postulating that movement has occurred along flat-lying seams near river
level. Some evidence for the presence of such seams was obtained from the
core of exploratory diamond drill holes (Stapledon, 1965).

Disturbed area B

A prominent seam (seam A) dipping at 40 to 45 degrees crosses the grout
cap at the boundary of blocks A and B. Another prominent seam (seam C)
crosses the grout cap in the upper part of block C. The rock mass between
these seams contains numerous infilled clay seams up to 100 millimetres
thick (Figs. 30 and 31).
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Originally it was considered that the rock mass in this area had been
disturbed by sliding movements along one or more flat-lying seams situated
near the floor of the valley. However, exploratory drilling of holes KC39
and KC40 (Fig. 72) and detailed mapping of grout cap and embankment
foundations, failed to reveal any such weakness. Slickensides on infilled
seams (see Fig. 72) suggested that the movements had been towards the
north, i.e. in a direction partly downslope and partly downstream. This
consideration led to an understanding of the disturbances as movements of
wedge-shaped masses in a downstream direction. The boundaries of the
main disturbed area have been delineated by detailed mapping of exposures
in the grout cap and spillway excavations, and are shown in Fig. 72.

Two types of wedges have been recognized:—
1. Open wedges formed by two seams dipping towards each other.
The intersection may form an acute angle or an obtuse angle.

2. Recumbent wedges formed by two seams dipping in the same
direction and intersecting at an acute angle.

Disturbed area B has been divided into three wedge masses (Figs. 72,
74 and 75).

Fig. 73. Early stage in excavation for grout cap, block B through soil and disturbed
rock—part of wedge mass No. 1.
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(1) Wedge mass 1. This recumbent wedge forms the foundation
for grout cap block B and the upper half of block C
(Fig. 74). The wedge lies between two clay seams, the
basal seam A and the overlying seam C, which each con-
tain up to 20 centimetres of infilled clay. The back of
the wedge (seam K—see Fig. 46) contains 40 centimetres
of infilled clay. Other Set (1) seams occur within the wedge
mass dividing it into smaller wedge-shaped blocks.

Stereographic projection of measurements of the orientations of the
seams near the toe of the wedge indicate a local plunge of 18 degrees towards
the north. Slickensides on seam C near block A suggest that the mass plunges
at 25 degrees toward the north. However, comparison of the elevation of
intersection of the seams projected on section D (Fig. 72), and the elevation
of the toe of the wedge, suggests that the overall plunge between these points
is almost zero.
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Fig. 74. Base of wedge mass No. 1 exposed in embankment foundation downstream
of grout cap, block C.
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Fig. 75. View of left bank upstream of dam embankment. Wedge mass No. 2 is located
between spillway block LB and grout cap, block C.

(2) Wedge mass 2. A disturbed open wedge of rock occurs at
the upstream end of the spillway lip excavation between
seam L and seam C (see Figs. 75 and 76). Examination
of the grout cap excavation batter above block C revealed
intersecting seams with a similar orientation (Fig. 77).
Two seams in adit No. 2 also correlate with seams C and
L (Fig. 72, section B-B).

These observations suggest that a continuous open wedge containing
approximately 4,000 cubic yards of rock, extends between the grout cap
block C and the spillway overflow lip block LB. Stereographic projection
of the measurements of seam orientations indicate that the wedge plunges
towards the grout cap at 25 to 40 degrees. The plunge calculated from the
elevations is approximately 25 degrees. Infilled seams at the back or upper
end of the wedge are less than 25 millimetres thick. indicating the past move-
ments have been small.
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Fig. 76. Excavation of upper part of wedge mass No. 2 in foundation for
spillway overflow lip, block LB.

Fig. 77. Lower part of wedge mass No. 2 in grout cap
excavation. The wedge toes out 15 feet above grout
cap, block C.
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(3) Wedge mass 3. This recumbent wedge occurs behind wedge
mass 1 and is bounded by the same Set (1) seams (A and
C). The back of the wedge is formed by several Set (2)
joints containing up to 80 millimetres of clay, indicat-
ing that past movements of the mass have been small in
comparison to the movements of wedge mass 1. Several
other Set (1) seams up to 100 millimetres wide, occur
within the wedge mass, dividing it into smaller wedge-
shaped blocks.

Disturbed areas in embankment foundation

The disturbed rock mass which occurs beneath the left abutment block
(Figs. 48, 49 and 50), extends northwards beneath the embankment.
Detailed observations in the left abutment block foundations indicate that
small displacements have occurred between two Set (1) seams, suggesting
that these seams form the sides of a large deep-seated recumbent wedge mass
similar to wedge mass No. 1. The back of this mass occurs near the junction
of the left abutment block and the spillway channel floor.

Clean-up of the embankment foundations was insufficient to allow
delineation of the main areas of deep-seated sliding. However, the presence
of numerous seams of infilled clay, some up to 50 centimetres wide, indicates
that much of the foundation has been affected by slide movements. The large
quantity of loose material removed from the central part of this area (see
Fig. 22) was mainly debris from an old open wedge slide which extended
from the upper part of the left bank down almost to river level. Fig. 19
shows the faces of this wedge exposed in the foundation for spillway block
LH. The highly disturbed nature of the debris and the high proportion of
soil materials suggest that most of the material had slipped for relatively large
distances.

Disturbed areas downstream of embankment

Several disturbed blocks were exposed in the upper parts of the nor-
thern batter of the spillway channel excavation (Fig 39). Some of these
blocks were open wedges formed by intersections of Set (1) and Set (2)
defects (see Fig. 41) and others were tabular or irregular blocks underlain
by sheet joints (see Fig. 40). The joints contain infilled clay seams up to
20 centimetres wide.

The valley wall downslope of spillway block LQ contains a large
V-shaped gully indicating an old wedge failure extending to the floor of the
valley. Other parts of the slopes also show the effects of slide movements,
however the soil cover in this area has prevented delineation of the main-slide
masses.

Origin of past slide movements

Movements of many of the slide masses on the left bank such as wedge
mass 1, cannot be explained fully in terms of gravitational forces, as the
plunges of the wedges are at angles of less than 20 degrees. It is considered
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that the movements have been initiated by forces associated with the relief
of the high stresses which occurred during erosion of the Torrens Valley.
Earthquake shocks may also have contributed to some movements.

Detailed mapping in the spillway overflow lip area has revealed dis-
placements of up to 400 millimetres along Set (1) joints and seams (Fig.
39). The relatively small amount of infill at the back of the disturbed blocks
(less than 80 millimetres) indicates that the displacements are not due to
slide movements and must be reverse faults of tectonic origin.

Several “tell-tale” mortar pads installed across seams in wedge mass 1
during construction developed fine cracks open less than 0.1 of a milli-
metre. The nature and distribution of these cracks suggests that they were
caused by vibration of individual joint blocks due to passing traffic or nearby
explosions, and hence that they do not indicate that the wedge mass was in
motion during this period.

Treatment of areas of instability

The attitude adopted towards treatment of the disturbed areas was
influenced by several factors:—

(1) The consequences of failure, depending on the size of the
instability and its location with respect to the project
features.

(2) The feasibility of treatment, including practical, economic
and contractual considerations.

(3) The estimated probability of failure occurring under operating
conditions.

Factors (2) and (3) were difficult to assess with any degree of reliability,
particularly in those areas where the nature of past disturbances were not
completely understood.

Disturbed area A

It is considered that deep-seated sliding of up to 100,000 cubic yards
of rock material is likely to occur in this area. However, as the area is
situated well upstream of the important project features, sliding is unlikely to
cause significant damage and hence the area does not warrant treatment.

Disturbed area B

The presence of the dam embankment prevents further movement of
wedge masses 1 and 3. Individual wedge blocks up to 100 cubic yards in
volume located above the grout cap within wedge mass 1, may be free to
move and may slide on to the grout cap or upstream face.

Wedge mass 2 is apparently free to slide onto the embankment, and
calculations made by the Engineering and Water Supply Department Design
Branch suggest that failure is likely to occur under operating conditions. It
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was considered that failure of this wedge would cause damage to the con-
crete upstream face and grout cap and that the resulting debris could pos-
sibly damage the intake structure and block the lowermost intake portal.
Studies of simulated slides were carried out using a plaster model of the
site, and the results (see Fig. 78) indicated that the slide debris was unlikely
to reach the intake structure.

Fig. 78. Plaster model of project, with aggregate simulating a slide of 7,080 cubic
yards of material from wedge mass No. 2.

A programme of stressed cables or bolts was considered to stabilize
wedge mass 2. However, such a programme would have proved extremely
inconvenient and expensive. It was considered that damage to the upstream
face and grout cap concrete would be avoided if the impact could be
“cushioned” by a protective layer of loose material. A layer of three-quarter
inch aggregate, three feet thick, was placed on the upstream face below wedge
mass 2 (Fig. 79).

Disturbed areas within embankment foundation

Removal of the upper parts of the wedge masses in the spillway excava-
tion decreased their weight and so reduced the possibility of sliding. The
weights of the remaining slide masses were clearly small compared with the
weight of the embankment confining them. It was considered that the pre-
sence of the embankment would prevent any further movement of the wedge
masses, and that no treatment was required.

In effect the disturbed masses are considered as particularly compact
parts of the embankment, rather than as parts of the foundation.
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Fig. 79. Protective layer of —31 inch aggregate placed on upstream face of embankment
below wedge mass No. 2

Disturbed areas downstream of embankment

The stresses in this area have been considerably reduced due to the
removal of material in the spillway excavation and due to the draining effect
of the excavation. Nevertheless it is considered possible that some sliding
may occur which could cause minor damage to the concrete lining in the
upper part of the north wall of the spillway channel. Such damage would
not significantly affect the operation of the project and could be easily
repaired. Hence it was considered that no treatment was warranted.

RAPID DETERIORATION OF ROCK SUBSTANCES
During the investigation for the concrete arch dam it was observed that
fresh, intact schist exposed in road excavations developed a surface
layer of soft powdery material after several months of exposure” (Stapledon,
1966). Later a similar type of rapid deterioration was observed on the surface
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of the exploratory adits. This led to a study of rapid deterioration in excava-
tions and natural exposures throughout the site area, to determine the nature
and mechanism of the deterioration and hence its engineering significance.

Description of deterioration effects
(1) Surface fretting. This type of deterioration occurs in the explora-
atory adits, in several surface caves (Figs. 80 and 81) and in a few pro-
tected parts of road cuttings (Fig. 82). It consists of the progressive flaking

\ S <

Fig. 80. Natural cave. Inner surface is actively fretting to sand
and silt-sized flakes. Site of quarry No. 1.

of sand and silt-sized rock fragments. The rocks affected consist of slightly
to moderately weathered schists. The fretted material has the characteristic
bitter taste of sulphates. The following minerals were identified in evaporates
from solutions obtained by soaking the fretted materials in water:—
Bianchite—(Zn, Fe, Mg)S04.6H20
Halite—NaCl
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In the adits the fretting is closely associated with encrustations and crystal-
line growths of soluble salts, of which several different compositions have been
identified: —

Gypsum—CaS04.2H20

Epsomite—MgS04.7H20

Bianchite—(Zn, Fe, Mg)S04.6H20
Hallotrickite—Pickeringite—(Fe, Mg) Al2(SO4) +.22H20

Thin section examination of surface rock (sample 12, Appendix 2)
shows that the fretted flakes are no more chemically weathered than the intact

material. Limonite-filled microfractures which occur in the intact material
appear to be related to the weathering of sulphides.

Fig. 81. Close-up view of inner surface of cave shown in Fig. 80.
Lighter areas are actively fretting. Dark areas are case-hardened
and show no signs of fretting.
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Fig. 82. Rapid deterioration of rock surface; plan showing
affected areas.

(2) White encrustations. This type of deterioration occurs in
parts of road excavations and spillway and quarry open cuts (Figs. 82, 83
and 84). It consists of white crystalline salts filling microfractures in the
rock (Fig. 84) and encrusting parts of the exposed surface. Schist and
gneiss rock substances ranging from almost fresh to slightly weathered, have
been affected in this way. These substances are considerably weaker than
similar unaffected rock substances. A typical sample of this material was
treated with distilled water and the resulting solute evaporated. The salts
obtained by this evaporation were bianchite and halite which together com-
prised 6 per cent by weight of the sample.

The areas of most pronounced encrustation are associated with relatively
high amounts of sulphides in the rock, up to 5 per cent pyrite and chalco-
pyrite in some localized bands. Thin section examination of affected rock
substances (sample 13, Appendix 2) indicates that the sulphides are partly
weathered to limonite and that the weathering is associated with microfrac-
turing of the rock. In spite of the fact that no water was used in the pre-
paration of thin sections, no sulphates were identified.

(3) Yellow powdery encrustation. This effect occurs in parts of the
diversion tunnel and adit No. 2. The affected rocks were mainly gneisses
containing pyrite. The yellow mineral was identified as carpho-siderite—
(H30) Fes, (SO4)2 (OH)g, which is closely related to natro-jarosite, a
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Fig. 83. White patches of efflorescent sulphate salts encrusting surface of weathered
schist, upper part of quarry No. 1.

