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Foreword

The Sri Lankan Geotechnical Society and the Sri Lanka National Committee on Large
Dams have jointly organised the Seminar on Geotechnical Engineering in River Basin
Development. Ten papers covering different aspects of Geotechnical Engineering
associated with the development of river basins are presented in this volume.

Since water is one of the most important natural resource of this country, high priority has
been given for the development of Irrigation and Hydro-power schemes. Several such
projects involving the design and construct1on of dams, spillways, tunnels, power houses
and ITigation chamnels have been commpiemd and sevemal more are siiiin the planing and
investigation stage. This Seminar is being organised with a view to record and
disseminate the vast experience gained by our Engineers and Geologists in the planning,
design and- construction of such schemes.

It is very important that the engineers in this country should keep abreast with the
development taking place in the engineering profession internationally. Otherwise, this
country willhave to depend on foreign consultants who willnot be familiar with the
geotechnical conditions in this country, to advise on engineering development projects.
Hence, the engineering profession and professional societies associated with it should
encourage and ensure that advanced knowledge and experience available be
disseminated to all the members of the engineering profession.

oy

A. Thurairajah

President

Sri Lanka Geotechnical Society
3rd December 1993.

(1)
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Message from the President - SLNCOLD

Today’s Seminar on "GEOTECHNICALENGINEERINGINRIVERBASIN DEVELOPMENT"
is the second in the series organised by the Sri Lanka Geotechnical Society and the Sri
Lanka National Committee on Large Dams. The first in the series titled "DESIGN AND
CONSTRUCTION OF DAMS"was held on 14th March 1987 and sponsored by the Central
Engineering Consultancy Bureau.

Professionals  getting together at seminars of this nature are important because
knowledge 1is exchanged and even more important short comings and mistakes made in
the past can De discussed Openily ana inm a truely tecnmicai sense.

In the development of future hydropower resources Sri Lanka, it may perhaps be no
longer possible to resort to traditional methods because of the high cost involved and
alternative methods have to be considered with a view of reducing cost.

I'strongly feel that we have to develop our strategies and go in for long term development
with minimum foreign aid like the staged development adopted for the development on
the Kelani Ganga. There is no difficultyin undertaking these Projects ourselves iffinance
is made available as there is sufficient local expertise to carry out there Projects.

We have also to think in terms of cost saving approaches like for example the use of

rollcrete. This has a very b1g potential in our country with the possibility of reducing
construction costs.

I'hope that the papers presented today willprovoke new thmkmg in technology suitable
to Sri Lanka in the present times.

I wish the seminar all success.

VIDYAJOTHIDR. A N S KULASINGHE
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RIVER BASIN DEVELOPMENT

by
Eng. N. Madusuthanan

Today we are at a seminar on Geotechnical Engineering in River Basin Development. It will
illustrate the important roles of Geotechnical engineering and the Geotechnical engineer in
developing river basins. As many of the audience may be new to river basin development,
I bope to introduce what river basin development means.

Rivers are copious natural streams of water flowing in channels to the sea or lakes. In Sri
Lanka we have 103 rivers. These originate in the central hills and flow down the valleys and
ultimately into the sea. Their source of water is rainfall.

Let us imagine that Sri lanka is an absolutely flat land and that it receives our requirement
of water for drinking, washing and plant growth by the required rain falling daily, in the
nights when we are comfortably sleeping. Being a flat land, the rain water will spread evenly
and there will be no rivers. As it rains the required amount daily, no structures are required
to store or divert water. All the development which requires water will take place without any
Geotechnical, Irrigation, Water Supply or Drainage engineer. Only hydro power will not be
available. There will be no floods or droughts.

If now we imagine that Sri Lanka is hilly (as it is now), but the rain falls daily as imagined
earlier, then there will be small perennial rivers. All development, including electricity can
take place without storage. There will be no floods or droughts. We engineers are not
required.

Coming back to reality, we find that rainfall is never uniform in nature. It is a very random
occurrence. It fafls at irreguiar rates and in irregular amounts. It can be of short duration (say
5 minutes) or of long duration (say 5 days). When we take long duration rains, in most
instances there are periods dusing this duration where there is no rain at aft. From studies of
observed ramfafi data over 2 mmber of years, we are able to prepare total rznfall curves and
rainfail intensity curves for different duration of rains (or storms) of various freqmencies. The
rainfali intensity is the total rainfaii divided by the duration of the storm. The instantaneous
intensity during this duratior may vary widely.

In Sri Lanka, the rainfall pattern is such that we can identify two distinct zones called the Dry
Zone and the Wet Zone. At the boundary we have the intermediate zone. I the Wet Zone
the rainfall is sufficiently uniform for plants to grow without (or with little) irrigation from
stored water. There are a number of diversion schemes in this Zone. In this Zone the rainfail
exceeds the evapo-transpiration of the plants. The boundary closely follows the 2,000 mm
isohyet. In the Dry Zone irrigation from stored water is a must for successful cultivation of
paddy and many other crops.

Due to the irregular nature of rainfall, the river flows themselves are irregular. During dry
spells the river may be a small trickle even be dry. During wet spells the river will be in



floods. The amount of water carried by the river at any point depends on the catchment (or
watershed) area at that point, the amount and extent of rainfall experienced in the catchment
for the last few days, or weeks, the slopes, soils arid landuse of the catchment amongst many
other factors. The watershed area of the river is known as the river basin.

River basin development is the art and science of developing this basin so that its resources
(primarily water) is made to benefit mankind before it finally discharges into the sea. This
would mean storing water during the wet spells for use during the drier periods. Excess water
manifests itself as floods. Such waters may have to be removed fast to prevent damage or
diverted to areas where there is a shortage of water. When water is diverted to other basins
it is known as trans-basin diversion. Sometimes the €xcess water may be pumped up to higher
levels and stored for subsequent use during dry weather.

Water being an essential requirement, historically civilisations developed in the river valleys.
Thus ancient civilisations developed around Nile, Indus and other large valleys. In every
country the civilisation developed near the river banks. Even now we see the civilisation
around Mahaweli Ganga, Kelani Ganga, Kalu Ganga and other rivers. In spite of the frequent
threat of floods, the people return to the river banks once the floods recede. Controlling the
rivers to reduce flood damage, provide water for human and animal use, increase agriculture
and produce electricity are some of the aspects of river basin development.

Such development invariably requires many structures to store or divert water or generate
electricity. These structures have foundations. They affect the ground conditions and stability
in the neigbourhood. Many of these structures have to be water tight. Hence we see that
Geotechnics, Geotechnical engineering and Geotechnical engineers are necessary and vital
elements in river basin development.

Now let me go from the general to the specific case of the stadies required for river basin
development. When a river basin has to be developed, a large amount of data collection for
hydrologic, hydraulic, geologic, soils, land use, socio-ecomnomic and other studies are
involved. A number of disciplines have to work to-gether as a team. Studying a full basin
- will involve a system study where water will be transferred between reservoirs and even
between basins as optimally required. This is quite complex. For our illustration we will
consider how a single storage reservoir is designed.

The hydrologic study will first take into account the rainfall pattern in the basin. Then storage
or diversion points are selected along the river to study the development potential at that
point. Such points have to be also topographically and geologically suitable for a structure.
In the preliminary study this may be established only by visual inspection and study of
available maps till the hydrologic study establishes the type and size of the structures
required.

Two of the hydrologic studies undertaken for determining the type and size of the structures
are: Operation Studies and Flood Studies. Let me explain each of these studies in outline.

It is necessary to determine the optimum capacity of storage reservoir required to cultivate

the land within the command of the TESEvoIr, or to generate firm hydropower or both. For
this we use the rainfall and, if available, riverflow data. The longer the number of years for

2

£y

.



e ¥

which the data is available the better. If only rainfall data is available, then we estimate the
yield (the amount of water coming into the reservoir) by using methods which establishes the
relationship between rainfall and run-off. Then the denzand of water required by the crops
and/or electricity users are determined. For the crops this would mean the water requirement
for land preparation and by the crop at various stages of its growth. For electricity
generation, this would mean the study of the pattern and amount of electricity required for
domestic and industrial use. Then we assume a capacity for the reservoir and that it is in
operation from the year for which rainfall values are available. Then a month by month water
balance is performed on the system and check if the required demand of water can be over
the years of study. Normally we do not try to get 100% success. This would be too costly
and in any case the rainfall pattern is not going to repeat in the future. This is a statistical
assessment and we try to achieve 85% success in the operation study. Then other capacities
are tried out so that we can optimise the design. If available land is a limitation then we try
to cultivate the full extent using the minimum storage. If storage is a limit, then we try to
command the maximum extent using the largest practical storage.

The water balance equation we use is of the form:

Storage at beginning of month + Inflow - Losses - Demand - Spiliage
= Storage at the end of the month o
= Storage at the beginning of the next month

The main losses taken into account are seepage and evaporation.

- In the Irrigation Department, a large number of small reservoirs were designed and built

under various projects such as Village Irrigation Rehabilitation Project (VIRP). To enable
such designs to be done rapidly computer programs were developed to do this operation
study. But these tanks were sited in areas where no rainfall stations were available nearby.
Even if they were available the effort of entering the data of a number of years and the
amount of calculations involved would not justify its use for such small tanks in large
numbers. Hence we adopted a 75% probability rainfall pattern over a single year and an
operation study performed over a year. The answers were found to be realistic and a manual
was prepared on using this method including methods for flood studies. The world bank also
approved the use of this method for small projects. -

Now et us see what Flood Studies are. While the operation studies determine the optimum
capacity of the reservoir and extent to be cultivated and/or electricity that can be generated,
Flood studies determine the size of spillways required. During times of heavy rains, water
in excess of what can be stored has to be safely led off back to the river. This is done by the
construction spillways. For flood studjes, we use rainfall intensity-durationreturn period
graphs and flood hydrographs. We have a few basins where the actual river flows have been
measured. For flood flows the measurements of the river flow when in spate is very
important. However, measurement of riverflow under flood conditions is dangerous and
difficult and in most stations these critical measurements are not available. However, now

~new techniques are being adopted to take these measurements. Hence certain amount of

extrapolation and sound judgement has to be exercised in the use of these values. For smaller
catchments we use synthetic hydrographs using Run-off coefficients arrived at using a
combination of experience, measurements and sound judgement.

-

For small catchments Irrigation Department has developed computer programs which studies



the effect of rainfalls of different durations in steps of one minute, and determines the critical
duration of the storm which will cause the highest discharge through the spillways. For flood
studies we consider the reservoir to be full before the onset of the storm which is a
conservative assumption. When the tank starts spilling, the water level rises thus holding back
a certain amount of water known as the detention volume temporarily. This helps to keep the
outflow discharge lower than if there is no detention. Thus we have to make a compromise
between increasing the detention and thus submerging more land above the full supply level
of the tank and increasing the spillway size.

When we develop the water resources potential of a river basin, we have to consider it as an
integrated project where one element (say a reservoir) in the catchment affects another
element (another reservoir). Sometimes we develop a catchment by constructing a major
reservoir which requires almost the whole water resource potential of that catchment for
successful operation. Subsequently if we build a large number of small tanks in the catchment
of the larger reservoir, the large reservoir will suffer due to lack of water. Also the overall
benefit in the basin will be reduced. Hence when a basin or valley is developed it is necessary
for a simple authority to b vested with necessary power to develop the catchment as an
integrated system. Then only we can reap the best benefit from the river basin development.

In the design of the structures such as Dams, Spillways, sluices, powerhouses and channel
systems the Geotechnical engineer plays an important role. All the above structures have to
‘be stable under various conditions of loading, the bearing capacities and settlement of the
foundations have to be properly studied and designed.

I hope that this introduction to river basin development and the important role the
Geotechnical engineer has to play in the river basin development will help to appreciate every
discipline and the parts they play in a river basin development project.

Thank you very much.

*a
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GEOTECHNICAL ENGINEERING IN THE DESIGN OF DAMS

R. L. Haturusinha

1. INTRODUCTION

The engineering of dams plays a vital role in the story
of civilization. Dams have been linked closely to the
rise and decline of civilizations, especially to those
cultures highly dependent upon irrigation.

Man has paid great attention to develop and utilize
water resources, since the nature supplies water at
cyclic intervals which do not coincide with his need.
Large dams and storage reservoirs have been built
across many streams to control water levels and to
store water in period of abundance to be used during
periods of low river yields.

Concurrently, there have been advances in related
technologies which have significantly influenced all
types of dams. Important among these are
engineering economics, geology, hydrology,

seismology and computational techniques. Other

sciences have exerted influence on particular dam
types. This is well illustrated by the impact of
geotechnical sciences on embankment dams,
although the impact of these sciences on foundation
for all types of dams has been significant.

The purpose of the associated project has a major
influence on the type of dam selected to be designed
and buift. The earliest dams toc be built were earth
dams which were followed by rock-fill dams. Masonry
dams then followed and concrete dams came
considerably later when Portland Cement became
sufficiently plentiful and economical to allow faster
construction and more watertight structures. Im-
provements in rock-fills continued greatly aided by
improved quarrying methods, placement practices,
membranes and compaction. The use of earth
embankments continued when site conditions were
favourable.

The selection of a suitable dam type depends on
vicinity conditions, geology of alternative sites,
topography, hydrology of the streams, available
materials and economics of the project which the dam
is to serve.

As the use of dams has expanded, there has been a
large expansion in the scope and the use of
engineering geology. Many early dams were sited with
little more geological examination than inspection,
experienced judgement, topographic mapping and a
few diamond drill borings. Seismic concern was
minimal at this stage. The need for detailed geological
examination of dam foundations and burrow materials

were strongly emphasized by the failures of dams.
Detailed geologic mapping, extensive use of
exploratory trenches, adits & tunnels have become
common practice.

During recent years instrumentations to measure
earthquake forces has yielded a large database on
seismic magnitudes, accelerations and, movements,
which is now used in dam designs. There is no
conclusive way of predicting reservoir induced
seismicity, or further, of conclusively interpreting
causes if such a condition is suspected.

More attention has been focused on reservoir-geology
during recent years. Potential slide areas are carefully
explored and searches are made for solution channels
and other information which might produce
subterranean outlets. Reservoir rim conditions which
might cause leaks are carefully explored and
reinforcements are made as may prove necessary.

2. SELECTION OF DAM TYPE

The objective of planning is to locate, design and
construct most economical and sound structures to
achieve the purpose of the associated project. It is
therefore useful to have an idea of various types of
dams, factors that govern the selection of site and
selection of a particular type of dam for a given site.

2.1 TYPES OF DAMS

Earth-fill Dams can be constructed on earth, as well
as on rock foundation whereas other type require
more stringent foundation conditions. Their
construction involves utilization of great variety of
locally available materials in their natural state with a
minimum of processing. They generally are
competitive in cost with concrete and rock-fill dams.

Rock-fill Dams require less severe foundation condi-
tions than for a concrete gravity dam and more severe
than for an earth-fill dam. Bedrock foundations which
are hard and erosion resistant are the most desirable
for rockfill dams. The use of foundations consisting of
river gravel or rock fragments is acceptable.

Concrete dams may be classified as gravity, arch or
buttress according to their design.

Concrete gravity dams by their own weight resist
forces imposed on them with a desired factor of
safety. They are adapted to sites where there is
reasonably sound rock foundation, although low



structures may be founded on alluvial foundation if
adequate cut offs are provided.

Concrete arch dams are curved in plan and transmit
water load primarily by means of thrust to the
abutments, there by utilizing the compressive strength
of the abutment material. Abutments should be
composed of good rock to resist the end thrust.

Concrete buttress dams have a component that
retains the reservoir, usually a flat slab, which is
supported by a series of butiresses. The slab is
inclined in the downstream direction. The thrust from
the reservoir and the dead load of the slab are
transmitted to the buttresses and thence to the
foundation. The foundation requirements are not very
much different from that of a concrete gravity dam.

2.2 Factors Affecting the Choice of Dam site
The selection of suitable site for a dam depends on
many factors. But, in this paper only the geotechnical
aspects are considered.

Foundation

The site should preferably have a good sound rock for
foundation. For a concrete dam, solid rock at the
surface. or- within a_reasonable .depth. below it, is
essential. For arch dams strong abutments are
essential.

Rock-fill and earth dams have more flexible

foundation requirements, but even then, the cost of

the dam would be materially affected by the type of
foundation available.

Sediment load

The sediment load in the stream should be as
minimum as possible to assure that the dam would
not silt up within a short period after impounding.

Spiiiway Siie

A pari of the dam is usually designed tc aci as a
spillway in the case of concrete dams. However, for
earth and rock-fill dams, the spillway must be located
separately. The best site is that in which the gorge
portion is separated from the flank.

Availability of Construction Materials

It is economically feasible if bulk of the material
required for the dam is available in close vicinity of
the site. Earth dams can be designed to utilise almost
any type of materials available at site, though the
economy of the work is affected accordingly.

Diversion during construction

Sometimes river diversion problems play an important
role in the selection of dam site. This factor may affect
design of the dam and also the construction schedule.
Common practice for diverting streams during
construction utilizes one or combination of the
following provisions.

* tunnels driven through the abutments
conduits through or under the dam
temporary channels through the dam
multiple stage diversion over the alternate
construction blocks of a concrete dam.

*
*

*

Submergence

The stability of the reservoir slopes due to submer-
gence must be taken into account in selecting a dam
site.

Water Tightness of Reservoir

The rim of the reservoir should be watertight at least
up to the proposed elevation of the dam. The stored
water should not be able to escape under the
surrounding hills through cavernous rock or other
continuous pervious strata.

Access Conditions

The construction of access roads in hilly terrain
requires geotechnical investigation for the stability of
constructed roadways and the material through which
the roads have to be formed. Bad site conditions may
affect the economics adversely.

23 -Selection -of a suitable type of Dam

The selection of dam type best suited to a particular
site is purely a matter of judgement and experience.
However, an intelligent study of the existing
conditions and requirements will assist in the
selection considerably.

The choice of dam type is directly influenced by the
naturai conditions of the site such as topograpny,
geology, hydrology and seismic activity and by local
conditions such as availability and accessibility of
construction materials and transport facilities. It is also
indirectly influenced by the purpose and size of the
dam, as well as by the construction time and methods
and the labour, materials and machinery required.
These inturn are influenced by safety, legal, aesthetic
and economic consideration and social conditions.

Therefore, it is only in exceptional cases that an
experienced designer can say that only one particular

»
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type of dam is suitable or most economical for a given
site.

Some of the physical factors that influence the selec-
tion of dam type are considered below.

Topographical characteristics such as the cross-sec-
tional profile of the canyon and the contours of both
abutments of the dam site influence the choice of dam
type. The former has an important bearing on the
required volume of material in the dam while the latter
mainly affects the stability of the dam.

Main types of Valleys are as follows :
*  Gorges
Narrow Valleys
*  Wide Valleys

Chord-Height ratio under 3
Chord-Height ratio 3-6
Chord-Height ratio more than
6or7

*

A thin arch dam is more suitable for a gorge. But the
rock in the gorge should be capable of withstanding
high- pressures and should not fail by shearing.
However, thick arch dams have been built in narrow
valleys having abutments with sound rock. Concrete
gravity dams are also suitable for narrow valleys with
sound foundation conditions and weak abutments. In
a wide valley practically every type of dam can be
constructed except a single (thick or thin) arch. In

~ such a valley, the type of dam is governed primarily

by geology of the site and the availability of
construction material at the vicinity.

Geological features that affect the selection of dam
type are:

*  Quantity and quality of overburden and river depth
Strength and uniformity of the foundation material,
the geological character and thickness of
strata,their inclination, and relation to underlying
strata, existing faults and fissures.

Water tightness of the foundation material,

*

The foundation material will limit the choice of type to
a certain extent, although such limitations will fre-
quently be modified, considering the height of the
proposed dam.

Influence of earthquakes on design criteria varies
widely from country to country, depending on seismic
activity. Probably, the type of dam least vulnerable to
earthquake is a properly designed fill type dam. Next
comes the gravity type dam.

These factors which affect the choice of dam type are |

so closely connected and so complicated that it is
necessary to depend upon a sound engineering
judgement for economy and safety of the dam.

3. INVESTIGATIONS

fnvestigations are planned and carried out to permit
analysis of alternative proposals so that a final plan
can be formulated to obtain maximum benefit from the
available resources and achieve multiplicity of
purpose. Before commencing investigations, the
purpose, scope, and type of the project must be
defined and it must also be ensured that the project
does not conflict with other existing or contemplated
projects. The investigations should be adequate to
safeguard against premature failures or unforseen
problems during course of construction and operation
and maintenance.

Investigations, if carried out to completion, are costly
and time consuming. With reference to all types of
investigations required for dam construction, the code
of Practice of the Institution of Civil Engineers
recommend that up to 7 per cent of the cost of the
structure is permissible for site investigation. But, the
usual practice is to limit it to 1 per cent of the total
cost of the development. By nature, geological
investigations for completion of information are very
expensive and time consuming. The accuracy of
information sought depends considerably on the
magnitude of the proposed project as well.

Investigations are carried out to ascertain whether a
project is economically or technically sound and are
divided mainly into three stages, each identified by its
objective. ’

* Reconnaissance
*  Feasibility

*  Detailed Design

Investigations may . be necessary even after
formulation of final plan. They could, continue during
construction period as well as during the operation
and maintenance period.

3.1 Reconnaissance

The purpose of reconnaissance stage of investigation
is to determine rough feasibility of the project. The
geological data collected in this stage are primarily
descriptive and only preliminary investigations are
carried out in this stage. Data avajlable are
summarized and evaluated and further supplemented
with rough additional data. Visual inspection of the
site and surrounding area is also made. The field
work is done with the assistance of a competent
Geologist.

The data obtained during reconnaissance stage are
used in preliminary designs and estimates to evaluate
engineering and economic possibilities of the project
to define its physical limits, and to determine whether



detaiied investigation should be proceeded with. Such
designs and estimates are used as an aid in selecting
the most economical plan when several alternative
possibilities exist.

During reconnaissance stage, the geological
investigations should lead to an appraisal of the
general sub-surface conditions throughout the area of
the project as well as an evaluation of the broad
aspects of the foundation conditions of the alternative
sites selected. The appraisal should define major
advantages and defects of the foundations and
material deposits at the alternative sites with
reasonable certainty. The most desirable site may be
investigated further by additional surface examination
and a limited amount of sub- surface exploration and
testing.

Reconnaissance stage investigations will lead to

preparation of the preliminary project report for the
selected site.

The preliminary investigations usually require,
* A not too precise study of site survey with the
resulting small topographic site map having
contours defined by a minimum of controlling
points or sketched from the cross-sections.

Some investigations of the overburden

A few borings in consultation with a geologist
according to the magnitude of the project and
character of the foundation.

A preliminary geological investigation and report
for the site, borrow areas, and the reservoir.

Investigation of available construction materials
such as earth, gravel, concrete aggregates.

Any special features such as the possibility of
earthquakes.

Sub-Surface explorations are necessary for collecting
information relating to foundation conditions and to
the natural materials available for construction. These
should be planned only after the evaluation of all
available geological and soil data. These are carried
out to determine.

*

Suitable and economic type of dam
* Foundation conditions and suitable construction
materials

The principal purpose of subsurface exploration is to
investigate the distribution, type and physical
properties of sub surface materials by visual

inspection and tests in the field or by securing
samples of rock, soil and underground water for visual
inspection and for testing in the laboratory.

The most satisfactory way to explore the underground
is to dig test pits, trenches, shafts or tunnels so that
one may get down there, examine the materials, take
samples and test them. Due to high costs involved in
these methods, it is necessary to rely on alternative
methods, such as drilling and driving for obtaining
undisturbed samples of overburden or burrow areas.

3.2 Feasibility

in the feasibility stage, the data are primarily quali-
tative. Detailed investigations are carried out in this
stage to determine the technical feasibility of the
project. Limited explorations are done to confirm the
geological interpretation or to develop a new
interpretation, if necessary. Pertinent conditions are
developed and dimensions of "structures are
approximately determined. The field work is done
jointly by a geologist and an engineer.

The objective of the feasibility stage of an investiga-
tion is to confirm or expand the work done in the
reconnaissance stage in order to determine the
essential plan and features and to prepare the scope
and magnitude of the project and an adequate cost
estimate. These data will be used for economic
justification of the project. The purpose of feasibility
investigation is to establish factual background for a
design and estimate.

fn feasibility stage of investigation a more specific
project report will be prepared to obtain project
authorization and approval to proceed with the
construction.

After completion of the preliminary investigation one
of the several sites is selected for final precise investi-
gation which will help the engineer to have all
pertinent data to proceed with the detailed designs of
the structures and a more accurate cost estimates.
Preliminary and final investigations often blends into
one another. Final investigations are usually guided
by the recommendations done at the preliminary level.

The purpose of the final investigations are,

*

To determine the relative merits of two or more
sites for the dam in question

To determine the type of structure to be
constructed

To settle beyond doubt by sub-surface investiga-
tion, the nature of the foundations as affecting the
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safety and cost of the dam and appurtenant
works. ‘ '

* To obtain all necessary information affecting the
design of the dam and appurtenances.

3.3 Detailed Designs

In this stage the data are primarily qualitative and
specific. These investigations are done to obtain data
for preparation of designs and specifications.
Sufficient explorations are done to establish
conditions at all critical points. Engineering properties
of soils and materials are determined. The work is
done primarily by an engineer with geological
assistance as required.

Investigations at this stage supplement detailed inves-
tigations carried out during feasibility stage to provide
data from which designs for construction of various
features of a project may be made and to finalize the
specifications.

At this stage of investigation, the size and location of
the structure under consideration are known and
exploratory work is restricted to the area to be
occupied by the structures. The investigations done at
detailed design stage are for putting finishing touches
to previous investigations.

The design of structures is well advanced at this
stage and in comparing the design features with the
available geological information, the design engineers
may need additional bore holes for obtaining
additional geological evidence to answer many critical
questions posed at the feasibility design stage, such
as,
* Extent of fault zone or presence of buried
channels filled with highly pervious materials
‘underneath the dam foundations

Perviousness of the ground underneath the dam
and the rim of the reservoir

Capacity of the rock to carry some heavily
stressed parts of the dam

The depth of cut-off trench or extent of grouting
operations

geologic formations for preparation of detailed
construction drawings and specifications.

During this stage detailed exploration of the borrow
areas is also made for formulation of the plan for the
exploitation of quarry and for taking decision on the
selection of the construction plant.

The characteristics and depths of the subsurface

3.4 Construction

Foundation and material investigations during the
construction stage are primarily confirmative in
character. These are carried out to clarify those
conditions which had not been resolved during
detailed design stage and to explore alternative
proposals. Sometimes possibility of better source of
material may also necessitate the additional
investigations during construction stage. Work is
performed under the direction of the construction
engineer.

At this stage the geological investigations are
performed to obtain information about specific areas
of construction and of materials to.resolve any design
or constructional problems that is not possible to be
solved at the detailed design stage. The problems are
actually encountered and investigations are meant to
resolve the specific problems that come up. A much
clearer picture of the geological conditions becomes
evident during the construction stage due to the
exposure by the opening up of the foundations and
construction of appurtenances like tunnels and adits.
Final construction drawings are either prepared or
turther amended on such information.

3.5 Operation and Maintenance

Investigations are undertaken during maintenance
and operation stage only when structure proves to be
unsatisfactory or these become necessary for
preparation of operation schedules. Such situations
are handled according to specific problem involved.

Continuous monitoring of performance and behaviour
of the reservoir appurtenances and the ground
conditions, seismic activity etc. are essential to be
able to predict and remedy any situation that could
develop during the operation of the reservoir.

4. RESERVOIR INVESTIGATIONS

The geology of the reservoir area is also an important
consideration in water resources development. -

There may be possibilities of leakage through low
saddles and narrow ledges along the peripheries of
the reservoirs into adjoining valleys. Air photos are
very useful in locating such area. In critical areas
detailed investigation may be carried out. Sometimes
observation holes are left on the outer slopes of
reservoir rim and measurements are continued after
the reservoir starts filling. Remedial grouting
measures may be taken if necessary.

The reservoir rim should also be examined for
possible landslides. Landslides into reservoir may
produce great waves of water over the dam. it may be



necessary to reinforce unstable reservoir slopes.
Areas near intakes and spill way inlets should also
specifically be seen for any possibility of slides.

5. FOUNDATIONS FOR DAMS

The safety of a dam is inseparable from the conditions
of its foundation. Most of the failures of dams have
been caused by inadequate foundations. Hence, for
the Civil Engineer as well as the Engineering
Geologist foundations constitute an area of high
importance throughout the project. Therefore it is very
important that this feature of the design shouid
receive proper attention.

5.1 Foundation Conditions

_Foundation conditions depend upon the geological
character and thickness of the strata which are to
carry the weight of the dam, their inclination,
permeability, and relation to underlying strata, existing
faults and fissures.

The different foundations commonly encountered are
discussed below:

Solid rock foundations which have relatively high
bearing capacity and resistance to erosion and
percolation would make excellent foundations for most
-~types .of dams. In such cases, removal of any
disintegrated rock together with the sealing of any
seams and fractures may be the only treatment
. necessary.

Gravel foundations, if compacted are suitable for earth
and  rock-rock-fill dams and low concrete gravity
dams. As grave! foundations are frequently subject to
water percolation at high rates, Special precautions
must be taken to provide water cut offs or seals.

Silt or fine sand foumdations can be used for the sup-
port of low concrete gravity dams and earth-fill dams
if properly designed, but they are not suitable for
rock-fill dams. The main problems are settlement,
piping, excessive percoiation losses and erosion of
the foundation at the cownstream toe.

Clay foundations can be used for support of earth-fill
dams but require special treatment. Since there may
be considerable settlement.of the dam if the clay is
unconsolidated and the moisture content is high, clay
foundations are seldom suitable for construction of
low concrete gravity dams and unsuitable for rock-fill
dams. Tests of the foundation material in its natural
state are wusually required to determine the
consolidation characteristics of the material and its
ability to support the superimposed loads.
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Non Uniform foundations of rock and soft materials
have to be used occasionally if reasonably uniform
foundations cannot be found to construct a dam. Such
unsatisfactory conditions can often be overcome by
special design features. '

4.3 Foundation Investigations

Foundation investigations are necessary to evaluate
the foundation conditions in order to select a safe and
satisfactory site for a dam or to adopt necessary
provisions in design and construction to overcome the
deficiencies in the foundations.

Foundation investigations should determine the follow-

ing factors in case of Concrete Dams

* Depth of overburden, and weathered rock in the
foundation area need to be removed to obtain a
suitable rock foundation;

* Strength of rock mass in compression and shear
and its behaviour with respect to settlement and
sliding under operating conditions;

* Presence of seams, joint planes, fractures, solution
channels, unhealed faults and extent of shattering,
which may be the cause of excessive uplift or
cause of leakage through foundations, and may
aiso endanger stability of the dam.

Following factors should be determined in case of
Earth and Rock-fill Dams :

* Depth of unconsolidated and other unsuitable
materials;

* Shear strength of materials in foundations and their
behaviour with respect of settiement under load
and due to creation of reservoir;

* Presence of caverns, joints, solution channels in
ledge rock which may cause excessive leakage;

* Presence of soluble materials in sufficient quantity
in foundation material to be hazardous.

2.5 Foundation Problems

The history of dam disasters throughout the worid
reveals that problems often arise from undetected or
inaccurately evaluated defects in the foundation.
Therefore, engineering must be closely linked with
geology in the design construction and continuing
surveillance of a dam.

Foundation deficiencies may be related to the natural s
conditions of the foundation or to its treatment during
construction. Differential settlement, sliding, high
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piezometric pressures and uncontrolled seepage are
common evidences of foundation distress. Cracks in
a dam, even relatively minor ones, may also indicate
a foundation problem.

Concrete dams can withstand overtopping for at least
a limited time without damage. A failure may be due
to the inability of the foundation to bear impact of the
overflow, rather than the resistance of the dam itself,
which is likely to be more than adequate.

The safety of arch dams is hlghly dependent upon the

strength of their abutments. Failure may stem from
weakness in the rock resulting from saturation or
deterioration, or excessive flood loading, or from
abutment shearing under hydrostatic pressures. The
erosion of foundation materials by overtopping may
also cause failure of arch dams.

