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Preface

This book sets out to present a comprehensive coverage of geotechnical engineering of em-
bankmentdams. It is based on the authors’experience in dam engineering in Australia, Asiaand
the Pacific Islands, but also draws on international literature to present an overview of practice
throughout the world.

The engineering of embankment dams requires a detailed understanding of the influence of
geology on dam foundations and construction materials, as it is usually necessary to use what
nature has made available, rather than to seek ideal conditions.

Practitioners, therefore, need to know what to expect in any geological environment, and to
have an understanding of the limitations of investigation and design methods, and construction
procedures. The authors have set out to provide this knowledge and understanding.

The authors wish to acknowledge the considerable assistance given by the many engineers
and geologists with whom they have worked, and who have provided information for the book.
They also wish to thank Gwenda Taylor, University of New South Wales, and Dawn Leonard,
University of South Australia, who prepared the manuscript, and Dr. G. Tamaddoni, University
of New South Wales who proof read the text.

IX



CHAPTER 1

Embankment dams, their zoning and selection

1.1 TYPES OF EMBANKMENT DAMS, THEIR ADVANTAGES AND
LIMITATIONS

There are several types of embankment dam. The designs have varying degrees of in-built
conservatism, usually relating to the degree to which seepage within the dam is controlled by
provision of filters and drains, the use of free draining rockfill in the embankment, and the
control of foundation seepage by grouting, drainage and cutoff construction.

1.1.1 Dam failures causes and frequency

An ICOLD (1973) survey of the causes of dam failures reproduced in Schnitter (1979) and in
National Research Council (1983) showed that apart from over-topping, piping and seepage
failure were the main reason for dam failure. (Fig. 1.1).

This study, which only applied to dams of height greater than 15 m, also showed that:

—foundation failures usually occur relatively early in the dam life,

—50% of all the failed dams were between 15 and 20 m high,

—earth embankment dams account for 74% of all dam failures, and historically were nearly
twice as likely to fail as concrete dams. However, after about 1985, the probability of failure of
embankment dams was similar to that of concrete dams.

A USCOLD survey of dam incidents up to 1979, reported in National Research Council
(1983)is summarised in Table 1.1. Again, it can be seenthat leakage and piping through the dam
embankment and foundation are the primary causes of failure and ‘accidents.’ It is also impor-
tant to control seepage pore pressures in embankment dams, since the stability of the embank-
ment is dependent on these pore pressures. In the design phase in particular, one must be able to
confidently predict the pore pressures. This prediction becomes a significant factor in the
selection of embankment zoning.

1.1.2 Consequences of failure, or hazard

As discussed in Chapter 18 dams are commonly rated as to their hazard, i.e. to the damage and
loss of life which would result following (hypothetical) failure of the dam. This rating may
change throughout the life of the dam, e.g. if new development takes place downstream.
Because some embankment types have more in-built conservatism than others, the hazard
rating at any particular site becomes an influencing factor in the choice of embankment type
best suited to that site.
1
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Dam failures 1900 - 1975 (over 15m height)

CONCRETE

Overtopping R\ N 29
Foundation
Piping and 0

seepage ‘
Others ]
FILL

Overtopping NN NNEE
Foundation o 4

Piping and
seepage
Others

ALL TYPES

Overtopping \§§j 34
Foundation %

Piping and [/
se%pgge //I 28 Figure 1.1. Causes of dam failure (ICOLD

Others I8 1973 and National Research Council 1983).
[ — 1 L 'l —de —
0 10 20 30 40 50
PERCENT OF FAILURES

(excl. failures during construction and
acts of war)

Table 1.1. Causes of dam incidents.

Type of dam

Concrete Embankment Other* Totals
Cause F A F A F A F A F&A
Overtopping 6 3 18 7 3 27 10 37
Flow erosion 3 14 17 17 17 34
Slope protection damage 13 13 13
Embankment leakage, piping 23 14 23 14 37
Foundation leakage, piping 5 6 11 43 1 17 49 66
Sliding 2 5 28 7 28 35
Deformation 2 3 29 3 6 31 37
Deterioration 6 2 3 2 9 11
Earthquake instability 3 3 3
Faulty construction 2 3 2 3 5
Gate failures 1 2 1 3 2 5 7
TOTAL 19 19 77 163 7 103 182 285
*Steel, masonry-wood, or timber crib.
F =failure.

A =accident = an incident where failure was prevented by remedial work or operating procedures, such
as drawing down the pool.

Source: Compiled from Lessons from Dam Incidents, USA, ASCE/USCOLD 1975, and supplement-
ary survey data supplied by USCOLD.
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1.1.3 Dam types

Figures 1.2 and 1.3 show simplified sections through the various types of embankment dams.
Greater detail for several of the dams is given in Section 1.2. The typical features, advantages
and limitations of each dam type are as follows.

a) Homogeneous earthfill. Usually constructed from clay, sandy clay, clayey sand and
gravel-sand-clay soils but may be constructed from more permeable soils such as silty sand,
sand, and sandy gravel provided seepage is acceptable. Provides no internal seepage or erosion
control, and so is susceptible to piping failure and seepage emerging on the downstream face.
Homogeneous earthfill has been used for larger dams in the past, but should be limited to low
(say less than 5 m height dams), in low hazard locations.

b) Earthfill with toe drain. Constructed from similar materials to homogeneous dam, with a
permeable rock or gravel toe. Provided the ratio of horizontal to vertical permeability for the
earthfill (kH/kV) is near unity, the toe will attract the seepage. With an adequate filter between
the earth and rockfill, internal erosion and seepage will be controlled. However kHKYV is
commonly greater than unity, with values of 9 ormore not unusual in rolled earthfill. In this case
seepage may emerge in an uncontrolled manner on the downstream face, giving poor control
of internal erosion and seepage. Earthfill with toe drain has been used for larger dams in the past
but should be limited to low (say less than 10 m) dams in low hazard locations.