R e h . SR e g = i

Fig. 84. Efflorescent sulphate salts concentrated in micro-
fractures at the surface of weathered gneissic schist;
Gorge Road deviation.
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mineral commonly formed by weathering of pyrite. In the diversion tunnel
this jarositic mineral occurs as a powdery encrustation on the surface of the
rock. The rock substance itself shows no signs of weathering or weakening.

In the embankment foundation several localized zones occur, in which
the rock substance contains jarosite to a considerable depth. This rock is
considerably weaker than adjacent non-jarositic material. However there is
no evidence that this deterioration was particularly rapid.

Mechanism of deterioration

In all of the many occurrences of rapid deterioration in the site area and
also in other occurrences in rocks in the Mount Lofty Ranges, the deteriora-
tion has occurred in rocks containing sulphide mineralization. This fact plus
the fact that most of the products of deterioration contain substantial amounts
of hydrated sulphate salts, leads to the conclusion that the deterioration
is related to the oxidation of sulphide minerals.

The probable mechanism is as follows:—

1. In the near-surface zone, ground moisture gains access to the
rock substance along microfractures which form due to stress
relief and in some areas as an effect of blasting.

2. The sulphides particularly pyrite, are oxidized to form sulphate
salts.

3. With seasonal decreases in moisture content the sulphates crys-
tallize in the form of hydrated salts. The expansion which
accompanies crystallization results in opening of the micro-
fractures in which the crystals are forming. This mechanism
is identical to the mechanism of breakdown in the sulphate
soundness test (Minty, 1965; U.S. Bureau of Reclamation,
1963).

4. At the surface the sulphate may crystallize as an encrustation
or may form larger crystal growths.

The fretting type of deterioration is restricted to schistose rocks, and
the size of the flakes suggest that the sulphates are crystallizing along all the
foliation planes for a distance of up to five millimetres from the surface.

The white encrusting type of deterioration occurs in stronger rock
substances and results in considerably less weakening of the rock fabric.

The yellow powdery encrustation appears to be derived only from sul-
phides present at the surface, and the adjacent rock is unaffected.

Halite (sodium chloride) which was identified from the deterioration
products in surface cuttings and natural cavities, has probably contributed
to deterioration in the same way as the sulphate salts. However, the halite
probably originates as cyclic salt rather than as a weathering product of
constituent minerals.
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Dragovich (1967) describes a similar type of cavernous deterioration in
South Australia, which she attributes to hydration of silicate minerals. It
is suggested that soluble salts, either derived from constituent minerals or
cyclic in origin, may also be responsible for these effects.

The results of research into the effects of the sodium sulphate soundness
test (Minty, 1965; Minty and Monk, 1966) show that the breakdown of rock
substance is directly proportional to the absorption of the material, which is
related to the presence of voids, microfractures, etc.

It was also found that the amount of breakdown was inversely pro-
portional to the size of the fragments. This appears to be partly a function
of surface area and also partly related to the stresses of fragmentation. A
similar effect was observed in the exploratory adits where fretting was most
pronounced adjacent to traces of drill holes.

Sulphate soundness tests on samples of rock substances (Appendix 5)
from severely affected areas did not show significantly higher degrees of break-
down than tests on rocks of comparable degree of weathering from other
parts of the site. This confirms that the deterioration is initiated by the
presence of pyrite, and that the physical state of the rock substance only
serves to determine the type and degree of deterioration.

In many parts of the site area, rocks containing sulphides show no trace
of deterioration. It is probable that the physical characteristics of these rocks,
particularly the low absorptions, make them resistant.

A detailed examination was made of rockfill materials exposed by
excavation of the Millbrook trunk main. The rock which consisted of slightly
to moderately weathered schist, had been buried for approximately 40 years.
No signs of fretting were observed, however a minor proportion of the rock
fragments showed slight crystalline gypsum or powdery jarositic encrusta-
tions at the surface. These rocks contained pyrite mineralization which was
also present in some unaffected rocks.

Engineering significance
It is evident that if rapid deterioration such as the fretting which occurs in

adit No. 1, was to occur throughout the embankment, it would result in sub-
stantial settlement with consequent damage to the upstream face.

However the observations and tests that have been made suggest that
rapid deterioration of rock substances within the embankment will be insigni-
ficant. The main considerations leading to this conclusion are:—

1. Rocks in which deterioration has been observed all contain
sulphide minerals. Sulphide minerals occur only in some
parts of the site and are absent from an estimated 70 per
cent of the materials placed in the embankment.

2. Many of the rock fragments which do contain sulphide minerals
would not be susceptible to deterioration.
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3. Deterioration is a direct result of evaporation of moisture. This
process is not likely to occur within the embankment, except
in a narrow zone adjacent to the downstream face.

Examination up to 18 months after placement of rockfill near the surface of
the downstream face, has not revealed any traces of rapid deterioration.

PERFORMANCE OF EMBANKMENT

Operational characteristics
Settlement. There are several ways in which settlements may occur:—
1. Compression of soil materials in the foundations.

2. Crushing of points of contact between rock fragments.

3. Erosion or compression of soil materials separating rock
fragments.

4. Rearrangement of rock fragments with a consequent reduction
in porosity.

It is considered that none of these effects are likely to occur to a
significant extent, for the following reasons:—

1. Soil materials were removed from the foundations to make
them virtually incompressible.

2. The loads within the bulk of the embankment are relatively low,
and insufficient to cause significant crushing of the rock sub-
stances. Towards the base of the dam where higher loads do
occur, stronger rock was used.

3. The sluicing of the rockfill during placing washed the soil
materials into voids. The resulting fill consisting of rock
fragments in contact, and soil materials in the voids, was
observed in the ring density tests.

4. The vibratory rolling process resulted in a high degree of
compaction. The porosity of the bulk of the dam ranges from
4 per cent to 20 per cent. Settlements measured to May,
1970 are less than 0.18 foot or 0.09 per cent of the height of
the embankment.

Leakage. Two types of leakage past the embankment are possible:—

1. Through the concrete face and/or grout cap. No cracks in the
face, or ruptures in the water stops separating the face slabs,
have been observed. Shrinkage cracks occurred in most of
the grout cap blocks, but appear to have been sealed during
grouting operations.
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2. Through the abutments and under the dam. Experience at
numerous other sites suggests that grouting is seldom, if
ever, completely successful and hence that some leakage of
this type is likely to occur.

Up to May, 1970, a maximum reservoir head of 100 feet has produced
only minor leakages up to 7.5 gallons a minute.

Drainage. Sluicing waters applied to the completed surface of zone 1
layers during construction, penetrated rapidly into the fill. In zone 4
drainage was less rapid, however surface ponding was not widespread or pro-
longed. It is therefore considered that if high leakages occurred in the
concrete face, they would be readily drained through zones 1 and 4.

Vertical drainage in zone 3 is very slow due to the presence of numerous
“skins” of low permeability. However it is considered that the later permea-
bility of the layers is sufficient to drain any water leaking through the abut-
ments, without significant build-up of internal water pressure.

Stability. Tri-axial tests have been carried out to find the shear strength of
representative samples of rockfill materials.

The sample of “skin” material from zone 3 which is representative of
the weakest material in the embankment, gave test values for shear strength
parameters:— '

Angle of internal friction (¢) 39.5 degrees
Cohesion (C’) 12 1b/sq. in.

Samples of crushed schist and dolomite typical of zone 3 material were
tested in a tri-axial cell by the Snowy Mountains Hydro-electric Authority
under varying degrees of lateral pressure. The following values were
obtained for the angle of internal friction within the range of confining pres-
sures occurring within the embankment:—

Angle of internal  Cohesion
friction (degrees) (lb/sq. in.)

Schist .. .. .. .. .. .. .. .. .. 39-49 0
Dolomite .. .. .. .. .. .. .. .. .. 39 29

These values are all well above the minimum shear strength required for
the embankment to be stable, with a safety factor of 1.2.

Comparison with other concrete-faced rockfill dams

The type of dam constructed at Kangaroo Creek has only recently
become popular, due mainly to the substantial improvement in techniques for
handling and placing rockfill. It is now widely used in situations where the
lack of conveniently located source of core materials makes an earth and
rockfill dam undesirable. Steele and Cooke (1960) and Wilkins (1968)
review the history of the development of faced or decked embankments.
A summary of the main features of some of these dams is given in Table 15.
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TABLE 15
CoNCRETE FACED RoOCKFILL DAMS

Name of dam Year of Slope of Height Method of placement Leakage Comments
completion upstream face
(ft.) ]

Salt Springs (U.S.A) ......... 1931 lonltolonl4 328 Dumped rock........ High ..... Leakage reduced by repairs to face
concrete

Lower Bear River (U.S.A)...... 1952 lonll3 .......... 245 Dumped rock........ Low...... —

Paradela (Portugal) ............ 1958 lonl3 ........ 361 Dumped rock........ High ..... Leakage reduced by repairs to face
concrete

Exchequer .................... 1966 lonld4 .......... 500 Rock rolled in layers High ..... Leakage reduced by extensive
repairs to face concrete

CabinCreek .................. 1966 lonl3 .......... 260 Rock rolled in layers Low...... —

Risdon Brook ................ 1968 lonl5 .......... 117 Rock rolled in layers Low...... —

Kangaroo Creek .............. 1969 lonl3 .......... 200 Rock rolled in layers Not filled . —




The early embankments (prior to 1965) were constructed by dumping
the rock from a height. The degree of compaction obtained by this method
was substantially less than that obtained in embankments constructed after
1965 in which the rockfill has been compacted by rolling in layers. Con-
sequently the settlement in the more recent dams has been much less than
for the dumped rockfills, and there have been fewer problems with leakage
due to cracking of the upstream face membrane, the main problem in these
dams.

The high strength of the Kangaroo Creek Dam fill as determined from
laboratory tests, and the very small settlements, compare very favourably
with the strength and settlements of other dams (Wilkins, 1968; Sowers,
Williams and Wallace, 1965). Schistose rocks have been largely ignored as
sources of rockfill for major embankments, however the embankments where
they have been used (Sowers, Williams and Wallace, 1965), have all shown
comparatively minor settlements. The schists used at Kangaroo Creek are
much weaker than rock materials commonly accepted for use in dams
of comparable height. However it is this comparatively low strength which
is the main factor contributing to the high densities obtained and the conse-
quent high shear strength of the embankment. There is no doubt that the
use of similar weak materials will be more widespread in the future.

EFFECTIVENESS OF EXCAVATION TECHNIQUES

A total quantity of almost 600,000 cubic yards of soil and rock material
was excavated for the project. The excavation items accounted for more
than 40 per cent of the total cost of the contracts. In order to assess their
effectiveness and efficiency some aspects of the excavation procedures are
discussed below.

Stripping of loose materials

The method of stripping adopted by the contractor depended on the
slope of the ground surface and the distribution of loose materials and not
on the nature of the surface materials. Table 16 summarizes the main
methods in order of increasing efficiency, and the excavations in which they
were used:—

TABLE 16
METHODS OF EXCAVATION OF SOIL MATERIALS

Method used* Feature

1. Hand tools (pelican picks, picks, Grout cap (left and right banks)
shovels, crowbars, wheelbarrows)

2. Drag-line Intake structure part of quarry No. 1

3. Small excavating machinery (back- Spillway, quarries Nos. 1 and 2, Embank-
hoe, front-end loader, etc.) ment foundation (part of left bank)

* The actual plant used is given in Appendix 1.
160



A considerable amount of inefficient stripping on the left bank could have
been avoided if a programme of bulldozer stripping from top to bottom had
been carried out in the initial stages of construction. However on the right
bank the use of the less efficient techniques was dictated by the steep slopes.

Fragmentation*

The degree of fragmentation aimed at during excavation was governed
by two opposing considerations:—

1. To produce a minimum of waste rock.

2. To produce rock of a grading which could be readily handled by
the equipment available at any particular time.

In the smaller excavations the latter consideration was the more important but
in the large excavations (spillway and quarry No. 1) it was necessary to
compromise between the two considerations.

The following geological factors were found to have a considerable
effect on the degree of fragmentation of the blasted rock:—

1. Size of unit blocks.
2. Strength and anisotropy of rock substance.

3. Presence of weak seams which tend to absorb much of the shock
of a blast.

4. Orientation of geological structures with respect to the direction
of drill holes.

The fragmentation also depended on the following aspects of blasting
technique: —

1. The pattern of burden holes (angle, spacing etc.).
2. The quantity and. distribution of explosive charge.
3. The type of explosive used.

4. The delays between firing of holes.

The wide variation of the geological factors at the site resulted in
substantial differences in the degree of fragmentation between one part of an
excavation and another. Attempts were made to overcome this problem
by varying the blasting technique according to geological conditions. This
approach proved successful in several instances, however in general it was
limited by the complexities of the geological conditions. A more successful
approach was the adoption of a standard technique developed by trial and
error, which was found to produce acceptable fragmentation in most
situations.

* The term “fragmentation” includes the size (grading) and also the shape of the fragments.
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The problem could have been more efficiently solved during the investi-
gation stage, by a comprehensive programme of research by geologist and
mining engineer, into blasting techniques most applicable to the site condi-
tions. Such a programme in the form of one or more trial quarries, could
include tests on drilling rates and bit wear, which with the other details of
blasting technique would allow tenderers to make accurate cost estimates, and
would minimize wasteful errors during construction.