Most rocks have enough strength to resist the load
imposed by a dam. But a rock mass may have
bedding and foliation pianes, joints,shears and fauits.
These can be natural channels for seepage water,
which may carry away soluble materials and erode
openings. The planes may also be deficient in

shearing resistance and susceptible to weathering.

Foliation, has a tendency to break into thin shests.
The cleavage may allow water, air and other
weathering agents to invade the rock mass. The
foliation planes are generally conducive to slippage.

Practically all rock formations have joints, which are
fractures aiong which there has rotbeen any slippng.
They form boundaries of individua! blocks in the
mass. In a dam foundation,joints may be of concern
because the condition of the ioint fillings is uncerain
and the joints has the adverse potential of hecoming
a conduit for leakage under dam.

Among the more dangerobs elements at a damm site
are faults, fractures which have siipped. These ara of
particular concern because they may have ca;..sed
physical aiteration of the rock o the extert
load-bearing capacity has been reduced. Th
zone may have been so snattered and crushed that &
is unable to support the heavy loads of a reservoir. s
soft filling could be susceptible to squeezing or
blowing out. it may also hinder the grouting of cracks.

Faulting not only alters the conditions of the adjoining’

rock but also displaces foundation blocks so that
rocks of contrasting characteristics are side by side.
This may bring hard rock to bear on a soft rock, or a
tight rock against one that might leak like a sieve.

The major faults at a dam site or in its environ must
be examined to asses the probability of their future
movement. Dams constructed on active faults may be
stressed severely during such slippage. Disclosure of
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geologically recent movement at a proposed dam site
is usually reason encugh for abandonment of the site.

Resistance to erosion may depend more on
bedding,foliation and jointing characteristics than on
the strength of the rock. Closely spaced potential
planes of breakage are vulnerable to disintegration
under hydrostatic forces. Such weaknesses must be
given special attention in areas where outlets and
spillways will discharge.

Solubility of the rock underlying the reservoir must
also be considered. Limestones and gypsum
sometimes present problems when exposed to water
under pressure. Limestones may have joints and
bedding planes that provide paths of infiltration that
facilitate rock solution. However joint enlargement and
cavern development in limestone usually are slow
enough to be controlled during the life of a reservoir.
The deterioration of gypsum may be rapid enough to
create a hazard.

At some sites it is practically impossible to discover
and to assess all geologic defects prior to
construction. Moreover, there is little likelinood that
drilling and sampling of the foundation materials will
be so selectively accurate as to define the most
critical zones completely. Only during construction
and operation can there be assurance that the site
has been fully tested. Not frequently, problems appear
for the first time in the operational phase, despite
conscientious efforts to detect them sooner.

5.4. Foundation Treatment

Most interesting. Most challenging and ootentiaiiv.
most dangerous part of a dam is its foundation. It is
izast known in advance and ieast wsible afier
:“«’“D{eﬂon 'u’nderstandincz —-nd dicanosz= of r:cssa‘;,'re

A Good foundation is of ample strength

fie weight of the structure and 1o oreves
3e acceptable as a foundation for a dam, fh r<:s<:k
must be sufficiently strong and bondeg o remain
|m=cf under forces superurnposeo by the dam and
reservoir, as well as by natural elements. & must also
be impervious enough to prevent excessive seepage.

No matter how much foundation exploration and
testing have been done, the designer should be
concerned about the capabilities of foundation and
should accommodate adequate foundation treatment
to compensate the unknowns.

The proper treatment of large dam foundations is one
of the major problems of modern construction. In



order that the superimposed structure may function as
designed, it is essential that the foundation support
maximum loads applied to it. If the foundation rock in
its natural state is inadequate, it may be possible to
remedy the existing defects and improve the rock so
that it will provide adequate support. The injection of
grout into defective foundation is a practical method
of bringing about such improvement.

In pressure grouting, mixtures of cement, water, or
other materials such as bentonite, sand etc. are
forced into confined and inaccessible spaces to
consolidate the mass as a whole. The pressure
grouting, is primarily used to eliminate seepage and
to reduce uplift pressures in the foundation beneath
the structure. It also increases the bearing strength of
the foundation rock by filling any voids or fissures that
may be present.

Seepage and uplift pressures beneath a concrete dam
are generally reduced by grouting the foundation
through deep closely spaced holes in one or more
rows parallel to the axis of the structure. This is called
"Curtain" grouting and is supplemented by a row of
drainage holes drilled a short distance downstream
and parallel to the grout curtain. These drainage holes
are intended to relieve any hydrostatic pressures that
may develop from seepage water passing through the
grouted zone.

The foundation should be thoroughly explored before
a grouting design is prepared for a dam site. Data
obtained from this exploration are used to determine
the type and the size of dam suitable for the site;
properties of the foundation rock; locations of faults,
fractures, seams and cavities; and preparation of
suitable grouting plans.

Pressure grouting uséd in dam construction are of
three general types such as,

Low -pressure or blanket grouting

*

Intermediate- pressure grouting

High - Pressure or curtain grouting:

Low - Pressure or Blanket Grouting are used to seal
and consolidate the foundation near the surface and
is done first in a normal construction programme.

In concrete dam construction low-pressure blanket
grouting is performed in the surface rock in the
upstream third of the foundation area, or in the entire
foundation area if necessary. Blanket grouting. for
earth dam construction, if needed, is usually confined
to the near-surface foundation rock adjacent to the
cut-off walls. It may be used under any type of dam to

seal the near surface bed rock where zones of
weakness occur.

Low pressure grout holes are usually drilled to depths

varying from 3 - 15 metres. The axis of the hole is
taken normal to the foundation surface except where
the hole would be parallel to a seam. In such cases,
the hole is drilled at an angle with the foundation so
that it intersects the seam. Pressures used vary from
20-150 psi depending on size and type of the
structure and on foundation conditions. In general, the
pressures are maintained at the highest point that will
not produce detrimental uplift of the foundation rock.

Intermediate - Pressure Grouting is used to effect a
deeper seal in the foundation along the upstream .

edge of the structure.

In concrete dams, intermediate-pressure grout holes

are drilled from the surface of the foundation rock just
upstream from the edge of the structure or through
pipes in the upstream fillet at the base of the dam.
They range in depth from 15 m to 30 m depending on
conditions encountered Pressures used depend on
the weight of the concrete on the foundation at the
time of grouting and on the geologic structure and
strength of the foundation rock. Normally they range
from 75 to 400 psi.

High -Pressure or Curtain Grouting is used to form the
main cut-off curtain to reduce seepage beneath the
structure.

It is used in both concrete and earth dams 10 form a =

cut-off curtain. In farge concrete dams this grouting is
generally done from a gallery adjacent to or slightly
down stream from the axis and close to the fcundation
rock. Pipes are embedded to 2 maximum depth ot 5
ft. . into the concrete from the gallery during
construction. The holes are drified and tnen growss
under high-pressure through the pipes after co
has been placed to a reascnabile height abow
foundation. The depth of these hoies vary with
geologic and topographic conditions. Pressures from

. 100 to 500 psi are used in large dams. in a few casss

pressures upto 1000 psi have been used.

These pressures are localised by packers in the
holes. To avoid heaving or uplifting in the foundation,

high pressures shouid be used with caution and never=:

in a haphazard manner.

Grout Mixes most widely used is a mixture of Portland
cement and water, proportioned by volume. The water
cement ratio depends on the. tightness of the
foundation rock. Ifthe rock contains large voids which
accept grout readily; the water-cement ratio may be
1:1. For tight seams or cracks in the rock, ratios of
20:1 have been used. Grout mixes usually range
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between 1:1 and 10:1. Cement grout mix when
properly placed has relatively high compressive
strength. It is used to consolidate foundation rock, to
form cut-off cuntains under dams, and to grout
contraction joints in large mass-concrete structures.

Clay cement mixtures may be used as grout when a
sealing filler is required in parts of the foundation that
do not require strengthening. It is used to grout
cavities and to form blankets or sealing mats within
porous rock and alluvium. Clay grout mixture should
have minimum adhesiveness and be free from organic
or foreign matter. Minimum shrinkage of clay-cement
grout is obtained with three parts of clay to one part
of cement by volume. Sufficient water must be added
to this mixture to make it suitable for pumping.

Bentonite is a soft, moisture absorbing, colloidal clay
having properties which, under special conditions,
make it useful as grout. It will absorb three or more
times its own weight of water and, in doing so, will
increase in volume seven or more times its dry bulk
volume. It is easily pumped when mixed with water

~and is fine grained. Bentonite may be mixed with

sand or cement to grout off large flows of water which
cannot be grouted effectively with cement grout.

- Asphalt GroUting has been used successfully where

there is large subsurface flows of water which is
difficult to stop by cement or clay grout. it has been
particularly effective in sealing water courses in under
ground rock channels. it has also been used to plug
ieaks in coffer dams and in foundation rock. This is
expensive and should be used onlyto grout rock that
cannot be sealed by other methods.

Asphalt with a melting point between 165° and 175°F
has been found suitabie for grouting. it is heated from
400°F to 500°F before it enters the pump. The
asphalt should be free from trash, gravei or cther
deoris.

Treatment of Faults and Seams

Narrow seams and faults can be washed and grouted
whiie wider seams filled with soft maternal can be
excavated and refilled with concrete. When such
defective material lies in a nearly horizontal plane.
below the surface of the completed excavation, it may

be economical to reach it by a verticai shaft or large -

i

extend far enough to obtain a tight cutoff at the
upstream side.

Differential Settlement at irreguiar rock surfaces under
the weight of the dam & reservoir is a common
problem in the dam foundation. The resultant cracking
of the embankment is one of the most threatening
condition to be encountered. Preparation of rock
foundations therefore should include shaping of
projections and over hangs by removal and filling with
concrete or shot crete.

Uncemented Shale

- Rock such as uncemented shale tends to disintegrate

- size drill holes. Clean out the seam in drifts and fill ™~

with concrete rather than excavate the firm rock
above it. Cavernous rock and solution channels may
also be treated in this manner.

Vertical transverse faults of considerable size can be
cleared and filled with concrete for a depth only
sufficient to provide an arch to span the opening.
Care should be taken that excavating and grouting

(€8]

when exposed. The final trimming should not be done
until just before the concrete is to be placed.
Otherwise, the rock might dry out and when again
saturated by the water from the concrete might form
a layer of mud between the foundation and the dam,
offering no bond and little resistance to sliding.

If the disintegration of uncemented shale take place
quite rapidly, the final foundation, as soon as
uncovered, should be coated immediately with a
bituminous or asphaltic water-proofing material. This
procedure is very important to soft shale and adds to
the strength of the bond between the shales and the
concrete.
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DISPERSIVE CHARACTERISTICS OF SOILS

USED

EARTH DAMS

VALARMATHY KUMARASAMY

IN THE CONSTRUCTION OF

& EMBANKMENTS

Civil Engineering Division, Open University

1.0 INTRODUCTION

Problems associated with dispersive soils
have been reported in many parts of the
world such as United States, Australia,
Greece, France, 1India, Latin America,
South Africa & Thailand. Two major earth
dams namely Teton & Baldwin Hills in USA,
failed by breaching just after the pond-
ing of the reservoir, during the years
1978 and 1963 respectively. This was not
understood
Teton dam had been a very significant
event for the Geotechnical Engineers
- concerned with the design and construction

for a long time. Breaching of -

of earth dams, as no dam of such a height

had previously failed. The failed section
was completely washed away in the disas-
ter. '

It had been thought that Teton dam fail-
ure mechanism would never—be identified as
the whole failed section was washed away
during the disaster. During excavations of
the embankment left, many wet seams have
been found. But investigators couldn’t
arrive at any conclusion because there was
not encugh evidence. In Baldwin Hill dam,
it hzs been noticed that a large amount of
water was seeping through underneath the

foundation before failure. ¥hen the
geology of sites of failed dams were
analysed, Baldwin Hiil was found fo be
located in soils of marine origin.

1t was noticed ithai in zimuv.t &3l the
cases, dispersive piping has occurred
during ponding of the reservoir. In very

few cases only, failure occurred after
the reserveir level was raised. The fail-
ures usually started with an initial leak
which gradually eroded to form a tunnel.
In some cases the entire reservoir volume

was discharged through a channel. In some
cases failure was discovered only after
the reservoir had been emptied. In cases
of erosion of embankment by rainfali,
tunnels and deep gullies were important
features.

After several investigations, it was

concluded that the chemistry of soil used
in the construction of dams that failed
is much different from the ordinary ero-
sion resistant clays, and it became neces-
sary to know the mineralogy of them. Such
soils were classified as dispersive soils,

where percentage of sodium in pore water
is much higher than that in the“orﬁinary
erosion resistant soils, which*# have

calcium and magnesium in high percentages.
It was found that these types of scils
occur mostly in areas where tropical humid
climatic conditions prevail. Later re-
searches tend to show that even with
presence of high sodium, dispersion does
not occur when there is no montmorillomite
clay mineral present. Thus dispersiveness
seems to be more a result of sodium -adher-
ing to the montmorillonite present than
the presence of sodium.

Presence of sodium cations could be from
several sources such as clays which are
derived from marine sediments in the
geclogic cycle, or as a result of the
geologic weathering.

neper ie (1) to de-

influencing piping
failure in dispersive soils. (2) to de-
scribe the identification tests & quanti-
tative tests used & (3) to explain meth-
ods used for stabilising such soils.
Also evaluating dispersivity by different
criteria is reviewed.

the factors
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2.0 FACTORS AFFECTING DISPERSIVE

CHARACTERISTICS OF CLAY

THE

It has been identified by several writérs
that the factors affecting dispersive
characteristics are (1) Sodium absorpticn
ratio of soil, {2) Total dissolved salts
in the soil, {3) Total dissolved saits &
Sodium absorption ratio of the percolatin
water and (4) Type & amount of clay miner-
al present in the soil.

2.1 Sodium absorption ratio

This is a measure of relative amount of
sodium in the soil where Na, Ca, and Mg
are dissolved sglts in milliequivalents
per litre of saturation extract and
calculated by the formulae;
Nat
SAR = ’
J0.5(catt + Mgth)

The range of SAR is from 0 to infinity.
This ig closely related to. the exchange-
able sodium perCcnbage (ESP). Total cation

xchange capacity is measured in terms of

niilliequivalents per hundred grams of
scils. Relative amo.mts.of the four basic
cations on the xchange complex" is
measured. Then ESP is expressed by,
Z\T’.
ESP = (100)
CEC

From the case studies of
it is found that there is strong correla-
tion between sodiwm absorption ratio -and
the exchangeable sodium percentage in the

saturation extract.

1
B® =

As measurement of ESP is difficult, SAR
test is usually performed.
.Many case stixiies have shown that h;g'h

sodium comtent clays erode very rapidly.
Higher this percentage, gtreater the sns-
ceptibility te erowsion. High values of SAR
reduces the s0il permeability considera-
1y, which is explained later in this
paper.

Agricultural scientists were aware of this
fact long ago. Scils withk ESP > 15 and low
total salts in the pore water have caused
oub"'e in agriculture because the indi-

ial clay particles become suspended in
raindrops fallie the ground surface
and theyv are

-v,

down into the soil
where they accumu-

1
3

isee Appendix
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various writers

.ence between

late and form a dense layer of low perme-
ability, -which makes the ground difficult
Lo irrigate and drain.

2.2 Total dissoived salts in the pore
fiulc: of seid samples

Total dissolved salts in saturation ex-
tract + Mg + Na + K is measured in
milliequivalent per litre.

It has been proved that higher the salt
content im the saturation extract, the
more resistant is the clay to erosion.

That is clear because for a soil with
porefluid TDS 20-30 meq to be dispersive,
sodium percentage should be high as 50.
Gemerally samples collected from the
failure portions had less than 15 meq per
litre. TDS > 40 weq/l are flocculated in

their =natural state (saline & saline
alkalai) but in laboratery tests they

become deflocculated due to the dilution
of salts.

apd sodium
percoiating

2.3 Total dissolved salts
absorptien ratio of the
{eroding}: water.

Case studies in Australia and Israel have
shown that Iikelihoed of clay dams failure
by dispersive piping was much higher when
the reservoir water was opure, In mary of
the failed 4 reservoir water had total
dissclwved aalj;s less than 5 meq/litre

A
1tre., AL

Oklahoma where many dams faifed, the salt
content i the 'r*eservo’ was very low
ranging between £.3 and 2.3 nLeq/u.tre.

This was Doticed in. the fziled -dams in
Australis. Tt could Be said fower
t-:hfe total dissodved ssalts in the percelat-

ing  water, greater is the susceptibility

et
LIl

to erosion. In -other words, amomnt -of
osmotic swell idnduced - in a clay — water

electrolyte system depemds on the differ—
concentration of pore Tluid
of dam_structure and percolating water..

2. 4 L¥av Mineralogy

of cz;av mineralo
*ke.\

Study
uncéerstam
persive - SQJ_]:S.

ogy  is importent to.
“failure -mechanism o+’ dis—~
Clay minerals are Tormed
primarily Trom the chemicail weat}“erv*s aof
certain rock-forming minerals. However
their mature depends or the mireral compo-
sition OI t,he 't rock and uponr the
physico— enncal environment in which the
we at‘her&g takes place. All cley minerals
are very small, cclloidal sized crys

n‘-. e

+n i
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(diameter less than 1 pm} 2nd can be seen
only with an electron microscope. Tech-
niques such as X - ray diffraction, dif-
ferential thermal analysis, dve absorption
and chemical analysis are also available
for determining mineralogical composition
of soils. However these tests could not be
carried out in normal soil testing labora-
tories due to the lack of specialised
apparatus and expert interpréetation.
Atterberg limits give some clue regarding
the amount & type of clay minerals
present in soils.

All clays have two fundamental crystal
sheets, tetrahedral or silica and the
octahedral or alumina. The way sheets are
stacked, together with different bonding
and different metallic ions in the crystal
lattice cause different clay mineral.
Kaolin, montmorillonite and gibbsite are
the main clay minerals found in Sri Lanka.

From the current study, it seems that most
of the dispersive soiis taken from the
- damaged dams had substantial quantities of
montmorillonite. Montmorillonite, some-
times called as smectite, is a three layer
mineral having a single octahedral sheet
sandwiched between two tetrahedral sheets
to give a 2 to 1 lattice structure. Be-
cause the bonding by Vanderwaals’® forces
between the tops of the silica sheets is
weak and there is a net negative charge
deficiency in the octahedral sheet, ex-
changeable ions can enter and separate the
layers. Calcium and magnesium are the
predominant exchangeable ions. The deposi-
tional environment as well as subsequent
weathering and leaching will govern what
ions are present in a particular soil
deposit. It has been pointed out by
Tourtelot (N.W.Herath (1993)) that the
setting for the formation of montmorillo-
nite is extreme disintegration, strong
hydration and restricted leaching Ye)
that Mg, Ca, K and Na cations may accumu-
late in the system. He farther indicated
that such conditions are favourable in the
regions of tropical environment,
highly seasonal moderate rainfall, partic-
ularly where evaporation exceeds precipi-
tation. This suggests that marine clays
will be predominantly sodium and magnesi-
‘um since these are the most common cations
in the sea water. '

The atomic structure and schematic diagram
of montmorillonite clay mineral is given
in Fig 1 & 2. This clay mineral is plotted
high above the A - line and close to the U
- line in the plasticity chart and the

-
@)

with

Atterberg Limits test is used as a simple
approach in identifying the clay minersl.

OO-vgmi y Y .M , Iron, magnesi
QO and @ Silicon, occasionally atuminum
Fig 1 - Structure of Montmorillonite clay
mineral

N0 tavers and
exLhINGPIT €.2210NS.

Fig .2 - Schematic Diagram

In Sri Lanka clay mineral provinces close-
ly follow the climatic zones of the Island
as shown in Fig 3. Dry zone has kaclinite
- montmorillonite clays. Sedimentary
limestone deposits of miocene age are best
developed in the Jaffna Peninsula. These
deposits extend up to Puttalam. B
zone climatic conditions

n the nature of clay

Sr

Intermediate
piaved a major role i
mineral development in i Lanka. Pro-
gressive development o¢f montmorillonite
from wet to dry zone areas is one of the
characteristic features noted, which 1is

in agreement with Tourteliot’s opinion.

o
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3.0 MECHANISM OF PIPING IN DISPERSIVE
SOILS

Small leaks through and under earth dams
are fairly common and statistically only a

small percentage of such leaks threatens
or causes failure.

Engineers are aware that many clay dams
had leaks through them for years without
piping. In non dispersive soils, erosion
could not occur when velocity of water is
below a certain value called as threshold
velocity and there exists a value called
critical shear stress. But in dispersive
soils, the colloidal clay particles go
into suspension even in still water.

This is because dispersive soils contains
a_clay fraction which has a high poten-
tial to be in dispersed state when the

'soil mass interacts with water. Sodium is

cgnside?ed to be the main -factor for
dispersivity but not the sole factor.

Sodium has an ionic charge of plus one.
Clay particles have negative charges at
their surfaces. For the same negative
charge on a clay particle, the number of
sodium ions around will be double that
of divalent ions like calcium or magnesi-
um. Then repulsive forces between clay

17,

particles surrounded by sodium
higher than when they are
divalent ions.

ions are
surrounded by

Thig could be explained by the theory that
when there is double laver with two simi-
lar charge surfaces, then the repulsive
action is great to prevent closer approach
of particles for Vanderwaal’s attractive
forces to be operative and therefore clay

suspension stays in the deflocculated
state,
Furthermore, because of its single va-

lence, the Coulombic attraction of a
sodium ion to the charged particle surface
is less than that for polyvalent ions.
Hence sodium ions stays a little away from
clay particle which increases the double
iayer thickness.

The flocculating power decrgfses iq++§he
orggr of+¥ytropig ser}es F% > Al >
Ca > Mg > NH > K" > Na’ > Li’. Since
Na has a lower valence and larger hydrated
radius than Ca or Mg, sodium clays are
more likely to exhibit a higher degree of
dispersion. As a result, swelling takes
place and permeability is decreased in the
presence of high sodium. Swelling results
in blocking or partial blocking of the
larger conducting pores (Note: permeabili-
ty is proportional to fourth power of the
radius). Dispersion can be regarded as
occurring when the charged plates, which
are moving apart in the process of swell-
ing, have reached such a distance of
separation that attractive forces are no
longer strong enough to oppose the repul-
sive forces.

¥hen a concentrated leak starts through a
clay embankment with high ESP, either of
two actions can occur (The initial narrow
crack could be caused by drying and
shrinkage of plastic material, differen-
tial settlement, hydraulic fracturing or
merely poor compaction):-

{1) if the velocity of flow is suffi-
ciently low, the clay surrounding
the flow channels swells and pro-
gressively seals off the leak.

{i1) if the initial velocity is suffi-
ciently high, the dispersed clay
particles are carried away, enlarg-
ing the flow channel at a faster
rate than it is closed by swelling,
leading to progressive piping fail-
ure.



It should be pointed out that the nature
of piping failure in dispersive soil is
quiet different from that which occcurs in
cohesionless soils which is commonly
described in soil mechanics literature.
The erosion just starts at the discharge
end of the leak, causing a local enlarged
tunnel-like leakage channel to gradually
extend upstream by progressive erosion
until it reaches the water source supply-
ing the leak, at which time a rapid
catastrophic failure may result.

Case studies of dams failed by dispersive
action show that the leak was traveling
through concentrated .leakage channel from
the moment of its inception. The erosion

of- the wall channel also took place at the
same time.

Statistically it has been shown that
piping failures are more common in clay
dams than in dams constructed with low
cohesion soils . '

4.0 LABORATORY IDENTIFICATION TESTS

Four laboratory tests for identifying
dispersive clays have been used by the
researchers viz, (1) Sodium Absorption
Ratio Test, (2) SCS Laboratory Dispersion
Test, (3) Crumb Test & (4) Pinhole Test

4.1 Sodium Absorption Ratio Test

This test has been used by the agricultur-
al scientists for long. ‘A soil is mixed
with water and a liquid limit consistency
sample is prepared and left overnight in
an air tight container. Pore water is
extracted by vacuum using a filter. Sftu-
ratjon extract is tested for Na+, catt &
Mg concentrations in milliequivalent per
litre by an atomic absorption spectropho-

tometer which is equipped with a digital
read out unit.

Na+

40.5 (catt + Mgtt)

SAR =

Total dissolved salts too could bé calcu-

lated from above test, provided potassium
content is also measured by following
expression; TDS = Ca + Mg + Na + K,

measured in milliequivalents per litre.

4.2 SCS Laboratory Dispersion Test

This test, also known as double hydrometer
test, has been widely used by the Soil
Conservation Service which builds:

all over the United States. In this test,
sample is tested for finer particle sige
distribution by the standard hydrometer
test in which a soil water suspension is
prepared by breaking down the soil with a
chemical dispersant and strong agitation.
Another test is made on the so0il water
suspension of same soil prepared without
dispersing agent and strong agitation.
Sodium hexametaphosphate is used as the
dispersing agent. Percent dispersion is
calculated by the expression below:-

% finer than 0.005 mm without
dispersing agent & strong agitation
= x100
% finer than 0.005 mm by standard
hydrometer test :

Curva HSt0n00rd
1,
Hydrometer Tent) Cwve 2UNo chemicol
G100780n1 07 strong oQitotonl

100 \
s 11X /
[ 4 AN
z 504 (
- - A
8 - \\
o~
a < ~U a8
o B
10 o1 o0t 0003
Porticle Size {mm)
Lon Scoie

Definition! Percent Dispersion e -s- {100}

Fig.4 - SCS dispersion test

Soil Conservation Service concluded that
soils with dispersion ratio 35 - 50 %
could be considered as moderately disper-
sive and 50 - 75 as highly dispersivg. For
ordinarily erosion resistant clays this
value is between 10 and 35 %.

This gives an idea of how much the soil is
dispersed in naturally existing state.

4.3 Crumb Test

A crumb of soil is immersed in a small

beaker of water (150 ml) or 0.001 Normal
NaOH solution and the tendency for the
clay particles to go into colloidal sus-
. pension is observed after 5 - 10 minutes.

many .
-small irrigation, flood control structures
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‘men of specified dimension at

Following interpretation 1is wused for

evaluation of results:-

Grade 1. No reaction: Crumb may slake and
run out on bottom of the beaker in flat
pile but no sign of cloudy water caused by
colloidal suspension.

Grade 2. Slight reaction: Bare hint of
cloud in water at the surface of crumb.

Grade 3. Moderate Reaction : Eésily recog-
nisable cloud of colloids in suspension.
Usually spreading out in thin streaks on

Results of this tests have shown that a
non - dispersive clay could withstand a
small crack without erosion when water 1is
flowing at 10 fps (3.05 m/s). In a disper-
sive clay erosion could be seen even at
1 fps (0.305 m/s), corresponding to a head
of 2".

STANDPIPE MEASURES WATER
PRESSURE AT UPSTREAM END
M T HYDRALIC HEAD

COMPACTED SOIL) // PLASTIC CYLINDER 13”10, 4" LONG
SPECIMEN ’ //PEA GRAVEL

bottom of beaker. DISTILLED WATER FROM NPRLE) ,/ /[ —HARVARD MINIATURE COMPACTION
COMSTANT HEAD TANK —+— 7 PERMEAMETER WITH TOP AND BASE
- . y 7§ 4 < PLATES MACHINED FOR "0"RING SEALS
Grade 4. Strong reaction: Colloidal cloud 55 g
covers nearly whole bottom of beaker,

usually in a very thin skin. In extreme
cases all the water in the beaker becomes
cloudy. .

Crumb test is a very good indicator, but
only in one direction. If crump test gives
a soil as dispersive, that will be defi-
nitely dispersive. But not vice wersa.

4.4 Pinhole test

This test was first developed by Sherard
in ‘1970 and later modified. In this test
distilled water is percolated through a
1.0 mm diameter hole in a compacted speci-
different
heads. Fig.5 <chows a modified version of
the pinhole apparatus which is in use and
a section through test specimen. The rate
of flow is measured & colour of water is
noticed. For dispersive soils, water
becomes coloured and the hole is rapidly
eroded. Compaction of the .sample is done
close to the plastic limit or optimum
water content by Harvard minjature compac-
tion hammer. This is a direct method of

identifying dispersive characteristics,
because it simulates the actual field
conditions.

Result is evaluated from the appearance
of the water, rate of flow, and final size
of the hoie in the specimen. Fig. 7 & 8
gives typical test data for a dispersive
and nondispersive soil respectively and
Table 1 the criteria for classifying the
soil into one of six categories. Rate of
fiow for different head has been obtained
from pipe flow computation for laminar
flow for a diameter of 1 mm, the size of
punched hole.
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' Fig.5 - Pinhole Test Apparatus and Section

through Pinbecle Test Specimen

Variation in the results for the same
sample has been noted when the sample is

tested at natural moisture conten and
after air drying, where chemical test

indicates the sample to be dispersive. For
consistent results, it 1is preferable to
cure the sample before testing by pinhole
viz, compacted sample is pushed
out of the mould amd cured in a polvthene
bag for a day or more. Substantial changes
in the clay particle interaction force
takes place durimg curing. o
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TABLE 1
Criteria for Evaluation of Results by Pinhole Test
Visual
Test final Colour of flow Hole
Classifi| Head time flow at end of test size
cation in for given through {cloudy or after
inches head specimen colour) test
minutes ml/sec
D1 2 5 > 1.5 Very distinct 2x
D2 2 10 > 1.0 Distinct to slight 2x
ND4 2 10 < 0.8 Slight hut easily visible| 1.5x
ND3 7-15 5 > 2.5 Slight but easily visible| 2x i
ND2 40 5 > 3.5 Clear or barely visible 2x
- ND1 40 5 < 5.0 Crystal clear No
Erosion
-
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Fig.6 - Relationship between dispersibili-
ty and total dissolved pore-water
salts based on pinhole tests.

4.5 Test Results

(5]

Sometimes slightly coloured water flows at
the beginning of test but becomes clear in
a few seconds. This may be due to loosely
held fragments being washed away and

should not be mistaken for a dispersive
clay.

Strong correlation was
pinhole test results and SAR of pore

fluid of the sample and Fig. 6 has been
established with strong evidence.

It is observed in all the documented
findings that the above summarised crite-
ria fit well.

found Dbetween

Test results on the 25 samples obtained from earth dams of Sri‘?

Lanka for SCS dispersio
out at the Civil Engineering Divis
are tabulated in Table 2.

N test, Pinhole test & Crump test carried-
ion Laboratory of Open University-

TABLE 2
No District Name of tank Degree of Pinhoie Crumb 3
/Borrow area dispersion test test i
: |
1 Ampara 69.0 D, Grade 1} |
2 i l
2 Colombo Kelaniya* E\’Bl &rade 2;
3 Galle Kendagas 96.0 ND, Grade 1§
Mandiya anicut - H
& Kiripada wewa Grace )
anicut !
5 Pahala ) e
Liyedda anicut
6 Hambantota Walawe .1+ 30 et 2x
7 Lunugamwehara 1 T Srade i
8 Lunugamwehara 2 - ST=ae I
9 Kaltota Thanjan Tenna KDI wrade 2
Tank
10 Kantalai Wan Ela 59.3 ."533 Srade 2
11 Kurunagala Iridiyagama (01) 6.5 XD,
12 Iridiyagama (02) 49.2 KZI;
13 Iridiyagama (03) 6.9 }mé
14 Hakwatuyana oya 50.0 - Grade 2
15 Matara Nilwala ganga (01)* Grade 1
1€ Nilwala ganga (02)
17 Polanaruwa Kaudulla (01)
18 Kaudulla (02) 78.3 KD, Grade 2
19 Kaudulla (03) ) -
20 Kaudulla (04) ND.\ Grade 1
21 Puttalam Nedunkulam 68.8 l)2 Grade 2
22 Inginimitiya 94.6 D Grade 3
23 Kachchimaduwa Nﬁl Grade 1
24 Vavuniya Pavatkulam NDZ Grade 1

* It was unable to do hydrometer test without dispersing agent as
the soil in the suspension settled very quickly.
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5.0 QUANTITATIVE TESTS
5.% Rotating Cylinder Test’

Other than these four tests, an apparatus
was built at the Soil Mechanics Laborato-
ries of University ol California at Davis
by Arulanandan et al (1975), with minor
modifications to that originally used by

Masch, Epsey and Moore, to measure the
resistance of soils to surface erosion
by water. In this test two concentric

cylinders are separated by an annular
space of 0.5" as shown in Fig.9. A cylin-
der of cohesive soil, 3" in diameter and
3.2", long is mounted concentrically
inside the large transparent cylinder that
could be rotated at speeds upto 1,500 rpm.
To transmit shear from the outer rotating
cyvlinder to the surface of the soil sam-
ple, the annular space between the sample
and rotating cylinder is filled with the
eroding fluid. As the outer cylinder is
rotated with the inner cylinder (soil
sample) held stationary, rotation is
imparted to the fluid. This movement of
the fluid, in turn, transmits a shear to

the surface of the inner soil. The soil’

sample is mounted on a bearing.