¢) Zoned earthfill, Constructed with an earthfill upstream or central core of clay, sandy clay,
clayey sand and gravel-sand-clay soils. The outer zones of earthfill are similar materials but
compacted to a lesser degree of compaction and/or at a lower water content than the core, so the
outer zone is higher permeability than the core. Alternatively the outer zone may be constructed
from weathered or low strength rock which will break down under compaction to form a
soil/rock mixture, with permeability greater than that of the core, but with sufficient finer
grained soil to provide some degree of intemnal erosion control (without necessarily meeting
normal filter design criteria). This provides good internal seepage control provided that there are
no concentrated flows through the core (e.g. if cracking occurs), however, internal erosion is not
totally controlled since the outer zone is not designed as a filter to the earthfill core. Zoned
earthfill has been used for dams greater than 30 m high in the past (for examples see Sherard et
al (1963). Not commonly used for dams higher than about 20 m, or for dams in other than low
to medium hazard sites.

d) Earthfill with horizontal drain. Constructed from similar materials to a homogeneous
dam but with a horizontal drain in the downstream part of the dam composed of high permea-
bility sand or sand and gravel. Provided kH/kV for the earthfill is near unity, the horizontal drain
is effective in drawing the seepage flow from the downstream slope. In this case if the drain is
designed to act as a filter, intemnal erosion is also controlled however, as for the case of an
embankment with atoe drain, kH/kV is often quite high, and seepage may bypass the horizontal
drain and emerge on the downstream slope. In this case neither internal seepage or erosion are
well controlled. In the past dams up to 50 m high have been constructed with only a horizontal
drain (i.e. no vertical drain), (see Sherard et al. 1963). While such existing dams may be
considered adequate for continuing operation, provided they are instrumented and monitored,
itis not currently considered good practice. Earthfill embankments with horizontal drains only,
should be limited to low (say less than 10 m) dams with a low or medium hazard rating,

e) Earthfill with vertical and horizontal drains. Constructed from similar materials to a
homogeneous dam, but with a vertical drain (also known as a chimney drain) and a horizontal
drain composed of high permeability sand, or sand and gravel. The vertical drain intercepts
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seepage through the dam and, provided this drain and the horizontal drain have sufficient flow
capacity, the earthfill downstream of the vertical drain will remain unsaturated. This control is
independent of the kH/kV ratio for the earthfill. If the drains are designed to act as filters to the
earthfill, internal erosion is also controlled. The horizontal drain also acts to intercept seepage
through the dam foundation and control pore pressures in the embankment due to the under-
seepage. If the drain is designed as a filter to the foundation material it will also control erosion
of the foundation. This is particularly important for dams constructed on permeable soils (sand,
sand-gravel and clayey soils with permeable structure); or on weathered permeable rock which
is potentially erodible. This type of dam is suited for construction of large dams and there is no
reason in principle why even the highest dam in high hazard sites cannot be constructed in this
manner. There are many examples of such dams 30 to 50 m high.

f) Earth and rockfill, central core. The central core is constructed from earthfill as described
for homogeneous dams, but may be constructed of higher permeability materials such as silty
sand or well compacted weathered rock provided that the permeability (and resultant seepage)
is acceptable. The core is flanked by rockfill zones upstream and downstream. Ideally the rock
used is strong and durable, to provide rockfill which is permanently free draining. In practice,
weaker rocks are often used. Filter zones are provided between the core and the rockfill to
control internal erosion. Provided that the rockfill is sufficiently permeable (as is usually the
case) seepage through the earthfill core is readily discharged and the downstream rockfill
remains essentially dry. The pore pressures in the earthfill core are dependent on kH/kV but as
the earthfill is supported by the rockfill, the stability is not particularly sensitive to these
pressures. Central core earth and rockfill dams are suited for construction of the largest dams.
Dams up to 300 m high have been constructed in this manner. For dams less than about 15 to
20 m high the restricted space makes construction complicated and other design types may be
more economic.

g) Earth and rockfill, sloping upstream core . Constructed of the same materials as central
core earth and rockfill dams. The core is located towards the upstream face of the dam. This
may have advantages in some sites as:

—somewhat less earthfill may be required than for a central core dam;

—the core material and filters may be placed after the downstream rockfill, allowing rockfill
construction to proceed in wet weather when placement of earthfill may be impracticable;

—staged construction is facilitated by positioning the core at or near the upstream slope;

— the downstream slope of the dam may be steepened but this will usually be more than
balanced by the need to provide a flatter upstream slope than required for a central core dam.

Control of seepage and internal erosion is good. As for central core earth and rockfill -
construction sloping upstream core earth and rockfill dams have been used for many large dams
and there is no theoretical limitation on the height of dam. As for central core earth and rockfill
construction, space is restricted for dams less than about 15 to 20 m high, which makes
construction complicated and other design types may be more economic.

h) Concrete face rockfill. Constructed ideally of free draining rockfill, with a ‘cushion’ layer
of finer processed rockfill between the concrete faceplate and the rockfill to provide uniform
support for the faceplate. The face is formed on the rockfill by slip forming (usually after rockfill
placement is complete), is reinforced and provided with construction joints and water stops to
control cracking under the deformations induced by the water load. Poorer quality rockfill has
been used, with zones of free draining rock incorporated to allow discharge of leakage. Should
this occur, as the rockfill is free draining, pore pressures do not develop in the dam, and the
upstream and downstream slopes are commonly at the angle of repose of the rockfill. The
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cushion layer is commonly designed to limit leakage if the faceplate cracks or construction
joints open and, with zoning of the rockfill, to act as a filter relative to the rockfill concrete face.
Rockfill (CFRF) dams up to 160 m high are in service and larger dams are under construction.
For dams less than about 20 m high the cost of the plinth and setting up for faceplate construc-
tion usually makes concrete face rockfill uneconomic. CFRF dams are particularly suited to
construction in high rainfall areas, where placement of earthfill is impracticable, and to sites
with good rock foundations.

i) Bituminous concrete face earth and rockfill. Constructed ideally of free draining rock or
gravel/sand fill, but a wide range of earth and rockfill has been used the bituminous concrete
facing is constructed in situ on the fill, and usually consists of a ‘sandwich structure’ with at least
twolayers of dense bituminous concrete to act as the ‘impervious’ membrane, and a bitaminous
concrete drainage layer (ICOLD 1982a). Seepage and piping control is provided by the
bituminous concrete, and drainage layers in the fill. Bituminous concrete face dams up to SOm
high have been constructed but this design is more commonly applied to dams and reservoirs
of lesser height. Bituminous concrete has been used as a core material in a limited number of
earth and rockfill dams, usually where there is little earthfill available. Details are given in
ICOLD 1982b).

) Steel face rockfill. Constructed as for concrete face rockfill, but with a steel upstream face.
The plate is provided with expansion joints and cathodic protection to control corrosion. Only
limited use has been made of this type of dam construction because of economics and concemn
about corrosion. Dams up to 40 m high have been built.

k) Thin membrane face earth and rockfill. Constructed ideally of sand, sand and gravel or
rockfill, with athin membrane placed on the upstream face membranes of elastomers (isobuty-
lene), plastomers (low density polyethylene, polyvinyl chloride), of thickness 0.2 mmto2 m
and bituminous from 3 to 8 mm have been used (JICOLD, 1981). The membrane is supported
on a sand or sand and gravel cushion and covered by filter fabric, sand, rockfill or fabricated
layer slabs to protect the membrane from damage by sunlight, wave action and floating debris.
ICOLD (1981) recommends that thin membranes be restricted to dams less than 30 m high. It
seems likely that this design will be used for higher dams as experience is gained with the use
of membranes.