The highly flaky shape of the rock fragments produced by blasting of
weak schist materials, caused considerable concern due to the tendency of
this material to break down during handling and placing. Fig. 54 shows this
flaky material and Fig. 55 shows the more bulky fragments typical of the
excavation of gneissic rock. It is considered that the shape of the fragments
could have been improved with consequent decrease in fines content, if
blast holes had been drilled near-normal to the foliation direction as shown
in Fig. 85.

VERTICAL HOLES ANGLED HOLES

T

|
|
I
!
Fig. 85. Blast hole directions, showing how fragmentation of gneissic rock could
have been improved.

Handling

The loading of blasted rock was carried out efficiently for small bench
heights (less than 20 feet) and where steep batters were used. However in
the higher benches with flatter batters such as spillway excavation, south wall,
it was necessary to use D8 bulldozers to transport materials from the upper
parts of the bench so that they could be loaded from below. The bulldozers
were also used to trim the batters. These operations resulted in considerable
breakdown of the rock materials, increasing the amount of waste rock and
lowering the quality of rockfill.

This problem could have been reduced in two ways:—
1. A gradall machine could have been used to trim the batters.
2. Each bench which was higher than 20 feet could have been

excavated in two vertical stages.

The latter method would have been expensive but would have resulted in a
much higher yield of usable rock.

162



Wastage of rock

A total quantity of 190,000 cubic yards of material was sent to dis-
posal from the spillway and quarry compared with an estimated total of
about 130,000 cubic yards. The difterence was mainly due to the contamina-
tion of otherwise suitable rock by soil and/or highly and completely
weathered rock.

This contamination could have been reduced by the following
procedures:—

1. More efficient stripping to remove all soil materials except those
occurring in localized zones and patches.

2. Ripping and/or ripping with light blasting, in areas of highly
and completely weathered rock which could not be removed
by stripping techniques.

3. Direct loading of rock at the face, thereby avoiding the severe
breakdown which occurs when the rock is subjected to
repeated contact with excavation machinery.

Pre-splitting
Theory and practice of pre-splitting

The technique of pre-splitting has been developed during the past 10
years to control overbreak in rock excavation, and is now used for most
permanent excavations in large civil engineering projects.

The theory of pre-splitting is briefly that when closely-spaced drill-
holes are fired almost simultaneously, the stress waves surrounding each hole
interfere causing a crack to propagate between the holes.

The advantages of pre-splitting are:—

1. The occurrence of blast-damaged rock in the walls of the
excavation is almost completely eliminated. This contributes
to greater stability, and vastly reduces the amount of hand-
barring required for foundation excavations.

2. The amount of back-fill concrete required in foundations is
reduced.

3. Trregularities which cause stress concentrations are avoided.

4. The comparatively smooth surface obtained is aesthetically
pleasing.

The techniques of pre-splitting are described by Paine, Holmes and Clark
(1962). Holes are usually spaced between one and four feet apart depending
on geological conditions and the quality of pre-split required. At Kangaroo
Creek a spacing of four feet was found quite satisfactory in quarry No. 1,
but spacings as close as one foot were used in the intake structure and grout
cap excavations.
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The amount of explosive per drill hole used in pre-splitting is much less than for burden blasting.

Powder

factors between 0.5 and 1.5 pounds per square foot are commonly used. Stemming is used between the charges in the
holes to distribute the explosive as evenly as practicable throughout the plane.

The pre-splitting technique was used to form the batters for most of the excavations involved in the project.

Results of pre-splitting on Kangaroo Creek Dam project

Table

17 relates the direction of the batters and the relevant geological factors, to an empirical assessment of the quality of

the pre-split at each location.

TABLE 17

QUALITY OF PRE-SPLIT SURFACES

Angle to
Locality Direction of batter mean Predominant Chemical Mechanical Pre-split Notes on overbreak
foliation rock types weathering weathering quality
Trend Plunge  direction index *
(degrees) (degrees) (degrees)
Spillway, north 199 60 64 Schist and gneiss  Mainly slight ..... Severe to slight 5 —
batter (3 at down-
stream end)
Spillway, south 019 45 28 to 32 Schist and gneiss  Mainly moderate... Slight......... 4
batters 2 and 3
Spillway, south 019 to 026 45 26 to 30 Schist and gneiss. Mainly slight ..... Slight......... 4 —
batter 4
Spillway, south 019 to 026 45 28 to 32 Schist and gneiss  Slight to fresh ..... Slight......... 4 —_—
batters 5 and 6
Spiliway, channel 297 60 64 Schist .......... Fresh to slight .... Slight......... 5 —
upstream batter
Quarry, south 320 76 47 Gneiss and schist Mainly moderate... Slight......... 5 Some overbreak along sheet

batters 1 and 2

joints in upper 10ft.




TABLE 17—QUALITY OF PRE-SPLIT SURFACES—continued

Angle to
Locality Direction of batter mean Predominant Chemical Mechanical Pre-split Notes on overbreak
foliation rock types weathering weathering quality
Trend Plunge direction index *
(degrees) (degrees) {degrees) .
Quarry, batters 320 76 47 Gneiss and schist ~ Slight to moderate . Slight......... 5 Some overbreak along sheet
3and 4 joint in upper 5ft.
Quarry, batters 320 76 47 Gneiss and schist  Fresh to slight .... None ........ 5 —
5and 6
Quarry, down- 007 to 045 63 17 to 34 Gneiss ......... Moderate to fresh.. Slight to severe 1and 4 Batters 4 and 6 have broken
stream batters mainly along Set (1) joints
Access road, 119 71 55 Gneiss ......... Slight............. Slight......... 5 —
north batter
5 Access road, 086 71 22 Gneiss ......... Slight............. Slight......... 1 Batter has broken almost
¢ downstream entirely along Set (1) joints
batter
Intake structure 112 90 40 Gneiss ......... Mainly slight to Severe to slight 5—2 Upstream wall broke partly
vertical walls moderate along Set (2) joints. Down-

stream wall broke partly along
Set (1) and sheet joints

Intake structure 202 46 77 Gneiss.......... Slight to fresh ..... Mainly slight .. 5—2 Minor overbreak occurred
floor along sheet joints

Knob excavation 194 50 71 Gneiss and Slight to fresh . .... Mainly slight . . 5—2 Minor overbreak occurred
granitic gneiss along sheet joints

* Pre-split quality index—

. Breakage is mainly along one or more joints behind the plane of drill holes. Less than 20 per cent of drill holes are visible.
. Face contains localized areas of overbreak along joints but more than 60 per cent of drill holes are visible.

. Breakage is mainly along joints close to the plene of the batter. Most of the drill holes are visible.

. Breakage between drill holes is concave or convex but there is less than 10 per cent overbreak along joints.

. Planar breakage between holes. Less than 10 per cent overbreak.
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Fig. 86. Part of batter for quarry No. 1, bench 3. Pre-split is almost planar except
towards the top of the batter where some overbreak has occurred.

It is evident that the main geological features affecting the quality of the
pre-split surfaces are the S1 foliation and joints and seams in the same
direction. Defects in other directions were responsible for minor overbreak.
Chemical weathering of the rock substance does not significantly affect the
quality of the pre-split surface and satisfactory pre-splits were obtained even
in zones of severe mechanical weathering (see Fig. 51).

In general, all pre-split batters were successful, except those where the
batter direction was almost parallel to or within 25 degrees of the main Sl
foliation direction in the rock, in which case overbreak usually occurred to
the nearest near-parallel joint or seam behind the face. In those batters
where the angle to the foliation was more than 40 degrees the pre-split
followed an almost planar path between holes (Fig. 86). However, where
the angle to the foliation was between 25 and 40 degrees, the pre-split
followed a zig-zag path, partly along the foliation and partly across the fabric.
This effect was most pronounced in those cases where the pre-split holes were
drilled within the plane of the foliation (Fig. 87). These batters were quite
satisfactory from the view-point of stability but relatively unsatisfactory for
foundation surfaces, as extra concrete was required to fill the irregularities.
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Fig. 87. Part of the upslope (south) wall of the spillway excavation. The pre-
split surfaces are uneven, due partly to overbreak along joints and partly to V-shaped
breakage between holes.

Deviation of blast holes

Much of the inaccuracy of pre-split planes is attributable to the devia-
tion or “wandering” of drill holes. This phenomenon occurs to some extent
in all holes drilled with rotary/percussion drills such as the Air-trac machines
used at Kangaroo Creek. The deviations resulted in substantial overbreak
and underbreak in many of the batters at Kangaroo Creek Dam, necessitating
in some cases the use of extra concrete and in others, extra excavation at the
toes of the batters. In the lower benches of the spillway, the holes were
steepened in the belief that they would flatten out, however they tended to
steepen, resulting in a substantial volume of extra concrete in the spillway
channel wall.

In order to understand the nature of the deviations a survey of blast
hole orientations was carried out. The orientations were measured at the
top and bottom of each hole, and the deviation index which is defined as
the angular deviation per 100 feet of hole, was calculated. The results of
these measurements are given in Appendix 7, and are summarized in Fig. 88.
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Fig. 88. Deviation of blast holes; stereographic projection. Graph showing relation between
foliation and deviation of blast holes.

It is shown on Fig. 88 that the deviation tends towards the pole of the
foliation or foliation normal and that the curvature as given by the deviation
index is proportional to the angle between the drill hole and the foliation.
Although the broad trends are evident from this work, a considerable amount
of further work of this type is necessary to establish definite relationships and
to determine the characteristics of blast hole deviations in other rock types.
Such work would provide a basis for the accurate prediction of the deviation
to be expected for any particular hole direction at any site. Research is also
necessary into the effects of various drilling factors such as pressure, bit
sharpness, rate of penetration, etc. The results to date suggest that these
factors are not of prime importance, however they may explain the wide
scatter of results.

The phenomenon of drill hole deviation has also been observed in
diamond drilling, and the nature of the deviations appears to be very similar
for both types of drilling. A theory for the mechanism of deviation of
diamond drill holes which effectively explains why holes tend toward the
foliation normal, has been postulated by Pritchard-Davies (1970).

Briefly the theory is that as the drill bit penetrates obliquely through a
band of weak rock to a band of strong rock, a pivotal movement occurs in
the weak rock. However the opposite pivotal movement that tends to occur
when the drill penetrates through strong rock into weak rock, is partly
restrained by the stronger rock and thus the deviations do not cancel out.
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Hence in a foliated rock with numerous hard and soft bands a deviation
tends to develop away from the foliation direction. This theory applies
equally well to blast hole drilling.

Summary of observations

Pre-splitting is a relatively simple technique for producing batters of
high quality in most geological circumstances. The following observations
emerge from a study of the pre-split surfaces at Kangaroo Creek Dam:—

1. The quality of a pre-split surface depends to a large degree on
its orientation with respect to geological structural features
such as foliation, jointing and bedding, etc.

2. The quality of a pre-split also depends, but to a far less degree,
on the spacing and charging of drill holes.

3. The quality of a pre-split is almost independent of chemical
weathering effects and of rock type, except for anisotropic
rocks.

. Pre-splitting is usually unsuccessful if the desired pre-split plane
intersects the foliation or any other closely spaced planar
weakness in the rock, at an angle less than 25 degrees.

5. The deviation of drill holes is a major cause of inaccuracy in
pre-split planes. The approximate amount and trend of the
deviation may be calculated in advance so that corrections to
the initial drilling angles can be made to give the required
overall batter angle.

S

Rock-bolting
The technique of rock-bolting has been developed during the past 15
years for temporary and permanent stabilization of rock faces. The theory
and practice is comprehensively described by Pender, Hoskings and Mattner
(1963) and Burman (1969). Rock bolts are commonly installed for two
types of conditions:—

1. To attach or pin individual blocks of rock, which are partly
detached from the main rock mass. One or two bolts are

usually sufficient in these conditions.

2. To reinforce a zone of disturbed rock adjacent to an excavation
and to bind it to the relatively unaffected rock mass. In such
cases a pattern of bolts is chosen according to the following
factors.

(1) The orientation of geological weaknesses.

(2) The size of unit blocks.

(3) The height of the excavation.

(4) The presence of stress concentrations in the rock mass.

Table 18 summarizes the use of rock bolts at Kangaroo Creek Dam. As

far as possible the length, direction and pattern of bolts was determined
according to the empirical rules devised by Pender, Hoskings and Mattner
(1963). All bolts were installed as soon as possible after excavation.
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Wherever possible they were each tensioned to a torque of 250 foot-pounds.
In the highly disturbed rock mass in the access road excavation and in parts
of the intake structure excavation, the torques achieved were less than 150
foot-pounds.

TABLE 18
Use orF Rock BoLTs
Locality Number Length of Reason for bolting Notes
of bolts bolts
(feet) ..