Flow in between the two concentric cylin-
der is parallel and has only tangential
component. When the inner cylinder radius
at rest -is R, , outer cylinder radius is
R, and rotating angular velocity is w, it
has been shown that Torque, T transmitted
by the rotatimg cylinder to the fimid is
equal to ,

{R4Ro}*
T =4phx —F——— =
Torque developesd on the inmer cylinder is
equal to,

20k

A

e

= 2(R

57

By equating T in both equations,

T = 2p

where h is the height of the cylinder; p =

the viscosity; T = shear stress on the
sample .

Sample is placed in the erosion apparatus
and the amount of material eroded was
determined from the differences in weight

- stress 1is

22

of the sample before and after applying
the shear stress. This is repeated for
same sample for varying .rotating speeds
and the erosion rate vs shear stress graph
is obtained. Arulanandan et al (1975)
repeated this series of tests for same
sample after increasing the SAR value by
soaking in solutions of sodium salt of
different concentrations and a set of test
results is given in Figs. 10 (a) , (b) &
(c). The intercept on the applied shear
called the critical shear
stress. It was noted that for soils with
high SAR these values were closer to zero.
By combining the results from Fig 10 (a),
(b) & (c) the variation of critical shear
stress with SAR was obtained as in Fig.11.

Zero critical shear stress was considered

a better basis for the definition of
dispersive clay by him.

Arulanandan et al (1975)’s study on
dispersive s80il by rotating cylinder
apparatus is in good agreement with the
boundary for dispersive and non dispersive
states given by upper curve of Fig.6
previously established by pinhole tests &
chemical rests.
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Bearing

Brass Torsion Rod

e

rIrITed

AN

|~ Upper Erd Piece

Fluid \

Supporting Torque ~
Tube

| _— Soil Sampte

A RN R e R A URRRABLRAN

Rotating Transparent
- Cyimder

.........

.........

\\\\\\\\\\\\\\\\\\\\\\\\\

—— Lower End Piece
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Fig.9 - Cross - Sectional View of Rotating
Cylinder Test Apparatus

However after performing the erosion test,
at Davis, Heinzen and Arulanandan (1977}
claim that pinhole test is relatively
insensitive since a head of only 1/2 cm
is required to produce a ear stress in
the order of 10-15 dynes/cm“.
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Fig.11l -Relationship Between Critical Shear
Stress and SAR for different
pore water electrolyte (Reproduced
from Arulanandan et al (1975).

Heinzen and Arulanandan (1977) analysed
the results of various erosion studies at
University of California and concluded
that t, = 0 'is the best criteria for
dispersive soils. A compariscn basis was
used to evaluate the dispersion ratio.

oy double hydrometer test, proposed by
Soil Conservation Service & Sherard. This

discrepancy arises from the differences in

the criterion used. The dispersibility as
per T, value obtained by the rotating
cylinder and flume is considered more
precise than by the earlier subjective

defirition of dispersive clays.

5.2 Recirculating Flume

Another quantitative method s measuring
the resistance to surface ercsion to =oil
by a recirculating flume. This has been
used by Kandiah et al and Heinzen. {Arnla-
mandan et al {i977);.

modified version
ontainers, used
Shaikh et al
The flume has
t¥ of
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vaiue,

schematic diagram of
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irface erosion test by
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The smooth clear nlexiglass flume bhed is
modified so that surface of the sample was
flush with the bottom of the flume. Water
was recirculeted in the system. The depth
of flow ranged from 9.8 - 2.1 cm. The flow
rate was measured by precalibrated Venturi
meter, and uniformity of the flow was
manipulated by an upstream control. The
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velocity profiles along the flume at
sections shown in Fig. 12 were measured
using a pitot tube. The tractive shear
stress t exerted on the flume was estimat-
ed by measuring velocity profiles and
using the Prandtl-Von Karman equation for
smooth channels. Erosion rate of samples
were calculated at the end of each test
for 3 different slopes of bed.

Samples were chemically treated, compacted
and pushed into the containers at high
pressure. Surfaces of the samples were
trimmed to flush with the top edges of
container and placed in the flume. Wet
weight of the sample was measured before
and after circulating water.

However, Shaikh et al claims that the
piping failure by internal erosion could
not be correctly predicted by t,. values
obtained by above surface erosion tests.
Further he claims in case of unsaturated
clays erosion rate is further complicated
by a process called slaking.
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.3 Free Swell Test

Free swell tests show that constant water
uptake is 'a function of the type and
amount of clay mineral. This also could he:
used as a basis for evaluation of disper-
sive clay.

This test is made on soil pads of a few
millimeters thick which are saturated with
pore fluid of same composition which
existed in the soil and then allowed to
swell on sponges soaked with distilled
water. The pads are weighed periodically
until a constant weight has been reached.
After that soil pad is dried and welighed.

6.C EXCEPTIONS

Two homogeneous dams of clay failed by
piping on the ponding of reservoir; the
Washington County Dam in Illinois and the
Stock Creek Dam in California failed .in
1962 and 1950 respectively. Both dams:
failed by breaching with failure details
very similar to Oklahoma dams.

But the chemical test plotted were in the
non-dispersive region ( zone C of Fig.6)
and the results of the dispersion tests
weré low. Though many reasons were sug-
gested, I believe the cause has not yvet
been identified so far.

7.0 ATTERBERG COMPACTION WATER
CONTENT

LIMITS,

1t was noted that Atterberg limits give n

clue whether a soil is dispersive or nob.
However it has been noticed the ML - MH or
MH soils are mostly non-cispersive, and
dispersive clay are predominanily (L,
i.e. silty clayv

ty, with some s

low to medium plastici-
Ity sand, sandy silt and
re have been cases where

ot O
QO
i)
90, "l
e
P
12}
)
-
el

CH clays are found to be dispersive.

in c¢ompaction water

termed:iate category (N34
‘e an impor effect due
3 3 n C P2

Lime could be effectively used tc stabi-
lise dispersive soils. Addition of hydrat-
ed lime tends to .increozacs the 1otal - CCha.
centration of calcium cations and reduce
the sodium percentage, hence controlling
the dispersivity. The general order of
replaceability of the cations is given by




th; Lytrop Eles Fg Tt catt
> VH4 > K Na® > L1 Any cstion
1n this series w1ll tend to replace the

cation right to it. Pozolanic reactions
between the lime and clay producing calci-

um silicate hydrates may alsc increase
the soil strength. 1 - 2 % by weight is
eaded.

There is disadvantage that the stabilised
soil becomes brittle and susceptible to
breaking.

Ordinary table salt has alsc been used to
stabilise dispersive soils. Chandra & Chen
{Bergado.D.T (1987)) noted that 1 ¥ sodium
chloride gave maximum strength for the
so0il they investigated.

Chandra & Chen (Bergado D.T {(1987)) showed
that the addition of 5 ¥ flyash & waste
product from the burning of powerdered
coal in thermal power plant, to dispersive
SvliS y;e;dea optimue strength. Pozzolan-
ic activity increases the strength due to
the calcium present.

9.0 FILTER DESIGR

Size of dispersive clays are very small
{0.1 tc §.01 microms) as that they will
not be caught im the voids of even a fine
sand filter. However if the scil con-
sists of clay composed of gquantities of
5iit and dispersive Tine with reascnable
amount of coarse saud, the sand and silit
could deposit on the filter and accumnlzte
after the 1139 was washed away. £= they
are velastively impervious and 2isc as
dispersive clay has & tendency to swell,
both these factors could seal off the
lesk.

CORi
and researches are being dome to develop
filters on the basis of guantitative test
results mentioned.

Recent 1aboratorv research has .shown that

samd or grave i1y sand filters with avehage
D<5 = 0.5mm or smaller will safely cont

and seal concentrated lezks through com—
pacted specimens of the great majority of

dlspers1ve clays {(with {(D,: larger than
about 0.03 mm). Sand fiiters with average
By = 0.2 mm or smaller are conservative

for the very finest Zispersive clays.

10.0 CONCLUSIOH

High ESP values and piping potential are
generally found tc exist in soils in which
the clay fraction is composed largely of
montmorrilonite. Some illites {3 layer
mineral) are highly dispersive. High
values of ESP and high dispersibility are
rare in clays largely composed of kaclin.

Crumb test gave preliminary indication of
the dlsper51v1ty of the soil. However,
pinhole and chemical tests are necessary
to ascertain the dispersivity. From the 24
number of samples tested at the Open
University, pinhole test results classify
03 samples as highly dispersive D, and
percent dispersion for these samples were
greater than 65. Crumb test results too
classified these 03 samples as hlghly
dlspe151ve. However there were 02 samples

7ith high percent dispersion which were
classified as ND; by the pinhole test. A
few samples weré classified as slightly
dispersive, ND & NDg. However these
esults should be conférmed by the SAR
s+ as discussed sarli

("1 "1

Atterberg limits test should be carried
out %o get some clue on the amount
type of clay present. It ‘was noted
the (2 samples which were classifi
were obtained from the dry znse
Lanka which is in agreement wi

expected from Section 2.4 & P,g
neers should be warned about comstru
d&ms in such areas aﬁd identi

ied

b IRE

icns should be
level

research n
ﬁF bamp?es from
has eubs*anbl

is

nhole test is based on the
evaluation of the
ispersion. For soils with t

¥ waz greater than wera: &

bewﬂg the qua11tat ve nature of the test.
However, this is a direct .method.

subjec~
occurrence of
turbid-

e “n rooeonm

0O
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Dispersion test gives a crude method of
measuring dispersibility as no concern is
given to actual existence of soil parti-
cles in the field. This does not tell
either about the in-situ or intact struc-
tural status or does it take into consid-
eration the interaction of pore and erod-
ing fluid composition. However majority
of samples shown to be dispersive by
pinhole test are agreeing with this test.
But vice versa is not correct.
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APPENDIX 1

PREPARATION OF SATURATION EXTRACT IN THE LABORATORY
(For the Chemical tests to find SAR & TDS)

About 250 gm soil passing 2 mm sieve is mixed with distilled water to con-
sistency near the liquid limit and kept in am air tight container for abou:
e 24 hours. Pore water is extracted using buechner funnel, vacoum flask and
vecuug pump as shown in the schematic diagram given in Fi

12
Aade

"'Saturated Paste” {Ninus 2mm s0il mixed wish
distilled water to consistency near the
,liquid limit. About 256 gramsamoie,
( ailowedto stand overnicht before exI-3zting.)

Y
d

(

Rubber stopper

—4—\ Vacuum pump

Vacuum ‘F\ask

“Saturation

Extracs’*
Borei ) (Pore water. About
€ 10 ta 2% arams)

Fig. 13. Schematic Details of apparatus employed to obtain
SATURATION EXTRACT" for chemical tests
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Project Objectives

The main project objective was to meet the growing
demand of electrical energy for Sri Lanka with an
installed capacity of 120 MW. The Samanalawewa
~ hydro-power project is designed to produce a firm 420
GWh of electricity annually and some secondary
energy. A secondary objective would be the increase of
the irrigation capacity of Udawalawe. Successful
commencement of impounding of Samanalawewa was
. expected in January 1691.

1.0  Introduction

The project site is located about 160 km south east of .

Colombo about 10 km east of the town of Balangoda, in
Sri Lanka. In the region of the project, the Walawe
Ganga, its tributary Katupath Oya and the secondary
tributary Diyawini Oya flow parallel in an easterly
direction. At a point where the Walawe Ganga and the
Katupath Oya come nearest to each other, a distance
of a about 6 km, the natural water level in the Walawe
Ganga exceeds that of Katupath Oya by about 300 m.
- The principal element of the project is to make use of
the level drop for power generation at a station on the
Katupath Oya (see Fig. 1).

The first stage development of the project consist of a.

zoned rockfill dam with a vertical centre ciay core on
the Walawe Ganga with a crest length of 530 m and a
height of 100 m above river bed level, a gated spillway,
a waterway system, 4.5 m diameter, 5.4 km long tunnel
with an intake structure about 6 km upstream of the
dam on the Walawe Ganga, a surface power station
with an installed capacity of 120 MW (2*60MW), and a
tailrace canal connected to the Katupath Oya. (see Fig.
1 and table 1).

It is envisaged that a second stage development of the

project will comprise a dam across the Diyawini Oya,
which is the river flowing between the Walawe Ganga
and the Katupath Oya, an intake structure on the
Diyawini reservoir connected to the surge chamber of
the first stage development, a second penstock down
the escarpment and an extension to the power station
to accommodate two extra machines.

The project benefits from both the 'Yala' south west

monsoon in the months from April to June and the
'Maha’ north east monsoon in the months of October to
‘December which is ideally suited for power generation
the whole year through.

2.0 Hydrol

The Walawe Ganga is one of the major rivers in Sri
Lanka, fiowing southeasterly for a long distance at its
early stages in the mountains, then northerly for a short
stretch. and then back again in the southeasterly

30

direction before it flows in the southerly direction to the
sea. The catchment area of Samanalawewa dam site is
341.7 km2, The discharge of the Walawe has been
gauged and measured since 1958. The basin rain fall
on the Samanalawewa catchment area has been
available since 1921. The average annual rainfall in the
basin has been calculated to be 2967 mm. The long
term average annual inflow at Samanalawewa is 19
cumecs. (see table 1).

An estimated of 82575 m3/year of sediment transport
into the Samanalawewa reservoir has been expected.
Studies of sediment levels over a 100 year nominal life
have been reported to indicate a safe power intake
tunnel at invert elevation of 417 m, 9 m above river bed
level. B

3.0 Previous Investigations and Reviews

The development of the Walawe Ganga basin has been
studied at intervals since 1957 by the government of Sri
Lanka. These studies have included detailed ground
investigations with mapping, drilling, insitu permeability
testing, exploratory adit excavations, geophysical,
seismic and resistivity testing and material
investigations (see table 2).

Ground investigations carried before construction are
as follows :

Two phases of investigations were carried out in
the periods 1958-1960 and 1964-1966 under the
direction of Engineering Consultants Incorporated
(ECH, Denver, Colorado, USA.
A limited amount of further investigations were
carried out during the period 1972-1973 under the
directions of the Snowy Mountains Engineering
Corporation (SMEC), Austrafia.
A further phase of ground investigations was
ca:ried out in 1975-1978 under the supervision of
echnopromexport (TPE) Hydroproject, Instntute
Moscnw
Further additional geotechnical mvestngatlon for
Samanalawewa dam was carried out by Nippen
Koei Co., Ltd. (NK), Tokyo, in 1986-1987.

@

(0)

(d)

In addition to the reports, associated with the
above investigations a number of review reports
have been prepared since 1982, these did. not
involve any further field mvestlgatlons They are
as foliows = . RS

Reconnaissance report on Samanalawewa multi
purpose dam project, prepared by Nippon Koei
Co. Ltd.,Tokyo,1982.

Samanalawewa Hydroelectric Project, Technical
report, engineering review recommendations,
1984, prepared by Balfour Beatty Limited (BB),
GEC Energy Systems Limited, Sir Alexander Gibb

(@)
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and Partners (GIBB)- and. EPD Consultants
Limited.

(c) Samanalawewa Hydro Electric Scheme, Review
report 1984, prepared by Electrowatt Engineering
Services Limited (EWI), Zurich, Switzerland.

(d) Samanalawewa Hydro Electric Project, Technical
report, 1985 prepared by Central Engineeéring
Consultancy Bureau (CECB), Colombo, Sri Lanka.

However it was recognised far before and at the
time of award of LOT 11 construction contract at
the end of 1987, that the following matters needed
follow up in relation to the watertightness
requirements for the reservoir.

(@ There . remained _uncertainties regarding
hydrogeological conditions at depth in the right
abutment. Additional drilling work was therefore
programmed for an early stage in the construction
contract with a view of establishing the limits for
the grout curtain.

(b) Further investigation for the saddle areas,
principally on the right bank was scheduled to be
carried out by the Lot 11 contractor. (see Table 2
& 3).

4.0 Historical Backaround, Studies and Proposals in
Connection tc Watertightness

identification and recommendations of the sevenr
organizations in connection to the reservoir
watertightness in the areas of the dam right abutment
and saddles were recorded as follows. (See Fig.2 for
location of saddies and table2).

ECI Study - May 966

Geological investigations identified solution cavities in
theTight abutment of thecdam-associated with lenticular
limestone bands. No -special reference was made
regarding reservoir watertightness. Drilling in the right
bank saddles 1 and 2 looking for good. rock for a
natural spillway was not successful because of the poor
quality rock encountered.

Fortyfive borehoies were dore onthe dam site adding
to a total of 1710 m of drilling. The maximum- depth
driiied was 84 m. Fourboreholes were-done on saddle
No. 1 {610 m from the.dam) adding to 135 m of drifling.
The maximum depth drilled was 39 m. Six boreholes
adding to a totat of 368 m. The maximuam depth drilled
was 72 m. (see Table 2).

SMEC Study - August 1973

Three boreholes were done on the dam site adding to
a total of 184 m. The maximum depth drilled was 77 m.

~-werg ‘done ‘on saddie No. Z (1220w fromrihe dam)

W

b

One borehole was done on-saddle No. 4 (2286 m from :
the dam) to a depth of 62 m.

it was stated that core drilling done by ECI has shown' - -
that the left bank area is satisfactory. for the

construction of an earth, rockfill or concrete dam, but . :f'
the right bank has certain problems arising from the

karstic nature of metamorphic limestone.

it was also stated that the saddles on the right bank are
narrow and one of these has steep downstream siopes
but the saddle on the left bank is wider at reservoir
level. These saddles are generally at topographic
elevations 15 m to 46 m above the reservoir.

Recommendations were made to obtain better core
recovery using triple tube core drilling in the weathered
rocks where the double tube core drilling has not given
adequate core recovery. Continued studies of seasonal
groundwater table fluctuations at the dam site and
reservoir periphery saddles were alsc recommended.

TPE Study - 1978

Detailed geological and geophysical investigations were
carried out on the dam site and some limited drilfing
investigations on saddle 2. The study identified that
seepage losses from the Samanalawewa reservoir wifl
take place only in the dam foundation, past its wings
and in saddie no. 2 (1300m from the dam). Tenatative
calculations estimated that the seepage losses past the
dam foundation and its wings without cut-off measures
will be 150 I/s. In saddie 2 where the bed rocks are
deeply weathered the calcuiations showed that-at this
reach 1.1 kay long, the water losses.can amount1o-50
I/s without piping.

Fifty five bore holes were done on the dam.site_adding
to_a total of 2663 m. The maximum_depth drilied -was
200 m. The drillings. included pumping: in and some.
pumping eut permeability test. Adit driving on:the:left
and right banks and geophysical test, seismic and
electric were also done on-the dam site. In-saddle no.
2, 4 boreholes_were done adding to-=a total-of 548-m.
The maximum depth of any hole-drilled was_ 150=m.

The TPE brief report recommended to consider at the
next stage of design development the establishing-of a
network of piezometric holes to- check seepage-flow
from the reservoir through the depression on-the right
shore initiaily to adjudge tive-response oi the right:iank ™
area and ultimately to assess the fikely volume of
seepage when reservoir is created. it stated that the
results of these observations will help to decide on the
necessity of cut-off actions in this depression. {This
valley is interpretted to be the right bank valley just
downstream of the dam in saddle 1 area, See fig. 2).



BB/GIBB Study - April 1984

The engineering review and recommendations in this
technical report were primarily a review of the earlier
feasibility studies. BB indicated that their design given
in the technical report was at a level between feasibility
siudy and tender design.

Commenting on the ground water condition and rock
mass permeability it stated that underdrainage of the
hillside appears to be occurring. This is indicated by
the loss of drilling water at depth in a number of
boreholes, the falling water levels recorded as drilling
progressed and enormously low piezometer readings.
The underdrainage was thought to be primarily due to
the presence of weathered limestone layers which
provide a high permeability path to the river, both
upstream and downstream of the dam site. Faulting
may also play a part in under draining the right bank.

Commenting on the reservoir watertightness it identified
that groundwater lower than reservoir top water level
occurs at saddle 1 and saddle 2 on the right bank and
at the saddle on the left bank 700 m from the dam, on
the downstream side within 400-600 m of the reservoir
margin. The geological structure is such that potential
seepage paths exists along the strike of the foliation.

Saddle 2 was investigated during the period 1975-1978.
Four boreholes indicated that zones of grade C material
extended to depths of 120 m below proposed reservoir
top water ievel. Losses of drilling water occurred
overnight and there were zones where pressures during
permeability testing could not be attained. Simplified
calculations suggest that seepage losses of between
20-100 I/s could occur through this saddle under full
reservoir conditions. It had Grade C material - Highly to
compietety weathered rock and residual soils.

No information regarding saddle 1 and the left bank
saddle was avaiiabie for this study, but in view of the
conditions found at saddle 2 and at the main dam site
it stated that karstic limestone bands or faults may
provide seepage paths out of the reservoir area at
these locations.

Further work at all three sites will be necessary to
provide a sufficiently reliable estimate of seepage and
to provide data for the design of any cut-off works.

- EWI Study - November 1984

The Electrowatt Engineering Services Ltd., November
1984 report consisted of a detailed review and
- evaluation of the technical report on the Samanalawewa
Scheme presented in April 84 by Balfour Beatty Ltd. in
conjunction with Sir Alexander Gibb and Partners et. al.
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With reference to the Samanalawewa dam it stated that
a rockfill embankment with impermeable clay core is
the best type of dam for the site. The overall
dimensions and precise location indicated by BB for
this structure can also be supported. Likewise it stated
that they are in full agreement with the proposal of BB
to construct twin diversion tunnels through the left
abutment of the dam, rather than a single tunnel on the
right bank, as selected by the Russian study.

it also said that BB rightly state that additional
exploratory work is required to determine the precise
excavation depth for the dam, unfortunately, the drilling
technique applied previously does not permit a
distinction to be made between soil, completely

weathered, and moderately weathered rock. Most of
these materials have been destroyed and noticeable...

core recovery (above 25%) usually starts only on
slightly weathered to sound rock.

With regards to reservoir watertightness it stated that
TPE presents a geological map of the reservoir which
shows the general structure of the area concerned and
the main tectonic discontinuities. Concerning
watertightness of the reservoir and stability of its slopes
no details are given.

It also stated that the general watertightness of the
reservoir has never been questioned. The gradient
towards other depressions are favourable, with the
exception of three saddie zones two of them on the
right bank and one on the left bank. Further

investigations of these locations as proposed by BB will .
be essential to ascertain the stability and permeability .

of the potentially weak sections of the reservoir rim.

EWI Study Additional - August 1985

EWI commenting further on reservoir watertightness
stated that four saddle zomes—occur and that they are
located as follows :

Saddle 1 right bank 700'm south
of the-dam site

Saddle 2 right bank 1200 m
south of the dam site

Saddle (4) right bank 2100 m

scuth of the dam site
1108 m north-east of the dam

Left Bank Saddie

siter

o

At these locatlons ground level lower 'ﬁan the
maximum water level is encountered on the opposite
side of each saddle, within 400-700 m of the reservoir
shore (See fig. 2). Saddles 1, 2 and (4) have similar
geological characteristics and are situated along a
steep ridge running north-south about 600 m east of the
Walawe Ganga. The downstream slopes of these three
saddles are steep and several small springs can be
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seen at about el. 440 m on both sides of the ridge.
Opposite of saddle (4) on the left bank of the Walawe,
a 20 m thick marble band outcrops, and shows karstic
features. This cannot be traced through to the right
bank, but the possibility remains that lenses of this
probably boudinated layer could be encountered in the
saddie zones.

No investigation data is available for saddles 1, 4 and
that of the left bank but their geological conditions
being similar to those of saddle 2 seepage loss must
also be expected at these locations following
impounding.

These four saddle zones are the only areas where
significant reservoir seepage is likely to occur and
further exploratory works are necessary, especially at
saddles 1, 2 and (4) to provide reliable data for the
design of any additional counter measures.

It further states that it is recommended that, in
conjunction with final design, further exploratory core
drilling be carried out at the dam site to investigate in
particular along the right abutment, the nature and
depth of loose overburden, highly weathered and
disintegrated bed rock, and moderately to slightly
weathered bed rock, as well as to outline the
morphology of a rock face which is acceptable as
foundation for the shoulders and core of the main dam.
The drilling technique must be selected s0 as to permit
the sampling of representative cores from the
unconsolidated overburden and the assessment of the
degree of weathering of the underlying rock.

Thirteen new holes with a iofal length of 1000 .m in

given locations were propesed to be-done with water
permeability test carried:sat in moderately-weathered to

fresh-rock. The deepest-drafled-depth proposed was 120

m tozbe done on the-right abutment from-el. 500 m. In
comuection. to the saddie areas it stated that they
require: further investigation with regamd to the
watertightrress- of the-reservoir.

It was-proposed that a drilling. campaign, accompanied
by water pressure tests be undertaken to assess the
nature of the subsurface conditions and to obtain
permeahility data on-thesock sequence concerned. Ten
new holes of a total length of about 1150 m were
propesed on ali the four-saddles. The proposed deepest
depth to be drilled was 150 main each saddle.

CECB Study - April 1985

The CECB study was on the basis of previous studies

and reviews. With various reports and reviews in hand,

CEB requested CECB to summarise, the various
reports & reviews and to establish the project
parameters. and features based on the data available in
these reports.
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Commenting on the project it said that it was most
suitable and economically beneficial. Commenting on
reservoir leakage it stated that on the right bank it is
more kkely that some underdrainage takes place. It also
further stated that seepage losses are likely to occur
only in the dam foundation, two right bank saddles and
the !af bank saddle (located at 700 m from the dam).

The Project Off the Ground

The decision to start the project was taken in February
1986. {see Table 3). The design engineering contract
with Sir Alexander Gibb and Partners (UK) came into
effect in December 1986. The engineering supervision
contract with Nippon Koei Co. Ltd. (Japan) and
Electrowatt Engineering Services Ltd. (Switzerland)
assisted by CECB (Sri Lanka) came with effect from
January 1987. This group was called JVS which stands
for Joint Venture Samanalawewa.

Lot i, diversion tunnels and relevant works comntract
came with effect from February 1987. The contract was
completed in April 1988. The Contractor for Lot | was
Hazama-Kumagai, Joint Venture, Japan.

Lot Il civil works, dam and appurtenant structures
which later included the right bank cut-off massive
grout curtain after investigation during contract came
into effect in October 1887. The Contractor for Lot 11

was Kumagai-Hazama-Kajima, Joint Venture, Japan.

Lot 11l civil works waterway and powerhouse came into
effect in December 1986. The contractor-for Lot 11l was
Balfour Beatty Construction International Limited, UK.

Lots ! and Il was supervised by the JVS Japanese
counterpart and Lot 1l was supervised by the-JVS
Swiss counterpart. The commencement of successiul
impounding of the Samanalawewa. reservoir was
proposed:to be_in_January 1991.

NK_Study - April 1986

The Nippon Koei Co. Ltd., Japan, study is reflected-in
their planning teport of additional geotechnical
investigations. for design of Samanalawewa._dam.
Referring to the geological investigations the report
stated, whereas the data of those previous
investigations are useful for understanding of-geological
situations and problems.of the site they are-deemed vet
insufficient for the detailed design purpose...... Water-
table-is irregular in.shape at the right bank_{abutment).
Thus the limestone beds are presumed to cause
leakage after impounding if no treatment is
applied.......... a deep weathered zone. is found at the
upper portions of the right bank slope, which might be
caused by hydrothermal reaction.



A narrow ridge of the right bank continues southwards
parallel toc the Walawe river on which three saddle
exist....... The limestone beds might if they occur, cause
leakage through the ridge. Besides the said saddles
may be formed by weathered, fractured and/or altered
rock masses. The groundwater table in the ridge is not
known at the moment. Thus leakage through the ridges
especially at the saddle portion is to be carefully
studied........ The firm foundation is to be detected by

core drilling with water pressure tests. Rock material .

are to be recovered carefully by using elastic tube
samples contained in a core barrel, especially for
weathered and loose material portions, to know
precisely the geological condition........ The drilling
investigations.......... along the dam axis are urgently
required for the tender design of the dam.

As for the limestone bearing bed on the right bank
deep drillings with water pressure tests are to be
performed to the level of el. 300 m in order to know the
distribution of the limestone and caves therein. The
piezometric head in the limestone, separate from the
perched water is to be measured by using a partial
water pressure measuring device, in several bore
holes......... placed to obtain a hydraulic gradient at the
right bank.

Four saddle portions, one at the left bank and three on
the right bank ridge are to be inspected by drilling with
water pressure test to a depth at which the ridge has a
reasonable width of sound rock mass. The narrowest
portion (saddle 2} is also to be inspected by an inclined
borehoie in combination with a vertical borehole, if a
fractured zone occurs here. Those boreholes except the
inclined one, are to be cased with a perforated PVC
Pipe in order to monitor watertabie fluctuation before
and after impounding....... The quarry site is to be
studied by seismic exploration to-know the thickness of
sound rock without deep hydrothermal alterations.

- Twenty six-boreholes were proposed tobe done on the
dam-site adding to a total of 1,630 m. The maximum

depth drilled was to be 250 m. (J12, from el. 540 m to

€l."290 m on the right abutment).

Four bore holes were proposed to be done in the
saddles (saddles 1, 2, 4 and ieft bank saddlie) adding to
a total © 450 m. The maximum depth drilled was to be
150 m {in saddie 2.

Additional Geotechnical Investiaation - July 1097

The July 1987, report on the additional geotechnical
investigation for Samanalawewa dam is the connecting
report of the Nippon Koei planning report.

The report stated that design of the project structures
had also been made by the Consultant engineer Sir
Alexander Gibb and Partners in 1985 with an
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'implication that not a little more investigation would sill

be necessary for further confirmation of ' the
geotechnical condition. The additional geotechnical
investigations planned by Nippon Koei Co., Ltd. was
carried out in the period from June 1986 to June 1987.
One of the major questions to be confirmed was
conditions of weathering of the bed rock in the
proposed dam site which would concern depth of
foundation excavation for the dam and slope stability.
Development and distribution of cavities in the

limestone was another important subject. The work was

performed by means of outcrop observations, core
drilling seismic refraction prospecting and exploratory
adit excavation.

Discussions were made with engineers of Sir Alexander
Gibb and Partners for design in the course of the
investigation for periodical evaluation of the
investigation outcomes and review of the investigation
program in the light of new findings. The investigation
in this period is largely divided into two parts that is the
investigations of dam foundation and the construction
material investigation of embankment material and
concrete aggregates. ‘

Thirty nine boreholes were done during the 1986/1987
investigations. Those boreholes were limited to the dam
site and quarry site. (See Table 4 for the proposed
drilling investigations against the investigation done).

The report also stated that almost all geotechnical
problems, left insufficientiy answered aifter those
massive investigations in the past were to be clarified
or reconfirmed in these investigations. =

This phase of investigations gave high core recovery in
weathered rock. The bed rock on the right wing of the
dam site proved to be irtensively weathered to depths
of more than S0 m or even 100 m, or to the level of
elevation 420 m, some 40 m lower than . the
contempiated level of the dam crest. This deep

intensive weathering seemingly due to hydrothermal

alteration along faults is however located marginally off
the foundation of the dam structure it stated. The same
conditions for development of the intensive weathering
seems to have worked also to accelerate the

-development of solution cavities in limestone....... The

faults provide the routes for infiltration of weathering
and hydrothermai alteration as well. Weathering of the
bedrock in the dam site consists of ordinary weathering

Uy &aii and water from the ground siirface and a ™

deterioration of rock through hydrothermal effect from
underground....... There observed were a few cases of
water losses, or rapid drawing-down of drilling water at
some portions in boreholes where no openings larger
than open cracks were found, in J12, at depth to 142.5
m at el. 399.62 m and in J38 between 152-154 m
around ground el. 373.24 m.
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The borehole J35 drilled at the location approximately
30 m downstream ¢f the original dam axis on the right
abutment proved that ine depth of intensive weathering
was not so deep....... the bottom of the weathering at
glevation 445 m in J 35 as against elevation 420 m in
J10. Considering the possibility that the foundation
conditions may be beiter a little downstream of the
original axis, an aiternative dam axis was coniemplated
tilting downstream at an angle 20° from the original
axis on the right bank. Three boreholes, J37, J38 and
J39 were additionally drilled and seismic refraction was
periormed on the alternative dam axis, on which
subsequently the dam was constructed. (see Fig. 5).