1.2 ZONING OF EMBANKMENT DAMS AND TYPICAL CONSTRUCTION
MATERIALS

1.2.1 General principles

The following discussion describes ‘typical’ zoning and construction materials for the most
common types of embankment dams. Each dam should be designed to satisfy the particular
topographic and foundation conditions at the site and to use available construction materials, so
there really are no ‘typical’ or ‘standard’ designs. To highlight this, examples are given of the
various types of dams. Many of these are drawn from Australian practice as detailed in the
ANCOLD (Australian National Commiittee on Large Dams) Bulletins, and from the authors’
own experience. Figure 1.3 shows typical cross sections for the most common types of zoned
embankment dams. Table 1.2 describes the zoning numbering system used in Figure 1.3 (and
throughout this book) and the function of the zones. Table 1.3 describes terms used relating to
foundation treatment.
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Table 1.2. Embankment dam zone description and function.

Zone Description Function

1 Earthfill Controls seepage through the dam
2A  Fine filter (or filter drain) (a) Prevent erosion of Zone 1 by seepage water, (b) Prevent erosion
: of the dam foundation (where used as horizontal drain), (c) Prevent
buildup of pore pressure in downstream face when used as vertical

drain
2B Coarse filter (or filter (a) Prevent erosion of Zone 2A into rockfill, (b) Discharge seepage
drain) water collected in vertical or horizontal drain
2C (i) Upstream filter Prevent erosion of Zone 1 into rockfill upstream of dam core
(ii) Filter under RipRap  Prevent erosion of Zone 1 through rip rap
2D  Fine cushion layer Provide uniform support for concrete faceplate; limit leakage in the
event of the faceplate cracking or joints opening
2E  Coarse cushion layer Provide uniform support for concrete faceplate. Prevent erosion of
Zone 2D into rockfill in the event of leakage
3A  Rockfill Provides stability, commonly free draining to allow discharge of
seepage through and under the dam. Prevents erosion of Zone 2B
into coarse rockfill
3B  Coarse rockfill Provides stability, commonly free draining to allow discharge of
seepage through and under the dam
4 Riprap Prevents erosion of the upstream face by wave action

Table 1.3. Embankment dam foundation treatment.

Item Description

General excavation Excavation of compressible and low strength soil and weathered
rock as is necessary to form a surface sufficiently strong to support
the dam and to limit settlement to acceptable values

Cuttoff excavation Excavation below general excavation level to remove highly perme-
able soil and rock

Table 1.4 describes typical construction materials used for the different zones in embank-
ment dams. It is emphasised that good dam engineering involves use of the materials available
at the site rather than tp look for materials with a preconceived ideas about the material proper-
ties needed. However this rule is not followed in the search for Zone 2A and 2B filters where
invariably one might seek close particle size grading limits and dense hard durable materials.

Penman (1982, 1983) reinforces this point and describes materials commonly used for
embankment construction.

1.2.2 Examples of embankment designs

1.2.2.1 Zoned earthfill dams

Figures 1.4, 1.5 and 1.6 show examples of zoned earthfill design. All were designed for low
hazard sites. The Tahmoor Dam site was underlain by sandstone, and there were limited sources
of earthfill, which was not dispersive. The sandstone rock breaks down to a silty sand when
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Table 1.4. Embankment dam typical construction materials.

Zone

Description

Construction materials

1

2A

2B

2C

2D

2E

3A

3B

Earthfill

Fine filter

Coarse filter

Upstream filter and
filter under rip rap

Fine cushion layer

Coarse cushion layer

Rockfill

Coarse rockfill

Riprap

Clay, sandy clay, clayey sand, silty sand, possibly with some gravel.
Usually more than 15% passing 75 um, preferably more. Note that
weathered siltstone, shale and sandstone can be compacted in thin
layers to give sufficiently fine material

Sand or gravelly sand, with less than 5% (preferably less than 2%)
fines passing 75 um. Fines should be non plastic. Manufactured by
crushing, washing, screening and recombining sand-gravel deposits
and/or quaried rock

Gravelly sand or sandy gravel, manufactured as for Zone 2A. Zones
2A and 2B are required to be dense, hard durable aggregates with
similar requirements to that specified for concrete aggregates. They
are designed to strict particle size grading limits to act as filters
Sandy gravel/gravelly sand, well graded, 100% passing 75 mm, not
greater than 8% passing 75 pm, fines non plastic. Usually obtained
as crusher run or gravel pit run with a minimum of washing,
screening and regrading. Relaxed durability and filter design requi-
rements compared to Zones 2A and 2B

Silty sandy gravel well graded, preferably with 2- 12% passing 75
pum to reduce permeability (Sherard 1985). Obtained by crushing
and screening rock or naturally occurring gravels or as crusher run.
Larger particles up to 200 mm are allowed by some authorities
(Fitzpatrick et al. 1985)

Fine rockfill placed in 500 mm layers to result in a well graded
sand/gravel/cobbles mix which satisfies filter grading requirements
compared to Zone 2D

Quarry run rockfill, possibly with oversize removed in quarry or on
dam. Preferably dense, strong, free draining after compaction, but
lesser properties are often accepted. Compacted in 0.5 to 1 metre
layers with maximum particle size equal to compacted layer thick-
ness

Quarry run rockfill. Preferably dense, strong, free draining after
compaction, but lesser properties are often accepted. Compacted in
1.0 to 1.5 m layers with maximum particle size equal to compacted
layer thickness

Selected dense durable rockfill sized to prevent erosion by wave
action. In earth and rockfill dams often constructed by sorting larger
rocks from adjacent 3A and 3B zones. In earthfill dams either
selected rockfill or a wider zone of quarry run rockfill

compacted in thin layers, yielding an acceptable transition filter material.

The Blair Athol Dam was built over alluvium and an existing dam, which had been built
without conventional design or construction control. A cutoff trench was excavated to the
weathered sandstone and siltstone foundation. Zoned earthfill construction was practicable,
using a transition zone of weathered basalt rock compacted in 150 mm thick layers. The
‘earthfill’ was sandstone from mine overburden compacted in 150 mm thick layers.