Intake structure 44 6,8, 10,12 To stabilize disturbed rock  Difficulties in tensioning

excavation and underlain by sheet joints some bolts. Grouted

foundation
Diversion tunnel .. 14 6,8 ........ To pin blocks of rock Grouted

above seams intersecting
the roof of tunnel
78 8........... To form a pattern to Not grouted

reinforce the jointed rock 4ft. x 4ft. pattern
mass to resist high
external pressures during
construction

Knob excavation 12 8,20....... To stabilize large joint Grouted
blocks underlain by
sheet joints

Grout cap 31 8,10,12,15 To stabilize large joint Some of the bolts were
excavation blocks underlain by installed in a 10ft. x
(right bank) sheet joints, and to 10ft. pattern. Grouted

reinforce the jointed rock
mass in areas where the
vertical batter was more
than 25ft. high

Right abutment 11 8,10,20.... To stabilize disturbed joint Grouted
block excavation blocks during excavation
Access road cutting 28  6,8,10,12,15 To stabilize highly Difficulties in achieving
disturbed rock mass tension and in grouting
below Gorge Road
deviation
Spillway ski-jump S5 10,20 ...... To reinforce the loose Grouted
north wall blocks above several
foundation sheet joints
Spillway ski-jump 16 8,10,20.... To stabilize large disturbed Grouted
floor foundations joint blocks
Access shaft 20 8,10, 12, 15. To stabilize disturbed rock  Grouted
excavation underlain by sheet joints
Access shaft ...... 27 8........... To support highly stressed  4ft. x 4ft. pattern.
rock at junction of shaft Grouted
and tunnel

All bolts were grouted except those installed in the upstream portal
area of the diversion tunnel, which were only required to give temporary
support. Difficulty in the grouting of bolts in open-jointed areas required
the use of caulking materials, and thickening of the grout mix.

None of the rock-bolted areas has shown any signs of movement since
installation of the bolts, and it is considered that these areas are stable under
operating conditions. However, there is slight doubt as to the long term
stability due to the possibility of corrosion of the bolts over long periods.

A total number of 286 rock bolts with a total length of 2,713 feet were
installed on the project. Of these bolts approximately 25 per cent were not
required for permanent support and hence were not grouted.
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THE VALUE OF FOUNDATION GROUTING

Although the grouting results show several broad trends from one part
of the rock mass to another, many of the leakages are difficult to explain in
terms of the geological conditions. The average grout take for the entire
grouting programme, of 0.03 bags per foot of hole, was very low considering
the highly disturbed nature of parts of the foundation. This was undoubtedly
due to the fact that most of the rock separations contained infilled clay
materials. Most of the significant takes which did occur were in the lower
stages of the holes. This is thought to be partly due to the increased pressures
used in these stages but mainly because less infilling had occurred at these
depths.

Moderate takes which occurred in the foundations below the river bed
grout cap blocks E and F, reflect the absence of infilled clay from geological
weaknesses in this area. Seams exposed in the foundations of these blocks
were mainly sand-filled.

The highest takes occurred adjacent to the two abutment blocks and
it is considered that most of this grout found its way into the open-jointed
areas which occurred in the foundations of these blocks. In the right abut-
ment block and in adjacent grout cap block K, the grout curtain was angled
into the abutment to avoid the open-jointed area, as shown on page 84. The

low grout takes in this area indicate that the change in design was highly
successful.

On the left bank, grouting of the downstream row of holes in grout
cap blocks A, B, C and D, was completed before grouting of the upstream

rows five feet away, was commenced. The results are summarized in
Table 19.

TABLE 19
REsuLTS oF GROUTING DowNSTREAM Rows oF HoLES 1N GrouT Car
BLocks A, B, C anp D
Grout take in Grout take in

downstream upstream

row row

Block Bags Bags
A . 31 10
B . 18 8
C . 18 8
D . 20 14
Total .. .. .. .. .. 87 40

These figures suggest that the grout “curtain” formed by a single row
of holes was incomplete, and it is therefore considered that the second row of
holes was well-justified.

Although the takes recorded from the majority of holes were small (a
quarter to a full bag), the grout injected was probably very significant in
reducing leakage by sealing small openings adjacent to clay seams. Openings
of this type are subject to considerable enlargement by piping of the soil
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materials under the high operating pressures. A take of 0.5 bags of cement
could fill an opening one millimetre wide over an area of approximately 80
square metres (1,000 square feet).

Prediction of grouting results on the basis of geological conditions,
proved to be a difficult task. In two parts of the grout curtain geological
considerations resulted in variations to the arrangement of grout holes as
designed. In grout cap blocks C and D, additional “consolidation holes”
were drilled specifically to intersect joints which were near-parallel to the
primary and secondary holes. In the spillway overflow lip block LC, addi-
tional holes were drilled to provide extra intersections of the major seams which
occur in the foundation. In both these areas the grout takes recorded from
the extra holes were small, due presumably to the presence of infilled clay.

Seventeen core holes were drilled through the rock mass close to the
line of grout holes. Details of the holes are given in Table 20.

TABLE 20
CoreD HOLES IN VICINITY OF FOUNDATION GROUTING
Distance
Hole Area Depth Total from Grout recovered * Rate of
No. into depth nearest infiltration
rock grout after filling
holes
(feet) (feet) (feet) (gal. per min.)
KA39a Gr]gut cap, block 43 45 8 Nome ........ovvivvennean —
KA40.. Grgut cap, block 42 45 S5 None .......cciiiiviinnnn -
KC41.. Left abutment, 20 36 4 None ..........cccneviann 0.86
block LF
KC42.. Left abutment, 20 33 1 None .................... 2.25
block LF
KC43.. Left abutment, 20 35 3 None ......ooovvivvinnnnn 0.19
block LF
KC44.. Left abutment, 20 34 1 None ..........cccevvvnnen 0.12
block LF
KC45.. Left abutment, 20 39 2 Seam of grout 8 mm wide, 0.07
block LF 6ft. into rock. Coating at
10.5ft.
KC46.. Spillway overflow 20 34 5 NoOne ....coviviiiiiiinnn. 0.39
lip (block LE)
KC47.. Spillway overflow 20 34 5 Seam of grout 12 mm wide, 0.44
lip (block LE) 4ft. into rock
KC48.. Spillway overflow 20 33 6 None ..........coccveennn 0.66
lip (block LE)
KC49.. Spillway overflow 20 32 S None ........cccvviiinnn 1.18
lip (block LE)
KC50.. Spillway overflow 20 31 2 NONE ....vvviviinnnnnnans 0.32
lip (block LE)
KCS51.. Spillway overflow 20 34 2 Coating of grout up to 2 mm 0.06
lip (block LE) thick, 19ft. into rock
KC52.. Spillway overflow 20 33 3 None ......covvviiiennnns 0.59
lip (block LE)
KC53.. Spillway overflow 20 32 6 NONE ......vovvvivevnnnns Could not
lip (block LE) fill
KC54.. Spillway overflow 20 28 5 None ....ovvvviiiiiiennn. 0.59
lip (block LE) ..
KCS55.. Spillway overflow 20 26 6 Coating of grout | mm thick, 0.56
lip (block LE) 8ft. into rock

* The groundwater level in the holes at the time of testing was approximately 25 feet below
the floor of the gallery.
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The two cored holes through the grout cap were drilled using “NMLC”
coring equipment, and resulted in almost 100 per cent core recovery. No
grout was recovered from either of these holes.

The fifteen cored drain holes from the drainage gallery were drilled
using “NX” coring equipment, and resulted in 95 per cent core recovery. The
material recovered in the core confirmed the disturbed, open-jointed nature
of the rock mass in this area. Detailed examination of the core revealed
several seams and coatings of grout. However many of the partly open
joints in the core did not show any traces of grout despite the close proximity
of grout holes.

The most likely explanation for the absence of grout from many open
joints is that it was eroded by drilling water. This suggests that the grout
could also be vulnerable to erosion by reservoir water during operation of
the dam.

The drain holes were tested by filling and measuring the rate of infiltra-
tion. Several holes showed moderate leakage rates and hole KC53 could
not be filled. Periscope observation of the sides of this hole revealed the
presence of two joints open up to two centimetres at a depth of 14.5 feet or
approximately four feet into rock.

The following two possible methods of approach to the problem of
possible leakage into drain hole KC53 were considered:—

1. Leave the drain hole untreated and observe the leakages as the
reservoir fills. If leakage rates are low and if the water is
clear (i.e. contains no suspended soil materials) then no treat-
ment is necessary.

2. Inject cement grout into drain hole KC53 to fill the gaping
joints which intersect the hole at a depth of 14.5 feet. This
would impair the function of this hole as a drain and may also
reduce the effectiveness of adjacent holes.

A packer should be located immediately below the open
joints, and a thick grout mix injected under low pressure from
the hole collar.

The latter approach was adopted.

EFFECTS OF FILLING THE RESERVOIR

Stability of slopes
The bedding of the Torrensian rocks has resulted in the formation of
dip slopes on the west side of three gullies towards the southern end of the
reservoir. These dip slopes show the effects of numerous slides, deep-seated
and superficial.

The gully adjacent to the dam contains numerous old landslides and
several relatively young ones in which movements have occurred within
historical times. A large apparently deep-seated slide located near the head
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South side of main

¥.Zslide mass

Fig. 89. Large landslide at the head of the gully to the south of the dam. The disposal area
in the foreground is mainly above full supply level and supports the toe of the slide.

of this gully just above the reservoir full supply level (Figs. 5 and 89) may
contain up to three million cubic yards of disturbed material. Several soil
scarps up to four feet high reflect the occurrence of recent superficial move-
ments. Measurements carried out during construction indicate that the slide
mass was stationary during this period. The base of the slide movements
probably coincides with a seam along the bedding, however it is possible that
initial movements were caused by seismic shocks related to the nearby
Kitchener Fault.

A quantity of approximately 200,000 cubic yards of waste rock which
was placed at the toe of the slide should prevent further movement of
the mass.

The gully in which Kangaroo Creek is located (Fig. 5) also contains
several slides on the west bank. These slides appear to be due to movement
along bedding planes, however it is possible that collapse due to solution of
calcareous rocks also contributed to the instability.

The stability of slopes on the left bank immediately upstream of the dam,
is discussed in detail on pages 141 to 150. On the right bank immediately
above Batchelor’s Bridge there are several indistinct scarps which probably
reflect the occurrence of ancient slide movements. The nature of this sliding
has not been determined but the most likely explanation is that movements
have occurred along flat-lying seams near river-bed level.
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Of the slides described above, that at the head of the gully to the south
of the dam is the only one so large that further sliding could create a wave
capable of overtopping the dam. The reservoir level will not reach the toe
of this slide, but it will have the effect of raising the groundwater table in
the area. It is considered that the extra stability provided by the large mass
of waste rock at the toe of the slide more than compensates for the effect of
raising the water table.

Leakage through reservoir rim

Observations of groundwater in drill holes and excavations at the site
and in parts of the reservoir area, indicate that the pre-construction ground-
water table sloped towards the Torrens Valley. The occurrence of seepages
in the valley walls well above river level suggests that for large parts of the
year the level of groundwater in the reservoir rim was above the proposed
full supply level of the reservoir. Experience at other dam sites has shown
that under these conditions, significant leakage from the reservoir is unlikely.

The shortest leakage path through the reservoir rim is through a saddle
in the southwest corner to a gully on the western side, a distance of 2,800
feet at full supply level. Significant leakage along this path is considered
unlikely, as the water would have to flow through a succession of rock types,
including substantial thicknesses of slates which have a characteristically low
permeability.

The dolomitic rocks which occur on the eastern side of the saddle were
investigated during the feasibility stage by a 450 feet long drill hole, which
indicated the presence of numerous small solution cavities. However, the
dolomite does not intersect the ground surface below full supply level outside
the reservoir, and hence although some leakage of water may occur as the
reservoir fills, the water would return to the reservoir during draw-down.

THE CONCRETE ARCH DESIGN IN RETROSPECT
The design stage investigations for the arch dam (Stapledon, 1966)
indicated that the rock mass on the left bank is intersected at intervals of
five feet to 20 feet by seams of compressible clay, some of which are up to
15 cm wide.

The arch design was finally rejected after consideration of two possible
causes of failure:—

1. Consolidation of seams in the rock mass due to the thrust of
the dam.

2. Movement in a downstream direction of wedge-shaped blocks
(obtuse angled, open wedges), due to a component of the
arch dam thrust which acts in this direction.
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It was realized at this stage that the exploration had revealed only a
very small sample of the rock mass and that this sample was not necessarily
typical of the rock mass as a whole. In addition, the three-dimensional
geological picture contained considerable interpretation. The possibility of
other undiscovered defects occuring in the area also influenced the decision
to reject the arch design.

Geological conditions revealed during construction

The excavations for the grout cap and spillway confirmed the great
depth of mechanical weathering effects as revealed by the earlier investiga-
tions. The excavations intersected several large infilled clay seams up to
40 cm wide which were considerably thicker than any intersected by the
exploration.

Detailed examination of the left bank grout cap foundations between
RL720 and RL870 revealed a total true thickness of 100 cm of compress-
ible soil seams of which 70 cm consisted of highly plastic infilled clay (CH).

Detailed examination of the larger seams revealed that infilling had
occurred following small movements of wedge-shaped rock masses in a
downstream direction (see pages 143 to 147).

Excavations for the intake structure, grout cap and right abutment block
indicated the presence of a zone of severe mechanical weathering on the
right bank up to more than 25 feet thick. Within this zone the rock mass
contains numerous gaping sheet joints, some of which are open to 20 ¢cm, and
infilled seams up to 15 cm wide.