On the leakage through saddles it stated that in this
additional investigation only a brief reconnaissance was
made........ and a seismic refraction prospecting was
conducted on a 440 m long traverse line at the saddle
No. 2 location suspected for leakage from the reservoir.

Without the proposed drilling investigations having been
done on the saddles, it stated that if there were any
continuous cavities in limestone layers extending from
the reservoir area to other basins, they would be the
only sub-surface water passages to cause leakage from
the reservoir. Considering that every limestone layer
ever observed seem to change its thickness very often,
it is unlikely for any solution cavity to continue for a
long. distance across the thick hilis of watershed.
However it is virtually impossible to prove, and the
judgement is not more than a matter of probability.
There are streams not lower than the reserveir level in
the saddles No. 1 and No. 4 indicating that the
groundwater is fairly high. The saddie No. 2 forms a
narrow ang straight dyke with two valiyes on both sides.
According to the previous drillings, no limestone layer
was recognized inthis saddle. Accordingly it is deemed
unlikely that these saddles might provide any
substantial leakage paths, the-report concluded.

The report aiso stated of one potential iandsiiding area
located on the north-western slope of the right bank of
the dam site at about 300 m upstream of the dam axis.
(upstream oi-the confiuence on the Walawe river).

iNow stabilized on the steep slope the sliding mass
seems rather thin. ihe present balance wa' very
possibly be iost on impounding the reservoir to full
capacity. Considerin g its location very close to the dam
site, this sliding mass 'noui be removed. 'Gibb’ the
design engineer studied this problem in detail and
proposedto do nothing to the siope The proposal was
accepted by the Eng‘neof

5.0 Outcome _ of .
Investigations

the Additional Geotechnical

As a result of the 1886/1987 NK investigation the
original Russian dam axis was partly diverted curving

it downstream on the right abutment because good rock
was met at a higher elevation. The move indicated
substantial savings in foundation excavation.

The unresolved uncertainties ¢ ga*déng watertightness
of the right abutment were expected 1o be confronted
by driving four grouting/ investigation: adits at different
elevations in to the right abutment along the dam axis.
(see Fig.6).

The adits were placed between &i. 463.40 and. el.
384.63 invert levels spaced at an average of 26.25 m in
the same plane. The excavated diameter was 4.10 m
and the finished diameter was 3.50 m. Adit A with invert
level 463.40 was designed to be driven 100 m and Adit
D with invert level 384.63 m was designed to be driven,
309 m. A system of jet flush and grouting was
introduced to be done between these adits to provide a
positive cut-off.

Twenty metres downstream of the four grouting adits at
around el. 411.63 m a single drainage adit of 3.5 m
diameter running 182 m parallel to the grout curtain
was designed at the on-set of the project and later
cancelled. The drainage curtain designed incorporated
55 mm diameter perforated PVC pipes setat 5 mto 10
m intervals taken up to elevation 455 m and downwards
to elevation 385 m. This drainage adit was not
constructed.

6.6 Present Generai Lavout

The Samanaiawewa dam is situated on the Walawe
immediately downstream® of the confluence with the
Belihui Ovya. At the tce of the dam towards the ieft bank
is the Matiihekxa Ara. The valiey widens from this point
onwards. A: the dam axis the valley is 60 m wide at the
bottern and about 530 m at the dam crest elevation.

The Walawe-valley within the area of the dam is 2 °V"
shaped gorge with somewhat steep asymmetric slopes.

teepness of the right bank slope is 28° to 32° and
that of the left is 23°-26°. The slope on the right bank
rises to 530 m elevation and the siope on the left bank
rises 10 480 m elevation.

The Samaraiawewa is a zoned rockfilled central vertical
clay core dam. The deep weathering of the right bank
was the main factor which influenced the type of the
dam. The dam axis is curved, slightly towards the left
bank and mare towards the right bank which is convex
towards the upstream. The-dam has a maximum height
of 100 m. The iength of he dam crest is 530.m. The
total fill volume is 4.48 x 10° m>.

The dam’s 1.1 x 10° m® central clay core is of residual
origin. The material is classified as well graded clayey
sand with a mean liquid limit of 43.2% and & plasticity
index of 19.6%. it has favourable properties with regard
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to workability, compaction, settlement and
imperviousness. Filler and transition zones from
processed material were provided at the upstream and
downstream faces of the core. Sound gneiss excavated
from a special quarry was used for the rockfill shells.
Rockfill material from the quarry which did riot satisfy -
with regards to soundness and grain size distribution
was built into the random rockfill zone. The quarry
produced more such material than anticipated which
led to a modified design to accommodate such. The
lower permeability material required the introduction of
a special drainage layer. For the core trench,
excavation was done up to slightly weathered rock. For
the shell area, excavation was done up to moderately
weathered rock.

Comparison of Two Similar Types of Dams in Sri Lanka

Samanalawewa Randenigala

Crest Length (m) 530 485
Height @) 100 102
Full Volume

Ofillionm®) 48 3.7
Upstream Slope 1:2.1 115
Downstream Slope 1:1.8 115

Dam rockfilled zoned with central vertical clay core

The river diversion during construction was designed
for the 100 year fiood corresponding to peak discharge
of 2000 m*/s. To reduce peak discharge considerabiy
and econormize tha river diversion as high an upstieam

-Cofier dam of 35 m {403 m - 388 mj and 2 parailei

liversion tunnels were constructed. The coffer dam was
1o be an integrated part of the main dam. The diversion
tunnels were horse-shoe shaped with an inner finished
circutar diameter of 6.8 m. They were concrete lined
along their entire iength of 482 m and 502 m. With this
design and taking account of the reservoir retention
effect, the maximum discharge through both diversion
tunnels could be reduced to 1430 n/s in case of the
100 year flood.

The bottom and irrigation outlet is designed for a
maximum discharge of 80 m*/s at retention levei ef. 460
m. It will serve two purposes first, in an emergency it
wiil ailow for a lowsring of the Samanalawewa Reservoir
16 & minimum levei of el. 372 m within a few weeks.
Secondly it will be operated for a continuous reiease of
irrigation water. :

Seepage through the foundation beneath the river
channel and the left abutment of the embankment is
controlied by a conventional grout curtain taken into
rock with low permeability. Immediately.beneath the
core of the dam, in the area of more permeable rock
seepage is restricted by a concrete cutoff trench
incorporating the grouting gallery which runs along the
whole length of the embankment. In addition to being
an important element of seepage cutoff works the
gallery enabled the construction of the grout curtain to
proceed independently of the construction of the
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embankment and provide access to the right abutment
grouting adits. The concrete cutoff trench has-a
rectangular shape with a semi-circular roof. The width
of the gallery is 25 m and the height 3.5 m. In the
reach of the river bed consolidation/blanket grouting
was performed on the bottem of the clay core
foundation.

One of the most critical aspect of the design of the

. embankment was the limitation and control of seepage
through the fauited, deeply weathered and karstified -

"limestone" foundation at the right abutment. A series
of four grouting adits set below one another between el.
483.40 and el. 384.63 along the dam axis into the right
abutment was designed to be driven at the very
inception but partly abandoned after construction and
the top most and bottom most adits diverted upstream
towards the high groundwater table region to provide
the necessary positive cutoff.

Seepage through the right bank saddles was designed
to be controlled by the 105 m deep grout curtain drawn
from the 1.3 km long, 4.1 m excavated diameter
grouting adit driven approximately at el. 330 m.

The spillway is located on the left abutment of the dam,
is of the gated overflow chute type discharging into the
river, through a flip bucket. It is designed to pass the 1
in 10,000 year flood of 3600 m’/s with gates fully open
end ihe reservoir at top waler level. The spitiway
discharges are controlled by three 11 m wide and 14.1
m high radial gates of the automatic type. The sill !gygi

is at el. 446.7 m.

S i
1o the power plant comprises:

its downstream end, the tunnel terminates at &
ortal valve house located on the face of th
nt above the Katupath Oya. From this point
m long steei penstock is installed down th

penstock vary from 3.85 m at the valve house 10 2.85
m 2t the bifurcation at the power station.

nnis e 3

[RE, LGRSt §

" The surge chamber 18 m in diameter is located in
he-top of-the escarpmeént. i sS4

height.

" The power station is located on the flat flood plain of
the Katupath Oya, at the foot of the escarpment. The
tailrace is connected to the Katupath Oya by a 530 m
long canal. The layout of the power station is
conventional for a surface power station. The power
plant is equipped with two 60 MW units.

vstem ¢of the transferring water from the reservoir




The civil works of the power tunnel and the power
station done under the Lot Il contract are funded by
the UK, whilst the civil works of the diversion tunnels
and relevant works done under Lot | contract and the
civil works of the dam an appurtenant structures
including the right bank cutoff works done under the
Lot il contract are funded by Japan. (see Table 3).

7.0 Regional Geology
Geomorphology

The Samanalawewa project structures are located with
in the so called middle peneplain which in the north is
confined by the central highlands' main escarpment
(the world’s: end escarpment) and in the south and
southeast terminates in the Kaltota Hapugala
escarpment and the vast flat {and extending to the

south coast of the island. The hilly surface of the middle

peneplain, which rises above the coastal valley as a
bench is about 300 m to 500 m high is dissected by
river valleys and numerous ravines. Usually hills have
steep slopes and form ridges extending along main
tectonic structures. Hill tops are 150 m to 206 m above
gorge bottoms.

The Walawe Ganga is the third largest river of Sri
Lanka. It rises in the southem part of the central
highlands. Along a considerable length from the very
origin, the Walawe Ganga flows in.a deep gorge to the
east southeast. At Watawala the river turns at a right
angles towards the north northeast and at the
confluence with Belihul Oya it turns sharply-again to the
east southeast. In the valley the Walawe Ganga turns
to the south southwest and does not change its
direction right down to the ocean. The left tributary
Belihul-Oya and the right tributary Mulgama Oya, fall in
to the Walawe Ganga within its middle stretch and_in
the-valley the Weli Oya falls into.-it from-the left and the
Katupath Oya from the right. (see Fig. 1).

While the basin drops from the central highlands in a
general southerly direction, the feeder streams of the
main river have east southeasterly flow directions-inthe
western parts and south southwesterly-flow direction in
the eastern parts. A prominent feature is that while the
foot hills continue southwards at comparatively high
elevations for kilometers on the western part of the
" Walawe basin, very flat plains_having elevation of 120

m to 150 m are found in the-eastern part of the basin..,

Two' prominent -difections are found in the Kaltota-
Hapugala escarpment. These are the south southwest
adjoining the Walawe and the east west along the
Katupath Oya.

Climate

Geographically the Walawe Ganga basin is located in
such a way that it is influenced by-both the northeast
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and the southwest monsoons. Three zones can be
distinguished in the Walawe Ganga basin in terms of

‘rainfall. They are as follows:

* wet zone including central highlands

*.  dry zone, the low valley area

*  intermediate zone which includes the area of the
middie peneplain.

The bulk annual precipitation falls in periods between
March to April and October to December.

Structure

The main structural element of the first order is the
Balangoda syncline (see fig. 3), with respect to the
project area. The syncline is characterized by the north
west strike and the asymmetric inclination of the
synclinal limbs. The dip of the south west limb is 35° to
40° and that of the north east limb is 25° to 30°. The
fold bends gently dipping 15° to 20° to the north west
direction. The synclinal fimbs are complicated by low
order folds and faults. Dislocations or a break in
continuity are found in excavations, mappings, seismic
surveys, airphotographs, satellite images and drill core
chartings. The axis of the syncline plunges west
northwest. It runs somewhat parallel to the upper
reaches of the Walawe Ganga and passes through the
north of Balangoda. The repetitive east southeast and
north northeast directional trend of streams are due to
the structural trend of the region.

The Samanaicwewa project area lies wholly within
Precambrian high grade-metamorphic rocks. The rock
types cansist of the following : '

* Charnockite, charnokiticgneiss, migmatized biotite
charnockite

*  Gamnet biotite: gneiss, granulite,

migmatized garaet biotite gneiss

Quartzite, biotite gneiss, garnetiferous gneiss

* Calc garnulite impure crystalline limestore

*  Pegmatites and quartz veins

khondalite,

which belong to the Kaltota formation. The formation is
divided in to two groups, the upper andthe-lower. The
dam and reservoir are located in the core of the
synform or in the upper Kaltota group. The intake
structure, the tunnel and the power station are located
in the lower Kaltota formation.

8.0 The Geology of the Dam Foundation and the Right

The dam site is composed of Precambrian metamorphic
rocks. The upper rocks of the synform are on the right
banrk and the lower rocks are on the left bank. The top -



of the right bank consist of interbedded, granulites,
garnet biotite gneiss, garnetiferous gneiss with thin
intercalations and bands of charnockites, biotite gneiss
and impure crystalline limestone. The thickness of this
formation is about 160 m to 170 m. This formation
called the upper granulite bench by the Russians  in
1978 was conveniently divided to three other groups on
the basis ofcharnockite and “limestone" occurrence by
the engineer and designer. The groups were named as
GRA 2, GRA 3 and GRA 4. The formation underlying
the above said, which is mostly seen on the right bank
and on the left bank on the diversion tunnels intake
portal consists of interbedded and intercalated garnet
biotite gneiss, garnetiferous gneiss, charnockite and
impure crystalline limestone. The predominant rocks
are charnockite. ‘Limestone’ is about 30% in this
formation. This formation in the present context is
named as CAL which was then called the upper bench
containing carbonates. Lying below this formation is a
marker which is a typical rock with very coarse grain
garnets. It is a granulite which is 20 m to 25 m thick.
The formation is seen in the lower part of the right bank
and on the upper parts of the left bank towards the
downstream. This marker band is called GRA 1 in the
present context which was earlier called the iower
granulite bench. The formation underlying the marker
which was earlier called the lower bench containing
carbonate is now named CHA 1, consist of alternating
charnockite and garnet biotite gneiss with subordinate
layers of impure crystalline limestone bands. The
thickness of this formation exceeds 150 m. This
formation is seen on the lowest part of the right bank,
on most of the downstream part of the dam excavation

at river level, on most part of the spillway excavation

and on the upper parts of the left bank towards the
downstream in the Guarry area. Just underlying GRA 1
is a2 200 mm to 500 mm thick band of “limestone” which
is more or less highly to moderately weathered and
even cavitated at places. The-nature and association of
this band with GRA 1 was found all over even in the
investigation boreholes dore on the right bank saddle
1. (see Figs. 4,5, 6 & 7).

The dam site.is located on the north eastern slope of

the Balangoda syncline. On the left bank slope the rock
is characterized by southwestern dips at an angle of
10° to 30°, on the right bank with southwestern dips at
angles 25° to 40°. in the river the dip angles are
around 5° to 10°. At the foot of the right bank towards
the hill two small folds with axes northwest - southeast

Fig. 6). Seven major sub vertically dipping brittle-ductile
tectonic dislocations or faults, slickensided, striated
running in the north east - south west direction were
encountered in the dam site excavation. The width of
these strike - slip faults varies from 1 mto 5 m as
encountered. All major faults were associated with
slickensided closely to moderately spaced joints. Faults
were observed to grow thick and thin in fracture

' ~-running sub-paralle! tc the river were encountered. {see.
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intensity, to branch out like veins of a leaf running sub
parallel to the main fault direction.

The intensity of fracture of the same fault varied very
significantly when encountered running through
different rock types. The fracture intensity was highest
in charnockites and lowest in impure crystalline
limestone. The largest measurable fault observed in the
dam excavation was traced on the left bank cutting
across the dam axis. The key marker granulite
indicated a 10 m apparent vertical displacement at
chainage 170 m on the dam axis. In the exposed
excavation the most prominent and numerously found
tectonic joint set was sub-vertical, striking north east.
The other set which occurred less frequently was
dipping vertical and striking north west. The Walawe
Ganga valley within the area of the dam is almost a
strike valley running sub parallel to the regional rocks.
The shallow ravines on the slopes of both banks more
or less are controlled by the north eastern faults as it is
revealed in the excavation.

On the right bank within the CAL formation five
considerably large intricate solution cavities, cavity No.
2 to No. 6 containing soft material were encountered.
These solution cavities were cleaned of their soft
material as far as possible digging in and were plugged
with concrete and grouted. A naturally exposed solution
cavity within the same CAL formation located 200 m
from the confluence up the Walawe was excavated
during TPE, 1978 studies. The cavity (No. 1) was
plugged with concrete and grouted at the very end and
the rest was filled with rockfill. o

9.0 Investigations during Construction

In the middle of 1988 excavation of the grouting adits
C and D in the right abutment encountered a
substantial area of fractured rock that was apparently
extending significantly beyond the limits. Further
investigations therefore were necessary to establish the
requirements for ensuring satisfactory arrangements for
reservoir watertightness. Four exploratory holes D1 to
D4 were drilled from the end of Adit D (el. 389 m) the
lower most, before access was lost to the adit, These
holes indicated fractured rock. Piezometers installed in
three of these boreholes showed a groundwater level at
el. 379 m. Permeabilities as measured gave iugeons
values of 5 t0 8D. The design criteria used for the dam
did not permit the grout curtain to terminate in the.
ground investigated by the D series heles~{seeFig. €)= -
In addition excavation of the dam foundation revealed
caves at upstream of the core trench at el. 420 m and
at downstream of the core trench at el. 438. A cave was
also revealed in the grouting adit C at el. 410 m. All
these caves occur (and later 3 others were encountered
in the dam foundation excavation close to the clay core

trench) in the same geological unit (CAL) as the cave




on the Walawe Ganga upstream of the dam site which
had been located during the Russian investigations.

" With the objective of assessing the requirements for
extension of the right abutment grouting adits three
deep boreholes, GW1, GW2 and GW3 from the surface’

beyond the limits for the grout curtain were then drilled.
(see Fig. 5). These 200 m and more.deep boreholes

(done in Saddle 1 area) revealed continuing fractured

rock and high permeability. In addition the holes
showed that there was a perched water table relatively
near the surface and that the true groundwater table
was at around river level at el. 380 m as revealed by
the installation of piezometers. The features identified
were indicative of potential seepage paths at depths
within the right bank as suspected before tender. It was
therefore clear as earlier proposed that further study
and investigation works were required for the
development of the requirements for the dam cut-off
works and drainage facilities for the right abutment and
for investigations of the conditions at depth within the
saddle areas in the vicinity of the dam to establish
whether and what cut-off measures were required in
those areas.

As extensive investigation works were carried out prior
to tender for the embankment dam site as
recommended, conditions as revealed by the
excavation for the dam foundation were generally in line
with expectations.

On the other hand, considerable difficulties had been
encountered with the drilling of deep boreholes in the
right abutment during the 1988 - 1987 pre-tender
investigation programme. it was therefore decided to
carry out some ufthe aeamonal drilling work from the

ow fing adit-(Adit D) which had been
scheduted for ex*ava;non at an- early stage in the
construction programme. Limited additional
investigation works in the saddle areas have been
foreseen for execution by the Lot-ll Contractor. This
work amounted to 1,200 m:--of -investigation drilling.
$;900 m of drilling for grouting, 500 tons of cement for
grouting.

From July 1988 to June 1:990*d'uri'ng construction in the

dam right abutment and i all the saddle areas

extensive rotary - core drilling investigation with
permeability, water pressure test, and piezometer
installation was done. im ali, 30 cored holes were done

{five D series. four WS series and 21 GW Sseries which™

included 14A & T5A). The maximum depth drilled was
230 m. The total cored drilling was 4806 m. The
deepest elevation reached was to el. 208 m by D5
cored from-the grouting adit D at around el. 388 m. The
hydrogeological study with the aid of piezometers
proved very effective revealing two distinct ground
water tables. (see Fig. 8). One was observed to be a
refatively stable groundwater stable at around

elevations 400 m - 410 m as depicted from the
piezometers installed in GW9 and GW10 situated on the
right abutment hill. The other was observed to be a flat
groundwater table at around elevation 379 m as
depicted from the piezometers installed

* in D1, D2, D4 and D5 cored from adit D

* in MS1, 3 and 4 done in the geomorphological
depression of the right bank downstream of the
dam o

* inGW1, 2 3, 4,5, 6, 8and 17 done in the saddle
1 area

*  in GW 7, 13, 14 and 15 done in saddle 2 area

* in GW16 done in saddle 3 area and
* in GW18 done in saddle 4 area.

The RS series boreholes done during the Russian
investigations in 1978 and J38 & J12 boreholes done
during' NK investigations in 86/87 indicated low
groundwater at el. 375-380 m. No piezometers were
installed in these boreholes:

Piezometers for the first time were installed in late 1988
early 1988. (apart from the limited number of
piezometers installed by the Russians in 1978 in the
dam area).

It was only in May/June 1989 that it was first identified
by the Designer that the piezometers with the flat
groundwater levels (around 379 m) reacted to the
changes in river level with a delay time of around 24
hours. The piezometers in area B aii behave similarly
regardless of the elevation of the sealed response zone
(between el. 398 to el. 208) and regardless of the
location: of the response zone be it abeve or below
whatever therock unit eg. GRA3. No apparent time lag
'between pTezometers and no apparent' ’hydral.lic

From this mformanon cut-off work m dam nghL
abutment -and between the damr site and: saddle 2 to
control signiﬁcant leakage was decided.

In an attempt to ldentrfy ‘and-iocate cavities at-depth

~ during construction a trial seismic reflectionsurvey-over

a 1640 m of traverse was carried out i the saddle
areas. The low groundwater table and large thickness
of weathered ground proved the technique to be
unsuccessful  for this purpose. Seismic refraction
'surveys between boreholes to identify potertial targets
for further investigations werethen performed. Borehole
GW 17 was done as a resuitto’ identify fractured rock
in the saddle 1 area. A total of 3,700 m of seismic
refraction survey was done.

From the investigation -consisting of drilling and
geological mapping carried -out at the dam right
abutment to the right bank saddles, the broad
metamorphic  stratigraphy recognised before
construction contintied to be sub-divided and added up
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further. The upper granulitic bench was further sub-
divided in to GRA2, GRA3 and GRA4. (See table 5).
GRA2 and GRA4 is more or less similar with
predominently garnet biotite gneiss with some,
charnockitic gneiss and thin limestone bands.
Amphibiotite was sometimes encountered in GRA2 and
GRA4. GRA3 similar to GRA1 is predominantly
garnetiferous granulite, with no ‘limestone’. GRA3 was
designated as the impervious membrane which was
supposed to be the least pervious of all units. CHA2 the
unit containing predominantly charnockitic gneiss and
some contorted limestone bands and GRAS5 the
predominantly garnetiferous granulitic gneiss were the
other units encountered (see Fig. 5).

Based on the geological, hydro-geological, weathering
and alteration observations made during drilling
investigations during construction a sub-division of the
ground beyond the right abutment to saddle 4 was
identified. This area was divided in to two areas
designated as area A and area B. Principally based on
the presence and absence of calcite in impure
crystalline limestone bands.

In area 'A’ the mineral calcite in Impure crystalline
limestone is present. Caverns and cavities in the CAL
unit are broadly attributed to the work of surface water
and air in circulation. Cavities at depth in rock units are
also attributed to the above mechanism associated in
the neighbourhood of faults and joints.

In area B the calcite of the impure crystalline limestone
has been removed by solution in addition to the general
mechanism possibly by hydrothermal action. Corrosive
features and secondary deposits are prevalent in this
area.

Other associated features encountered in area A & area
B are presented in table 6.

Hydrothermal action in the right abutment and saddie

areas is suspected to have occurred, ever since NK in
April 1986 reported it's doubts about the phenomenon.
X-ray analyses done on the minerals of samples
obtained from the dam and saddle areas in July 1989
have identified certain minerals (anhydride, smectite
and sericite) which could be the product of
hydrothermal alteration considering the other related
features like alterations and corrosion observed in the
drill cores.

Major faults zones encountered in the dam site
excavations were the NE-SW strike slip, 1 m to 5 m
wide, tectonic dislocations. The prominent joint set was
sub-vertical striking NE-SW. The other joint set
encountered was in the direction NW-SE. The
prominent geomorphological feature traced downstream
of the dam in deep ravines on both gorge slopes also
runs in the NE-SW direction. The clear lineation
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identified in the aerial photographs what is called the
Matihakka fault. Investigations during construction
supported mainly by hydrogeological data with

‘groundwater contours identified a NNE-SSW Mattihakka

type fault which demarcates areas A and B. The NNE-

~ SSW, Mattihakka type fault is desugnated F1 type in

general. (see Fig. 5 and 8).

The other type of fault identified are the EW sub-vertical
faults which run sub-parallel to the Balangoda synform
axis running across the neighbourhood of saddle 2. (F2
and F3 faults identified on site are EW faults). (see
Figs. 3, 4 and 5).

Low angle thrust faults with breciated rock fragments of
a 'cold brittle ductile nature’ striking NW-SE thrusting
NE wards are also encountered in the area. These
faults seem to be associated with impure crystalline
limestone horizons cross cutting foliation. This type of
fault is not well understood. These are encountered in
the road cuttings downstream of the dam and in the
right bank cutoff grouting adits and in the right
abutment cutoff adits.

Based on the geology geomorphology and
hydrogeology of the dam right abutment and right bank
saddle areas three main zones of potentially high
leakage or privilege paths were identified.

(1} Through the Area A which is strike and fault
controlled (the inclined thrust fault subparallel to
the strike of the rock). The pervious zone along
strike in the area lying between the upper unit CAL
and the lower unit GRA2 was the vulnerable zone.

(2) Through saddle 1 along the NNE-SSW strike slip
fault 1 cutting across the strike of the rocks which
marks more or less the boundary of areas A and B
and

(3) Through saddles 1 and 2 along the strike of CHA2
and GRA3/GRA4 boundary in association with the
EW strike slip faults F2 and F3 which runs sub-
parallel to the strike of the rock. ,

The Engineer considered that the potentital leakage
path is along strike principally through karstic rock
units. The Designer considered that potential leakage
was both fault controlled and stratigraphically
controlled.

Without any cutoff measures the Design Engineer’s

estimate was that the leakage would be in the range 6f--.

1 to 6 cumecs. This level of leakage would be
unacceptable for the project. The Engineer estimated
the leakage would be in the range of 1 cumec,
cons:denng the average permeability to be in the order
of 5x10 cm/sec. The Design Engineer considered
5x10™3 cmysec to be a ‘lower bound’ permeability and
considered the ground very permeable similar in nature
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to fine gravel/coarse sand. The bulk permeablllty of the
previlege path was estimated to be 1x1073 cmisec.

10. The Dam_Righi Abutment_and the Right Bank
Cutoff Grout Curtains

Further investigations upstream on the immediate right
abutment of the dam by boreholes GW9, GW10 and
GW11 established the higher ground water table (el.
400 m - 410 m) .encountered by the Russian
investigations. The wesathered cavitated layer between
CAL and GRA2 proved to be thining out towards the
upstream. The right abutment cut off works designed to
be done from the four adits A, B, C and D were
abandoned beyond chainage 601 m, the section which
ran into pervious ground up to chainage 727 m. The top
most adit A and the bottom rnost adit D was diverted
almost through 90° upstream to tie up the dam grout
curtain in area A where there is a high groundwater
table and good rock at depth. Adit Ab was driven 100
m and Adit Db was driven 300 m. (see figs. 6 and 7).

Leakage route 1, the leakage path in area A was
intersected by adits A(b), D(b). Adit A(b) encountered
highly weathered to completely weathered rock. Adit Db
encountered 1 to 2 m wide subvert faults (NNE-SSW)
around chainages 90 m, 110 m and 223 m. Compietely
weathered {(sheared) zone was encountered beiween
chainage 150 m and 163m, moderately to slightly
weathered sheared along the foliation resembiing a
bictite schist was encountered between chainages 163
m and 236 m. The total drilling for grouting from adits
A(b) and D(b) was 15,648 m. Altogether 1254 tons of

dry cement was pumped into this area. The average

grout take was 80 kg/m.

‘The total drilling for grouting: along the dam axis
between chainage @ to 612m, was 15,540. The total
consumption of dry cement was 77 tons. The-average
grout take was 4.6--kg/m. The primary holes were
spaced. at 4 m. The cutoff- was set at 3 lugeons. (see
table-9).

Duringthe design stages of the right bank cutoff works
the perviousness of the unit GRA3, ‘the impervious
membrane’ which consist of garnetiferous granulitic
gneiss devoid of impure crystalline limestone layers
was. much debated. in the Designer's view GRA3
offered the best potential barrier to seepage but said
that it is most probably-breached across strike at one or:
2ones.
pass through it (leakage route 11). In the Engineers
view the only conceivable breakage of Granulite 3
disconnecting it completely was across Fault 2 near
saddle 2 (leakage route iil}. (see fig. 4).

s, $artanin Fank rnn:
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Upstream of GRA 3, that further leakage paths exist
across saddle 2 {ieakage route 111) through the units

i

above the =

F1 appears to have

permitting -water to¥-

known as CHA 2, GRA 4 and the faults F2 & F3 was
the view of the Engineer as well as of the Designer.

It was aisc the view of the Engineer and the Designer.
that highest permeabilities existed around levels el. 380
m and el. 300 m, the evidence extracted from the
permeability, water pressure tests done in the drill holes
during investigations.

As the Engineer’s opinion was that GRA3 was
breached only across Fault 2 and that the very pervious
zone was horizontally around el. 380 m, grouting across
fault 2 and CHA 2 from an adit at el. 390 m to el. 290
m was thought to prevent potential leakage to an
acceptable extent. (see Fig. 5).

The designer supported by the groundwater contours
(see Fig. 8) regarded the principal leakage to arise from
NNE-SSW vertical faults (F1 type) breaching GRAS. As
such proposed the cutoff across fault F1 as well.

Finally the right bank cutoff works was constructed from
2 continuous adit system with invert level close to 390
m, starting from saddle 2 aligned across leakage route
i}, across fault F1 area, leakage route lI, and linking to
the dam right abutment adit Db, leakage route | area
cutoff. (see Fig. 5). The adit across fault F1 ( called the
H adit) was ifocated with the intention of meeting the
central part of granulite 3 at the level around el. 300 m.
Effective grouting from &l. 380 m through the el. 380 m

GRA 4 to the el. 300 min GRA 3 wherever breached
was thereby anticipated.

The right bank grouting adit 3.5 m in diameter concrete
lined was 1315 m inn length up to the adit Db dam right
abutment cutoff adit. The-continuous adit system is self
draining through the dam adits Db and Da is driverr
stmg “groundwater table.

Fault zones were encountered between CH700 and
CH820 for fault F1, oetween CH330.and CH400 for fault
F2 and between CH120 and CH145 for fault F3. Fault
a-considerable- apparent vertical
displacement disconnecting the rock units completely.
Rock encountered from CHO to CHB0 was kaolinized.
garactiferous garnulitic gneiss, from CHG60 to CH420
was moderately to highly weathered predominently
charnockitic grreiss: with bands and. zones of highly to
completely weaiher—edconto{ted/b,r.ecciated rock, cutting
across the foliation, from “CH420 to CH900 was
oredeminently ‘garnet’ b gtitg gneise with. charnogkitic
gneiss bands slightly to moderately to highly weathered
and with completely weathered zones and bands of
contorted/brecciated rock. From CHO to CH91C
practicaliy all discontinuities were open. From CH910 to
CH1315 the rock encounter was fresh and massive
consisting of (migmatized) garnet biotite gneiss or
garnetiferous granulitic gneiss, with the exception of
greenish grey caverncus impure crystaliine limestone



encountered in association with a NE-SW slickensided
fauited zone between CH1110 and CH1125. The width
of the solution cavitated "limestone’ was about 5 m. Two
other minor bands of ‘limestone’ were also met within
this area.