The silt trap dam at the Argyle Mine is founded on a moderately weathered basalt founda-
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Figure 1.4. Mine water supply Tahmoor Dam (courtesy of Coffey Partners International).
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Figure 1.5. Water storage dam, Blair Athol Mine (courtesy of Coffey Partners International).

tion, It is an unusual dam, in that it is meant to allow water to flow through it, with silt anclsand
runoff from the mining operations being collected in the storage.

1.2.2.2 Earthfill dams with horizontal and vertical drains

The mine runoff water dam at Drayton Mine is constructed on a foundation of interbedded
siltstone and sandstone. It is a low hazard site, allowing adoption of a design without a vertical
drain. Zone 3 was compacted mine overburden (mainly sandstone), which results in a low
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28 {COARSE FILTER 4B | DOWNSTREAM RIP RAP

Figure 1.10. Bjelke-Petersen Dam (courtesy of Water Resources Commission of Queensiand).

permeability earth/rockfill. A horizontal drain was provided to collect seepage through the
foundation in a controlled manner.

The Ash Pond Dam for Loy Yang Power Station is founded on Quarternary sediments
overlying Tertiary coal measures.

The sediments include widely interspersed beds of overconsolidated silty and sandy clays,
and clayey and silty sands. The coal measures consist of inferior coal and coal seams separated
by interseams, composed of sandy clays, silts and silty sands which form a series of aquifers.
The dam has a vertical chimney drain and horizontal drain, to control seepage through the dam
and its foundation. Intemal sand drains were provided to control construction pore pressures.
Increased piezometric levels within these aquifers following filling of the ash storage, required
the installation of a series of relief wells at the downstream toe of the dam.

Plashett Dam is founded on coal measure rocks including sandstone, siltstone and coal. The
design incorporates a cutoff through alluvial soils in the foundation, a vertical drain, and
horizontal drain provided as strips. A vertical drain is provided through the sediments to
intercept seepage which bypasses the cutoff.

1.2.2.3 Central core earth and rockfill dams
The Bjelke-Petersen dam is largely founded on a very complex sequence of andesitic volcanic
rock and limestones, which have been strongly sheared and folded. These sequences alternate
with metamorphosed phyllites, steeply dipping fault zones occurring at the contacts between
sequences. The limestone exhibited solution channels and sink holes, often infilled with stiff
high plasticity clay. These were less frequent and less permeable below the water table.

The cutoff trench was excavated through the limestone to the water table, and a reinforced
concrete grout slabformed. Ahigh pressure grout curtain, withclose hole spacing, was adopted.
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/ | i
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Figure 1.12. Blue Rock Dam (ANCOLD, 1990).

H.W. Rock
rout Curtain

Figure 1.13. Hinze Dam (ANCOLD, 1990).

The core was kept narrow to minimise the cost of excavation and foundation treatment
McMahon (1986) gives more details of the project.

The Lungga Dam, in the Solomon Islands, was to have been constructed on 60 m of alluvial
sand and gravel. A partially penetrating diaphragm wall was to assist in reducing seepage flow
in the foundation, but substantial seepage was still anticipated. The available rockfill was
relatively low permeability, so a substantial horizontal drain and protective filters was incor-
porated into the design.

Blue Rock Dam is a fairly conventional central core earth and rockfill dam, constructed on
afoundation of Silurian mudstones with thin interbedded sandstones. An unusual feature of the
embankment is the use of reinforced shotcrete on the upstream face for wave protection, as the
available rock was of inadequate size and quality. This is discussed further in Chapter 13 (Fig.
13.9).

Hinze Dam is a central core earth and rockfill dam which is founded on greywacke, green-
stone and chert. It is unusual (for a central core dam) in that it has been designed to be
constructed in three stages. This leads to amodified form of geometry, and necessitates placing
some rockfill under water.
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1.2.2.4 Sloping upstream core earth and rockfill dam
Examples of sloping upstream core dams are given in Figures 17.30 and 17.31. In both cases,
the layout has been adapted to facilitate staged construction.

1.2.2.5 Concrete face rockfill dams
Several examples of concrete face rockfill dams are given in Chapter 16, including Figures
16.1,16.2,16.3,16.4, 16.5 and 16.22. Figure 1.14 shows the design of Glennies Creek Dam.

The dam was founded on welded and non welded ash flow tuff overlying interbedded
sandstones, siltstones and mudstones. The axis of the dam was curved, to allow the plinth for
the concrete face to be founded on the welded tuff.

At the site of Reece Dam, the right abutment is strong laminated quartzite. The river bed is
infilled with fluvioglacial gravels, which were left in place under the rockfill. The leftabutment
is schist and amphibolite, weathered toa depth of 30 metres, and special detailing wasnecessary
to found the plinth on this weathered rock. This is discussed in more detail in Chapter 16 (Fig.
16.24).

1.3 SELECTION OF EMBANKMENT TYPE

The selection of the type of dam embankment to be used at a particular site is affected by many
factors, some of which are outlined below. The dam engineer s task is to consider these factors
and adopt a suitable design. The overriding consideration in most cases will be to construct an
adequately safe structure for the lowest total cost. Hence, preparation of alternative designs and
estimates of cost for those alternatives will be a nonmal part of the design procedure. Usually the
most economic design will be that which uses a construction materials source close to the dam,
without excessive modification from the ‘borrow pit run’ or ‘quarry run’ material.
The following outlines some of the factors involved and their effect on embankment type.

1.3.1 Availability of construction materials

1.3.1.1 Earthfill

Clearly the availability of suitable earthfill within economic haul distance is critical in the
selection of the embankment type. If there is no earthfill available — for example in an area
underlain by sandstone, which weathers to give only a shallow cover of sandy soil, it will
normally be appropriate to construct a rockfill dam with concrete (or other) impervious mem-
brane.

The uniformity of the available earthfill will also influence design, and the method of
construction, If the borrow areas produce two different types of earthfill, the earthfill may be
zoned into two parts, e.g. for an earthfill dam with vertical and horizontal drains, the earthfill
with lower proportion of fines and more variable properties would be best placed downstream
of the vertical drain or the earthfill zone may be separated into Zones 1A and 1B with the coarser
soil in Zone 1B adjacent the Zone 2A filter.

Alluvial clayey soils are often more variable than residual soils derived from weathering of
underlying rocks and, hence, it may be necessary to provide additional zoning as described
above. Alternatively, the soils may be mixed by borrowing from a vertical face with a shovel
and truck operation (rather than use of scrapers). Blending of soils on the dam embankment is
generally avoided as it leads to increased cost.
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If cobbles and boulders are present in clayey soil deposits, these will have to be removed
priortocompaction either by passing the earthfill through a ‘grizzly’ or by grader or hand labour
on the embankment. This is necessary to prevent the oversize particles affecting compaction.