Discussion of concrete arch versus rockfill dam

The geological conditions revealed by the construction stage investiga-
tions confirmed the correctness of the judgment that the site was unsuitable
for a concrete arch dam.

The successful construction of an arch dam at the site would have
required one of the following procedures.

1. Excavation of the foundation rock in the form of a slot
or trench to remove mechanically disturbed rock, and replacement
of the excavated rock by concrete in the form of a pulvino. This
would entail the removal of a thickness of up to 80 feet measured
normal to the surface of rock on the left bank and 25 feet on
the right bank. Experience with smaller excavations of this type
has shown that the shape of the excavation is very difficult to
control, particularly in directions close to that of the rock foliation.
An excavation of this magnitude on the left bank would be highly
dangerous and would require a large programme of support during
construction, particularly on the downstream side.
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Such a construction programme would have been highly
expensive and very difficult to estimate economically with reason-
able accuracy. Furthermore, even with such large foundation
excavations, the possibility of failure by wedge sliding of part of
the left abutment, would still remain.

2. Moderate excavation to remove the most severely dis-
turbed rock and an extensive programme of treatment to reinforce
the foundation rock mass. The most likely forms of treatment
would be the installation of post-stressed anchored cables, and the
removal by washing and replacement by grout, of seam materials.

Apart from the expense and practical difficulties associated with these
techniques, their effectiveness is suspect, particularly in the long term.
Experience with grouting at the site indicates that the replacement of the
non-dispersing seam materials by grout would be at best very difficult, and
probably impossible.

The most likely type of failure for a concrete arch dam at the Kangaroo
Creek Dam site would be one in which the abutments could not develop
sufficient reaction to the thrust forces exerted by the dam. This could be
due to compression of the foundations or to displacement of foundation rock
in the direction of thrust. Either would cause rupture of the concrete arch
and catastrophic failure. This would be particularly disastrous at the
Kangaroo Creek Dam site, located as it is, upstream of the city of Adelaide.

The fact that construction of the rockfill dam in a form essentially as
designed, was achieved without any serious problems, confirms that the
design was appropriate to the site.

Unlike concrete arch dams, rockfill dams are not susceptible to
catastrophic damage due to foundation failure. The main problem to which
concrete faced rockfill dams are susceptible, is leakage resulting from rupture
of the concrete face due to settlement of the fill. However, this can be readily
recognized and repaired before the damage becomes catastrophic.

Rockfill dams may also be severely damaged by overtopping due to
blockage of the spillway, or a wave induced by a rockslide in the reservoir.
However, measures were undertaken as part of the construction programme
to ensure that there is no significant risk of such events.

To sum up, the large amount of foundation treatment and/or excava-
tion which would have been required for an arch dam, would have been
considerably more expensive than the cost of construction of the rockfill
dam. The excavations involved for the arch dam would also have caused
major safety hazards during construction, whereas the excavations associated
with the rockfill design have been comparatively safe. Finally, the geological
situation is such that even with extensive excavation and/or foundation treat-
ment, the stability of an arch dam could not be completely assured. This
fact alone provides ample vindication for the rejection of the concrete arch
dam in favour of the rockfill dam.
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GENERAL CONCLUSIONS

Even the most comprehensive programme of design stage investigations
will not reveal all the geological factors and weaknesses which could influence
the construction of a large project. In most cases the investigations show
the approximate nature and distribution of geological substances and weak-
nesses at a site, however it is necessary to realize that the geological explora-
tion reveals only a very small sample of the total soil and rock masses. This
was particularly the case with the Kangaroo Creek project in which most
of the exploration was for the concrete arch dam investigation and there was
insufficient time to carry out a systematic investigation of the rockfill dam
site. For this reason some of the geological conditions revealed during
construction were outside the ranges which were assumed in the design stage.
In many cases this necessitated modifications to the design of parts of the
structures.

As many of the factors which influence the design and construction of
large civil engineering projects such as the Kangaroo Creek Dam are related
to the geology, it is important that the construction team for such a project
includes an engineering geologist or someone with geological insight. The
role of the geologist is to ensure that the engineers understand the relevant
geological conditions and their significance, and to inform them where geo-
logical conditions differ from those assumed in the design.

In the Kangaroo Creek Dam project, geological considerations resulted
in modifications to the design of many features including grout cap, spillway
channel, right abutment block and grout curtain. In addition, geological
information was extensively used in assessing the quality of foundations,
stability of batters, and standard of rockfill, which comprised most of the
day-to-day problems of the project.

The detailed record of the geology proved useful in interpretation of
the grouting results and in assessing the basis of contractual claims. These
records would also be invaluable in the event of failure of any of the

T e

structures. i o

The experience gained from construction of the project was extremely
valuable to the author. In the first place the contact with the construction
team resulted in an increased understanding of engineering principles and
methods. Secondly, the detailed examination of large exposures has led to
a better understanding of the nature and behaviour of rock masses and geo-
logical processes. The resulting “feedback™ will be of direct benefit in geo-
logical investigations for other projects, particularly in interpreting the
significance of geological features where the exposures are limited. The
information will also contribute to improvements in the design and contract
specification of future dams.
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Appendix 1
PROJECT OPERATIONS



SCHEDULE OF MAIN OPERATIONS

Operation

Diversion tunnel excavation .. ..
Intake structure excavations .. ..

Spillway excavation ..
Spillway concrete . .

Quarry No. 1 excavation .. .. ..
Quarry No. 2 excavation .. .. ..
Grout cap excavation .. .. .. ..

Grout cap concrete ..

Embankment . ..
Upstream face concrete ..
Closure of tunnel plug ..

Official opening of project ..

Date commenced
26th August, 1966
31st July, 1967
Early March, 1968
28th April, 1969
Ist March, 1968
25th February, 1969
26th February, 1968
28th April, 1969
Mid August, 1968
April, 1969

CONTRACTORS

Diversion tunnel—Citra Australia

Date completed
24th October, 1966
4th December, 1967
27th June, 1969
Late August, 1969
Late April, 1969
Late April, 1969
January, 1969
19th March, 1969
August, 1969
Late August, 1969
8th September. 1969
Sth December, 1969

Intake structure excavations—McMahon Constructions

Embankment, spillway, etc.—Dumez (Aust.)

CONTRACTORS’ WORK FORCE ON SITE

1. Professional

Project engineer, one to three civil engineers, one mechanical engineer and two

surveyors.

2. Clerks, tradesmen and unskilled workmen,
Mainly from 60 to 120 employed.

SUPERVISING STAFF ON SITE

1. Professional

Resident engineer, assistant resident engineer, resident geologist, one to two civil
engineers, engineering assistant (chief inspector),

engineer (quantity calculations).

2. Inspectors, assistants, etc.

Five to seven inspectors, one to two concrete testing officers (part-time), one
geological field assistant, one courier, one to two surveyor’s assistants, one

typist/clerk and one draftsman.
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PLANT AND EQUIPMENT USED BY CONTRACTOR FOR EXCAVATION
AND PLACING OF ROCK

Category
Excavation

Hauling equipment

Placing equipment

3
5
2
1
1
1

1

1

—— N = N

4

3

2

1

1

Item

x Gardner Denver air-trac
drills with 600 cu. ft./min.
compressors

X pneumatic hand drills

X air legs

X pavement breaker

x 71B Ruston Bucyrus face
shovel (4.25 cu. yd.)

x 988 front-end loader
(5.5 cu. yd.)
x 977 front-end loader

crawler type (4.5 cu. yd.)
X 966 front-end loader
(3.5 cu. yd.)

x front-end loader backhoes
x D4 Caterpillar builldozer
x D8 Caterpillar bulldozer

x Caterpillar grader

x P and H crane, fitted as a
dragline

X haulpak tip trucks

(27 cu. yd.)

x Euclid tip trucks

(21 cu. yd.)

X 12 ton International tip
trucks

x 7 ton International tip
truck

x D8 Caterpillar bulldozer

1 x D7 Caterpillar bulldozer

1

2
1

x large monitor mounted on
D7 bulldozer as above

x small hand monitors

x Pacific 9.7 ton vibrating
roller—connected to 6 inch
deisel pumps at stilling
pasin
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Feature

Spillway

Quarry
Zone 1 quarry
Grout cap, intake structure
Grout cap, diversion tunnel
Spillway, quarries Nos, 1 and 2
Spillway, quarries
Spillway, quarries
Zone 1 quarry
Embankment foundations
Spillway, embankment zone 1
Spillway, quarries
Haul roads
Quarry No. 1
Spillway, quarries Nos. 1 and 2
Spillway, quarries Nos. 1 and 2
Zone 1 quarry
Zone 1 quarry

Embankment zones 2 to 4
Embankment zones 2 to 4

Embankment zone 1
Embankment—all zones



Appendix 2

PETROLOGICAL DESCRIPTIONS OF
SOME TYPICAL ROCK SUBSTANCES



FRESH ROCK SUBSTANCES

Sample 1. Gneiss—(Site area—Diversion tunnel)

Hand specimen—The rock is composed of bands five to 20 millimetres wide
consisting mainly of coarse-grained quartz and feldspar, separated by bands up
to 20 millimetres wide of very fine-grained, foliated minerals. Overall appearance
of the rock is dark greenish-grey. Maximum size of mineral grains is eight
millimetres.

Thin section—Coarse-grained bands consist of quartz (40 per cent), feldspar
(30 per cent) and fine-grained sericite (30 per cent). The feldspar crystals
contain numerous microfractures which are filled with fine-grained sericitic
material, and are optically strained. Chlorite occurs in fibrous aggregates
elongated along foliation. Chlorite fibres commonly orientated at an angle to
the foliation. The fine-grained bands consist of aligned fine-grained sericite,
chlorite and quartz with some coarser chlorite and quartz. The foliae are bent
around irregularities in the coarser bands. Pyrite in crystals up to 0.3 millimetre
constitutes | per cent of the rock.

Sample 2. Schist—(Site area—Spillway channel)

Hand specimen—The rock consists of fine-grained micaceous minerals with
a well-developed foliation. Foliation planes have a soapy appearance. Medium
and coarse-grained quartz crystals occur in places, often in bands but more
commonly separated by fine-grained material. Maximum size of mineral grains
is two millimetres. Overall appearance of rock is light grey.

Thin section—The bulk of the rock consists of fine-grained sericite and
chlorite with porphyroblasts of quartz and remnant feldspar. Coarser grained
quartz crystals which constitute 15 per cent of the rock, have been highly stressed
and fractured. The fractures are filled with sericite. Occasional grains of pyrite
and biotite also occur.

Samnple 3. Granitic gneiss—(Site area—Diversion tunnel)

Hand specimen—The rock consists mainly of coarse and very coarse-grained
quartz and feldspar, and has a granitic texture. Schistose stringers of chlorite
occur in places. Numerous irregular veins of quartz less than one millimetre in
diameter also occur. The maximum diameter of mine-al grains is 20 millimetres.
The overall colour is greenish-white.

Thin section—The rock consists of 40 per cent quartz, 40 per cent feldspar
(mainly oligoclase) and 20 per cent sericite. The quartz and feldspar are mainly
coarse-grained and contain numerous microfractures. The sericite occurs around
the boundaries of feldspar crystals and filling cracks. Traces of chlorite occur
in places.

Sample 4. Quartz gneiss—(Zone 1 quarry)

Hand specimen—The rock consists of medium to fine-grained quartz, feldspar
and chlorite. Two distinct foliations are present. One consists of the parallel
alignment of chlorite flakes and the other is a coarse layering of lighter (quartz
rich) bands alternating with darker (chlorite rich) bands. Layers are 20 to 40
millimetres wide. Overall appearance of rock is grey, speckled. The maximum
diameter of mineral grains is eight millimetres.

Thin section—The rock consists of 60 per cent quartz, 20 per cent feldspar,
10 per cent chlorite and 10 per cent sericite with occasional crystals of tourmaline,
garnet and hematite. The sericite occurs surrounding and penetrating the feldspar
crystals. The quartz crystals are elongated parallel to the alignment of biotite

187



crystals and there is also some quartz/feldspar layering in this direction. (The
other foliation was parallel to the plane of the slide and hence not observed.)
Quartz and feldspar crystals are interlocking.

Sample 5. Dolomite—(Quarry No. 2)

Hand specimen—The rock is crystalline with a medium-grained “sugary”
texture. The maximum grain size is 1.5 millimetres in diameter. The overall
colour of the rock is translucent light grey-brown.

Thin section—The rock consists of sub-angular grains of quartz (25 per cent)
and feldspar (10 per cent) in a matrix composed of interlocking fine- to medium-
grained, re-crystallized dolomite. Boundaries of quartz and feldspar grains are
pitted, but microfractures are rare. No bedding visible. Contains vein of calcite.

WEATHERED ROCK SUBSTANCES

Sample 6. Schist—Completely weathered

Hand specimen—Consists mainly of fine-grained sericite, limonite and
medium-grained quartz. Foliation distinct. Outlines of original feldspar crystals
visible. Colour—pale grey and yellow-brown.