The grout curtain which is not acting as a positive
cutoff was designed to cross the privileged irregularly
developed solution features connected with open
discontinuities, was limited to a depth of 105 m below
the grouting adit. The grout curtain was also anticipated
to be hanging. The grout curtain was terminated at the
southern extremity in GRA5 although beyond this point
(GW16 and GW18) was responding to river water levels.

The conventional split spacing.method was used with
the primaries spaced at 16 m centres. In general
cement bentonite grout with the following component :
(0.7 WI.0 C/0.02 B) was pumped in. The grouting
pressure was 2 MPa for ali 10 m stages except for the
first 5 m stage behind the adit lining where it was
limited to 1 MPa. A total of 53,200 m has been grouted
with 13640 tons of dry cement i.e. an average of 256
kg/m ( 600 litres/metre).

Only very few spots were grouted above the adit up to
el. 424 m and rarely to el. 460 m {see Fig. 9). Certain
sections between CH 1200 and CH 1315 have n
grouted being considered impervious. The zones of
high grout take were checked
water pressure tested. In the curtain length from CHO
tc CH1188 which has been treated

not been

with cored holes and

Sextary holes (0.50 m spacing) represent 2%
quinary holes (1.00 m spacing) represent 17%
quarternary holes (2.00 m spacing) represent 3
tertiary holes (4.00 m spacing) represent 27%
secondary holes (8.00 m spacing) represent 25%

4%

Seven cored holes have been done to a depth-of 180 m
below the adit (to el. 210 m approximately) shows that
fractured rock, solution paths or cavities, corroded and
altered rock still exist at these depths. From the primary
hole grout take 500 kg/m configuration it seems that the
curtain is hanging "in at least sections CH 0 - 40, CH
110 - 180, CH 430-500, CH 620-870 which is more than
anticipated from the investigations (total *hanging"

tength of 430 m compared to less than 200 m estimated
before grouting). The depth of grouting was decided to
be a fix 105 m irrespective of the final stages grout-

- -take. The curtain even with GRA3 encountered. around ..

“el.’300 in the final stage seems o be t‘angmg It also
seems that GRAS3 as- expected to be encountered
around el. 300 m was not encountered in the last 150

-~ m (between CH430 and CH280 in the H adit section of

the cutoff curtain).

It was noted that right throughout before and after the
right bank cutoff's massive grouting operation no

piezometer response across the -grout curtain was
observed according to expectations. The only
conclusion was that the grouting operation plugged only
major holes to reduce leakage which was still at un-
acceptable level.

11.0 First Trial Impounding and Observations

The first ‘Trial Impounding’ was on the 2nd June 1991.
The impounding was on a condition to keep the
reservoir level at el. 395 m using the low level outlet as
flood control. The level el. 395 m was established
considering, the incomplete grout-curtain in the
immediate neighbourhood of the dam on the right
abutment and in the cutoff works for the right bank and
the incomplete concrete lining of the 290 m long access
adit E driven in completely to highly weathered rock'-‘

e e e e

The ‘Trial Impounding’ was the ‘acid test’ of the

engineering implications of the boreholes piezometers
potentiometric level fluctuations with the river, the
extremely high grout takes running into a maximum of
15 tons per linear metre and the ubiquitous driliing
water loss in the investigation boreholes and in the
grout holes of the cutoff curtain. Monitoring of the
reservoir leakage was programmed before the trial
impounding. The programme comprised of -

meir%c level measurements of the
istalled in the 23 surface borehoies
] abdtmenz and on the four saddies on
the nght ban
iy water flow, weir measurements on the Kalunaide
ara running downstream of the reservoir to whichi
the saddies are exposed and on the right bank
depression just downstream of the dam. E
observation points such as springs on the right
bank of the Walawe downstream the dam up to
Kaiunaide ara, and on the left bank upstream of the
Kalunaide ara.
observation of the grout holes and mvesugatnon
holes of the right bank cutoff adits and
reservoir level measurement.

j

i)

iv)
)

The reservoir levei recorded the maximum level of
402.4C m on the 14th June within 12 days of
impounding rising about 32 m above river bed level.
Due to the unexpecied adverse weather conditions,
maintaining the reservoir level at el. 395 m was
impossible even with the low level outlet fu!ly open“" :

lmmec:atew after the' 1mpoundmg wha' Was oSt |

alarming was the quick harmonious response of the

potentiometric levels of 16 piezometers in the boreholes

scattered on the right bank from the edge of the right
abutment just downstream of the dam axis to as far as
saddle 4 which is about 2.4 km from the right abutment
in area B. With respect to the right bank cutoff grout
curtain 3 of these piezometers are located upstream
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and 12 of them downstream. One of them is located in
saddie 4 about 1.2 km far from the end face of the
cutoff adit. The deepest response zone of these
piezometers as in borehole D5 drilled from the lowest
grouting adit is between elevation 255 m and 208 m.

The other striking observation with the r'i"s‘ing of the
reservoir level was the development of the new spring
on the right bank of the Walawe 320 m downstream of

the toe of the dam. The spring was noticed for the first

time on the 11th June just 9 days after impounding.
The spring flowed from underneath an ancient landslide
scar. The leakage measured at the beginning was 5

-litres per second when the reservoir recorded 398 m

and the average potentiometric level in the boreholes at
el. 393 m.

Other major leaks observed were, from all the grout
holes of the cutoff adit which is driven from around
elevation 390 m, from the investigation boreholes done
in adit D and from a construction joint in Adit D's
concrete lining. The leakage water observed in the

. cutoff adits gradually increased as the reservoir level

kept on rising. The maximum water leaked from the
ancient slip area was estimated to be around 20 liters
per second. And the maximum water leakaged from the
D3 horizontal investigation boreholes in Adit D was
estimated to be about 15 litres per second. The
permeability estimated from the data obtained from this
bore hole (D3) was 3.2 x 107> cms.

Cthrer minor leaks in the stream rear the toe of the dam

were also noted.

A hissing noise with air emanating had also been
recorded in the main power tunnel intake area after
impounding. A similar phenomenon was also observed
in some of the grout holes in the cutoff adit. The
groundwater table in RT-1A a borehole 140 m from the
intake gate shaft downstream along the tunnel trace
read el. 380 m before corsiruction. It was therefore
suspected whether the flat groundwater table on the
right bank was as far as the intake.

Drilling and grouting from late 1990 to 15th July 1991
for the dam right abutment cutoff from adits Ab and Db
and for the right bank cutofffrom the 1315 m long adit
with invert levet at 390 m compared to the final Ma arch
1992 quantities are on follows. (See table 7).

.. The quantity..of drilling.and grouting. by.the first trial -

impounding from adits Ab and Db was about 78% of
the revised target and from that of the right bank cutoff
adit was about 22% of estimated quantity. The grout
take in the right bank cutoff was 467 kg/m while the
initial estimated quantity was 100 kg/m.

Drilling and grouting of the right bank cutoff by the first
impounding had accomplished less than half the work

originally foreseen as necessary to achieve a
satisfactory cutoff. When completely done to design it
was anticipated to reduce leakage through the right
bankto an acceptable level. However it was the opinion
of the Designer that it was possible that even after
completing the grouting, leakage may still be
unacceptably high.

12. Right Bank Cutoff the Other Approach

‘Another approache such as lining part of the reservoir

had been studied earlier but considered to be
impractical. it was not possible to specifically target the
areas for treatment by blanketing because of the lack
of a well-defined hydraulic gradient in the right bank
which made it impossible to locate the potential
reservoir water ingress areas. There was also no
evidence that leakage would be confined to the river.
Consequently the area requiring treatment included the
steep reservoir slopes where construction would be
very difficult. In addition, to enable the construction of
the blanket to proceed in dry conditions, extensive river
diversions would have been necessary. Initial estimates
indicated that to cover the entire potential area of
reservoir water ingress, with an impermeable blanket
some five million cubic metres of material might have
been required. The proof that the treatment was
successful would only have been abtained after the first
impounding of the reservoir.

13.0 The Second Trial impounding

The second trial impounding commenced on the 5th
March 1992. The totai quantity of drilling was 53,293 m
and the cement consumption was 13,641 tons in right
bank cutoff. The curtain kept to a, maximmn depth of
105-m (to el. 285 m) from the grouting aditat. el. 390 m
irrespective of what ever was the quantity of grout take
at the last stage. The piezometers  located both
downstream and upstream of the curtain and below the
curtain showed the same flat groundwater table
responding fast to the-reservoir level changes.

Although an updated quantity of drilling and grouting
was provisionally agreed in August 1991 there was a
wide variation in estimates of the required quantity for
grouting between the Designer and the Engineer for the
right bank cutcff. The Designer’s estimated quantity of
drilling for grouting was 68,000 m against the
Engineer’s estimate of 45,000 m which was finally

-agreed to. with the provision that reservoir impounding :

will not be done until the tests indicate an acceptable
efficacy of the cut-off works.

The Designer’s estimate of 68,000 m included 4,800 m
of fan grouting at the southern end of Adit F, 4000 m of
150 m deep holes down to el. 250 m the fault F1 area
and 14,200 m of 110 m deep holes for CH 260 - CH
620 in addition to the general upgraded quantity of
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45,000 m in all. Time constraints, technical
consideration and budgetary constraints were fully
taken into account on the ultimate estimate of drilling
for grouting which was, as explained above, essentially
provisional in nature for planning purposes.

Follow up provisions, were allocated preparing for the
event of seepage losses being found to be
unacceptably high. Tentatively 5,000 m of drilling with
2,000 tons cement take was roughly set aside for this.

Broad guide lines of leakage monitoring was set by the
Engineer accounting for the downstream requirement.
(See fig. 10). Upto 500 I/s of leakage at el. 460 m
reservoir top water level was to be acceptable leakage.
Between 500 I/s to 2000 I/s of leakage at el. 460 m was
to be the range of marginally acceptable leakage.
Beyond 2000 I/s at el. 460 m was unacceptable
leakage. .

Events after .the second trial impounding were as
dramatic as for the first. All surface piezometers in area
B of the right bank, practically all piezometers
downstream of the grout curtain, practically all deep
piezometers under the grout curtain and all piezometers
in the abandoned adit responded to the reservoir levei
within about a day’s time lag. Some piezometers in the
dam right abutment cutoff were aiso noted to be
responding to the reservoir water level. Weir
measurements across streams and springs were also
noticed to be increasing with the reservoir level.

Wet patches to leaky patches along weathered
limestone bands of the downstream side continued to
rise in elevation level (such as in the limestone band
under GRA1.) with the reservoir.

As the reservoir was being impounded stabilization
measures were undertaken in the slip area downstream
of the dam where the first leak appeared during the first
trial impounding. Perforated 80 mm diamster PVC pipes
wrapped with mesh were installed into 110 mm
diamster holes driven into rock. The horizontal
distances driven varied from 11 m to 53 m. These
drainage measures were take to stabilize the slope
against the rising pore pressures which were visually
manifestating. One of these horizontal drainage holes
BS driven around el. 381 m, met water gushing out at

11 i/s at distance of 43m (~ on 14/06/92). This hole -

_was driven to 583 m and grouted. All the 53 m was in

rrsoft ground. This-hivle was close tothie-location where

the burst occurred later in October 1992.

in the ancient slip area, a superficial slip occurred
between elevations 402 m and 416 m- when the
reservoir was at el. 422.62 m. The area affected was 30
m X 60 m x 1.5 m. Water emerged at 6 I/s from this
area. The first trial leak area was exposed excavating
further into the hill, traced the leak to be emerging from

cavernous ’‘limestone’. When the superficial slip
occurred, the leak from the open solution cavity was
around 65 I/s which was then the only major source of
water loss. Nine RI series cored bore holes were done
in this area. The total depth cored was 430 m, the
maximum depth drilled was 70 m. Fresh ’limestone’
was found in some of the boreholes of this area which
indicated that this could be classified as area A. The
collapsed material in this arm chair iike depression was
barley seen. The geomorphological depressional feature
is more probably due to the differential weathering of
limestone in this area.

Two hundred metre downstream of the toe of the dam
on the right bank and 110 m downstream of the access
adit Da is located MS 1 with collar at el. 415 m. In May
1991 as reservoir level moved upto el. 415 m and
above, water from MS 1 flowed out like from that of a
fountain adding to the knowledge of the perviousness
of the ground just downstream of the dam, in the valley
opposite the Mattihakka Ara valley.

The piezometer located in cavity no. 4 in the dam cavity
at el. 401.8 m, 23.31 m downstream of the dam axis
across CH 449.90 m started to respond with rising
reservoir levels in early June 1991. So did the dam
seepage measuring chamber’s volume start toincrease.
The maximum piezometric ievel reached was to el. 412
m, and the maximum seepage measured was 13 I/s.
Seven B series cored holes were drilled along the trace
of the access adit Da from the surface because it was
suspected that water came into the downstream dam

cavity not from across the dam axis grout curtain but -
via downstream across the access adit Da upstream:

into the dam cavity. (See Fig. 5) Seven cored holes
were drilled to a total of 455 m. The maximum depth
drilled was 110 m. A 2 m cavity encountered in B6 was
proven to be connected to cavity no. 4 of the dam body.
When B6 was drained into the access adit Da it was
noticed that seepage in the dam SMC reduced. Later a
dye test too proved that the cavity in B6 was directly
connected to cavity no. 4, proving also that water came
via downstream over the access adit to the dam body.
Many as 8 holes in the vicinity of the cavity B6 was
later driven into the access adit Da to drain off the
water getting into the dam body thus solving the
problem. The added leakage was only about 8 /s.

About 3 km far away in Killekandura ara on the left

bank downstream of the dam a leakage of about 40 I/s
‘securred: when the Teservoir “was around ~eks424uimaci

noticed in June 1992 for the first time. Farmers of the
area had observed a wet soggy patch developing in the
paddy field during the dry spell of the year. The leak in
the area for the farmers around Killekandura ara was a
bonus, where water was assured right through out the
year. How water gets into this area is still not well
understood.
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14.8 The Burst 22, October 1992

The reservoir level was raised continuously and was on
its way to top water level el. 460 m. Most tests done,
the power stations machines were ready for generation.
The maximum elevation attained by the reservoir was
to el. 439.51 on 14th October 1992. The main spring (at
M3} increased until the end of July but stayed constant
at 77.5 is from the beginning of August until 22nd
October 1992 though the RWL increased by 8 m (431
to 439). The water of this spring became muddy during
the 21st October 1992.

Practically all surface, and right bank cutoff adit
piezometers and a few of the dam right abutment cut
off piezometers and D5 in the abandoned adit followed

the RWL very closely with about one day’s time lag
(see Fig. 11).

On the 22/10/92 at approximately 13.00 hours a
spectacular water burst occurred which turned the
Jower lying small spring which gave 77 Us into a torrent
of muddy water.

The burst developed at around el. 400 m in upper
reaches of the same gully where the first leak
developed in June 1991 which is located on the right
bank of the Walawe Ganga some 320 m downstream of
the toe of the dam. The reservoir water level was at el.
438.99 when the burst occurred. The sudden outfiow
triggered an earthslip which resuited in increased fiows
and increased instability until approximately 24.00
hours on 22/10/92 when the outflow stabilized at 7-8
m>/s with the discharge of apparently clean water from
the hill side. The slope had temporarily stabilized but
the access road immediately above the slip contained
tension cracks and was closed for safety reasons. The
slide uncovered an open conduit in ‘limestone’
associated with faulted ground.

At the same time with the burst all piezometers in area

B dropped drastically to el. 419 - 420 m from el. 438.4
m wnthm about 24 hours. The discharge decreased to
5 m/s by the 28th & 29th of October while the GWL
went down to el. 415 - 416 m. From the 29th October &
was notlced that when the discharge reduced from 5
m’/s to 3 m3/s within 24 hours to stay steady for a few
days that then the GWL rose by 6 to 7 m. This sudden
rise in the GWT is attributed to blockage of the seepage
path caused by fallen rock or debris reducing the
section controlling the flow. It is interesting to note that
groundwater responses of piezometers as far as 2450
m apart as in GW1 close to fault zone F1 in Saddle 1
and GW18 in saddle 4 far from the south end of the
grout curtain closely follow in the same pattern in
response to the reservoir.

Immediately after the burst steps were taken to lower
the reservoir water level in a rapid but controlled

manner. By 18 hours the Iow level outlet was fully open
and passing about 60 m 3/s. A fault in the low level
outlet guard valve necessitated the closure of the valve
from 19 hrs. on the 22/10/92 to 12 hrs. on 23/10/32. At
the sametime detailed monitoring of the right bank
instrumentation was going on.

Throughout ’'the burst’ incident (see table 8)
groundwater levels in the immediate right abutment of
the dam, 4 upstream piezometers and 2 downstream
piezometers in adit Db have been affected. Two
piezometers on the trace of the access adit Da just
downstream of the dam indicate also to have been
affected. (B Series).

Weir flows on the Kalunaide ara and on the depression
opposite Mattihakka ara (saddle 1 area) also have
indicated a quick reaction to the burst. it was also
noted that the left bank’s Killekandura ara leak had-
reacted to the sudden big leakage.

All these facts confirm the great extent and the
perviousness of the semiconfined aquifer on which the
reservoir is perched on. Piezometer responses in adit
Db, dam right abutment cutoff, which are only about 10
m below invert, i.e. at el. 380m approximately and the
dam cavity no. 4's response before the drainage
network instalied in the access adit Da indicate fingers
¢f area B very comfortably running into area A of the
cam itself.-(see Fig. 5 and 7).

The evidence obtained indicates that the leakage has
opened up a widely spread natural drainage network.
he natural drainage, which had already got blocked
once issues leakage of 2 cumecs, reading a difference
of about 10 m between RWL and GWL so far.

Tne foundation piezometers of the dam did not react to
the ieakage and the right bank GWiL fall. The
piszometric levels in the valley, downstream of the core
correspond to approximately 1/3 of the reservoir head.
The seepages are very low, less than a ifs as measured
in the seepage measuring chamber at the toe of the
dam. The deformation of the dam is normal. All these
Tacts confirm that the behavior of the dam foundation is
completely satisfactory.

15.0 International Expert Opinion

After the burst international expert epiuon was sought.
loitially three experts were nominated by the
government for what was called third party review
panel. However since they couldn't kave got together
till February 1993, the client desperate to consult them
as early as possible permitted one of the experts
colleagues to visit site in order to report their joint’
opinion with relevance to the terms of reference, before
Christmas 1992. The site visit was made in late
November 92 and discussion with the interested parties
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were held in early December 82. The following are the

tarms of

reference and the main conclusions and

r2commendations of the Third Party Review Report

SMW-1 submitted in late December 1992 by the two
experts jointly:

Terms of Reference for the Review Panel

A

To assess the stability of Samanalawewa Dam, as
buit and under the presently hydrogeclogical
conditions.

To assess the stability of the right bank of
Samanalawewa Reservoir under present and short
term future conditions before remedial measures
are complete.

Toreview available proposals for conceptual design
of remedial measures for the Samanalawewa Dam
and Reservoir and to suggest on the most
appropriate proposal.

The Review Panel Report and recommendations
should be completed and issued to Ceylon
Electricity Board by 25th December, 1992,

#Main Conciusions and Recommendations

1.

w

"The grout curtain has no effect on the seepage
control in the right bank ridge.™ This is due to the
fact that the curtain is not connected to a

~ reasonably watertight formation, particularly in

depth. The extension of the grout curtain so as to

make it efficient would be very costly, time-
consuming and of doubtful result. It is

recommended that no additional work be carried

out on the curain.
The main dam safety, as it can be assessed from

the resuits of the ample instrumentation installed.

hoth

in the embankment and in its foundations, is
not jeopardized by the high water table which
deveioped in the right bank after the impounding of
the reservoir in June 1992. The pressure release
resulting from the water burst of 22 October, 1992,
has a gicbal beneficial effect, the present
conditions being more favourable than those which
prevaited prior to burst. These conditions can be
tolerated without risks for some time. However, for
the dam safety over the long term it is
recommended that the seepage flow in the dam
foundations be better controlled, by additional
drainage, and means to render the right bank ridge
more watertight.

The stability of the reservoir right bank under
present and shortterm future conditions is
reasonabie. However, the sudden opening of new
springs, more or less similar to the water burst of
October, cannot be ruled out, owing to the high
water table existing in the whole ridge. Such
springs could punch the overburden materials

covering some of the gullies slopes, particularly in

the areas of the southern saddles. But it is

considered that such possible events wouid not
threaten the safety of the scheme.

Rernedial measures are required 1o ensure the !ong
term stability of the 'scheme an¢ 1o reduce the
amount of leakage from the full operational tevel of
the reservoir to an acceptable value. Our best
guess of the full reservoir leakage in the absence
of remedlal watertight treatment is between 10 and
20 m’/s. After a detailed review: o the conc epual
design prepared by the Consultants, we generally
support their findings.. The most appropriate
remedial measures both. technically and
economically, consist of additiona! drainage of the
downstream side of the ridge and placement of an
impervious blanket on the upstream side where the
water ingress zones are located. Some
recommendations on these remedial measures are
made in the following sections.

A drainage gallery should be driven along the right
bank abutment of theé main dam, extendmg 300 m
to 500 m downstream, SO a&s tc and
control the natural (but inadeguatel drainage
created by the October water bt urst. This gaiiery
should be equipped with a iarge number oif high
capacity drain holes and with a momtonns sysiem
consisting mainly of flow gauges and piezomeiers.
A blanket, made of properly graded fine materiais,
has to be placed on the right bank slope ard on the
bottom of the reservoir. Placement in water (v
blanketing) is the preferred procedurs, for iis
advantages regarding the programme of ihe WOTKS
(particularly no power shut-down} an
probable higher efficiency as compared
blanket placed in the dry (spontansous pei .
into small voids). Special investigations areregquired
to design the most efficient procedures and to
determine the extent of the area 10 be iined. We

n

helde
org

agree with the investigation programme propossed

by the Consultants.

it will be particuiarly val
conditions for th ;e iow reservoir !emc whic
be obtained soon, down to El 424
recommended-to test the effect of a new ri
El. 430, so as to check whether the 1
water paths are stable or otherwis
seepage measurements at ieast cnce a
every change in the Reservoir Water 'ﬁve
exceeding 0.50 m).

The main and most vital reservoir remedial works to
be implemented for the benefit of the project.is 1o
reduce the ‘leakage to an acceptabie value
(normally not more than a few percent of the
average annual flow), depending on the flow, if any,
which should be released downstream of the dam.

] lar\;e ™ .

in addino
7 aGURIQ

For the stability of the right bank ridge, a drainage
network, in particular in the vicinity of the right dam
abutment, is essential to secure adequate safety on a
long term basis, as a second line of defense in case of
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deterioration of the sealing works provided upstream of
the ridge.

Watertightness and drainage measures. cannot be
considered separately and should be associated in the
same remedial works design. :

The full panel met in February 1993. Finally the panel
consisted of four members and not three members. The
colleague of one of the panel members, who visited site
was the fourth member. Right bank leakage Review
Panel report no. 2 (SMW-2) was the outcome of the full
.expanded panel. There were notable differences
between the SWM-1 and SWM-2.

The following is an executive summary of the terms of
reference and response, the full panel made.

1. "To assess the stability of Samanalawewa dam, as
built and" under the present hydrogeological
condition” -

Response: The dam is a conventional -central core
rockfili on a hard rock foundation designed and
constructed to: current standards and constructed of
satisfactory materials. Its stability could not be affected
by many times the maximum credible leakage that
-might pass through the right abtitment ridge, with full
reservoir level of el. 460.

2. "To assess the stability of the Right Bank of
.Samanalawewa Reservoir under present and short
term future conditions before remedlal measures

are comp{ete

Response: ‘lhe right banK ridge is of non-erodible and
non-pipeabie rock. There are shear zones, and open
joints that exist to great depth. The rlght abutment
perimeter of the reservoir will safely pass any amount
of leakage for full reservoir before any measures are
;taken to reduce leakage.

"To review qvailabie proposals for - conceptual
design -of remedial measures® for the
Samahalawewa Dam and Reservoir and to suggest
the most appropriate proposal”.

3.

-t

esponse: Thé extensive grout curtain .carried out
accordlng to current standard practiceé has not
~ adequately sealed the abutment even for the low partial
filling.~ The unusuai~geological "conditions of open™
cracks at great depth make improvements ofthe curtain -
impractical. The most appropriate measure, with the
probability -of significant reduction in leakage, is
blanketing.

47

.' B)

The following are the conclusions the full panel made.

Dam - The dam is safe for full reservoir and is
independent of right ridge leakage conditions.

- Right Abutment - The right abutment provides a

reliable perimeter for the reservoir at full storage

_level and any credible amount of ileakage. Work is

required to reduce leakage for economic, not
safety, reasons. , :
Geology - Rock foundations are excellent for the
dam. However, tectonic activity has resulted in a
sheared, and fractured rock where the fissures are
open to a great depth in the right bank ridge. The
rock, therefore, is excessively pervious.

Right Abutment Grout Gallery - In contrast to the
adequate rock conditions on the left bank, the rock

" on the right bank was found to present adverse
conditions as more exposures became visibie
during construction. For these unusual conditions
it was logical to increase the grouting program. The
very deep open cracks made the curtain ineffective
in adequately reducing leakage.

Trial Filling - Combining the knowledge of the very

low groundwater levels in the right bank with the

high ‘grout takes gave rise to concern for high
leakage, and logically prompted the trial filling. The
test to water-el. 402 m confirmed this concern.

October 1992 Event - During the first filling the

- sudden release created only a. local stability

problem in the overburden material. The stabilised
2m’ls leakage for water surface 426 is high and
suggests that above 10 m 3/s for full reservoir is
possible. This event verified the need for measures
to reduce leakage. '
Measures for Reducing Leakage - Evaluation of
geology data, experience, and investigations
indicate that wet blanketing is the- most promising
means of reducing leakage.
General _Abutment Drainage - The . reservoir
~abutment rock -drains itself freely and safely. With
reservoir level higher than el. 440 some overburden
~ slides can be expected. They would be of no
consequence and no ridge drainage is necessary.
Dam Right Abutment Drainage - The dam and the
right abutment rock just downstream of the dam, is
safe against high abutment piezometric levels and
drainage is not necessary. However, there is an
unlined access gallery in exactly the correct
location. Additional controlled drains in the gallery
are advisable in this transition zone between dam
and abutment.

10) Qutlet Works - Since it is firmly judged that the nght
abutment and dam are safe for full reservoir, no
modification to the outlet works is necessary.

11) Flood Season 1992 There is no risk to the dam or

right bank stability should the reservoir fill before

remedial works are carried out. Frequent .

measurements and surface observations should be

made during the rising reservoir.

1)
2)

3)

4)

5)

&)

9)




12) Monitoring _during Blanket Placement - The
principal observations will be measurement of the
leakage and observance of sediment and coloration
of the leakage, and recording of piezometric levels.
At the bench end where placement takes place, the
volume discharged for a meter progress' in
extension of bench should be recorded. Soundings
would be made. : '

13) First Filling - There should be no established short
or long term objectives of permissible piezometric
levels or of limits of permissible leakages. '

Further to the conclusions comments were made on
different aspects. The following are some of these
comments. '

Blanket - For the conditions at Samanalawewa the wet
method is the practical and economical method to seal

- the river bed and the lower slope of the right ridge face.
The water level would be the level which enables power
plant operation during placement. Above that elevation,
dry placement is appropriate to thicken the existing
thickness. of the saprolite blanket, were it considered
necessary. Little dry placement is anticipated to be
required.

The mechanism of sealing by the wet method for the
open jointed hard rock, where it is not covered by an
adequate thickness of saprolite, is that leakage into the
rock mass will draw the fine material into fissures in the
rock mass until it is sealed.

Strength of underwater placed material is not needed.
The important consideration is to use fine material such
as the saprolite. Some sand sizes are of course

desirable. The important material is minus # 200 mesh.-

Occasional rocks, but not a foad of rocky material, are
acceptable.

Drainage - During the wet season before the blanket
has been in place, additional drainage of a provisional
nature should be provided. The existing access galley
D(a) in the appropriate location for this drains. All drains
should be fitted with a closure valve. The drainage adit
suggested in Report No. 1 is no longer considered
necessary, because new local sfides in the overburden

can be accepted (see figs 12 and 13).

Outlet Works -'A greater capacity low level outlet could
have been useful in the light of events. However at this

. stage in. the ‘project. it is not justified" to increase
capacity for implementation of the blanket, since it is
firmly judged that the perimeter of the reservoir and
dam are safe for full reservoir.

Flood Season - The panel reasserts its position that
there is no risk to safe performance of the dam and
right bank for full reservoir operation before the blanket
is constructed.. However, as a principle in dam

engineering, spillway gates sh¢uld remain open when .
remedial works are judged to be necessary.

Reservoir Filling -
allowable leakage amount" and a "long term allowable

underground potential head". The answer is that no .

such criteria are advisable as they may conflict with the
proper future actions, dictated by sound engineering
and economic requirements.

Samanalawewa leakage unprecedented.

In a separate page - captioned, Some cases of sealing
material placed underwater, 14 cases of sealing
leakage or constructing blankets underwater were
submitted with the report SMW-2.

Number 15 was a comment on Samanalawewa which
is attributed as an answer to a question raised during
the discussions. It stated that at this time a precedent
sealing of a pervious ridge by underwater dumping of
impervious material, is not recalled. However, it should
be more simple and effective than other precedents of
underwater sealing. A narrow abutment ridge is usually
handled by drainage galleries and a dry placed blanket
over a filter on the upstream face of ridge (Yacambu,
Venezuela 182 m height). The Samanalawewa ridge is
very wide and stable: quite different case than
Yacambu.

Since 22nd October 1992 (the burst occurred) reservoir
levels have been lowered and maintained at or below
el. 430 m. Groundwater levels have remained some:10
m below reservoir level and the leakage volume has
continued. at approximately 2 m’/sec. The spiliway
gates have been kept open permanently (the sill level
446.7 m) taking maximum precaution to ease a major
flood. Apart from the eight drainage holes (DR1 to DRS,
adding to 203 m of drilling) done earlier in the
neighbourhood of boreholes B6 and B7 from the soffit
upwards through the cavernous limestone to ‘the
weathered overburden from the downstream access
adit Da, to intercept the water coming into the dam
cavity via downstream, 21 more drainage holes (PR 9
to DR 29, adding up to 980 m of drilling) have been

done right along the access adit Da, to the dam cutoff |

point, after the panels’ recommendation. (See Fig. 13).

16.0 Project Consuttants Approach

As indicated by the Review Panel remiedial meastré€ts

reduce leakage at Samanalawewa are for economic

reasons, not safety. Both the project consultants and

the review panel have indicated that.

| i) there is no possibility of the dam or the right bank

failing and therefore there is no

risk of a
catastrophic disaster. ' -
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ii) if the groundwater level in the right bank ridge
exceeds that at which the water burst occurred on
22 October 1992 at some time in the future then

~ similar bursts in other area are likely. A

iif) additional water bursts, while being alarming when
they occur, will not compromise the safety of the
dam and reservoir; however they are fikely to result
in increased leakage losses and this would not be
acceptable on economic grounds.

Since the burst, measures are taken to ensure that the
groundwater level in the right bank is maintained well
below the level at which the water burst occurred
(EI.438 m) so that the risk of further instability and
hence increased leakage is minimized. Without
increasing the current water losses from the reservoir
and to achieve groundwater. control the project
consultants have discussed of two approaches which

possibly could be adopted. These two approaches are

as follows.

() Ensure that reservoir levels never reach the level at
which the groundwater caused the water burst. This
could be achieved by operating the projects as run-
of-river scheme provided additional spillway
facilities (called Second Spillway) are constructed
to ensure that reservoir levels remain below El.438
m during fioods.

(i) Create a positive cut-off on the right margin of the
reservoir by either :

a) Extending the existing grout curtain, which has
been agreed by alf pames to be technically
impracticat or

b) Constructing an upﬁream blanket over the areas of
reservoir wal;er maress to control Ieakage fand
hence groumdwater levels,) to less than the
downsiresmre quirernents:at Full Supply-Level. The

“iamket could be constructed either in the dry,
using cenventional techniques, or in the wet by

tipping: “or-demping:

In the case of provision of a Second spillway tc pass
the design ficod of ﬁs's‘f:; "1‘/5 a tunnel“type spillway to
be located below the existing spillway with its forebay
crest eievation of approximately El. 430 without gate
can be considered tc control the reservoir water level
forthe Run-cFthe-River operation use. :

The Consultants have further said that it is to also be"
t the run-of-thesriver type operation wiii ™

'i"-OtGu 1- weiactthal
resutlt in the significant decrease of "Firm Energy".