Relatively permeable soils can be used for earthfill in many dam projects. The permeability
of most dam foundations is between 1 and 10 Lugeons (1077 to 107 m/sec) so for most dams an
earthfill core with permeability, say 10 m/sec, seepage through the foundations will far exceed
that through the dam. Even if silty sand is used for the earthfill, a permeability of 105 m/sec
should be achieved, i.e. not higher than the foundation permeability, and from a seepage
viewpoint such a high permeability soil would be acceptable. Weathered or even relatively
unweathered siltstone and sandstone with a clayey matrix, may break down sufficiently when
compacted in thin layers to achieve a satisfactory core material. This will usually require field
trails to observe the actual properties. MacKenzie & McDonald (1985) and ANCOLD (1985)
describe trials and actual performance of compacted siltstone and sandstone, during construc-
tion of Mangrove Creek concrete face rockfill dam.

1.3.1.2 Rockfill

Over the last 20 years the unit rate for construction of rockfill has reduced compared to that for
earthfill, and as usually less rockfill is required (because the side slopes can be steeper), the
availability of rock which can be quarried to yield free draining rockfill often leads to economic
dam design.

Most igneous and many metamorphic rocks, e.g. granodorite, diorite, granite, basalt, rhy-
olite, andesite, marble, greywacke, quartzite will when fresh, yield free draining rockfill.

Some metamorphic rocks, e.g. phyllite, schist, gneiss and slate, may break down under
compactionto yield a poorly draining rockfill even though it may be dense with ahigh modulus.
The amount of breakdown depends upon the degree to which foliation or cleavage is developed
in the rocks.

Most highly weathered, and many moderately weathered igneous and metamorphic rocks,
will not yield totally free draining rockfill.

The spacing of the bedding and joint planes influences the size and grading of rockfill
obtained from aquarry. Blasting may be varied to yield the required sized product, but this is not
always practicable.

Thick beds of say sandstone within a sequence of thinner bedded siltstone and sandstone, are
likely to yield oversize rock which would require either secondary breaking in the quarry, or
sorting and disposal on the embankment.

Often a substantial amount of the rockfill for a dam will come from ‘required excavations,’
i.e. from the spillway, foundation for the dam, inlet and outlet works etc. This is in principle
desirable as the effective cost of the rockfill could be only the cost of placement (and any
additional haulage costs). However, the rock quality from these excavations may not be ideal
(duetorock type, weathering, method of excavation) necessitating changes to the embankment
zoning to accommodate the material. The timing of production of rock from required excava-
tions may not be ideal from the viewpoint of dam construction and in the event, may not be as
scheduled. Some flexibility in zoning is desirable to allow for such circumstances. Such flexi-
bility is also useful to allow for different quality of rock being obtained from required excava-
tions, than that anticipated at the time of designing the embankment.

Most sedimentary rocks, e.g. sandstone, siltstone, shale, mudstone generally tend to break
down under compaction even when fresh and yield poorly draining rockfill. In these circum-
stances it may be necessary to incorporate zones of free draining rockfill to ensure the embank-
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ment rockfill as a whole is capable of remaining free draining, e.g. Figures 1.11, 1.14 and 16.22.
The use of so called random rockfill zones in adam section also facilitates use of rock, which
does not yield free draining rockfill.

1.3.1.3 Filters

A source of high quality sand and gravel is necessary for construction of filters. It may be
necessary to obtain these materials from many kilometres distance (50 km is not unusual),
despite the haulage costs.

Filter aggregates may be obtained from alluvial sand and gravel deposits, or from quarries.
Generally suitable aggregates are of igneous and less commonly metamorphic origin. It is very
unusual to manufacture from sedimentary rocks, as these rocks are usually not sufficiently
durable and often have poor shape (as measured by flakiness index).

Forlarge dams it is usually necessary to establish a separate crushing and screening plant for
manufacture of filter and concrete aggregates. It is sometimes necessary to let a separate early
contract to begin the manufacture and stockpiling of aggregates as their production rate controls
dam construction progress.

Where sources of filter aggregates are far from the dam and for this or other reasons filters
are expensive, the width of filter zones may be reduced by using spreader boxes etc. (see
Chapter 7). Such a situation may also favour use of concrete face rockfill, rather than earth and
rockfill construction.

1.3.2 Foundation conditions

The strength, permeability and compressibility of the dam foundation have a major influence
on the embankment type, e.g:

—asoil foundation will have a relatively low strength, which may determine the embank-
ment stability, and will require relatively flat embankment slopes. Such a foundation is likely to
favour construction of earthfill dams, i.e. earthfill with horizontal and vertical drains, rather than
rockfill;

—apermeable soil foundation will be susceptible to leakage and erosion, requiring construc-
tion of some form of cutoff, and a filter drain under the downstream slope of the dam (see
Chapter 9);

MAX. FLOOD LEVEL S.L. 105.0_4_

ZONE 2 A 13 SECOND STAGE ROCKFILL

N 0.9 DIA. GABIONS
WITH TIE BARS

1.0 MIN ZONE3 A

50MIN  COMPACTED ROCKFILL
1.0 mLAYERS

ZONE 2B 0.5 m LAYERS

REINFORCED CONCRETE
FACE SLAB

CURTAIN GROUTING

Figure 1.15. Reece Dam (also known as Lower Pieman Dam) (ANCOLD 1990).
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Figure 1.16. Maroon Dam (courtesy of Water Resources Commission of Queensland. Note: Drawing is not to
scale).

—a strong low permeability rock foundation is suited to any type of dam construction, but
may favour construction of a concrete face, concrete gravity, or in particular cases concrete arch
dam;

—in earthquake zone areas, the presence of loose to medium dense saturated sandy soils in
the foundation will be important, as liquefaction may occur during earthquakes. This may
necessitate densification of sandy soil and/or the provision of weighting berms;

—dams on karst limestone foundations are a special case, where extensive grouting and other
work may be needed to limit leakage to acceptable levels. Such situations favour adoption of a
design, which allows for grouting to continue during embankment construction or after it is
completed. This may tend to favour concrete face rockfill or earth and rockfill with a sloping
upstream core;

— in some sedimentary rocks, particularly interbedded weak claystone and mudstone, and
strong sandstone, which have been subject to folding and/or faulting, bedding plane shears may
exist, resulting in low effective friction angles (Hutchinson 1988, Casinder 1980)). In these
cases, flat slopes may be required on the embankment, favouring earthfill with vertical and
horizontal drains, or earth and rockfill with random rockfill zones. Figure 1.16 shows the cross
section for Maroon Dam, where such conditions required very flat slopes;

- in some areas, often, but not always tropical, the rock is deeply weathered and sometimes
with a lateritic profile which may lead to a high permeability, soil strength foundation, favour-
ing embankments with flatter slopes and good under drainage, eg. earthfill with vertical and
horizontal drain;

—embankments constructed on deep soils, e.g. deep alluvium in or adjacent to the river bed,
may be subject to a large amount of settlement, leading to differential movement and cracking.
In such dams it is particularly important to provide good filters to control seepage and prevent
internal erosion.
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1.3.3 Climate

It is difficult (and in many cases impossible) to construct earthfill embankments during wet
weather, or in freezing temperatures. This is particularly critical when the rain is relatively
continuous without high evaporation (and not so critical when the rain is in short storms,
followed by hot sunshine).