Thin section—Consists mainly of felted groundmass of sericite and clay up
to 0.1 millimetre diameter (silt). Approximately 50 per cent of this groundmass
is stained with limonite. Quartz ranging in grain size from 0.1 to two millimetres
comprises 30 per cent of sample. Most of the grains contain numerous micro-
fractures. Limonite and gocsthite comprise 20 per cent of sample and occur in
numerous veins mainly less than 0.2 millimetre in diameter, and orientated mainly
along the foliation. Vague outlines of original feldspar crystals are common, but
feldspar is completely decomposed to sericite.

Sample 7. Schist—Highly weathered

Hand specimen—Consists mainly of very fine-grained sericite and fine-grained
quartz. Flaky texture. Colour—mainly pale grey with some brown patches.

Thin section—Consists mainly of felted, fine-grained sericite and clay, with
15 per cent highly microfractured quartz grains up to 1.5 millimetres in diameter.
Microfractures also penetrate the groundmass and are open to 0.2 millimetre.
Slight limonite staining. Qutlines of weathered feldspars are common. Fine-
grained opaques (not sulphides or hematite) form 2 per cent of sample.

Sample 8. Gneiss—Moderately weathered

Hand specimen—Bands up to 20 millimetres wide consisting mainly of quartz
and weathered feldspar grains up to four millimetres diameter, alternate with
schistose sericitic bands. Colour—pink to grey. Texture-—granular to flaky.

Thin section—Alternating coarse and very fine-grained (lepidoblastic) bands.
Quartz and feldspar crystals up to 10 millimetres wide in coarse bands contain
numerous fractures filled with limonite—up to one millimetre wide. Feldspars
are mainly decomposed (20 to 80 per cent) to sericite. Limonite and goethite
occur as weathering products of chlorite, only traces of which remain. The
approximate mineralogical composition is:

Quartz 15 per cent
Feldspar 10 per cent
Limonite 30 per cent
Sericite 40 per cent
Chilorite 5 per cent
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The composition of the rock before weathering was approximately:

Quartz 15 per cent
Feldspar 30 per cent
Sericite 20 per cent
Chlorite 35 per cent

Sample 9. Schist—Moderately weathered

Hand specimen—Coarse-grained quartz and feldspar porphyroblasts in a fine-
grained flaky groundmass. Light grey, brownish in part.

Thin section—Groundmass consists of lepidoblastic sericite, quartz, chlorite

and limonite. The limonite is from weathering of chlorite—approximately 50
per cent of the original amount remains. Limonite staining extends out from
larger chloritic areas into sericitic bands. Feldspars are 50 per cent weathered
to sericite. Weathering has spread outward from microfractures. Quartz grains
also contain numerous microfractures, many filled with limonite. Several hematite
cores occur, surrounded by goethite. The approximate mineralogical composi-
tion is:

Quartz 30 per cent

Feldspar 10 per cent

Limonite and goethite 20 per cent

Chlorite 15 per cent

Sericite 25 per cent

Sample 10. Schist—Slightly weathered

Hand specimen—Qccasional quartz and feldspar porphyroblasts in fine-
grained sericite/chlorite. Flaky texture. Greenish-grey colour.

Thin section—Sericite (50 per cent) and chlorite (20 per cent) form a lepid-
oblastic groundmass. Porphyroblasts of quartz up to 0.3 millimetre (15 per cent),
contain numerous microfractures filled with sericite, and a few unfilled. Grains
of feldspar up to one millimetre (15 per cent) are partly decomposed, mainly
by metamorphism but partly by weathering. Occasional crystals of unweathered
hematite occur, and pyrite shows only slight traces of weathering at grain
boundaries. Chlorite is partly weathered to limonite, (approximately 20 per
cent affected) which occurs in veins less than 0.5 millimetre wide.

Sample 11. Gneiss—Slightly weathered

Hand specimen—Bands up to 10 millimetres wide of coarse-grained quartz
and feldspar alternating with bands up to 30 millimetres of chlorite and sericite,
with porphyroblasts of quartz and feldspar. Occasional pyrite flakes.

Thin specimen—Coarse bands consist of anhedral quartz and feldspar grains
up to five millimetres diameter separated by fine-grained quartz, sericite and
aggregates of chlorite. Fine-grained bands consist of chlorite, sericite and quartz.
Approximately 25 per cent of the chlorite has been weathered to limonite. Opaques
(hematite and pyrite) comprise 2 per cent of the sample. Feldspar crystals are
partly weathered to sericite. Pyrite crystals are partly weathered to limonite, and
hematite crystals are slightly affected at boundaries.

ROCK SUBSTANCES AFFECTED BY RAPID DETERIORATION
Sample 12. Schist—Severely affected by rapid deterioration (Adit No. 1)

Hand specimen—Slightly weathered. Consists of quartz porphyroblasts in
flaky chlorite/sericite groundmass. Occasional pyrite grains. Manly greenish-
grey with some light grey (sericite) bands.
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Deterioration at the surface consists of flaking concentrated in bands along
the foliation trace. The zone of disintegrated rock ranges from two to 10 milli-
metres in thickness. Worst affected bands are chloritic.

Thin section—(through material adjacent to the surface and including some
fretting rock.) Porphyroblasts of fractured quartz elongated along the foliation
direction (up to 10 millimetres long and three millimetres wide) occur in sericite
groundmass. Elongated fibrous chlorite aggregates occur in bands up to 15 milli-
metres wide. Fractures in the direction of the foliation are spaced between 0.5
millimetre and 15 millimetres apart, more closely in chloritic bands. Fractures
are filled with limonite but some are open to two millimetres. Some chlorite
aggregates are unaffected. Occasional grains of sulphide (not pyrite) occur,
unaffected by weathering. Several patches of limonite approximately one milli-
metre in diameter occur—possibly weathering products of sulphides. Fretted
flakes are mineralogically the same as the intact rock substance. No sulphate
identified.

Sample 13. Schist (somewhat gneissic) with efflorescent sulphate—Gorge Road
deviation

Hand specimen—Slightly weathered with some moderately weathered areas.
Rock consists of flaky sericite and chlorite with numerous porphyroblasts of
quartz and some feldspar concentrated in bands. Pyrite occurs mainly in quartz
bands.

Thin section—(does not extend to fretting surface). Numerous elongated
coarse-grained quartz and feldspar porphyroblasts up to 15 millimetres long and
four millimetres wide, occur throughout sample. Bands of fine-grained quartz
and sericite up to 20 millimetres wide alternate with bands of fibrous chlorite
and sericite. Pyrite occurs in quartz/sericite bands where it forms 10 per cent
of the material. Limonite surrounds pyrite veins and extends outwards along
microfractures. Occasional elongated hematite grains are present in chloritic
bands but show no sign of deterioration. No sulphate detected.

INFILLED SOIL SEAMS

Sample 14. Infilled seam (mottled grey and red). The sample was taken from a
prominent seam (seam A) along the foliation direction, in the excavation for
grout cap block A.

Hand spccimen—A seam of clay 40 millimetres wide occurs within a zone of
completely weathered rock containing roots up to eight millimetres diameter.
The seam contains numerous fragments up to 10 millimetres in length (mainly
less than three millimetres), of weathered schist and quartz. Approximately 40
per cent of the clay is mottled red-brown, the rest grey. Much of the adjacent
rock is stained yellow-brown.

Thin section—The seam consists of fragments of quartz and schist (50 per
cent) in a matrix of clay, much of which is stained with goethite. In places in
the central part of the seam there is a banding perpendicular to the seam
boundaries. The boundaries are distinct in places due to limonite staining along
the contact, and indistinct in other places. Many of the rock fragments near the
boundary appear to have been rotated into near parallelism with the seam direction.

Sample 15. Infilled seam (red). The sample was taken from a prominent seam along
a Set (2) joint in the embankment foundation.

Hand specimen—The seam consists of red-brown clay containing numerous
fragments and grains of schist and quartz. The seam occurred between blocks
of slightly weathered schist and the boundaries were sharp.
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Thin section—The seam consists of 60 per cent schist fragments and quartz
grains up to eight millimetres in length, mainly sub-angular to sub-rounded, in a
matrix of clay. The clay is stained by numerous veinlets of limonite which also
surround the rock fragments. Elongated fragments have a wide range of orienta-
tion although areas of local parallelism occur in parts of the sample.

Sample 16. Infilled seam (grey). The sample was taken from a seam in the founda-
tion for grout cap block A.

Hand specimen—The seam of clay is 8 to 15 millimetres wide and occurs
in a zone of highly weathered schist, containing roots up to four millimetres
diameter. The seam is mainly grey-green in colour with a few patches of brown.
It appears to consist mainly of clay with a few quartz grains.

Thin section—The seam consists of 40 per cent quartz grains and schist
fragments up to two millimetres diameter, in a matrix of clay containing numerous
voids up to one millimetre diameter. The clay is greenish-grey and contains no
limonite except in isolated patches. The rock fragments are mainly subrounded
to subangular and appear to be randomly orientated except near the boundaries
of the seam where they are near-parallel to the seam direction.
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Appendix 3
THE UNIFIED SOILS CLASSIFICATION
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THE UNIFIEI

FIELD INVESTIGATION PROCEDURES
Excluding particles larger than 7-5cm and basing fractions on estimated weights

CLEAN Wide range v grain swes. and substantial amounts of all wtermediate particle sizes
c GRAVELS | GRAVELS
ns More than 50%% Little or .
55 of the coarse no fines Predominantly one size or a range of sizes, with some intermediate sizes missing
nsa fraction s OIRTY
Q. X fings—
g'@% lar%f;lat‘hzg grm GRAVELS Non-plastic fines—for ndentification see ML below
=27 ined Appreciable amount
gEg B.S7 sieve) of fines Plastic fines—for swdentification see CL below
PS8
wES CLEAN Wide range d substantiol ts of all intermediate partich
usy ide range n grain sizes. and substantial amounts of all intermediate particle sizes
g SANDS SANDS
35 Hore than 509% Lictle or o
o 2 of the coarse no fines Predomnantly one size or a range of sizes, with some intermediate Sizes missing
= fraction is
smaller than 2mm. ?/I\NI-)YS Non-plastic fines—for ndentification see ML below
(passmg» Appreciable amount )
BS.7 sieve) of fines Plastic fines—for identification see CL below
FIELD INVESTIGATION PROCEDURES
on fraction smaller than 0.4mm. (passing B.S. 36 sieve)
SOIL CAST  (sanl wet) SOIL THREAD SHINE | DILATANCY ODOUR DRY STRENGTH
SILTS Forms fragie cast Thick erumbly theead. None to
N teant | None fo shght
g AND CLAYS | C20Hs form when boeaed whie most | easly broken very dut Distnct ot siendican one 1o SR
[ o Cast maybe handled ireety without breaking| Thread can be pomied
n 2 Liquid fimit Can be kneaded moisl without cracking 35 fine 3s a lead Moderate | None to shght | Not siemificant Moderate
a Eg | tess than 50 | Maternl atheres 1o the tand penci bul 15 tiagile
&
ZS . Cast fragile 1o cohesive matersal will None to Decayed organic
S gu
g @ adhere somewhal to the hand Soft. weak ihveac very quil | SN0 distnet gy Low
538 Maderatel
E< oderately plastic and cohesive Moderate
J:‘:g Material adheres somewhal \hrnleakbxu :membu’m thesad) None fo shght | Not sigmticant | Powdered so
%g SILTS 1o the hand 2y be crumbly teels foury
©
5 AND CLAYS Very plastic and cohesive n High to very high
= o Materal very sticky to the hand :9" :I“';g( '"'m‘“"l Very glossy None Strong earthy | Cannot be powdered
Liquid Timit Greasy 1o touch e rolled o 2 o pom by tinger pressure
more than 50 [ e M tugh
asbc.and conesive Weak 1o medium thread| Maderate to Decayed organic oderate o b
feels siightly spongy Often soft and 1 very gloss None matl Powdered soll may
Greasy to touch en solt and flbrous | very Rlossy ater be tbrous
Readily identified by colour, odour, spongy feel and frequently by fibrous texture
NOTE: BOUNDARY CLASSIFICATIONS: Soil possessing characteristics of two groups are shown as a combination
Bull .44 70_841 of twe group symbols, eg. GW-GC. well graded gravel with clay binder.