Accommg to the resu.‘s of optimization study of
Samanalawewa reservoir in the “Additional Study”
carried out by Electrowatt Engineering Services in 1985
and 1986, the energy production at the various
maximum water level (low water level is fixed to be
El.424 m) are summarized as follows:
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‘Taking
_including all the previous costs spent for construction

out when the

SecondaryTotel

Max. Firm

Reservoir.  Energy Energy

Level

(m a.s.l.) (GWh) (GWh)(GWh)

460 366.47 58.83425.30< = Storagetype
operation _

455 338.94 83.1542209 m o d e

(Blanketing) -

450 297.28 120.14417.42

445 '258.74 153.34412.08

440 206.63 200.12406.75

435 147.76° 253.27401.03 ,

430 98.60 296.49395.08< = Run-of-

River operation
mode (Second Spillway)

As seen from the above table, if the Second Spillway is -
adopted for the permanent solution, though the total

energy (firm plus secondary) will be reduced by

approximately 30 GWh compared with the original

scheme the firm energy itself will be decreased to 27%

of the original scheme, 120 MW.

into consideration the construction costs

of dam, waterway and powerhouse, etc., and their
expected annual energy production, economic and
financial evaiuation of the two alternatives were carried
out by consultanis and the Economic Internal Rate of
Retumn (E.LR.R.) and Financial Internal Rate of Return
(F.LR.R.) of each scheme are calculated as follows:

ELRR FlRR.
A. Run-of-the-River type operation
mode with provision of Second
Spittway 32% T.1%.

B. Storage type operation-mode with
provisior: of Blanketing 14.09%7-6%

From the above, it is very clear that the storage type
operation mode with provision of blanketing is
economically much superior to the rum-of-the-river
operation mode with provision of second spillway.
Furthermore, all the-parties concerned have agreed that
the best approach to-control the groundwater level, and
hence leakage, in the right bank of Samanalawewa is
to use the wet blanket approach. This approach, carried
reservoir level is above minimum
operating “ievei,”
power generation (the scheme will be running as arun-
of-the-river plant for the construction period).

The ultimate aim of the nroposed remedial measures
(wet blanketing) is to ensure that the Samanalawewa
Reservoir provides the storage for power production as
originally anticipated.

“ensure the miinimum *disruption t©



The river bed between 700 m and 1700 m upstream of
the dam on the Walawe is assumed to be the area
where significant water ingress to the right bank is
occurring and is to be the main target for blanketing.
The: approxrmate fill volume for this section is estimated
to be 500,000 m>. This conclusion is supported mainly
by the following observations.

1) Beforeimpounding, the groundwater level recorded
in the right bank was flat at about el. 380 m and
fluctuated in response to changing river levels. The

river bed is at el. 380 m around the centre of the

target section between 700 m and 1700 m
- upstream of the dam.
2) Three major faults F-1, F-2 and F-3 intersect in the
target section of the reservoir (and so also is GRA4
and CHA2).

Apart from the main zone of water ingress which is
likely to be within the main target section it is possible
that other zones of ingress may exist. Therefore
provision must be made for additional blanketing work
to be undertaken once the main target section has
been covered. The extent of this follow up work is said
to be unknown.

Three alternative methods of constructing an
impermeable blanket underwater have been identified
and studied :

1. Dumping using dredgers
2. Dumping using bottom dump barges
3. Side dumping using dump trucks

To assess the technical merits of each approach,
simiar aspects of construction have been assumed.
‘the assessment have shown that dumping using
bottom-dump barges has the most advantages over the
other approaches, while dumping using a dredger has
the most disadvantages. Side dumping is almost as
advantageous as using the dump barges except a few
-aspeets; particularly flexibility.

TheBureau's View Expressed.

1706
The “Bureau"™ (Central Engineering Consultancy

Bureau, Colombo 7), as an independent body, for the
first time stepped in to Samanalawewa after the first
trial impounding in August 1991.

- Inspecting -the site in May after th.evsvecond_tr';a!;- -
~impounding in" March 1992 the "Bureau” ‘expressed

serious apprehensions about the response of the right
bank hill with the rising reservoir. The apprehensions
were based in field observations in respect of

(1) the quick potentiometric response of the
piezometers upstream and downstream of the grout
curtain

(2) the discharge of water from the grouting gallery
piezometers when opened

(3) the development of wet patches and springs nsmg
higher up in elevation as the reservoir rose as seen
in the area downstream from the toe of the dam on
the right bank and up the Kalunaide ara, and

(4) the state of the geology and the hydrogeology of
the immediate right abutment and right bank
saddle area.

Migration of water under pressure to the sensitive areas
will cause high uplift and pore pressures in the rock
and overburden. The over burden will not be able to
sustain such a situation. A calculated risk can be taken
and fill the reservoir to the minimum operating level el.
424 m and thus be in a position to test and commission
the generating units. Impounding upto el. 424 m may
cause some embarrassing leakages and slides in the
overburden but no unsustainable instability problenis
with the rock mass as a whole are presently foreseen.
Raising of the reservoir beyond el. 424 m need be
eschewed and the power house operated on a run-of-
the-river basis until suitable measures are taken to
reasonably ensure that migration of water under
pressure 1o sensitive areas and zones is prevented.

Such measures can be

(1) to stop the entry of water to the hill mass by
providing an impermeable blanket in the river bed
and along the flanks

(2) reinforce the grout curtain both in depth and iength
and where necessary in thickness so as to provrde
and effective cutoff and

(3) provide internal drainage downstream of the
existing-grout-curtain to arrest the leakage.

The first.afternative.is not practicable at this stage-and
is in any case only conceptual and uncerntain because
the source of-entry-of water are not-known. and: mayﬁbe
wide-spread:

The second-alternative is achievable but the-exteat-and
cost for getting the desired result could be
unacceptably high. Under the circumstances the only
manageable solution appears. to0 provide internal
drainage which wiil be effective and cheap solution. If
leakage is excessive, it could be-pumped back iﬂ*orhe
reservoir thus conserving water but losrrrg a sr“ i
percentage of enemy

“Some fleld tnals wrll be necessary before workmg out -
the details of the drainage arrangement. This can be
conveniently done from the existing. grouting gallery.
The monitoring of the surface piezometers response
keeping all the internal cutoff adits and abandoned
adits piezometers open to drain was proposed to be
'done by the 'Bureau’ but done only after the burst.

» et *%4%%3"‘*‘ TR,
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The 'Bureau’ in February 1993 presented to the review
panel its proposal 'Remedial measures for leakage
along right abutment hill'. The report stated the
following that:

* It pertains primarily to the immediate right
abutment hill of the dam and does not include the
problems of the reservoir tightness in their totality,
which will consist of, but not limited to, the two
major saddles further south and the likelihood of
the main reservoir at full supply level feeding the
adjoining aquifer met with while tunnelling for the
headrace.

*  There is need to device measures to reduce the
development of pore pressures for stability of hill
which shoulders the dam and to reduce the
leakage from the reservoir reaching the critical
zones and in the process to minimise the total
leakage losses to the extent possible.

- * Internal drainage in multiple tiers has been
suggested to reduce the pore pressure in stage
and thus reduce the flow velocities in the fissures
as also to make spot control of leakage more
manageable. A grout curtain sub-parallel tothe fiow
of the river surrounding the internal drainage
system has been proposed to reduce reservoir
leakage finding way to critical zones (see Fig. 14).

* In the uniikely event of the leakage being still
beyond acceptable economic limits, pumping back

¢ me reservoir will be provided against a head of

upte 80 m to enable its utilization for generation of
power with the available head of 325 m.
Augmentation of the present disproportionately low
bottomoutlet capacity has'been suggested not oniy
for safety of works during initial filling and for
saety and regulation requirements during
impiementation of remedial works but-also on a
permanent basis for a sensitive reservoir like
Samanaiawewa where problems related to reservoir
water-tightness are distinctly existent.

the #mplementation of remedial works will be a
{ime=consuming steady process which-may-run
ever a- period of upto 4 years. Interim power
gengration -arrangements have therefore been
suggested for-partiai-benefits to.the extent of about
40% or-so.

W

“TheBureau's comments on report No. 2(SWM-2)-of the
‘Review Pane! were as follows.

... The Bursau. stated that it.respect the conclusions an
suggestions of the Panel but considered it their
bounden duty to apprise the Government of their views
on the full implementations of the conclusions of the
Panel before the Government embarks upon their
implementation.

The Bureau's comments and views itemwise are
discussed in the succeeding paragraphs.

The safety of the dam structure as a whole was
confirmed by the Bureau as early in August before the
burst. The structural reliability of the rock along the
right abutment ridge against any breach to take place
was never in doubt. it’s primary concern was about the
instability of the mantle of weathered rock and
overburden.

Commenting on wet bianketing for reduction of leakage,
the Bureau gave the following reasons as to why it gave
up it's own consideration for clay blanketing.

(1) River valley is narrow and steep and hence
unsuited for a stable blanket.

(2) There are no well defined points from where the
leaks could be taking place. Blanketing would thus
be a hit-and-miss exercise.

(3) The leakages could be emanating from limestone
bands, faults, and fissures along either bank of the
river and not necessarily from the right flank alone.

(4) Such vulnerability is also expected to exist along
the left flank of Walawe and both flanks of
Belihuloya as well, as indicated from the
geomorphological and structural delineations ofthe
geological features and discontinuities.

(5) The aquifer under question is very extensive. I_t
does exist even at 3 km downstream on the ie
flank of the- dam in addition to that on the raht
bank of Walawe. This was evident from the
response:-ofieakage along the left flank of Walawe
Ganga about 3 km downstream of the dam when
the blow-out took piace in October 1992,

(6) General review cithe surface geulogical features
indicates:that the vuinerable areas-of leakage along.
the right bank of the reservoir along Waizwe
-exterd-upto at least 2-kilometers from the ca:m or

may be-upto-almost the power intake.

{7) A ,doubl_exrsts that_the_location. upstream of the
dam, identified-by-the Panel as-the-muost_probable
majoringress pointcould-even-be an outlet point of
the aquifer. This meeds more study and
investigation.

‘3‘

Commenting on the tecknique-proposed by the Pane!
1o seal the leak by underwater clay dumping, the
Bureau-elaborating the nature of the. comiined aquifer
on which the reservair is:perched stated that thereisno
dependable traction force to suck in the dumped
material from_the reservoir for efficient, effective and
- fast-caullking cf-the-passages™from where the i ingress -
takes place. The proposal to seal the ingress
passage(s) by blanketing in the manner as propcsed by
the Panel may not therefore be as dependable and
effective as it is being considered to be. Apprehensions
such as these may have discouraged the use of such
technigue to seal a steep and pervious ridge hoiding a
confined aquifer in the past and no known precedent
therefore exists. However, if undertaken, it will be a trial
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for the first time. It is important to note here that the
present piezometric head difference is depandent
entirely on unorganised natural burst flow & has in the
past reduced for 5 cumecs to about 2 cumecs and
could be blocked any time by internal rock falls.

During discussions with the Bureau on February 18,
1992 a member of the Panel on being asked the
question, mentioned that no estimate is presently
possible of the ultimate volume of dumping required for
a successful result. Presently it can only be said that it
could be many times more than what can be estimated
at present. The cost and time aspects of the proposal
thus remain loose.

The Panel of experts have given an unreserved view
about stability of dam & reservoir with FRL at el. 460 m.
Their only apprehension is loss of water by increased
leakage. However, such a situation has not been
allowed to occur for reasons not known to the Bureau.

Commenting on the stability of the immediate right
abutment in particular the Bureau stated that:

it is true that the ridge as such is safe against any
breach causing destruction of the reservoir. But the
likelihcod and possibility of blowouts and severe
landslides is foreseen which in turn would adversely
effect the statility of the dam itself in the extreme right
abutment area apart from unsustainable loss of water.
Geomorphological, geological and geo-hvdrological
features along this ridge suggest that the zone along
the fault immediately downstream of the dam is the
most susceptible of aii areas in the right abutment ridge
for blow-outs and slides. The CAL zone just skirts the
dam along its right abutment. This consists of
charnokitic gneiss with 30% impurs-crystaiiine
limestone which has-caverns associateg wirh faults {F1
type) and will get charged with eakage water as the
reservoir rises, causing uplift and bursting pressures on
e thin mantle of overburden material resulting in
progressive erosional siides and blow-outs in the ciose
vicinity of the dam on the downstream side.
Displacement of underlying erodible materials-would, in
turn, progressively dislodge the overburden above it in
thelong run. This can undermine the area on which the
dam abutment is resting which can be very serious.
(seefig. 15).

i8.0 ‘Conclusions

Cawe b g e me s

in April 1991. The first trial reservoir impounding took
place in June 1991. The reservoir bearly rising upto one
third of its designed height started to leak from 320 m
down stream of the dam proving how seriously pervious
the right bank ridge is. The second trial impounding
was in March 1992 after the massive right bank cutoff
1300 m x 100 m grout curtain, where 13500 tons of

e - -with Samanalawewa is very much appraciated: MGz
Reservonr lmpounu.ng was ongmally scheduled to begm
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cement was injected to 53000 m of grout holes. This
cut-off measure which cost half the dam and spillway,
never created a hydraulic gradient across it. The right
bank groundwater table even with the massive grout
curtain kept on rising with the reservoir level. The
October 1992 burst, with a steady leakage around 2
cumecs (for reservoir levels from 426 m to 433 m) has
kept the ground water level almost 10 m below the
reservoir level thus improving the stability of the right
bank area. The natural drainage did get block once
reducing leakage, it could get blocked again. Blow-outs
could happen once again causing more leakage and
ergsion.

The most vulnerable and the most dangerous area
susceptible to failure and erosion is just downstream on

the right bank of the toe of the dam in the Mattihakka
fault F1 area which in not far from the reservoir across

the right abutment. The final 20 m of the dam abuts
highly weathered rock which consist of an erodible
complete weathered seam which took the bulk of the
cement grout of the right abutment. In general rock |
levels just downstream of the dam on the right bank is
around 420 m. The ground level at the toe of the dam |
in around 370 m. Suitable drainage arrangements in :
this area was proposed for safety reasons not taking

any chance.

The history of this project, in detail shows how the
problem of reservoir leakage was proposed to be
confirmed before tender. However the detailed site
investigations were done only during construction. By
then the dam contractor was two years into the-. .
construction programme. G

The reservoir is perched on a very previous extensive
aquifer. Clay blanketing which would. cost another
nearly half the dam & the spillway is unaffordable
because it is not guaranteed. If Samanalawewa stand
to be only a leak problem, why the reservoir is not filled
to FSL (460 m) but kept only at 430 m, using it as a
runoff the river project, demand a valid explanation.
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Table 3 - Samanalawewa Hydr&)-EYecnic Project
Project Organization

CONTRACTORS X -
(1) LOT-1: CIVIL WORKS ~ DIVERSION TUNNELS & RELEVANT
WORXS ;
e i
CONTRACTOR : HAZAMA~KUMAGAL J/V (JAPAN} U
[¢2) LOT-11: CIVIL WORKS - DAM AND APPURTENANT
STRUCTURES
CONTRACTOR : KUMAGAL-HAZAMA-XAJIMA J/V (JAPAR}
COVERNMENT OF SRI LAMKA CLIENT ENGINEER
3 v LOT-1I1: CTIVIL WORKS - INTAKE, WATERWAY. POWER-
1 'EXECUTINC AGENCY SUPERVISING ENGINEER HOUSE & APPURTENANT STRUCTURES
uvisTRY o | |}
POWER & ENERGY CEYLON NIPPON KOEI CO. LiD- CONTRACTOR : SALFOUR SEATTY CONSTRUCTION
i ELECTRICITY ELECTROWATT ENG. SERVI~ i—— INTEPNATIONAL LTD. (U.K.)
i BOARD CES LTD. ASSISTED BY
MINISTRY OF CENTRAL ENGINEERING
. TINANCE & CONSULTANCY BUREAU {4}LOT-1V: POWER GENERRTING MECHANICAL PLANT-TURBINES
l PLANNING DEPARTMENT OF | | SUPERVISING CONTROL SYSTEM & RELEVANT WORKS
] EXTERNAL RESOURCE i‘
CONTRACTOR: MITSUI & €O. LTD. (JAPAF)
DESIGN ENGINEER
FINANCIERS
SIR ALEXANDER GIBB & . :
JAPANESE GOVERNMENT | {pARTHERS IN ASSOCIATION (S} LOT-V: POWER GEMERATING ELEC. PLANT ~ GENERATORS ., !
WITH ENGINEERING POWER ANCILLARY & RELEVANT WORKS i
OVERSZAS ECONOMIC DEVELOPMENT CONSULTANTS - :
CO-OPERATION FUND LTD. CONTRACTOR: GEC ALSTHOM TURBINE GENERATCRS LTD.{U.X.) _ i
U.K. GOVERNHENT (6} LOT-VI : HYDRO-MECHARICAL EQUIPMENT - GATES, |
JALVES, PENSTOCK & RELEVAKT STRUCTURES
U.K. CRANT COMMON
WEALTH DEVELOPEMNT CONTRACTOR: SUMITOMO-MITSUBISHI-KURIMOTO-MARUSHIMA
CORPORATION LLOYDS 3V, {JAPAN)
BANK
(7} LCT-Vii: LOCAL CONTRACTS - CRMPS, ROAD TKFROVE- :
: MENT POWER SUPPLY, 33 kV TRANSKISSION LINE EIC.| i
I
! :
; (83 LOT-VIII: 132 kV LINE & SWITCHING STATION ‘
! < i
CONTRACTOR: COG! ALSTHOM {FPANCE) !
CONSULTAKT {U.X.} & INTER G {FRANCE) i
Quarry and i
jﬂ

Location Remarks »
é’
[N 31 Loft Bank-Sadals 3C E] done
i
s iF Right Bank Saddles 150 450 done i - i
i
4 {23 Juarry 100 300 A1l four propce-
& i3 Quazrry 120 300 %sed were cone i
idench maximam ‘
. : i
: Dam= éAll proposed wof ;
{ $iD 1P} ow the %done and even :
{ {Left Bask 15 {7} ot 1e) 329 imore to deviate
75{P; | jthe Right Bank imnclu- 25¢ 1240 ithe <am axie on
{ jding river bed {the right abut-
; . iment. :
i { Y10 (D) teft Bank 8¢ 17g : H
3sio} { £25 (D} Right Bank 170 1794 i !
s (D1 170(D) 2264(01] :
4 (A 250(P} 238071 1

Right bank core drilling quantity increased to investigate for an advantageous change in i
the dam axis with reference to depth of weathered excavation. :

Saddle investigations with drilling and piezometer instailation were compietely dropped.
+ abutment deep drilling investigations to 250 m (}12) was abandoned at 145.35 m,

i rods-got stuck.{no piezometer was instalied aithough the groundwater wabie was
Gropping}.

3% was done.to a depti of 168.20 m which also-got stuck. This hole was cased toa T S
110 m. (No piezometer was installed-aithough the-groundwater table was droppirg). |

The folicwing borehole-aficr. 138 was j39, this was donc only 102 depth of 70.50 m.
Partial water presseee m&-:suxcnmts‘\.vcfc’pmpos:d tobe done in Ji0, J12, 719 and 326 [

16 study the hydrautic-gradient on the right fank. This study as proposed was not
conducted. ’ !
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Table 5 - The Broad Mectamorphic Stratigraphy ef the Dam and the Saddic Dams

&t woo » 0

™

TPE(Russian}) 1978 Classification JVs/GIBB 1989 Classification
Unit Rock Types Unit Rock Types
Designaticn Designation
- - GRAS Predewinantiy garne-
tiferous granvlitic
gneiss

CHA2 Predominantly
charnockitic with
“Limestone"

GRA4 Interfoliated granu-
litic & charnockitic
gneiss with thin
*Limestone’

GRA3 Granulitic gneiss
*impervious membrane*

Upper Inter-banded granu- GRA2 Interfoliated granu-
Granulite lites, garnetiferous lite and charnockitic
bench & biotite gneisses gneiss with thinr
160 -~ 170 m *Limestone* -
Upper Intexbanded bioctite CAL 1Iorerfoliated charno-
Carboan jand garmetiferocus ckitic gneiss and
bearing gneiss charnockites *Limestome”
fbeench and “limestone’ 20%
40T -
Lower Granulite SGRAY Garnetiferocus graau-
X i lite {marker band}
enh 20-25"=m
Lower Inter bamied 2 Sredominantly charno-
caroon ~lizmsione chite with ‘*Lime-
beariag charmookites bictitef stone’, interfoliated
Eocosavery] -and garnetiferous granulitic and
gneisses wharmockitic-gneisses:
H 156 m- H
b

Table-6 - Sub-division ofthe Jmmediate~damrisht=mutment-an Saddle areas

Area B-

crystaliine=! imestone

§Calciterabment fas a wmineral - 3
im0t encountered}

High groundwater table arcund
el. 419 m

Tignt. ground=at=Cepth

Feathering Jdmited-Lo calkca—-
reous=units-and fauits

Influence of—hvdrothermal.
alteration limited—oaly-in
fingers of “the -area-B-type.

- Highiy -influeaced by hydro—
~thezmad aiteration with many
corresixe—feoatures and dark

is present.

greer—alteration in-rock-cores.

‘Some anhydriteTaS0¢-prese:

—Smectite,~sericite_and

. aakzy:dzi;t:e—obse::ved in cores -

X-ray-analysis.

 -Sclution cawities-rerely

Discortimitfes open cavities-
—foumt~at depths.

- found at-=depth

Micre-hreccia obtrserved-in




Table 7 - Drilling and Grouting, July 1991 quantitics, against March 1992 final

From Adits Ab & Db, dam (From adits I, H & F

right abutment cutoff right bank cutoff adit
Drilling {(m) 11,758/15, 649 15,061/53,293
Grouting (tons) 982/1254 7035/13,641

Table 8 - Burst 22 October 1992 and its effects

Location Response

Piezometers Dam right abutment

cutoff adit DS
SP59 Upstream Reacted
SP63, SP6S, SP67 Reacted quickly
Sp64, SpPe8 Downstream Reacted quickly
Piezometers Right bank cutcff

grouting adit ﬁ
RBS1 adit I - CH 1112 = Reacted guickly i
RBS2Z,3,5,7,8,9,11, Adit H - CH 260-685 m Reacted quickly :
12,14,15.17 :
rBS 19,20,21,22,24 Yacdiz F - CH 0 to 280 m Reacted quickly
& 26
RBS 27,28,%Z¢,zC Access adit Reacted quickly
R8BS 4,6,1C,13,1:8, zometer 180 m Reacted guickly |
23 & 28

3

Fiezometars Reacted guickly |
S§P 53 (D1} : i
ST 56 D2} E i
SP 58 DSy ! i
Piezcmeters fAcrees adit Da along i

trace from the surface
Bi, 82, B3 & 53 Not reacted
MS2, 85 Reacted somewhat!
Piezometers i31ip area 350 m on

iright bank from the

tee sf the dam
RI6, 7, 8 Not reacted
RI9 Reacted somewhat
G#1,2,3,4,5,6,5 & I3fRight Bank Saddle 1 area Reacted gquickly
MG 1,3 & 4
GW 7, 14 & 15 Right' Bank Saddle 2 Reacted guickly
GW 16 {not guite Right Bank Saddle 2 area -
in order} -
GW 18 Right Bank saddle 4 area Reacted quickly
Heir 9
S2 and S4 Kalunaide ara Reacted gquickly
M1 On"the depression opposite jReacted gquick

the Mattihakka ara
DW2 Total flow from right bank §Reacted quick

cutcff works
Stream Killekandura ara 3 km down-{Suppose to have

" istream of left bank reacted

N
(@)
heg
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Tabie ¢ - Grouting Drilling/Grount take, of Dam, Righit Abutment and Right Bank Cutoff
T
Dam : Dam Right Abutment Right Bank Cut-off
Dam Adit Upstream Adits Adit Adit Adit Check
Location Spiilway Body A,B,C & D Ab & Db I H F Holes
i T
. o - 100 1 i
Chainage (m) 0-116 116-396 396-612 0~ 300 1315-9601960-620{620-290| 290~0 [1315-0
I
; 0 - 612 131 - 0
.
drilling (m) 1 1974 5548 8018 15,443 3437 i855¢ ! 946C! 20238 ! 1555
I ;
| 15540 53293
Grout : :
Take (tonsy | 7.7 1.9 61.3 1254 307.714936.4 ; 1524.6(6748.5 {123.3
: 70.¢ 13640.3
Average : , ;
(kg/m} a c.3 7.6 80 8s 266 ¢ 161 334 79.3 |
i : ]
i 4.6 | 258
! 1
&
-
LETT BANK RIGHT BAMK //_\\
H P
: ¥
» . v
i STA.TT5 DAM CREST LENGTH 530.m. / 06
5007 ! <
¢ LS
. 3 AT,
EMBANKMENT CREST LEVEL 463:-5m. o ADIT -A
) == NORMAL HWL 460-Om. :
450 n 150
C ORIGINAL GROUTING SURFACE - ki
N ‘\ GROUTING GALLERY LW.L 424-Om. EL-f“‘ﬂ“
& . = ACCESS GaLLERYf =
iz S~ £L.385-5m.
[Ps00 - - =00
— S~ ARIT O
S DIVERSION >~ . = ;
[ TUNNEL Ne.2—m 1 /(.5\1.0'\'1 LEVEL :
5 DIVERSION i\~ OUTLET T B et I
380 - o et el N — - = 7 55¢
S o <T DRAINAGE PUMP PIT. e | -soTTONM OF —
~ s GROUT TURTAIN
\\ //’
300 | B 1o+ 11 [ \1\‘1\ Lt ’I/ 1 R A i [ S S T—f_>; . N 'O"KOOQ
o [¢) 00 200 306 400 500 6001 7
601-872:m.
STATIONS ALONG DAM AXIS iN METRES ABANOONED STRETCH
LONGITUDINAL SECTION SHOWING DIVERSION TUNNELS GROUTING GALLERY AND
RIGHT BANK CUTOFF ADITS
(T} DRANASE ADIT 20m DOWNSTREAM- OF DAM 2X
INMTIAL  PROPOSAL.
%
K-
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PROBLEMS ENCOUNTERED IN TUNNEL CONSTRUCTION -
(CASE HISTORIES)

A. K. D. N. Atukorale

INTRODUCTION

In most of the hydropower projects in Sri Lanka tunnels
have been used as part of the water conveyance
system. In selecting a tunnel route the subsurface
investigations are done to enroute the proposed tunnel
trace in sound rock because tunnelling through weak
rock is generally difficult and time consuming. But in
some instances these weak zones cannot be avoided
completely and in such situations it is necessary to
minimize the extent of such features. The other
important factor in selecting a tunnel trace is the
stability of tunnel portals. It is generally prudent that the
butk excavation for tunnel portals should be minimized
and the excavated slopes should be stabilized. In some
instances it is necessary to construct a reinforced
concrete portal structure to prevent possible slope
failures.

CANYON POWER TUNNEL (From January 1979 to
September 1981)

The Canyon power tunnel 4.3 km long and 3.1 m
finished diameter having a modified horse shoe shape
is situated on the right bank of the Maskeliya Oya. The
tuAnel intake is located at the downstream of
Maussakelle dam and discharges water to the power
station situated near Canyon dam. The layout of the
features are shown in Fig. 1. The contract for the
construction of the civil works of the entire project was
awarded to the State Development & Construction
Corporation (SD&CC) of Sri Lanka.

The construction of the power tunnel was inaugurated
on February 20, 1978 with the excavation of the 400 m
long access adit. The excavation of the main tunnel
commenced in January 1979,

The bulk excavation for the outlet portal also
commenced during the same perigd. The construction
drawings issued showed 11,000 m* of earth excavation
and 6,000 m” of rock excavation. As excavation
proceeded it was revealed that the rock encountered at
predicted elevation was of highly joined nature and not
- suitable for tunnelling through-it: Subsequentiy it was
confirmed that sound rock was another 10m below the
anticipated level. As a result the extent of bulk
excavation was lowered further by 10m to avoid the
30m ofturmelling through soft rock. The additional bulk
excavation anticipated due to this revision was 7000 m
of earth and 7600 m* of rock excavation.
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The excavation continued according to the revised
drawing when a large cleavage almost encircling the
boundary of the portai excavation was observed after
the cyclone rains on November 25, 1978. The width of
the cleavage was 0.6m at certain piaces and the
maximum depression was about 1.0m. The visible
depth of this crack was nearly 10m at the apex. The
sliding mass was approxi:mateI%SOmxmm which had an
estimated quantity of 30,000m* of moving mass.

As a result of this the location of the outfall had to be
shifted to a new site and it was relocated adjacent but
out side the moving mass where the rock was exposed.
The excavation for the tunnel commenced at the new
location after stabilizing the rock face with rock bolts
and constructing a reinforced concrete portal structure.
Full face excavation was done with 0.6m pulls, 22 nos
of steel ribs were installed at 0.9m spacing before the
tunnel entered the hard ground where the excavation
continued with 2.4m rounds of full face blasting.

The first 17m of the intake drive had to proceed with
heading and benching method using steel ribs at 0.5m
spacing due to the predominant seepage through the
rock and the limitations imposed to contro! the bulk
excavation as the site was-located in the rght abutment
of the Mausakelle dam. At the adit upstream drive a

~weak zone was emcountered which extended to 37m

where full face blasting with 0.6mto-0:9m rounds were
done and steel ribs was installed at 1.0m spacing.

Apart from the above obstructions, the Contractor had
to face two major bad tunnelling stretches, one in the
adit downstream drive and the other in the outfall drive.
The total length of the tunnelling in weak ground was
only 4.85% of the total tunnel length. The rest 95.15%
of the tunnel was in good rock and proceeded with full
face blasting generally with 2.4m rounds. During
excavation of the tunnel, decision was made to divert
the tunnel route twice to avoid further delays in
tunnelling through weak zones and to avoid crossing of
possible weak zones at length.

After completing 310 m of tunnelling in the adit :

downstream drive the signs of steadily increasing
seepage water through rock joints and the detéerioration
of the quality of rock was evident. As a result the depth
of rounds was reduced to 1.2m. At Stn.20 + 74 while
drilling for the biastmuddy water came through most of

- thre drill holes and afterthe blast it was noticed that the

wnnel face consisted of a matrix of boulders and highly
weathered material with substantiai seepage. The
Contractor could not take the precautionary measures
in time and the tunnel crown collapsed progressively.
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As a result of this the Contractor had to make a
considerable effort to stabilize the collapse. Finally
SO0mm x 50mm angle irons were driven ahead of the
tunnel roof as forepoling before the removal of
collapsed material was started. After removing of
collapsed material the drive advanced with heading and
benching method and steel ribs were installed at 0.6m
spacing. Reinforced concrete laggings were used and
the space behind the laggings was filled with rubble.

In this bad stretch the Contractor could achieve only an
average progress of 2m per week for a period of five
months which is very unsatisfactory. This particular
Zone was not so highlighted in the technical report.
Since no signs of improvement was evident even after
42m of tunnelling, a decision was made to suspend the
tunnel drive and to investigate the extent of this weak
zone. A horizontal cored drill hole made from the tunnel
face indicated that another 73m of simitar ground is
present before entering the sound rock. With this
information it was decided to carry out further
investigations in order to find out possibilities of
minimizing the tunnelling through such bad ground.
Three more holes were drilled on the right hand side
tunnel wall fanning out at different angles. The total
core drilling involved in this investigation was 602m
including a vertical hole at the tunnel face. The coclu-
sion of these investigations was to divert the tunnel
route on which only 27m of bad tunnelling is required.
As a result of this decision a 42m of tunnel tength
driven through bad ground with greatest difficulties had
to be abandoned.

~ While excavation was in progress on the realigned

tunnel trace the predicted weak zone consisted of a
completely weathered-homogeneous-kaolinized clayand
27m long was encountered. in this stretch the
excavation was done in heading and benching method-
and steel ribs were placed at 0.6 m spacing. As the
bearing capacity of this material seem to be very low
invert girders were introduced to all steel ribs and the
tunnel invert was concreted with 25 mm diameter steel
reinforcement at 300 mm spacing in both directions. In
addition to this the side walls were also concreted upto
the spring level and reinforced concrete laggings were
used above the spring line.