In these circumstances, it is often advantageous to adopt concrete face rockfill or sloping
upstream core construction, so that the rockfill can continue to be placed in the wet weather, and
the faceplate or core constructed when the weather is favourable.

In very arid areas there may be a shortage of water for construction, thus favouring concrete
face rockfill rather than earthfill.

1.3.4 Topography and relation to otherstructures

The selection of embankment type and overall economics of a project is determined with
consideration of all components of the project, i.e. embankment, spillway, river diversion outlet
works etc. These components are interrelated, e.g.:

—the diversion tunnel will be longer for an earthfill dam (with relatively flat side slopes), than
for a rockfill dam;

— the spillway will generate rockfill (and possibly earthfill and random fill) for use in the
embankments. The size of spillway can be varied by storing more floodwater in the reservoir,
necessitating a higher embankment but smaller spillway, so the optimisation of total project
cost may influence embankment zoning and size;

— itiscommon practice in Australia to allow large floods during construction to pass over the
embankment, rather than providing a larger diversion tunnel and coffer dam. This necessitates
incorporation of some rockfill in the downstream toe of the dam with steel mesh reinforcement
(see Chapter 13).

The topography of the site, i.e. valley cross section slope curve of the river in plan, presence
of ‘saddles’ in the abutments, can have a significant effect on embankment selection, e.g.:

— in narrow steep sided valleys there is restricted room for construction vehicles and haul
roads, favouring embankments with simple zoning, e.g. concrete face rockfill;

— the curve of the river in plan, and changes in valley cross section, may favour adoption of
an upstream sloping core rather than central core (or vice versa) to reduce the quantities of
earthfill;

— local changes in slope of the abutments may lead to differential settlement and cracking,
necessitating more extensive filter drains, or favouring concrete face rockfill construction.

1.3.5 Staged construction

It is often economic to construct a dam in two or more stages, €.g.:

— in water supply, irrigation or hydropower projects, demand in the early years can often be
met with a lower dam and smaller storage;

— in mine tailings dams, the storage required increases progressively as the tailings are
deposited in the dam.

If staging is planned, this favours adoption of concrete face rockfill, earth and rockfill with
sloping upstream core, or possibly earth fill with vertical (or sloping) drain and horizontal drain.
Figures 1.13, 1.17, 16.22, 17.30 and 17.31, show examples of dams designed for staged
construction.
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Figure 1.1.7. Boondooma Dam (courtesy Water Resources Commission of Queensland).

1.3.6 Time for construction

The time available for construction may influence the selection of dam type, particularly if
considered in relation to other factors such as the climate, e.g. in a climate of well defined wet
and dry seasons it may be practicable to construct an earth and rockfill or earthfill dam, but only
over two dry seasons. A concrete face rockfill dam may be constructed in lesser time by
continuing to place rockfill in the wet season.

Foundation treatment and zoning details may also be influenced by the time available for
construction. For example, if constructing adam on a permeable soil foundation, cutoff may be
achieved by a cutoff wall at the upstream toe rather than a rolled earth cutoff under the central
core, so that the cutoff wall can be constructed at the same time as the rest of the embankment.
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2.2 WEATHERING OF ROCKS

Broadly speaking, weathering of arock is its response to the change from the pressure, tempera-
ture, moisture and chemical environments in which it was formed, to its new environment at
and near the ground surface. Weathering processes are of two fairly distinct types, namely
mechanical, and chemical.

2.2.1 Mechanical weathering

Mechanical weathering includes all of the near-surface physical processes which break rock
masses down to progressively smaller rigid blocks or fragments, and cause those blocks to
separate. Mechanical weathering generally precedes chemical weathering. It renders the rock
mass more permeable and facilitates access for groundwaters to large surface areas of rock
substance.

Destressing, in particular the formation of sheet joints and the opening up of existing
‘tectonic’ joints near the ground surface, is the primary and generally the most significant
mechanical weathering process (See Figs 2.6,2.7,2.8 and 2.12b). The other processes, in order
of their (generally) decreasing significance, are as follows:

— gravitational creep (e.g. of slabs and wedges, and toppling),

— joint water thrusting and uplifting during extreme rainfall events,

—earthquake accelerations,

— growth of tree roots in joints,

—expansion of clays in joints,

—freezing of water in joints,

—extreme temperature changes causing differential expansion and contraction of exposed
rock faces.

Patton & Hendron (1972) suggested possible mechanical weathering effects beneath the
floor and lower sides of valleys in groundwater discharge areas. This type of situation (Fig.
2.14) may be relatively rare, but if it occurs the hydraulic uplift and thrust effects shown are
clearly possible.

\/
} FLUID PRESSURE

DISTRIBUTIONS, |
'//--':..'. ey

REGIONAL <+ i e L 2 e e T
AQUIFER . @ terate ol

/ REGIONAL GROUNDWATER\‘

FLOW DIRECTION
Figure 2.14. Possible effects of high fluid pressures on valleys in groundwater discharge areas (from Patton &
Hendron 1972).




34  Geotechnical engineering of embankment dams

x x

WEATHERED SEDIMENTARY ROCK

7] ALTERED, AND LATER WEATHERED, SEDIMENTARY ROCK
ALTERED SEDIMENTARY ROCK
DYKE OF GRANITIC ROCK

Figure 2.15. Diagrammatic cross section showing hydrothermally altered zone near a granite intrusion, with the
uppermost part of the altered zone being weathered subsequently.

2.2.2 Chemical decomposition

The term chemical decomposition as used here includes all of the chemical (and to a minor
extent physical) processes which cause mineral changes resulting generally in weakening of
rock substances, so that eventually they assume soil properties.

Throughout this book, the products of chemical decomposition are described using the
terms defined in Section 2.5.1, Tables 2.3t0 2.6.