194



SOILS CLASSIFICATION

GROUP GROUP NAME
SYMBOL and typical materials LABORATORY CLASSIFICATION CRITERIA
W GRAVEL, well graded; 2| Cu= "o Greater than 4
gravel sand mixtures, little or no fines % Bag | C="U .00 Beivenl and 3
GRAVEL, poorly graded; 2. Z==" . ! !
6P gravel Sand mixtures, fitle or no fines 8 5 L &5 | Not meeting all gradation requirements for GW
K] o
GRAVEL, excess silty fines; §3 S a3 Atterberg limits below “A” “a" line wi
&M poorly graded gravel-sand-silt mixtures T 2 ; : ¢ | fine or PI less than 4 :\bovt; 7A Ilnebow:hd.PI between
= "
&t GRAVEL, excess clayey fines; 28 S = 3| Atterberg fimits below “A” arf_ are borcerine cases,
poorly graded gravel-sand-clay mixtures SE ¢ { line or Plgreater than 7 requiring use of dual symbols
" n £
W SAND, well graded; §| 3% 2 S| Cu= P20 Greater than 6
well graded sands, gravelly sands, little or no fines g| g = o T G 030 o.0so Between1 and 3
SAND, poorly graded; S| 28 552 ! ! ]
¥ poorly graded sands. gravelly sands, little or no fines B 88 - £52 ot meeting all gradation requirements for SW
o 2Z v
SAND, excess silty fines; > é a & g5 Atterberg limits below “A” “A" i i
SM poorly graded sand-silt mixtures § ‘g § SZn line or PI less than 4 :bove 7A fne w“hAPI betheen
¢ SAND, excess clayey fines; 2 (Y & Atterberg limits below “A” and ae borderline cases
poorly graded sand-clay mixtures e line or PI greater than 7 requiring use of dual symbols
-
]
GROUP GROUP NAME 5
3 60
SYMBOL and typical materials o
n SILT SOIL, low plasticity; 4] 0
inorganic silts and very fine silty or clayey sands, rock flour : \§5'/
TLAY SOIL, Tow plasticily; =) 5 10 >
oL inorganic clays of low to medwm plasticity, o 2
gravelly clay. sand, clays, silty clays. lean clays “N" ;__ cH
o ORGANIC SOIL, fow _plasticity; @ s
organic silts and silt clays of low plasticity z I3 /
SILT SOIL, high plasticity; g S 0
MH inorganic silts, micaceous or diatomaceous ] or
fine sandy or silty soils, elastic silts . GL;ML CL oL MH
- — ° OL ’
oH FLAY SplL, high Dla.SlICIty, 3 A7 :::: ML
inorganic clays of high plasticity, fat clays M L7
- 0 10 0 30 40 50 40 70 80 90 100
ORGANIC SOIL, high plasticity; LIQUID LIMIT
OH ) . . .
organic clays of medium to high plasticity
PEATY SOIL PLASTICITY CHART
i Peat and other highly organic sois FOR LABORATORY CLASSIFICATION OF FINE-GRAINED SOILS

Based on "The Unified Soil Classification System’ United States Department of the Interior,
Bureau of Reclamation “Earth Manual™ First Edition, Denver COLARADO 1940. 70-641  Bull.dd
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SCHMIDT REBOUND HAMMER TESTS

The Schmidt rebound hammer was originally designed for testing concrete. Dixon
(1969) has shown its applicability for measuring the coefficient of restitution of in
situ rock substance. Dixon also confirmed the manufacturers’ claim that there is an
approximate relation between coefficient of restitution and unconfined compressive
strength.

At the Kangaroo Creek Dam site the Schmidt hammer has been used extensively on
rock faces to determine its value in determining the quality of rockfill materials. A
selection of the results is given in Table 4-1.

Factors influencing results

The tests on rocks have shown that the reading recorded by the hammer depends
on several factors:—

1. Tests carried out on joints give rebound numbers considerably higher than tests
carried out across the rock fabric (see Table 4-1).

2. Tests carried out on surfaces coated with loose materials give lower rebound
numbers than tests on uncoated surfaces.

3. The presence of moisture results in lower rebound numbers (see Table 4-1).

Tests carried out on foliation surfaces usually give lower results due to flaking.

5. Abnormally low values are recorded when the impact of the hammer causes
fracturing of large mineral grains on the surface.

6. The roughness of the surface does not significantly affect the results, except
that on very rough surfaces the projections tend to fracture on impact.

>

To standardize the tests as far as possible, the following rules were adopted for
selection and preparation of test surfaces:—

1. Only artificial surfaces, across the fabric of the rock, are tested.

Only dry surfaces are tested.

The surfaces are prepared by brushing with a wire brush.

Tests are not carried out within 30 centimetres of significant discontinuities.
. As far as possible large crystals are avoided.

. Abnormally low values obviously due to fracturing or crushing, are ignored.
7. Very rough and fractured surfaces are avoided.

TN

Figure 4-1 is an example of the test result form designed for use at Kangaroo
Creek Dam.

Value of Schmidt rebound hammer

The hammer was used extensively at Kangaroo Creek Dam site and it was found
that the results could be related to the degree of weathering for a particular rock type
(see pages 201 and 202). Wide ranges of test values were obtained for some rocks,
due to differentiated mineral banding within the test areas.

The suitability of the hammer for use by inspection staff in determining the suit-
ability of rock for fill was considered. However, it was considered to be impractical
for the rock conditions at the Kangaroo Creek Dam site due to the wide range of
rock types and the numerous factors affecting the test results. It is evident that the
hammer would be suitable for this type of use in quarrying in situations where
geological conditions are more simple, e.g. many granite quarries.
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TEST No.

58
PROJECT: KANGAROO CREEK DAM
LOCATION:  SPILLWAY EXCAVATION  BATTER 2. Ch. 1 + 40
NATURE OF SUBSTANCE OBSERVATIONS OF |DEVIA— EFFECT
ROCK TYPE  Gneiss REBOUND NUMBER TION
DESCRIPTION Alternating bands of coarse-~ I 24 9 Slight crushing
groined quortz/feldspar and 1 25 +1 n
fine-grained chlorite etc. f 26 +2 'y
WEATHERING Moderotely weathered 25 il i
18 -6 T
NATURE OF SURFACE 25 +1 i
TYPE Across fabric 26 *2 “
25 +1 *
COATING Surfoce veneer of clay 24 [0} B
22 -2 T
TEXTURE Hackly D=0 to 2mm
W=0 1o 15mm TOTAL 240
MOISTURE Dry MEAN 240 16
CORRECTED MEAN
-— ° o
ANGLE OF HAMMER TO HORIZONTAL 30 REBOUND NUMBER 260

SKETCH
Joint
ORIENTATION Guent
OF TEST FACE el e / Quartz
STRIKE - 019° , s
DIP - 45° /

Chlorite/sericite

o . KL TEST AREA
/

SCALE
FEET !

re

71—672 Del.D.V.M. Byll.44 S.A. Dept. of Mines

Fig. 4-1. Rebound hammer test results sheet.
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APPENDIX 4. TABLE 4-1
ScHMIDT REBOUND HAMMER TEST RESULTS

Nature of surface Corrected
Test Rock type and Schmidt hammer Hammer mean Notes
location degree of weathering Type Texture Coatings, readings angle rebound
number moisture, efc. number
(degrees)
57  Schist, slightly Across the fabric. Hackly ....... No coating, dry 27, 33, 39, 32, 34, 0 31.5 Partial crushing of
weathered 34, 32, 30, 24, 29 surface irregularities
58  Gneiss, moderately Across the fabric. Hackly ....... Thin clayey 24, 25, 26, 25, 18, —30 26.0  Slight crushing of
weathered coating, dry 25, 26, 25, 24, 22 surface
59  Gneiss, moderately Across the fabric. Hackly ....... No coating, dry.. 18, 23,22, 18, 19, —60 23.0  Slight crushing of
weathered 19, 25, 23, 17, 16 surface with partial
indentation
60  Gneiss, highly Across the fabric. Hackly ....... No coating, dry.. 14, 11, 13, 16, 12, —70 15.5 Considerable crushing
weathered 13, 12,12, 13, 12 and indentation of
surface
61  Schist, moderately Across the fabric. Hackly ....... No coating, dry.. 23, 24, 22, 22, 25, —10 22.5  Partial indentation of
weathered 20, 21, 18, 21, 23 the surface
62 Schist, slightly Partly across the = Hackly to scaly No coating, dry.. 26, 24, 20, 32, 24, —30 27.5  Partial crushing of
weathered fabric, partly ' 20, 26, 25, 32, 27 surface irregularities
along the
foliation
63  Schist, moderately to Across the fabric. Smooth with No coating, dry.. <10,<10, <10, 10, —20 11.0  Indentation of the
highly weathered isolated 11, 10, <10, 10, surface
granular <10, 11
projections
64  Schist, moderately Along the foliation Smooth ...... No coating, dry.. 20, 22, 22, 23, 23, —30 23.0 Some flaking of
weathered 23, 24, 23,21, 18 surface, slight
crushing
65  Gneiss, moderately Across the fabric. Hackly ....... No coating, dry.. 24, 20, 23, 19, 28, —45 26.5 Fracturing of larger
weathered 24, 31, 22, 22, 30 grains
66  Schist, fresh to slightly Across the fabric. Hackly ....... Sulphate salts 28, 24, 31, 26, 25, -—30 27.5  Slight crushing of

weathered (affected
by rapid
deterioration)

coating
(removed before
test), dry

31, 24, 24, 31, 22

irregularities
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APPENDIX 4, TABLE 4-1-—continued
ScuMipT REBOUND HAMMER TEST RESuLTs—continued

Nature of surface Corrected
Test Rock type and Schmidt hammer Hammer mean Notes
location degree of weathering Type Texture Coatings, readings angle rebound
number moisture, efc. number
(degrees) . .
67  Gneiss, slightly Across the fabric. Hackly to No coating, dry.. 27, 25, 24, 27, 25, —20 28.0  Slight crushing of
weathered corrugated 28, 25, 28, 25, 28 irregularities
68  Gneiss, slightly Across the fabric. Hackly ....... No coating, dry 30, 30, 26, 33, 38, —25 32.5 Fracturing of large
weathered 30, 40, 27, 27, 31 protruding crystals
69  Gneiss, slightly Across the fabric. Hackly ....... No coating, dry.. 37, 30, 30, 34, 30, 0 340 Crushing of larger
weathered 43, 42, 37, 30, 28 crystals
70  Gneiss, fresh ........ Across the fabric. Hackly to No coating, dry.. 40, 30, 43, 32, 39, —20 39.5 None
corrugated 39, 40, 37, 40, 45
71 Gneiss, fresh (same Across the fabric. Hackly to No coating, wet. 35, 30, 32, 32, 37, —20 35.5  Slight crushing
rock as Test 70) corrugated 40, 32, 42, 37, 28
5  Schist, slightly Across the fabric. Corrugated.... Fretted material 23, 17, 26, 24, 20, —30 24,5  Slight indentation
weathered on surface, 20, 26, 24, 23, 25,
removed by 20, 22
brushing, dry
7  Granitic gneiss, Across the fabric. Rough, uneven No coating, dry 45, 22, 27, 27, 31, —25 31.0 Cracking of larger
slightly weathered 30, 34, 25, 30, 28 crystals
9  Schist, fresh ........ Across the fabric. Rough........ No coating, dry 24, 25, 31, 23, 32, +8 28.5 None
36, 32, 29, 28, 29
20  Schist, fresh ........ Set (4) joint ..... Hackly to scaly Limonite coated, 40, 34, 46, 50, 38, —35 42.0 Some flaking of surface
dry 38, 31, 43, 51, 39
18  Schist, fresh ........ Set (2) joint ... .. Smooth ...... No coating, dry 40, 53, 40, 43, 53, 0 48.0 None
51, 48, 43, 58, 55
13 Gneiss, slightly Set (2) joint ..... Smooth to scaly Limonite coated, 50, 49, 58, 58, 57, —5 56.0 None

weathered

dry

61, 54, 60, 55, 57,
55, 62
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DURABILITY TESTS ON ROCK SUBSTANCES

Three types of durability tests were carried out on rock substances from various
parts of the site area. The results are given in Tables 5-1, 5-2 and 5-3.

Sodium sulphate soundness test

This test was carried out according to the procedures outlined in the A.S.T.M.
Standards, part 10, test designation C88-63. The test which was carried out on
crushed aggregate, consists of five cycles of saturation in concentrated sodium sulphate
solution, followed by evaporation. The results, expressed as a percentage loss of the
weight of the fractions in the original grading, are given in Table 5-1.

D.M.R. weathering test

This test, also carried out on crushed aggregate, consists of 10 cycles of alternate
wetting and drying, followed by compaction. Sieve analyses and plasticity tests were
carried out before and after the weathering cycles. The results are given in Table 5-1.
The test also includes the chemical analysis of the wash waters, the results of which
are given in Table 5-2.

Tests using temperature and weak salt solution

The test carried out was a modified version of the A.S.T.M. test designation C218-
48T (test for building stones). The samples tested were in the form of drill cores
and cubes cut from spalls. The test consisted of 50 cycles of immersion in 8 per cent
gypsum solution, followed by drying to constant weight. The results are given in
Table 5-3.