At the downstream drive a fault was encountered at ' Stn.
38+70 which consisted of moderately to highly

-~ weathered rock.- This zone was initially-excavated with-

full face blasting with 1.2m to 0.8m rounds subjected on
the weathering state of the rock.encountered. Steelribs
were placed in this stretch iotalling to 40 Nos. at 0.92m
spacing. At Stn.38+34 the tunne! face was flooded
with muddy water issuing from left corner of the invert.
The legs of the steel ribs of this stretch were disturbed
and subsequently conicrete piaced surround the steel
ribs.
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Once again the driving of the tunnel face was
suspended on May 31, 1980 and investigations were
commenced to identify the nature and the extent of the
bad stretch. Three horizontal holes were drilled to a

total length of 86 m of which one was parallel to the

tunnel centre tine and the other two “fanning out on
either side. Investigations revealed that this stretch
continued for another 15 m. Water started gushing out
through these drill holes carrying considerable amount
of silt. The rate of water flow through these holes was
11 litres per second at the beginning and flow reduced
to a uniform rate of 4 litres per second within a short
period. The silt ejected by this hole was recorded to be
about 34 cu.m. during the period from June 6, 1980 to
October 25, 1980.

While the excavation continued by heading and
benching method with steel ribs at 0.6 m. spacing the
tunnel roof collap%ed at Stn.37+81 bringing ap-
proximately 200 m* of mud and boulders into the
tunnel. When this failure occurred the tunnel face had
advanced to Stn.37 +73. A cavity was found located on
the right hand side of the tunnel roof having
approximate dimensions of 9 m long 7.5m wide and
6.0m in height. A dried stream running paralle! to the
tunnet was observed within the cavity about 3m tc the
right at soffit level. Foliowing this roof collapse the water
flow from the cored hole at Stn.38+29 stopped
immediately. The rate of water drained from this cavity
was at € litres per second and carried muddy water with
silt.

Core driilling was again instructed after suspending the
tunpel drive on August 25 1980. These investigations
revealed that this condition continued for a longer
length-as the tunnei was running parallel tothe strike.
Aftertive investigations were completed the tunnel was
rerouted within the sound rock. The excavation of the
tunnel was completed-on September 11 1981.

2.VICTORIA POWER TUNNEL. (From-Sept 1980 to.Nov
1982)

The Victoria power tunnel 5.7 km fong and: 6.2 m
finished diameter is situated on the right bank of-the
Mahaweli ganga. The tunnel intake is lecated
immediately upstream of the Victoria dam and the-
downstream portal is-lecated above the power station-at
the start of the surface penstock. The layout of the:
features are shown in Fig. 2. The coniract for
construction of the Victoria power tunnel was awarded

10 the Joint Venture of Balfour Beatty Constructiomid: = = -

and-Edmund Nutall Ltd. (BBN) of Britain.

The main site investigation for the tunnel contract was
carried-out during the period frony November 1978 to
February 1979 which consisted of one bore hole at
Power intake and seven along the tunnel trace of which
three were sunk to locate a suitable location for the
surge chamber. Generalfly the rock along the tunnet

LA



length is very sound with low permeability. It was also
noted that the tunnel will cross a layer of crystalline
limestone twice. Serious doubts about the competence
of this layer was doubted due to the results of two bore
holes BT 201 and BT 204 of which BT 204 encountered
artesian water at a position 8 m below the tunnel line.
There was much concern that considerable quantities
of water might be encountered in the limestone layer.

At the downstream drive significant water was
encountered from the probe holes on three occasions
during the first four months of excavation. On two of
these occasions the water flow was controlled by

- grouting through the probe holes and additional holes.

The crystalline lime stone was encountered at CH5570
and throughout the extent it was sound and almost dry
contrary to the prediction. The drive had progressed
600 m when indication of water ahead was evident from
the steadily increasing degree of wetness as the drive
advanced. A probe hole drilled at CH.5321 to 29 m
ahead encountered water at 18 m. The water flowed
barrel full from the hole and the pressure indicated was
of the order of 10 bars. Fissure grouting was done to
stabilize the zone and excavation resumed after about
233 t of grout had been injected . A major rock fall
occurred on July 31, 1981 after a couple of rounds have
been pulled. The rock fall was accompanied by an
inrush of water estimated at over 500 liters per second.
The heading was compietely choked by the rock fall
which was a mixture of large boulders and highly
weathered material. At this stage it was not possible to
identify the extent of the collapse. In the course of 48
hours after the rock fali the water flow was reduced to
about 100 liters per second. In the mean time it was
decided to investigate the ground ahead by drilling two
horizontal holes fanning out on either side of the
heading. These were drilled to a depth of 100 m and
revealed 8wide fault crossing the tunnel at an angle of
about 30%. The removal of rock fall material which
estimated to approximately 1000 m*° was removed
within a period of two months-and revealed a chimney
to the left side of the tunnel crown ascending to an
uncertain height probably to the order of 30 m. The
neck approximately 4 m X 5 m of the chimney existed
immediately above the tunnel crown through which
occasional rock falls continued. to occur.

For safety reasons it was decided to backfill the neck of
the chimney and the heading below with concrete and

to tunnel JE’LQ‘PMQK': this plug. A 250.mm.diameter hole -
"WasTdrilled through the plug in to the chimney and

concrete placed te form the plug . The tunnelling
through the plug with a crown pilot heading began two
days after placing the plug. The top heading was
supported with arch ribs and extended to new ground.
This was a conglomeration of highly weathered material
with occasional pockets of sound rock with traces of
slicken sideds. Traces of cement from the grouting
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-unsound-rock-furthier 6n was supported with steel arc
"ribs and steel laggings which was a slower exercise

operation was also detected but it was apparent that
this had contributed little to improve the strength of
material. A diagram of rock fall location is shown in Fig.
2. -

While this work was in progress at the tunnel face other
options were being investigated. The core drilling that
had been carried out to investigate the fault zone had
indicated that the tunnel could possibly recross the
projected line of the fault beyond the bend near the
surge chamber. In view of the delays that had already
been accumulated this had serious programme im-
plications. It was therefore decided to investigate the
feasibility of diverting the tunnel so that it could be
avoided entirely.Investigation drilling carried out from
the surface confined more accurately the orientation of.
the fault line and the soundness of the overling
limestone of the proposed relocated tunnel trace.

At the end of the investigations i.e after six months the
decision was made to abandon 120 m of existing tunnel
including the ground hard won from the fault to realign

the tunnel and to relocate of the surge chamber.

This decision meant that the surge chamber was to be
sited over on already excavated section of the tunnel.
Excavation of the pilot shaft for the surge chamber
could now proceed. The original plan had been to drive
the outfall heading to a point just beyond the surge
chamber where the tunnel excavation could be
discontinued and resources moved to the main adit.
There the excavation was to continue on both drives
using two sets of equipment. The accumulated..
programme delays now amounting to about 15 months

encountering additional water bearing features. It was
decided to continue the driving from the downstream
end beyona the surge chamber. To resource this a
three boom hydraulic drill rig and two Cat 980 front end
loaders were air freighted.

In order to allow simultaneous mucking of the surge
chamber and the downstream drive the tunne! was
enlarged at the base of the surge chamber and a
temporary split wall was constructed at the base of
surge chamberto operate mucking independently.

In the adit north drive a major fault that had been
anticipated was encountered. The ground was
supported with shotcrete and mesh. another zone of

than the shotcrete operation.
The tunnel excavation was competed in November 1982

which was approximately ten months behind the original
construction programme.
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SAMANALAWEWA POWER TUNNEL (April 1987 to
March 1990)

The Samanalawewa Power Tunnel 5.4 km. long and 4.5
m finished diameter is situated across the southern-limb
of a large symform in the middle way of the
Mahawelatenna - Kalthota escarpment. The layout of
the features are shown in Fig. 3. The Contract for
construction. of power tunnel was awarded to the

Balfour Beatty Construction International Ltd. (BBCIL) of
Britain.

The site investigation for this project had been done by
several organizations since 1966 and the content of
these reports have been used to assess the anticipated
geological conditions for the design of the tunnel route.
According to the reports about 70 percent of the
tunnelling would have been in good rock with high
strength. In the zones of discontinuities and in lime-
stone the groundwater breakthrough into the tunnel was
expected upto 100 litres per second which would reach
600 litres per second from the entire tunne! length.

At the upstream drive heavy water inflows were
encountered either during drilling of probe holes or
immediately after the face was fired. At Stn.48+10
when the face hit water at a rate of 55 litres per second,
additional holes were drilled to drained the surrounding
area and core drilling was done to investigate the
ground ahead of the face. After the investigation was
completed the face was-advanced by heading and
benching method and the ground was stabilized with
steel ribs and shotcrete with mesh. As the excavation
progresses to Stn.46+99 the heading tunnel
encountered water inflow of 230 litres per second.
Once again a large inflow was encountered at
Stn.45+ 09 which increased to 300 litres per second.
The majority of the tunnel length in this stretch was
excavated by heading and benching method and steel

ribs with mesh reinforced shotcrete was applied to
stabilize the ground.

At Stn.42+ 69 the tunnel intersected a fault infilled with
solution features. Excavation to Stn.42 + 18 continued
in brecciated rock mainly by heading and benching
method with steel ribs, spile bars, rock bolts and two or
three layers of shotcrete which took 10 1/2 weeks. The
investigations carried out suggested that the karsted
fault zone is running paralle! with the tunnel line. Due
to the slow tunnelling progress arisen from these
conditions encountered further investigations were
carried out in the area of Stn.42+69 to Stn.34+ 24,

- The results of these investigations showed that similar

conditions would be encountered further more on the
original tunnel route. These investigations indicate that
any tunnel realignment should be towards the west of
the original route. This would bring the route closer to
the Russian alignment along which -the most sub
surface information is available. After comparing the
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anticipated geological conditions alongthe original route
and on the realigned route a decision was made to
divert the tunnel because the realigned route was likely
to reduce the stretch of tunnelling in weak rock.

Between Stn.36 + 97 and Stn.36 + 67 large cavities were
encountered in the tunnel walls and roof and hit water
at Stn.36+67 at a rate of 126 litres per second. The
cavities encountered were filled with dry shotcrete
blown into them.

A series of roof collapses were occurred in both drives
specially immediately after the face was fired. To
overcome the progressive collapse of the roof and
formation of a chimney above the roof, the pile of
collapse material was shotcreted with the rest of the
face. After the collapse was arrested temporarily 150
mm x 50 mm steel channels were driven along the
periphery of the tunnel crown as forepoling. The
collapse material was then removed gradually and a
suitable support system (usually steel ribs) was in-
stalled. In most of these cases the excavation
proceeded by heading and benching method.

Several wall collapses behind the face also occurred a
few days after the completion of the support system. In
these areas the ground was completely weathered and
quite dry during excavation. While the excavation
progressed the water from the services started
percoiating into the ground and the invert started
deteriorating due to the absorption of water. As a result
the failure of the shotcrete shell occurred. In places
where the movement was slow and gradual and could
be detected by the convergence measurements, addi-
tional supports such as cement grouted rock bolts and
invert shotcrete was placed.

In some instances where the failure was sudden such
as within a few hours after the deformation is observed
and no time is available to provide additional supports
vertical and horizontal struts were placed across the
tunnel quickly to avoid a major collapse. After arresting
the collapse temporarily the deformed supports were
removed and a new support system was installed while
removing the temporary placed struts. After completing
the new support system convergence measurements
were taken until the readings showed a steady value for
areasonable time duration. In places where the ground

moved fissure grouting was done to stabilize the
deformed ground.

At Stn.30+36 on the downstream drive there was a
sudden increase in water inflow and the tunnel
excavation was suspended and arrangements were
made to install additional pumps at the face. However
the increase in the flow was excessive to handle by the
existing pumps and the drive flooded 240m backwards
before the dewatering arrangements were made. The



" dewatering operation” contintied for fiearl

" mesh and steel fibs depending on the ground
conditions encountered during excavation. These eight
ditfferent support systems are shown in fig4. The
ground supports were applied immediately following the
excavation and the New Austrian Tunnelling Method
(NATM) was used whenever appropriate which consist
mainly of rock bolts and shotcrete lining of varying
thickness reinforced by several methods such as spile
bars and lattice arches with continuous monitoring of
deformation measurements.

To deal with large water infiows which was anticipaied
according to the geological report sump niches were
constructec on the left hand side of the tunne! at
approximately 500m intervals with the sump being
below the tunne! invert. These sumps were provided
with two submersible pumps in each having a capacity
of 260 iitres per second. As the high water inflows were
encountered in the upstream drive with a highest initial
flow of 350 litres per second carrying silt inundated the
rail track and water started Howing over the full width of
the invert causing difficulties to the movement of

locomotives. To overcome these difficulties water was
pumped from the face to the adit junction using pumps
until twe side drain channels were constructed along
the tunnel to handle a maximum flow of 350 litres per

second.

Due to the difficuit ground conditions encountered the
tunnel excavation took 33 months to compiete against
the 25 months of original programme and downstream
drive extended 700 m beyond the anticipated break
through chainage due to slow progress in the upstream
drive. The support measures during construction had
to be increased over 340 percent from the original
foreseen guantities, resulting considerable extension of
constructiontime. Severa! face work suspensiondue to
collapses and dealing with excess water inflows also

contributed to the additional time required for
excavation work.

Since there was a large discrepancy between the
anticipated and actual rock conditions some part of the
tunnel lining needed to be reinforced which was not
foreseen in the original design. For this purpose the
rock modulus of different rock grades were required.
To estabiish a correlation between the rock mass rating
encountered from the tunnel logs and the Young's
modulus it was decided to carryout the sample tests on
different rock grades. Eighteen test hole locations were
selected and a refraction survey was done in a ten
meter 'deep bore hole fixing geophones at one meter
intervals. From the data obtained by the refraction
method and the results of some core samples which

y two days g

e . were subjected to point load test
-+ betore the_work_resqmed at face thereafter.

.. develop between the Young's modulus and the rock . L
DT R TR e T R L R " mass rating." This Young's modulus was used o -
Eight ‘support’ systems were developed from the

combination of rock boits, shotcrete with or without wire -

idemifyrthe areas where reinforcement were required.
CONCLUSION = G

i is evident from these three case histories that
information of ground condition provided by the bore
holes is never complete. Drilling of probe holes from
the advance face to explore the ground conditions
ahead of the face is a appropriate method. The length
of the probe hole is generally selected to suit for one
week progress. The flushing materials and rate of
penetration is a good indication to predict the ground
ahead. It was also helpful 10 identify water bezring
zones. Probe holes act as a drain hole in situations
where water present and the effect of water is recuced.

The three case histories discussed above also indicate
that when an  unexpected ground is encountered it is
very important to investigate the extent of the weak
zone and to identify possibie alternatives so that the
decision couid be made in the most economical method
which automatically reduce both time and cost without
abandoning part of the already completed tunnel.
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GEODETIC SURVEYS IN CONSTRUCTION OF DAMS AND TUNNELS

by T. Somasekaram

Introduction

One of the most fundamental rules taught to the
trainee Surveyor is that all measurements are liable to
error. There is no such thing as an error free
measurement. How good a Surveyor the trainee
becomes depends on how well he absorbs this
fundamental truth. On the other hand, the Engineer
constructing a dam or a tunnel would like to know the
exact quantities, length, breadth, height and the 3D
coordinates of every point of interest to him. For
example, you are excavating the Polgolla tunnel from
this two ends, you would like the two cylindrical holes
to mesh as perfectly as possible when they meet, far
below the top of the hilly surface. It would be
disastrous if they failed to meet or even if there was
a mismatch of a f*action of a metre. And just to put
the problem in perspective, we may note that the
vertical at one end of the tunnel is inclined to the
vertical at the other end 6 km away by almost 3
minutes of arc.

How do we solve this. problem, this challenge, of
providing this information required by the construction
engineer as accurately as possible is the subject of
this paper.

2. Geodetic Surveying

As you of the Geotechnical Society know very well,
the word Geodetic is derived from the Latin word Geo
meaning the Earth. It refers to the precise and
extensive surveys which had to be carried out to
determine the shape and size of the Earth, after
Newton put forward his theory that the Earth ought to
be ellipsoidal in shape as a corollary of his theory of
gravitation. in modern usage, geodetic survey means
very accurate surveying and includes precise
levelling.

Geodetic Surveys have a long and interesting history.
Starting with huge theodolites with one foot diameter
circles (large circles being easier to sub-divide) and
invar tapes (invar having the least coefficient of
thermal expansion), large areas of the earth were
covered with Geodetic Triangulation networks. The
Great European Triangulation, the American
Triangulation. The Great European Triangulation, the
American Triangulation, The Great African Arc and
the Trigonometrical Survey of India may be cited as
examples. Mt. Everest is named after Sir George
Everest, Surveyor General of India, who completed
the Great Trigonometrical Survey of India.
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3. The Sri'Lanka Geodetic Framework

In Sri Lanka, a base line was measured in Negombo
in 1857 - you can see the towers at the two ends
along the road parallel to the main road just south of
Katunayake airport - and Triangulation covering the
south of the country and extending to Batticaloa was
connected to the Indian Triangulation by a narrow
chain of triangles. A recomputation was done in 1888.
Triangulation covering the rest of the country was tied
on to this figure at the beginning of this century and
extensive Cadastral Surveys carried out to settle
people in the Dry Zone produced difficulties in fixing
the new work to the old. It was decided to do a
complete recomputation in 1929. The two bases at
Negombo and Batticaloa were measured using Invar
tapes standardised at the National Physical
Laboratory in London, astronomical azimuths using
stars were observed at the two bases and the entire
figure was adjusted by the Least Squares method.
The Geodetic co- ordinates and Plane co-ordinates
were thereafter computed. As a matter of personal
interest, the entire work was done by my teacher in
Cambridge, Mr. J.E. Jackson,when he was in charge
of the then Training School at Diyatalawa, in 1933.
These are the co-ords we have used up to the
present. So all our development work, from Minneriya
and Gal Oya to the Mahaweli, including all the dams
and tunnels, are based on the geodetic co-ords
laboriously and painstakingly computed by Mr.
Jackson using a manual Brunsviga calculator.

Similarly, we have a good primary level net,
observations of which were commenced in 1925. We
have systematically kept the level net updated, by re-
measuring the lines and replacing the lost
benchmarks. The adjustment and computational
procedure not only takes care of observational errors,
but also the curvature of the earth, so that if you tie
your work to a Survey Department benchmark, you
are on safe ground.

But as in all other professional fields, times have
changed - and changed drastically for us surveyors.
In 1948, the Geodimeter, using light waves, was
invented in Sweden and the Tellurometer, using radio
waves was invented in 1956 in South Africa. So the
will-o-the-wisp we Surveyors had been seeking for
centuries, of trying to measure distances without
having to painfully lay a tape along the line, was at
last found. The new methods were both fast and
accurate - and "user friendly” if | may use modern
jargon. The computer also made a fundamental
difference. At Diyatalawa, my teacher Mr. Jackson



has laboured for months to carry out his
computations. In the 1970's and 80's, my students at
Diyatalawa were carrying out Least Squares
adjustments and trying out different weighting
systems, in hours. Practical necessity also arose. We
ran into difficulties in closing some of the EDM
traverses between Trig Stations, not due to any errors
in the traverse, but because they are more accurate.
Work done as part of the training of Asst. Supdts. of
Surveys showed that our Triangulation is not of First
Order i.e. positional accuracy better than 1/100,000
but of second order, i.e. 1/40,000. In some places, it
is worse. So we embarked on a Re-Trianguiation
programme during my tenure as S.G. in 1992, using
the most modern methods and equipment - Wild T3
theodolites, EDM, pre-analysis of the figures by
computer. We hope to add a few GPS (Global
Positioning System) observations before we release
the new figures in 1894,

4. Geodetic Surveys for Dams and Tunnels

As | said at the beginning, Engineers want exact
figures for construction of dams and tunnels. The Sri
Lanka triangulation framework existing now provides
‘an accuracy of the order of 1/40,000 and that too only
on the tops of widely spaced hills, about 40 to 60 km
apart. So what we do in practice is to carry out an
accurate local geodetic survey and tie it to the
national net. So you get co-ords related to the rest of
the country but with no local inconsistencies.
Typically, the local Triangulation points -are
established in close proximity to the worksite, in
consultation with the Engineers. An actual case will
illustrate what is done.

An Example Take the case of the Canyon Power
Project in the Maskeliya Oya scheme. The CECB
requested the Survey Department to fix 22 points in

the vicinity of the proposed tunne!. This was reduced

to 10 points in consultation with the Engineers. The
work had to be done on an urgent basis and was
done in 20 working days, in March/April 1978. A new
Trig point Rickarton was established, inside a triangle
formed by three old secondary Trig points. See Fig..
After the co-ords of the new Trig point were
determined, EDM traverses were run 1o establish the
co-ords of the 10 points.

The total misclosure in each triangle, i e the
difference between the observed total and the sum of
180 degrees and the spherical excess, was of the
order of 10 seconds and each observed direction
received an adjustment of 3-4 seconds. These are not
high precision results, but considering that the figure
was small with the longer side of about 7 km, was
sufficient for the purpose. The angles were observed
by Wild T3 on 4 zeroes i.e. different positions of the
circle, on both face left and face right positions. This
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compares with 16 zeroes, on both faces, observations
at night and spread over two nights, which are the
specifications for truly First Order measurements. In
The results achieved at Maskeliya, the uncertainty is
of the order of 5-10 cm and must have been
acceptable to the Engineers.

5. Dam Monitoring

This fruitful co-operation between the Surveyor and
the Engineer does not end with the Surveyor
providing the required information for the construction
phase. It has become necessary, due to failures both
here and abroad, to monitor dams and tunnels after
they are constructed. We were invited by the
Mahaweli Authority to monitor the dams at
Randenigala, Kotmale, Maduru Oya and Rantambe for
possible small movements. Well defined points were
established on places pointed out by the Engineers
and geodetic observations were made and the results
analysed by computer for a few years. Now the work
is being done by the staff of the Mahaweli Authority.
Both the experimental procedure and analysis wére
designed to detect movements of the order:of
millimetres. Nothing startling occurred during our
period. :

it may interest you of the Geotechnical Society if |
refer to a unique experiment the Americans are
carrying out. The San Andreas fault is a major fault,
visible from the air and widening at the rate of about
1-2 cm per year. it is supposed to be the meeting line
of the American and Pacific Tectonic plates. Trig
points have been established on both sides of the
fault and measurements are carried out every day.
Infact, they went to the extent to flying a plane with a
thermometer and barometer dangling from the plane,
along the line of sight between two survey points,-as
EDM measurements are affected by temperature and
pressure and they were not satisfied with measuring
these at the two ends, as the rest of the world does.
Their interest is that any sudden movement may serve
as an early warning of an earthquake in California. It
may not be necessary for us in Sri Lanka to do
something so drastic, but it may be useful for our two
professions to join together to monitor some of the
reported faults, particularly if they are across dams, at
least once a year.

6. Deformation of the Earth's Crust

Since the theme of you seminar at which | am
presenting this paper is Geotechnical Engineering in
River Basin Development, it may be appropriate for
you to look into what happens to the plastic crust of
the Earth when you impound a large mass of water.
| studied this from a Surveying point of view and a
student of mine S.D.J.P. Dampegama and | presented
a paper at the Annual sessions of the SLAAS some
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years ago. We computed the effect on the Geoid and
the Direction of the Vertical caused by impounding
about 2.5 billion tonnes of water in the Randenigala,
Victoria, Kotmale, Ulhitiya and Maduru Oya reservoirs.
Our computations showed that the Geoid changed by
about one (1) mm in the vicinity of the reservoirs and
the change ion the direction of the vertical was of the
order of 0.01 second. Both are not. significant .
numbers. But we did notice an amazing coincidence.
Practically all the recent landslides have been inside
the are of maximum change. In the South African
case, where the Hendrik Verwoerd dam impounds 5.0
billion tonnes of water, the changes in the Geoid were
of the order of 2-8 mm but the actual crustal
deformation was 30 mm. Your society may perhaps
study this effect and also try to see whether there is
any casual link between the large reservoirs and the
earthslides.

7. Conclusion

The construction of dams and tunnels and their
subsequent monitoring and study, calls for the highest
level of expertise in both the Surveying and
Engineering professions. We have to perform at our
highest professional levels to achieve good results. |
am grateful to the Geotechnical Society for inviting me

to present this paper.
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GUIDE LINES FOR DESIGN OF P’RESSURE TUNNELS
Dr. G. P. Rajapakse

1.0 INTRODUCTION

The earliest tunnels were those evolved millions of
years ago by contortions of the earth’s crust, leaving
vast underground caverns linked by passages of
varying length and size to form underground ways
often extending for miles. Again through countless
centuries underground rivers have worn their way
through rocks deep below the surface. In this way
were created socme of the outstanding wonders of the
world in the form of caves grotesquely ornamented
with stalacktites and stalagmites & figures weirdly
carved from the solid rock. Similar caves were formed
by the action of sea and these and cavern lslands
served mankind for many generations as habitations
and places of refuge. However, such caves are not
tunnels as we understand the word today as they led
no where. Thousand of years were to pass before
mankind found it is necessary to push far wall of his
cave to meet the daylight beyond.

Tunnels constitute some of the most cutstanding and
courageous feats of engineering in the history of the
world, despite the fact that they are hidden out of
sight below the ground and cannot arouse admiration.
Some of the worlds greatest.engineering projects
could not have come into existence without tunnels.
Many essential railways would have come to a halt
before some massive mountain range. There wouldn't
have been no great hydro electric schemes, if there
were no tunnels to transfer the vast amount of energy
stored in rivers, lakes and reservoirs. Tunnels have
contributed to the growth of great cities by providing
means of communications.

Broadly speaking present day tunnels serve the
following purposes:

Route for transportation (railways, motorised
or even waterborne)

Conveyance of water (hydro electricity,
irrigation or drainage, wastewater disposal,
water supply)

Occasionally as route for services - (electric
or telephone cables gas pipe lines) and
conveyance of air or gas from water balanced
air or gas storage in excavated caverns.

in order to achieve the intended purpose and Jor to
satisfy the design requirements tunnels are
constructed at shallow depths (soft ground tunnels)
and at depths (hard rock tunnels) with in the ground.
Soft ground tunnels are ‘mostly used as route for
transportation and major part of them runs through
the developed areas.Hardrock tunnel is characterised
by the ability of the roof of the tunnel to stand up

without special support for extended period of time.
Soft ground tunnels on the contrary requires to be
supported soon after excavation (generally within 12
hours) to prevent collapse of the ground. The stand
up time (as it is called)is also influenced by the
distance which the material is required to span in the
crown of the tunnel. The term softground includes
weathered rocks, alluvial deposits such as silt and
gravels, younger (in geological age) weak rocks and
faulted old rocks. Generally all these materials are
open textured and therefore have high hydrautic
conductivity. These tunnels will not be dealt with in
this paper as it is outside the scope of the theme of
this Seminar. Hard rock tunnels are mostly used for
conveyance of water. Major part of it runs through the
rock. Except for hydro electricity (power) tunnels in
this category are designed as free flow tunnels to
achieve  maximum flow conditions and economy.
Power tunnel flows full and under internal pressure.
This paper is mostly confined to design of Power
(pressure) tunnels and the design process is
adaptable to free flow tunnels as well.

Power tunnels are required to convey water from the
intake to a Powerhouse, which may be either surface
or underground. Such tunnels may begin in soil or
rock and often pass through variety of materials and
geologic conditions before reaching the powerhouse.
Their prime responsibility is to convey the water safely
throughout the life of the project, without detrimental
effect on the surroundings. Such affects may include
excessive leakage from the tunnel, instability of
surface soil or rock resulting from the seepage,
saturation and softening of agricultural land, and
pollution of ground water and surface streams due to
organic content of conveying water. The effects canbe
controlled by careful positioning of the tunnel, and by
selection of the appropriate lining and treatment for
the various parts of the tunnel.lt is esenential to
understand the geologic conditions along the tunnel
route, it’s behaviour relative to the hydraulic forces
that will be applied during operation. For this, geologic
and geotechnical conditions could be defined with
modern  investigation techniques and tests.
Appropriate materials are available to line the tunnel
and to treat the surrounding rock. However, it is
necessary that the conditions be investigated and that
designs established by those who are experienced in

_ Engineering geology and Applied rock mechanics.
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2.0 DESIGN PHILOSOPHY

In the design of a structure, designer has to ensure
that:
(a) the best economic return on capital invested
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(b) the structure does not fail under imposed

loadings.

We commonly think of tunnel failure in terms of
collapse of tunnel lining or surrounding ground.
Failure might include unacceptable displacement of
the tunnel surround (lined or unlined), inundation of
the tunnel by water or conversely loss of water in a
water conveying tunnel. Encountering of unforseen
ground conditions during construction, leading to
delays, additional cost is also 'failure’ in a different
sense. ltis towards these combined requirements of
minimising and avoidance of collapse failure both
during and post construction periods that much
design effort has to be directed. If a design can
satisfy these criteria the other types of failure in most
cases be automatically avoided and the cost incurred
will fall in line with predictions and budget.As the
likelihood of collapse is almost entirely a function of
the ground or rock conditions surrounding the tunnel
with the level of risk affected by such factors as
excavation size, the presence of ground water etc.
Ground conditions are therefore far reaching in effect
and a knowledge of them is of paramount importance
to the tunnel designer. The design for the tunnel
should satisfy as far as possible the following
objectives -

- to minimise Construction cost, construction
time in relation to cost, to minimise
disturbance to others and to simplify the
construction in the short term.

- to minimise maintenance cost, to maximise
capital return, to avoid deterioration
and collapse of the tunnel, to provide
satisfactory environment for the intended
. purpose in the iong term.

3.0 DESIGN PROCESS

"Many difference aspects, disciplines and people are

involved in the design process (for egq.
geology,hydrogeology, geomorphology, rock
mechanics, geophysics, planning, design,

construction) and they must all be drawn together in
a consistent and compatible way to produce the
required result"(Gosschalk, 1985). Mr.Goschalk in his
paper has summarised the design process in which

the tunnel designer should be responsible throughout

as follows:
1. Collection and review of available data
. Reconnaissance of site -
3. Arrangements to obtain additional data
needed (site investigations) r
4, Conceptual design
5. Analysis of data
6. Detailed design
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7. Arrangements for construction (ensuring
construction methods meet design
requirements)

8. Supervision of construction

9. Monitoring of performance (ensuring it meets
design assumptions)

10. Modifying design if necessary (to suit actual
conditions found)

11. Operation and maintenance instructions (to

confirm with design assumptions)

The basic problem designer faced with is the non
availability of adequate time and precise data
necessary for refining theoretical analysis. At the
depths underground common in tunnelling, it is too
expensive and impossible to get the comprehensive
data needed on rock conditions until the tunnel
excavation reached that point in question. The basic
design needs to be decided before then or dangerous
conditions and expensive delays may result. The
basic design is to be based on existing data and
additional data acquired subsequently. Having
appraised the available data, the additional data
required can be assessed and steps must be taken to
get it. Table 1. indicate the relevant geothechnical
data and the site investigation appropriate .in each
case (Goschalk 1985). This must be a well planned.
and well executed thorough site investigation.

4.0 CONCEPTUAL DESIGN

Design of a tunnel falls into two quite separate and
almost unrelated parts

- The shape and size i.e. the profile.
- The alignment of the tunnel, arguably this is
the more important one.

4.1 TUNNEL SHAPE AND SIZE

The intended purpose of the tunnel will have an
overriding influence on the design decisions affecting
the size and shape of the tunnel and form of lining.
The basic and essential problem which should be
considered in the design of tunnel is to eliminate
tangential tensile stresses which increases the width
of joints or originates new cracks and to minimise
tangential compressive stresses which causes
excessive deformation around the boundary of
excavated area. Most tunnels have circular or nearly
semi-elliptical cross sections. The conventional shape
of tunnel is based on the assumption that the vertical
stresses are more than the horizontal stresses in the
rock. Terzaghi and Richart (1 852) proposed that in
geologically undisturbed regions in sedimentary rock
the horizontal stress depends on the magnitude of the
vertical stress and Poisson’s ratio. For a Poisson’s
ratio of 0.25, value of horizontal stress is(
approximately) one third of vertical stress. Based on
this assumption a suitable geometrical shape is either



circular or semi elliptical with major axis in vertical
direction.