Chemical decomposition of rocks can be caused by either near-surface (weathering)
processes or deep-seated (alteration) processes. Recognition of this distinction is important in
civil and mining engineering because the nature and distribution of weathered materials are
generally different from those of altered materials (Fig. 2.15).

British Standards Institution (198 1) and International Society for Rock Mechanics (1978),
differentiate between the terms ‘decomposed’ and ‘disintegrated’ for weathered rocks which
have assumed soil properties (Table 2.8). They use the former where some or all of the grains
are decomposed, and the latter ‘where the rock is friable but the mineral grains are not decom-
posed.” In the opinion of the authors it is not important to distinguish between these two
conditions in this way, first because the ‘disintegrated’ condition as defined is relatively rare,
and secondly because in any case the materials (soils) will be described using the Unified Soil
Classification (US Department of the Interior 1981) or other.

2.2.3 Chemical weathering

Chemical weathering is caused mainly by circulating groundwaters which gain access to
low-porosity rock substances via cleavage micro-cracks, open joints and fractures associated
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Figure 2.16. Microscopic view of the structure of slightly weathered granite (Dixon 1969).

with faults. In the case of more porous rocks, e.g. some sandstones and limestones, ground-
water can also enter through intergranular pores. Most chemical weathering occurs at ex-
tremely slow rates, such that the changes to the strength of high strength, non-porous rocks (e.g.
granite) are likely to be insignificant during the operating life of most civil engineering projects.
There are however some minerals and rocks which decompose, weaken or disintegrate within
afew months or years of exposure. These effects will be discussed separately under Section 2.4,
Rapid weathering.

Chemical weathering involves the more or less continuous operation of all or most of the
following:

1) Chemical reactions between the minerals in the rock, and water, oxygen, carbon dioxide,
and organic acids. These reactions cause decomposition of the minerals to form new products,
some of which are soluble.

2) Removal of the soluble decomposition products by leaching.

3) Development of microcracks in some rocks, probably due to some decomposition pro-
ducts having larger volumes than the original minerals or to destressing, or capilliary or osmotic
suction effects.

4) Deposition of some decomposition products, in pores or microcracks.

Processes 3 and 4 were illustrated by Dixon (1969) who made microscopic studies of granite
and schist in a range of weathered conditions. He found that in slightly weathered samples, i.e.
rocks which showed only slight discolouration in hand specimen, the first weathering effects
visible microscopically were slight discolouration of the felspars and mica minerals, and the
presence of many microcracks, some open and others filled with an opaque mineral assumed
to be limonite or clay (Fig. 2.16).

Baynes & Dearman (1978a) describe microfabric changes which occur in granites during
various stages of weathering, using a scanning electron microscope. In Baynes & Dearman
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(1978b) they relate changes in engineering properties, to the microfabric changes.

The chemical reactions involved in chemical weathering include carbonation, hydrolysis,
solution, oxidation and reduction. As most cannot be actuatly observed, details of the reactions,
as published by various workers, are in part speculative. A useful account is given on page 23 to
29 of Selby (1982).

2.2.3.1 Susceptibility of common minerals to chemical weathering

As would be expected, the susceptibility to weathering (or the ‘weatherability’) of minerals in
igneous rocks varies in accordance with the temperatures at which they were formed. This is
illustrated in Table 2.1. With the exception of quartz, the most stable mineral, all of the others on

Table 2.1. Susceptibility of igneous rock-forming minerals to weathering.

Temperature of forma-  Susceptibility to weath- Mineral Common igneous rock
tion ering types
Highest Highest Olivine

Basalt, dolerite, gabbro
Calcic felspar

Augite Andesite, diorite
Homnblende

Sodic felspar

Biotit
tohte Rhyolite, granite

Muscovite
Lowest Lowest Quartz

Table 2.2. Susceptibility of other common minerals to weathering.

Group Mineral Effects of weathering
Carbonates Calcite Readily soluble in acidic waters
Dolomite Soluble in acidic waters
Evaporites Gypsum Highly soluble
Anhydrite Highly soluble
Halite (common  Highly soluble
salt)
Sulphides Pyrite and various Weather readily to form sulphates, sulphuric acid and limonite
other pyritic
minerals
Clay minerals  Chlorite Weathers readily to other clay minerals and limonite
Vermiculite Weathers to kaolinite or montmorillonite*
Illite Weathers to kaolinite or montmorillonite*
Montmorillonite ~ Weathers to kaolinite
Kaolinite Stable**
Oxides Haematite Weathers to limonite
Iimenite Stable
Limonite Stable

*These minerals expand and contract with wetting and drying and this can cause large disruptive forces
and disintegration of some rocks.
**Softens on wetting.
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Figure 2.17. Microscopic
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granite and b) thyolite.
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Table 2.1 weather eventually to clay minerals. Quartz is slightly soluble in water. It is almost
unaffected by weathering except under tropical conditions when it is readily dissolved (in a
geological time-frame).

The susceptibility of other common minerals to weathering is indicated in Table 2.2. The
minerals in the carbonate and evaporite groups (shown in this table) may occur in any of three
different ways, namely:
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—as rocks, e.g. calcite as limestone, or dolomite as dolomite (rock) or dolostone, or

—as cements in sedimentary rocks, e.g. calcite as cement in sandstone composed mainly of
quartz grains, or

— as veins or joint fillings or coatings in any rock mass.

2.2.3.2 Susceptibility of rock substances to chemical weathering
The susceptibility of a rock substance to weathering depends upon the following:

—the susceptibility to weathering of its component minerals, and

— the nature of its fabric, i.e. the degree of interlock and/or cementation of the mineral
grains,and

— its porosity and permeability.
For example, both rhyolite and granite contain sodic felspar, micas and quartz, but in rhyolite
the crystals are much more fine grained and more tightly interlocked than in granite. Hence
granite is generally more susceptible to weathering than rhyolite (Fig. 2.17).

Also, a dense, non-porous limestone comprising almost 100 percent calcite is likely to be
less susceptible to weathering (solution) than a porous sandstone comprising 80 percent quartz
grains which are durable but cemented by calcite. (See also Chapter 3, Section 3.7.2).

2.2.4 Weathered rock profiles and their development

The following are the main factors which contribute to the development of weathered profiles:

—climate and vegetation,

—rock substance types,

—defect types and pattemns,

—erosion,

—time,

—topography,

— groundwater.
The influence of each of these factors is discussed in the sections which follow, Although the
factors are discussed separately or in pairs, they usually all interact and influence the develop-
ment of weathered profiles. The terms used to describe weathered rocks are defined in Section
25.