These tests were carried out by officers of the Engineering and Water Supply
Department, Concrete Laboratories, Sassafrass.
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TABLE 5-1

SULPHATE SOUNDNESS AND D.M.R. WEATHERING TESTS

Sodium
sulphate
Sample Type of Source soundness Sieve analysis before and after D.M.R. test Liquid Plastic Plasti- Linear
number material (5 cycles) limit limit city  shrink-
percentage: index age
loss 3/4 3/8 3/16 7 14 25 52 100 200
KDI .. Gneiss, Quarry area. 100 526 368 310 224 154 102 74 56 153 11.6 3.7 0.2
mainlv Drill hole, 5.7
fresh depth 2,5ft. 100 614 418 330 235 165 11.3 82 6.2 143 11.6 2.7 0.1
to 15ft.
KD2 .. Schist, Quarry area, 100 53.1 340 255 184 133 90 63 45 153 1.1 4.2 0.3
slightly Dirill hole, 67.3
weathered depth 20ft. 100 69.1 445 31.1 221 162 11.9 90 69 164 13.8 2.6 0.1
to 30ft.
KD3 .. Schistose Quarry area, 100 455 260 183 11.8 76 47 32 24 16.5 1.8 4.7 0.5
gneiss, trial 394
slightly excavation 100 65.0 426 322 231 149 95 67 50 177 14.3 34 0.3
weathered
KD4 .. Gneiss, Quarry area, 100 480 274 199 148 95 59 39 28 155 11.6 3.9 0.1
moderately trial 44.0
weathered excavation 100 68.8 440 349 269 163 144 108 8.6 17.2 14.0 3.2 0.3
KD5 .. Gneiss, Quarry area, 100 527 297 19.1 11.2 58 3.1 20 1.5 145 11.8 2.7 0.2
moderately trial 43.7
weathered excavation 100 743 541 415 268 157 9.1 64 4.6 15.1 15.1 — —
KD6 .. Gneiss, Quarry area, 100 838 674 302 248 195 146 114 9.2 17.0 12.3 4.7 0.3
slightly to trial 423
moderately excavation 100 84.1 698 519 40.7 316 234 17.8 138 16.2 12.7 3.5 0.3
weathered
KD7 .. Schist, Quarry area. 100 707 479 37.8 28.0 21.0 160 133 11.2 187 14.6 4.1 0.0
moderately Cave 62.1
weathered 100 723 55.1 438 334 257 19.1 151 124 173 13.1 4.2 0.2
KD8 .. Gneiss, Quarry area, 100 633 422 31.8 221 153 107 83 7.0 162 13.2 30 0.5
slightly trial 13.5
weathered excavation 100 72.1 499 383 27.7 203 144 108 86 155 11.9 3.6 0.2
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KD9 .. Gneiss and Quarry area. 100 574 394 30.1 216 151 9.6 6.7 5.0 16.0 133 2.7 0.2
schist, Drill hole, 38.0
slightly depth 20ft. 100 721 55.7 437 317 234 176 134 109 144 11.6 2.8 0.1
weathered to 40ft.
KDI10 . Schist, Quarry area. 100 56.6 353 260 190 145 11.3 9.6 85 199 14.5 54 0.6
slightly Dirill hole 45.3
weathered depth 5ft. 100 653 469 398 320 244 183 137 11.0 182 12.3 59 0.5
to 15ft.
KDI1 . Gneiss, Quarry area. 100 57.2 362 265 181 120 7.7 55 42 143 11.8 2.5 0.2
slightly Drill hole, 20.8
weathered depth 70ft. 100 70.1 50.3 382 267 182 129 93 74 147 10.9 3.8 0.2
to 90ft.
KDI2 . Gneiss, Quarry area, 100 61.5 434 319 225 16.1 114 89 173 17.0 12.8 4.2 0.4
slightly road 21.9
weathered cutting 100 67.5 50.6 39.1 293 222 17.5 140 11.7 162 11.7 4.5 0.4
to fresh
KDI14 . Gneiss, fresh Diversion 100 442 256 182 119 7.9 5.2 3.8 2.9 — — — —
tunnel —
100 525 322 218 142 96 68 47 3.5 —_ — — —
KD16 . Gneiss, Intake 100 529 306 209 133 87 55 39 30 — — — —
slightly structure —
weathered 100 650 402 28.1 180 116 79 53 39 — — — —
KDI18 . Schist, Old Gorge 100 60.1 442 326 216 145 104 81 7.3 203 16.0 4.3 0.5
slightly Road —
weathered excavation 100 69.4 49.5 386 260 17.1 119 92 7.7 185 12.8 5.7 0.4
KDI19 . Schist, fresh  Adit No. 1. 100 64.6 447 338 235 160 115 93 85 183 14.0 43 0.5
to slightly 40ft. inside —
weathered portal 100 71.6 494 37.1 260 182 129 10.1 84 17.1 12.1 5.0 0.5
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TABLE 5-2
D.M.R. WEATHERING TEST
CHEMICAL ANALYSIS OF WASH WATERS

Composition
in grains KDl KD2 KD3 KD4 KD5 KD6 KD7 KD8 KD9 KDI0O KDI1

per gallon

KD12 KDI14 KDi6 KDI8

KDI19

Calcium
carbonate 3.92 2.66 1.12 2.10 2.80 1.48 8.41 4.38 2.63 0.56 1.40

1.75

3.85

Magnesium
carbonate 3.48 1.89  0.55 1.48 1.05 0.56 — — — 0.65 1.03

Magnesium
sulphate .. 0.34 008 008 0.59 185 035 1348 6.78 0.34 — 0.88

5.56

39.6

Sodium
sulphate .. 7.66 6.76 488 467 2359 3.15 — — 1.44 4.28 3.73

2.68

5.12

9.94 —

Sodium
chloride .. 7.16 7.61 5.32 4.62 5.11 231 96.16 2594 11.99 13.38 9.70

6.30

1.68

11.5 22

0.9

Calcium
sulphate . . — — — — — — 6.67 1.86 0.81 — —

1.62

17.6 11.6

30.5

Magnesium
chloride .. — — — — — — 400 1.43 — — —

6.8

Sodium
nitrate ... — — — — — —_ 1.19 — — — —

Sodium
carbonate — — — — — — — — — 0.26 —

Free
sulphuric
acid....... — — — —

22.0
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TABLE 5-3

ErFrFects oF CoOMBINED TEMPERATURE AND IMMERSION ON CUBES
IN WEAK SALT SOLUTION AFTER 50 CYCLES

Original Wt. of
Sample wt. of Wt. of sample Percentage SG. Oven dry Oven dry Ovendry Oven dry Oven dry Remarks
No. sample sample immersed absorption SSD. wt. after wt. after wt. after wt. after wt. after
oven dried SSD in water  dry wt., basis 10 cycles 20 cycles 30cycles 40 cycles 50 cycles
gm gm

KD 5 ... 722.2 727.8 469.1 0.78 2.81 722.2 722.1 722.1 722.1 722.1 Not affected

KD 6 ... 703.6 719.7 4529 2.29 2.70 703.6 703.6 703.6 703.6 703.6 Surface cracks opened slightly

KD 8 ... 719.6 7251 469.3 0.76 2.83 719.5 719.5 719.5 719.5 719.5 Not affected

KD 9* .. 258.4 263.0 166.1 1.78 2.71 258.4 258.2 258.2 258.2 258.2 Surface cracks opened slightly

KDI10* .. 422.6 434.8 273.7 2.89 2,70 422.6 422.1 421.9 421.9 421.9 Surface cracks opened slightly

KDI1* .. 239.6 242.1 155.5 1.04 2.80 239.6 239.4 239.2 239.2 239.2 Surface cracks opened slightly

KDIi2* .. 687.7 699.6 4347 1.73 2.64 687.7 687.4 687.4 687.4 687.4 Surface cracks opened slightly

KD13 ... 770.8 772.9 503.3 0.27 2.87 770.2 770.0 770.0 770.0 770.0 Surface cracks opened slightly

KD14 ... 794.6 796.0 513.1 0.18 2.81 794.6 794.5 794.5 794.5 794.5 Not affected

KDI15 ... 703.6 710.9 450.3 1.04 2.73 701.4 701.4 701.4 701.4 701.4 Surface cracks opened slightly

KDI16 ... 1,025.8 1,031.9 652.5 0.59 2.72 1,023.6 1,023.3 1,023.3 1,023.3 1,023.3 Surface crack opened slightly on
edge of sample

KD17 ... 6456 666.5 410.6 3.24 2.60 643.4 643.4 639.0 639.0 638.4 Surface cracks extremely affected
causing pieces to break off

KD18 ... 899.4 907.2 568.9 0.87 2.68 894.8 894.8 894.8 894.8 894.8 Medium surface cracks, one crack-
split sample in two

KDI19 ... 6719 676.9 434.1 0.74 2.79 670.4 670.4 670.4 670.4 670.4 Surface cracks opened moderately

* 9,10, 11, 12 cores. The rest cubes cut from spalls,
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DEVIATION OF BLAST HOLES

SITE No. 1 Access shaft open cut (gneiss, fresh)

Hole Top of hole Bottom of hole
No. Trend Plunge Trend Plunge
1.. 207 71 207 67
2 .. 209 71 211 69
3.. 210 69 211 68
4 .. 206 71 211 68
5.. 206 70 202 71
6 .. 198 72 194 72
7 .. 197 72 187 70
8 .. 201 71 197 72
9 .. ... 20 72 190 68
10 .. .. .. .. .. .0 197 70 195 68

Average deviation index—33 degrees/ 100ft.
Average angle to foliation—52 degrees.

Length
(ft.)

— —
OO~ O 00000\

Deviation
index
(deg/100f1t.)

Some of these readings are suspect due to the proximity of magnetic metal.

SITE No. 2 Access road (gneiss, slightly weathered)

Hole Top of hole Bottom of hole
No. Trend Plunge Trend Plunge
1. 206 71 214 65
2. 210 69 221 64
3. 210 69 221 62
4 . 208 69 227 61
5. 209 71 222 68
6 . 191 67 218 66
7. 215 70 225 66
8 . 198 67 216 64
9 .. .. .. .. .... 210 68 214 64
10 .. .. .. .. .. .. 206 68 217 65

Average deviation index—45 degrees/ 100ft.
Average angle to foliation—54 degrees.

Length
(ft.)

Deviation
index
(deg/ 100ft.)

SiTE No. 3 Quarry No. 1, batter 4 (gneiss, moderately weathered)

Hole Top of hole Bottom of hole
No. Trend Plunge Trend Plunge
1. 1 63 351 58
2. 6 65 351 60
3. 12 61 3 59
4. 18 61 3 57
5. 18 60 5 58
6. 1 61 350 56

Average deviation index—16 degrees/ 100ft.
Average angle to foliation—21 degrees.

217

Length
(ft.)
45

Deviation
index
(deg/ 100f1t.)

16




Hole

\oo'o\)oxulhul\.u-uoz

Top of hole
:Trend Plunge

211 67

198 66

226 67

205 68

223 66

212 66

221 68

225 65

e e e e . 222 63
10 .. .. .. .. .. .. 228 60

SiITE No. 4 Gorge Road deviation (gneiss, slightly weathered)

Bottom of hole
Trend Plunge

227
224
236
218
236
239
241
237
232
234

Average deviation index—61 degrees/ 100ft.
Average angle to foliation—21 degrees.

Hole

DO N B WN g

Top of hole
Trend Plunge
013 46
016 44
014 46
017 44
019 46
016 47
014 46
018 47
B R ¢ 20 47
1o............ 020 46

SiTE No. 5 Spillway, batter 3 (schist, moderately weathered)

Bottom of hole
Trend Plunge

007
013
010
008
009
013
008
001
018
016

Average deviation index—7 degrees/ 100ft.
Average angle to foliation—7 degrees.

Hole

CROXINNDBWN -

Top of hole
Trend Plunge
018 50
019 50
012 48
015 50
018 51
017 51
018 49
014 51
O § 121 ] 50
10 .. .. .. .. .... 021 49

61
63
60
62
61
61
59
58
59
55

46
47
46
45
47
47
45
46
47
46

Length
(ft.)
15
12
18
18
17
18
18
20
11
15

Length
(ft.)
55
52

Deviation
index
(deg/ 1001t.)

Deviation
index
(deg/ 100ft.)
8
7
5
12

. —
NN \D WA W

SiTe No. 6 Spillway, batter 4 (gneiss and schist, slightly weathered)

Bottom of hole
Trend Plunge

010
002
000
006
008
013
010
003
016
012

Average deviation index—15 degrees/ 100ft.
Average angle to foliation—8 degrees.

218

50
51
53
53
52
52
49
51
51
47

Length
(ft.)
40

Deviation
index
(deg/ 100ft.)

13
27
23
16
16

7
13
17

7
16




SitE No. 7 Spillway, batter 5 (schist, fresh)

Hole Top of hole Bottom of hole Length
No. Trend Plunge Trend Plunge (ft.)
1. 021 44 021 44 25
2. 021 44 020 44 24
3. 025 45 024 44 22
4 . 023 43 019 44 26
5. 023 45 021 44 22
6 . 024 45 021 44 24
7. 024 44 021 44 20
8. 026 42 023 43 20
9 .. .. e vt ... 020 44 018 43 20
10.. .. .. .. .. .. 022 45 020 44 20

Average deviation index—7 degrees/ 100ft.
Average angle to foliation—2 degrees.

SiTE No. 8 Quarry No. 1, batter 6 (gneiss, fresh)

Hole Top of hole Bottom of hole Length
No. Trend Plunge Trend Plunge (ft.)
1............ 316 65 301 63 22

Deviation index—30 degrees/ 100ft.
Angle to foliation—47 degrees.

SITE No. 9 Access shaft (trial hole) (gneiss, fresh)
Deviation index—approximately 25 degrees/ 100ft.
Angle to foliation—40 degrees.

219

Deviation
index
(deg/ 100ft.)

NNOoOVVOVUNINUNMWO

Deviation
index
(deg/ 100ft.)

30
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