2.2.4.1 Climate and vegetation

Climate is the dominant factor. At one extreme, in a desert situation, chemical weathering
effects are usually almost negligible. Mechanical weathering effects may include opening up
of joints due to destressing and some fragmentation of exposed rock surfaces due to extreme
temperature changes. At the other extreme, under hot, humid (e.g. tropical or sub-tropical)
conditions chemical weathering proceeds relatively rapidly, due to the ready availability of
water containing oxygen, carbon dioxide and organic acids derived from the vegetation. Re-
gardless of the composition and structure of the parent rock mass, the near-surface weathered
profile is usually of the lateritic type, the upper part of which may consist almost entirely of
oxides of iron and aluminium. Figure 3.42 shows a typical near-surface profile of this type, and
the processes believed to be involved in its development. It must be appreciated that the
weathered profile at a particular site may not have been developed under the present climatic
conditions. Throughout some arid areas of Australia and South Africathere are deep weathered
profiles which developed under tropical or semi tropical conditions, largely during Tertiary
time.
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Figure 2.18.Weathered profile developed previously on sheet-jointed gneiss, Darling Range, Western Australia
(from Gordon 1966).

2.2.4.2 Rock substance types, and defect types and pattern
Many fresh rock masses are relatively complex in their composition and structure. They may
contain several different rock types, with widely differing substance strengths and susceptibili-
ties to chemical weathering, and the rocks may be folded and intersected by defects such as
joints and faults. The material in the fault zones may be crushed rock which has essentially ‘soil’
properties in the fresh (unweathered) state. Chemical weathering generally proceeds from the
joints and faults, which act as groundwater conduits. Because of this, the distribution of in-
tensely weathered rock is usually governed as much or more by the pattern of occurrence of
these defects, than by the depth below the ground surface. Figures 2.18 t0 2.25 show arange of
weathered rock profiles, illustrating these effects.

Figure 2.18 is a profile developed under tropical conditions ina gneiss rock mass with very
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Figure 2.19. Diagrammatic cross section showing weathered profile controlled partly by rock type and partly by
sheared zones, Darling Ranges, Western Australia (from Gordon 1984).

ELUVIATED AND COMPACTED DESCRIPTION

o oe s oot RESIDUAL SOILS OVERLYING
R ST EXTREMELY WEATHERED GRANITE

EXTREMELY WEATHERED GRANITE
WITH LESS THEN 50 PERCENT OF
ROUNDED CORESTONES

50 TO 90 PERCENT
SUB-RECTANGULAR CORESTONES
SEPARATED BY EXTREMELY
WEATHERED GRANITE

MORE THAN 90 PERCENT
RECTANGULAR GRANITE BLOCKS
WITH WEATHERED ROCK MAINLY
NEXT TO MAJOR JOINTS

Figure 2.20. Idealised weathered profile in granitic rocks. From Ruxton & Berry (1957).
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simple structure — sheet joints parallel to the original (sloping) ground surface. The uppermost
13 m comprises a laterite soil profile overlying extremely weathered gneiss. The extremely
weathered gneiss is a gravelly clay (CL-GC). Its upper boundary with the pallid horizon of the
laterite profile is gradational, but its lower boundary with slightly weathered gneiss is sharp,
coinciding with Sheet Joint (1). It is likely that several other sheet joints were present initially at
shallower depth, but all trace of them has been obscured by the extreme weathering or by
disturbance of the exposed surface of the cut. Between Sheet Joints (1) and (2) the gneiss is
slightly weathered except for a narrow extremely weathered zone which surrounds Sheet Joint
(2). Below this zone the gneiss is fresh. It is clear from this simple profile that chemical
weathering proceeded both from the ground surface and from the sheet joints.

Figure 2.19 shows a more complex profile developed under tropical conditions in the same
region as the profile in Figure 2.18. The profile steps downwards (i.e. deepens) to the east
because of the presence of three different types of granite which are progressively less siliceous
and hence are more susceptible to chemical weathering. The dolerite dyke has a high resistance
to weathering and so forms a prominent ridge in the upper surface of the dominantly fresh rock
zone. The eastern contact between the dyke and granite is sheared, and weathering of the

Figure 2.21. Granitic boulders or
corestones showing spheroidal
weathering effects. Photo courtesy
of DrR.Twidale.
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sheared rock has resulted in a deep, narrow slot of highly to extremely weathered rock. A local
depression in the fresh rock zone occurs also along a sheared zone near the eastern side.

Figure 2.20 shows an idealised weathered profile through granitic rocks in Hong Kong
described by Ruxton & Berry (1957). Broadly similar profiles are found in many other areas
underlain by granitic and other igneous rocks, and this profile has been widely accepted as
typical for such rocks. Itis clear that the main controls on the distribution of weathered materials
have been the depth below the ground surface and the pattern of the joints in the rock mass.

The corestones shown on Figure 2.20 usually display spheroidal weathering effects, that is,
they comprise fresh or slightly weathered rock surrounded by concentric shells of rock which
becomes progressively more weathered away from the core, as shown on Figure 2.21. The
cracks which isolate the shells are like small scale sheet joints and are probably caused by relief
of residual stresses and other stresses set up by capillary, osmotic and other chemical weather-
ing processes.

Figure 2.22 shows what appears to be an excellent example of the idealised weathered
granitic profile of Ruxton & Berry (1957), exposed in elevation view, by erosion. The upper
slopes show mainly extremely weathered granite (soil properties). In the lower, rocky slope this
material occurs between corestones and becomes progressively less abundant, and is eventu-
ally absent in the outcrops close to water level.

The actual situation on this hillside is not so simple. Near the centre of the photograph, on the
skyline and elsewhere at intermediate levels on the slope, hidden by trees, there are granite
boulders and areas of what appear to be outcrops of essentially fresh granite. Excavations made
into slopes showing similar surface evidence have shown subsurface profiles as on Figure 2.23.

Atits right hand edge this figure shows a weathered profile similar to that of Ruxton & Berry

Figure 2.22. Granite corestones and outcrops below granitic soils on Granite Island, Victor Harbor, South
Australia,
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IN OUTCROPS A AND BOULDERS B CONTINUE o
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FAULT (CRUSHED ZONE)
Figure 2.23. Features sometimes seen in weathered masses of granitic and other igneous rocks.

(1957) except that the extremely weathered material extends locally much deeper along and
next to the fault. Near the centre the profile at depth is also similar to that of Ruxton & Berry
(1957). However, outcrop area A and the boulders B occur at the ground surface and are
underlain by 7 to 10 m of extremely weathered material. On the left side, outcrop area C looks
similar to area A but is continuous downwards into mainly fresh bedrock.

The differences between the profiles A, B and C raise the following<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>