Prof.Amirsolyemani (1988) has shown that when the
horizontal stress is several times the vertical stresses
at a point in rock (highly stressed) the geometrical
shapes of cross section be based not only on the
orientation and location of joints or discontinuities, but
also on the basis of direction and magnitude of main
principle stresses within the rock mass. By this
method it is possible to reduce extensively the
compressive and tensile stresses around the
perimeter of excavation.For best strength
characteristics and to reduce undesirable tensions in
rock and concrete, circular, elliptical , horse shoe and
D shapes for tunnels come out best in that order.
However, for ease of access during tunnelling
operations except when tunnel boring machine(TBM)
is to be used, selection will be in the opposite order.
If ground conditions are known to be poor, circular
section should be used. Horse shoe shape which is
commonly adopted compromise between the
conflicting requirements and uncertainties as to
ground conditions.

The minimum size of a long tunnel that can be
economically be driven is about 3 meters in height
and width or in diameter. Hence, even if it is
satisfactory from an operational view point to have a
smaller size, it is not advisable to specify a smaliler
size because it is a factor directly effecting the cost of
construction of the tunnel. The maximum size that can
be constructed full face is about 10 m(30ft). provided
that ground conditions permit such a size in terms of
stability. For larger tunnels top heading and bench
excavation have to be adopted which adds to cost
.and schedule. For water conveying tunnels the
maximum size should be such as not to exceed the
allowable velocities to avoid damage to the rock or
lining. These are of the order of
- unlined water ways

for unpaved inverts 1.5 m/sec.

for paved inverts 2.75 m/sec.
- lined water ways

for concrete 4.0 m/sec

for steel 5.0 m/sec

In the case of power tunnels the tunnel size depends
on an economic study to evaluate the marginal cost of
increasing the diameter(size) so as not to exceed the
marginal present value of the energy which will be
saved by this increase due to the reduction in head
losses due to friction along the tunnel.

For a tunnel where good rock conditions are likely, it.

may be advisable to plan excavation to a size which
can be left unlined. Then if the rock conditions
encountered is worse than expected lining can be
provided and head losses will be relatively low. if rock

conditions are good enough the tunnel can be left
unlined. Further, thickness of lining has to be catered
for in deciding the excavated profile of the tunnel.

4.2 TUNNEL ALIGNMENT

Selection of alignment is less influenced by the
specific purpose of the tunnel and is governed
primarily by economics. The projects layout is
primarily determined by the topography of the regions.
The selection of best combination for maximum Power
generation and location for the best dam sites is
based on topography. However the precise location of
the dam site will depend on the geology of the area.
Then the tunnel alignment has to fit rest of the
Scheme. This will be the shortest route between the
dam and outlet. This route has to be the one which
will present the least difficulties to progress during
tunnelling which will permit completion of the project
on schedule and within the available budget. This is
governed by the ground conditions - geology along
the tunnel alignment which normally take second
place to geology of dam site.

4.2.1 TUNNEL ALIGNMENT -PRIMARY FACTORS

In establishing the optimum alignment of tunnel
number of factors must be taken into account. The
primary factors which are likely to have a dominant
role in overall economic include

- Difficult geological condition
- Schedule for project completion
- Available contractors and equipment

These factors impact strongly on the final cost when
they arise during the course of construction the result
is costly overruns or project delays.

Difficuit geological conditions

Having completed the basic design of the tunnel
based on available data and additional data acquired
the route chosen for a tunnel will be detailed on a
plan and longitudinal section along the tunnel can be
drawn. The possibility of difficult geological conditions
must be carefully assessed and avoided if possible,
by selecting an alternate route even if at first glance
it appear more costly. Determination of these
conditions can often be used with preliminary
evaluation by engineering geologists or engineers
experienced in difficult tunnelling. in some cases such
an evaluation may require drilling or other field
investigations before even a preliminary geologic
assessment can be properly undertaken.

Interpretations of stereo photos is the best way to
discover location of surface evidence such as faults or
fissures (lineaments) which crosses the possible route
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which can then be examined on the ground.
Geological reconnaissance or surveys will define the
orientation of structures at the surface from which
formation and structures of the rock and hence its
likely nature at depth could be interpreted. One of
the most important factors which determines the
stability of the rock around underground openings is
the orientation of joints. In general it is best to avoid
aligning a tunnel paralle! to the planes of main joint
system or fauits or fissures because they usually
result in slabs in the roof and walls with little interlock
with other slabs. The route selected should be such
that portals at each end be located in stable hillside
with rock cover over the crown be more than one
tunnel diameter.lt may be necessary to adjust the
tunnel alignment to pass beneath suitable high
ground with adequate good rock condition above the
tunnel for locating the Surge Chamber or to allow
easier access.

Schedule for Project Completion

‘Many power tunnels are significantly longer and may

take a very long time to complete. The schedule can
be improved by providing additional access adits, by
specifying a certain manner of construction or by
ensuring that majority of the tunnel is driven in sound
rock via a longer route where progress will be rapid
and reduced support and lining are required.

Available contractors and equipments.

The availability of experienced contractors and
modern equipment can be a major concern if the
client is not willing to risk the use of high speed TBM.
Standard drill and blast method have to be used
which will result in longer-construction schedule.
Appropriate access adits, a longer construction
schedule or high speed drill and blasting method may
have 1o be specified. Normally, the specified slope is
0.5% for a tunnel (for gravity drainage) but if
locomotives haulage is planned the maximum slope is
limited to 2% and for pneumatic tyred equipment 10-
12% slope is specified. Steep grade
tunnels(shafts)slopes should be more than 50 degrees
to the horizontal and allow for self mucking.

4.2.2 TUNNEL ALIGNMENT
FACTORS '

Amongst the many secondary factors that impact on
the selection of the tunnel alignment, the most
common and most important ones are:

(a) Hydraulic grade

(b) Prevention of Hydraulic Jacking or Uplift.
(c) Leakage from pressure tunnel

(d) Stability of adjacent slopes

(e) Selection of final lining -

(f) Stability of the tunnel

(9) Rock support-temporary and final
(h) Steel lined length

(i) Grouting

(@) HYDRAULIC GRADE

The tunnel must be maintained below the hydraulic
grade line for all modes of Power plant operation,
including hydraulic transients to prevent sub
atmospheric pressures in the tunnel.This requires
evaluation of head losses by friction along the tunnel
which is a function of type of lining or in the case of
unlined tunnel the roughness of rock walls, size of the
tunnel and velocity. Head losses may be determined
by the Darcy Weisbach formula or the Empirical
Manning equation. These are given in Appendix |

For the purpose of linking the intake to the
powerhouse there are innumerable alignments which
may be chosen. Technical and economic analysis
must choose among factors such as high versus low
level alignments, the use of shafts versus inclined
sections, all satisfying the primary requirement of

Ppositioning the tunnel to ensure submergence

beneath hydraulic grade line. Fig.1, shows a number
of variations that are commonly used. Each of these

- arrangements have advantages and disadvantages

-SECONDARY -
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that must be compared before the most economic one
is selected. Some of the factors which are often not
given due considerations are:-

- Construction access

Inadequacy of the No. of adits required to meet the
overall schedules especially when the tunnel driving
rates are not as assumed. Adding extra adits during
constructions may disrupt the basic designs and add
contractual problems and costs. It also requires that
they are suitably plugged for operating. Intermediate
access adits may also be necessary to handle
suspected delays due to poor geology, whose details
cannoct be obtained in advance.

- Access for steel liner installation.

This requirement may be overlooked specially for
underground powerhouse. Installation of steel liners
should be planned as a separate operation with
independent access.

- Prevention of hydraulic Jacking
The entire tunnel must be set deeply with in the rock
mass to ensure that adequate insitu compressive

stress is available to prevent hydraulic jacking.

- Selection of temporary support and final lining,
handling the drainage ' and ventilation during



construction should also be considered in establishing
the position and alignment of tunnel.

(b) PREVENTION OF HYDRAULIC JACKING OR
UPLIFT

Adequate confinement refers to the ability of the rock
mass to withstand the internal pressures from an
unlined waterway. If the confinement is inadequate
hydraulic jacking may occur. This effect can be
developed if hydraulic pressure imposed within a
jacking surface such as a joint or bedding plane
exceeds the total normal stress acting across the
(potential) jacking surface. it will occur in any direction
where movement of rock masses can develop due to
a lack of adequate compressive insitu stresses. Thus
vertical lifting of horizontally bedded rock, jacking or
hoisting of rock masses towards valley walls,jacking
of rock blocks into adjacent underground openings or
opening of fractures in a compressible rock mass and
existing joints can occur.

This may result in jacking of a large mass of rock
away from the tunnel with excessive leakage and
large scale landslide or instability and even flooding
of underground power houses. When such failures
occur, it often takes many months to diagnose the
problem and complete repairs. The: financial losses
will be heavy with considerable distress to inhabitants
due to power shortage. Therefore, a careful and
conservative design to prevent problem of this nature
must be adapted. When compared with project delays
and lost revenue, the cost of actual repairs, and the
mental anguish of having to redo an unsafe design,
the cost of using necessary additional steel liner or
reinforced concrete liner (not necessarily an
appropriate solution always ) to ensure a conservative
design is well justified.

For many years unlined tunnels were located by
ensuring that the weight of the rock, and in some
cases the soil, vertically above the tunnel was at least
equal to the static water head. This vertical rock cover
criterion is appropriate for relatively flat topography.
Many failures have occurred due to a deficiency in
vertical cover criterion. However, where the power
tunnel approached valleys and either frontal or lateral
cover was low or where geologic conditions resulted
in low stresses, failures have also occurred.

Once the problem of low stresses was recognized,
steps were taken to either measure the rock stresses,
or to estimate the probable stress levels by stress
analysis. Rock stress measurement could be done
either by over-coring or by Hydraulic fracturing test.
Photo elasticity and finite element method could be
adapted to assess stress conditions around valleys.
Hydraulic fracturing test conducted in drill holes is
principally used to obtain a measure of the minimum
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principal stress in the rock mass and can also be
used to measure the three dimensional stress field.
This test simulates the actual effects that will be
imposed on the rock by the tunnel water. It is
important that drill holes used for this test crosses all
joint systems, especially through going or master
joints, and those which are sub parallel to valley walls.
All these tests must be performed and interpreted
carefully to ensure that insitu stresses of the rock
mass is being measured and not some characteristics
of the pumping system.

Based on the results, designer can rationally position
the tunnel or design a suitable lining to resist
hydraulic forces if the tunnel cannot be safely located.
Other designs methods, such as grouting, and
pressure relief and drainage, can be used to limit
seepage pressure and thereby prevent Hydraulic
jacking. Such methods are not considered to be a
safe approach and therefore cannot be
recommended. This may be used where potential
failures can be tolerated or when a problem has
arisen that cannot reasonably be solved by a more
direct approach. However, such measures must
always be taken in conjunction with sound geological
interpretations, to ensure that the design measures
are compatible with the behaviour of the various
geological materials when subjected to high pressure
seepage water. Material boundaries,probable stress,
permeabilities and deformability (modulus) must be
determined by appropriate geologic and testing
methods.Hydraulic jacking can only be prevented by
steel liners that accepts the full internal pressure
without contribution from the rock.

In the event that data on insitu rock stresses are not
availabie, simple design rules can be followed that will
ensure safety. For a pressure tunnel positioned
beneath a near horizontal surface vertical rock cover
criterion for confinement (see Fig.2.) may be adequate
subjected to the conditions that insitu stress
measurements will be made during construction. Due
to the differences in densities of soil and rock it will
be necessary to calculate the overlying weight
separately.This is significant in areas of deep tropical
weathering.In the absence of soil cover or when it is
removed by land slides only the rock cover is adapted
in calculations. :

A factor of safety of 1.3 is adequate against up lift on
horizontal planes such as bedding planes or joint
combinations. In the event that the lateral stresses are
lower than the vertical,consideration must be given to
hydraulic jacking against vertical planes(joints. or
faults)particularly where deformable rock exist. In
steeper topography the side cover may govern,in that
it can be less effective than the vertical cover.in view
of this the criterion shown in Fig.3 was developed for

¢
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the Snowy Mountains project in Australia. Norwegians
based on

their experience developed the criterion shown in
Fig.4.1t is the minimum rock cover(minimum distance
from the tunnel to the rock surface) C.rmie used. The
varying slope angle of-the valley side is included in
this criterion. Fig.5. is a comparison of the minimum
cover ratio C.rm/H.s obtained when using the above
criteria for slope angles from 0 to 70 degrees. it is
evident that, the Snowy

Mountains and Norwegians criteria are in fairly close
agreement and show increasing minimum cover with
increasing slope angles. On the other hand vertical
criterion yields decreasing minimum cover with
increasing slope angles, and at steep slope angles it
becomes increasingly incompatible with the project
performance observed. For preliminary layout in terms
of minimum requirements the Snowy Mountains and
Nowergians criteria are very useful tools.

For pressure tunnels positioned near slopes or valley
walls, detail consideration

of the stress environment is necessary. Particularly in
ridges, protruding rock

noses stresses may be relieved and therefore give
reduced confinement. This is

magnified in the upper portions of the above, where
as at the base stress intensification commonly exist.
Broch(1984) recommended that the topography be
diagrammatically corrected to match the overall
topographic contours of the surrounding landscape
when drawing section for the purpose of assessing
minimum cover. This procedure must be done both
longitudinally and laterally to account for irregular
topography beside the tunnel. This method is as
illustrated in Fig.6. Even with adoption of these
apparently conservative rules,hydraulic jacking test
should be conducted at the critical points along the
tunnel.

(c) LEAKAGE FROM PRESSURE TUNNELS

The consequences of excessive
Pressure tunnels are:

leakage from

- Loss of generated revenue
- Loss of revenue from dependent industries
- Cost of pumping, if the leakage water is

- Spring formation above erodible materials in
. valley sides leading to mud slides.
- Tunnel or shaft instability through piping of
erodible, or leaching of dissolvable
materials.(Brekke & Ripley,1987)

Excessive leakage can occur from pressure tunnels
in two ways. Firstly by hydraulic jacking and secondly
through permeable geologic features and the internal
pressure exceeds the external ground water pressure
despite adequate confinement. Method of dealing with
hydraulic jacking have been discussed previously.
The problem of permeable geclogic features is more
difficult to deal with because there are many
possibilities for leakage paths. Locations within the
unlined pressurised waterways which may be
particularly leaking include areas without adequate
confinement, areas of local instability area with abrupt
changes in cross sections and flow where thrusts
develop, and intersections with high permeably
leakage paths. Leakage paths are commonly
associated with open joints, broken dikes crushed
rock in shear zones or adjacent to faults, and
permeable beds. Less common but equally important
leakage paths include - solution channels, the
excavated disturbed zone of rock parallel to the
waterway and poorly grouted drill holes. These paths
will usually dominate leakage in terms of flow
quantities and directions, and only infrequently will
leakage occur uniformly.

Leakage assessment involves observations
measurement and interpretation of geological and
hydrogeological conditions of the surrounding rock
mass during investigations, construction and initial
operation. During investigations information on the
natural ground water regime can be obtained and
used in combination with information on the geological
conditions to develop leakage patterns. Surface
springs if any should be mapped and then flow
quantities monitored. Bore holes can be used for
geological interpretations, for pressure testing relative
to permeability and hydraulic jacking. Piezometer can
be installed in some bore holes in order to monitor
pressure during construction and operations.

During construction in addition to geological mapping
and identification of potential leakage paths leakage

collected in sump in underground power statioris to the openings (Tunnel) can be mapped and flow

- Operation, maintenance, and aesthetic

problems when leakage enters the P.H. area

- Development of high hydraulic pressures
behind low relative permeability features
within the rock mass leading to vailey side
instability.

- Development of high hydraulic pressure
around steel fined concrete encased sections
leading to buckling of the steel lining.

85

quantities monitored in a manner consistent with
observations of surface springs and piezometric
levels. This information could be used to estimate
rock mass permeabilities and potential leakage during
operations. However, the leakage potential may well
be underestimated if the confinement or rock cover is
inadequate, or if leakage paths contain soluble
materials. Also, for sites where leakage is
predominantly along joints the rock mass permeability
will likely to be lower during construction than during



operation because of lowering of the water table, an
increase in effective stress across the joints and an
accompanying reduction in joint aperture. During
initial filling (critical period) and long term operations,
leakage rates piezometric levels and surface seepage
should be monitored to detect changes in the leakage
conditions. Some leakage (Seepage) loss may be
allowed depending upon economics and the probable
effect of seepage on the stability of the terrain and its
effect on the environment. If possible, the tunnel
should be placed such that the hydraulic grade line is
below the permanent ground water table which is
evaluated by experienced geologist or
Hydrogeologists based on the data collected (referred
to) earlier. The most common impervious lining used
for leakage control is steel with a concrete or
concrete/grout surround. A composite liner can be
utilized where the steel is thin and an inside layer of
concrete provide buckling resistance against external
pressure. Other types of impervious lining which have
been used are bituminous coated copper, sprayed
rubber, and plastic normally with a concrete liner
placed inside to cater for buckling. However, very little
performance data is available on them and the design
and construction is complicated. Concrete and
shotcrete applied without reinforcement must be
considered as pervious, when reinforced will act as
semipervious lining utilizing enough reinforcements to
distribute and control cracks to a specific width. With
carefully controlled techniques and pressures,
grouting can be used to reduce permeability around
a reinforced concrete liner.

(d) STABILITY OF ADJACENT SLOPES

An important consideration in assessing the
consequences of leakage from pressure tunnels and
shafts is the stability of surface deposits on adjacent
slopes. Of particular interest are the relative
permeability of the surface deposits and the rockmass
in terms of pressure induced failure, as well as
susceptibility to flow induced mud debris slides.
Attention needs to be paid not only to slopes in the
immediate vicinity of the pressure tunnels and shafts
but also to slopes in the more general area that may
be susceptible to failures because of connected
leakage paths. When the surface deposit are of lower
permeability than the leakage paths in the rock mass
leading to them, water pressure will develop behind
the deposits, so that susceptibility to sliding will be
increased. It should be noted that high water
pressures can develop behind low permeability
features within the rock mass and can lead to deep
seated failures. Stability of the slopes should be
established under these conditions with adequate
investigations and studies.

() SELECTION OF FINAL LINING

For a pressure tunnel selection of final lining is a
process which begins in the design stage but does
not end until construction is complete and the
geological conditions are known in detail. Preliminary
liner design may be modified to suit actual conditions
observed in the tunnel during construction. This
aspect has to be catered for by providing flexible
specification and contract document which allow
design modification without unfair penalty to
contractor and the client.

There is divergence of opinion on the use of lining
amongst designers. Some favour completely lined
tunnels on the basis of ensuring long term
performance without the need for any maintenance
work during operation. Others have championed the
advantages of unlined or partially lined tunnels with
acceptance of local fall outs, provided they do not
prejudice operation. Between these limits there are
many options which attempt to optimise cost and
performance, but common guide lines for selection of
the final liner do not exist.

Basically three factors bear on the selection of the
liner.

- Achieving acceptable head loss in the tunnel

- Prevention of excessive leakage either by
seepage or hydraulic jacking.

- Ensuring long term stability during filling
operations and dewatering. '

Headloss

Head loss through a tunnel is principaily a function of
the wall roughness, the diameter and the velocity. As
a result hydraulic equivalence can be obtained
between a larger diameter unlined tunnel versus
smaller lined tunnels of greater hydraulic efficiency.
With small tunnels (3 m) in dia there is a great need
for a smooth lining to maintain acceptable head
losses. However as the diameter is increased, the wall
roughness has less effect on head loss and
equivalence is achieved with small diameteral
changes. These factors must be assessed in terms of
excavation and support cost for both the temporary
and final lining and the schedule advantages of
unlined tunnel,when the host rock permits and unlined
tunnel. In addition the advantages of TBM which can
achieve a smoothness almost equivalent to concrete
must also be considered. Selection of the most
suitable lining for aspect of acceptable head loss is
then a complex -but standard matter of project
economics.

Leakage control

Factors which control the leakages have been
discussed in a previous section. :
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- (f) STABILITY OF THE TUNNEL

The final lining selected must -ensure adequate
stability of the tunnel through out the project life i.e.
fall of rock or shortcrete or concrete should not occur.
Such an approach requires continuous concrete liner
or very high quality rock with extensive rock bolting
and shotcrete over an unlined tunnel. On the other
hand less support and lining with minor falls in the
tunnel such that they do not hamper operation or
cause a significant eénergy loss considered
acceptable. The difference in cost and construction
schedule between these two design approaches can
be very great and significant economic benefit are
possible by selecting the approach which allows for
minimum rock fall, with periodic inspection and
maintenance. There are many design approaches
possible, out of these the best economic benefit could
be achieved by selecting the approach which allows
for minor rock falls and periodic inspection and
maintenance. To ensure stability the lining designer
must include consideration of the following:

- erosion of rock or joint filling by water flowing
under pressure.

- rock support, temporary and final

- hydraulic pressure during watering and
operation, dewatering

Erosion

Velocity of water in unlined tunnel does not normally
exceed 3 m per second and can cause a progressive
erosion of weak rock, resulting in rock fall which can
reduce the capacity of the tunnel or in the extreme
cases entirely block the flow. The erosion may occur
in soft rock, shear or fault zones, or in blocky rock
containing clayey or silty seams and veins. Apart from
erosion during the operation, materials from these
zones can be piped in to the tunnel through cracks,
joints or drains holes during dewatering when external
pressures around the tunnel are high. The location
requiring protection must. be identified during
excavation by experience engineers or geologist and
should be treated during construction.

(9) ROCK SUPPORT-TEMPORARY AND FINAL

- Rock reinforcement is required on a temporary basis

during tunnel driving and or permanent support
during operation of the power tunnel. The degree and
the type of support for these conditions can be
similar, specially for hard massive rock where no final
lining is required, and where rock boits and shotcrete
are required for both temporary and final support.

be necessary to follow excavation and temporary
support with subsequent additional support, up to a
complete concrete lining. Invariably the temporary and
final support requirements are established by
experience during driving of the tunnel. The general
support requirement, however, must be determined
during design so that appropriate specification and
construction methodology can be adopted, that will
ensure an economic project, and a minimum
construction schedule.

Various classification systems for assessing
temporary support exist. In 1846 Terzaghi developed
a rock classification system for estimating the loads to
be supported by steel sets in the tunnel. Since then a
number of other classification system have been
developed on the basis of numerous case histories.
Some of the more common classification system
include:

- Terzaghi’s rock load classification for steel
arch supported tunnels 1946.

- Deere’s RQD and Merrit's method 1972

- Wickham's rock structure rating 1972.

- Barton’s Norwegian Geotechnical Institute
(NG}) Index classification 1974.

- Bienawski's CSIR method 1976

These systems are helpful in both design and
construction planning but do not address all variables,
no are trhiey uniformly applicable to all types of rock
and various <conditions of rock quality. Thus,
application must be based on good judgement and
experience with various geologic condition.

Following are some specific design points for unlined,
shotcreted and concrete lined tunnels. Provided the
rock is hard and durable, and not susceptible to
solutioning, the tunnel can remain targely or fully
unlined. Special zones or areas of weakened rock can
be treated with grouted rock bolts and shotcrete,
requirements can be estimated utilizing the
classification system previously discussed.

Shotcrete is an effective way of improving the stability
of tunnels, used in conjunction with rock bolts or
passive grouted anchors as in new Austrian tunneling

-method (NATM), a highly adoptable support system

can be developed to meet conditions observed in the

field during tunnel driving. With the addition of fibre -

Alternatively ‘in weak, heavily cracked or highly. .

erodible rock, the temporary support required for
tunnel driving may be modest, but extensive support
or lining may be necessary for operation. Thus, it may

87

reinforcement and silica fume the strength and
deformability can be varied to meet special
requirements. Shotcrete can be effectively used in
most rock conditions. However, for clay stone or weak
poorly cemented rock,shotcrete may not adhere
properly or may fail easily at the contact. For such
conditions, interaction with the rock achieved with
mesh reinforced shotcrete and pins is not necessarily
achieved with fibre reinforced shotcrete. Thus,



selection of the most effective shotcrete method is
necessary.

Concrete lining represent the most effective method
of ensuring stability while achieving a hydraulically
efficient tunnel due to the smoothness of the surface.
Construction methods are available that can provide
homogeneous concrete with minor imperfection such
as cold joints, thermal cracking and honey combing.
Even with good mix design and good construction
techniques because of such imperfections which are
inevitable and because of the variable deformability of
most rock, lining cannot be considered as impervious.

Due to associated cost and increased construction
schedule, selection of concrete as a support medium
should be the last resort. Nevertheless, where other
support methods will not be effective concrete is an
excellent solution.

The lining must be designed for these conditions:

- to support the external rock and water load
that will be imposed during operation. In
specific cases swelling rock may introduce

} loading.

- to ensure integrity of the liner under internal
pressure. (conditions where seepage outflow
is not of concern and concrete cracking
without dislodging pieces is acceptable)

- to limit seepage outflow by limiting cracking to
a tolerable limit.

Lining can be designed by utilising appropriate thick
wall cylinder equation adjusted for the recognition of
radial cracking in concrete and varying moduli values
for rock layers behind the lining. Alternately, finite
element methods are very suitable for this problem.

The thickness of the lining required depends on the
size of tunnel and the hydraulic forces that will be
applied. Generally thickness less than 0.2 m are
difficult to place and thickness greater than 0.7 meter
are rare. For majority of cases where concrete is
required’ for stability due to external
loading,reinforcement is not necessary. Unusual
cases such as squeezing rocks, or very high external
water pressure may however, require reinforcing.
Reinforcement is not required for the internal pressure
conditions unless severe cracking could occur
resulting in dislodging concrete pieces specially in a
dewatering conditions. However, if reinforcement is
considered necessary, it is prudent to design to limit

cracks to 1 mm. Thus deformations can be allowed

that would result in a few concentrated cracks of up
to 3 mm before reinforcement would be necessary. If
reinforcement is considered necessary, them it should
be designed to limit cracking to 1mm in width, with
cracks distributed around the liner. Appropriate
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desigﬁ methods are available to calculate the
deformations and load sharing among the rock,
concrete and reinforcement.

(h) STEEL LINED LENGTH

The length of the steel liner must be carried to a point
which satisfies two conditions:-

- . Hydraulic containment

- Acceptable hydraulic gradients

The requirement for hydrautic containment has been
dealt with earlier. Once this is satisfied, then it is
necessary to ensure that the hydraulic gradient from
the end of the liner to the nearest exit point is low
enough to prevent instability of soil or rock at the
point of exit. The possible ways of developing such
instability are:-

- uplift beneath impervious, soit or rock layers
over lying more pervious rock

- erosion and piping of soil at the ground
surface or at pervious layers within the soil.

- erosion and piping of a fault or shear zones
existing at the ground surface or at an
underground opening. '

- Hydraulic jacking of rock blocks
underground openings.

in to

To eliminate these possibilities it is necessary to
prevent the development of excessive water pressures

by installing suitable drainage. No damage can occur

provided that the high hydraulic pressures are
dissipated in the rock marss near the end of the steel
line. However it is essential to understand the
geological condition and the relative permeability of
the various materials in designing the drainage
system. '

@ GROUTING

Grouting is undertaken over various portion of the

tunnel for the following reasons:-

- Contact grouting. to fill large voids between a
placed concrete lining or concrete back
_packed steel lining, and the surrounding rock.
Low pressures are normally used

-+ Skin grouting. To fill the annular gap between

e a steel lining and its concrete encasement

which forms due to concrete shrinkage, due
to plastic set in the rock during loading and
unloading, due to the differential temperature
between the liner and the rock.
Consociidation grouting to consolidate blast
damaged or relaxed rock and to reduce
leakage. Improvement of the modulus of rock
is claimed by some investigators, but it is a
debatable point.(see Fig.7.)

[
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In atunnel, grouting process commenced with contact
grouting which is confined to arch area. Stable mixes
1:1 cement/water by volume or thicker with 0.5% to
1% bentonite is pumped using pressures of 3 kg/cm2
through holes spaced at 3m interval.

Skin grouting is normally the second step. Grout
mixes must be thinner with about 2% bentonite to
improve fluidity and penetration. Grouting should be
done in rings (6-8 holes per ring) moving up slope
with forward holes open tg allow drainage. Pressures
of up to 50% of the steel liner buckling pressures are
appropriate to ensure against localised loading and
buckling.

Consolidation grouting is the last step and is done by
the ring method, moving upslope and grouting
through the same holes as the skin grouting with the
packer attached to the steel liner. A second grouting
of the gap as well as the fractured rock can be
achieved. Care should be taken to limit the maximum
pressure to 75% of the buckling pressure. By this
method in addition to consolidating the rock, it lends
to induce compressive stresses in the concrete/steel
liners.

Consolidation and contact grouting of a tunnel lined
only in concrete is done to the same general criterion
as a steel/concrete section. Leakage control grouting
may not be effective if the leakage occurred as a
result of hydraulic jacking.

5.0 OPERATIONAL ASPECTS

External Pressure Relief in Lining Systems is
achieved by providing weep holes spaced at 3m
unless special geological features dictates closer
spacing. Flat concrete invert slabs are susceptibie to
uplift and even when used in unlined tunnels will
require weep holes. Pressure relief valves in lining
and header pipe systems can also be used, but
clogging due to calcification and debris must be
considered. '

Plugs are typically located in construction access
tunnels at the inter section with unlined and concrete
lined pressurised waterways to control leakage. They
must be designed to resists side shear and prevent
excessive seepage around the plug. They are typically
constructed with mass concrete and both contact and
consolidation grouting are required.

Traps for collection of soil and rock are necessary for
unlined or shotcrete lined tunnels, and where debris
can enter from the intake or surge shaft. They should
be located up stream of the concrete or steel lined
portions. To reduce their first filling it is advisable to
pressure wash the tunnel walls.
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Invert treatment of unlined water ways ranges from
simply removing excess tunnel muck to grading
remanent muck and covering it with asphalt or
concrete pavement. The advantage of removing or
covering the muck is the reduction in material which
can be transported along the tunnel during operation
and therefore a reduction in the required debris trap
volume. The advantages of a paved invert are
reduced hydraulic roughness and headloss, a sound
surface is provided for construction, inspection, and
maintenance vehicles and increased allowable
velocities.

Initial filling of the pressure tunnel should be done in
a controlled manner. Filling the tunnel slowly allows
pressure equalization to occur and thereby limit the
deformation of the rock and liners. By careful
monitoring of water levels in the surge chamber it may
be possible to asses the leakage out of the tunnel or
if leakage accelerates at a specific internal pressure
hydraulic jacking or piping may be occurring. The
surrounding area also should be monitored before
and during initial filling. Dewatering of tunnel should
also be done carefully as in the case of watering of
the tunnel with necessary parameters monitored.
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TABLE1

GEOTECHNICAL DATA .

Geotechnical Data

Preliminary information

Geological description

Rock material strength and
deformation characteristics.

Rock mass index properties.
Discontinuity data :

- description

- orientation

- spacing

- continuity

Discontinuity shear strength
characteristics

Rock mass deformation moduli

In situ stress measurements

Unit weight

Groundwater conditions

Seismic data

Site Investigation

Published and unpublished geological maps, reports,
memoirs etc.

Records, logs of excavations, boreholes etc. in close
proximity to proposed project. Stereo-aerial photograph

Surface mapping, core logging etc.
Laboratory testing (uniaxial and triaxial)
Assessment or rock quality (eg R.Q.D)
Point load testing etc.

Surface mapping

Structural logging of boreholes
Core orientation

Mapping of surface outcrops and completed excavations

In situ shear testing
Shear box tests

Geophvysical methods
Borehole modulus gauges
Plate bearing tests
Monitored excavations

Borehole stress meters
Deformation gauges
Strain cells

Laboratory testing
Piezometric measurements
Packer tests

Visual inspection of excavation

Published seismic records
Vibrograph measurements

90

v



I ~34n9i4

'S3W3HOS TANNNL ¥3IMOd SNOIMYA

NMOHS SY 3ASNOHYIMOd ANNOUOUIANN ¥O 3IoV4UNS
NMOHS LON SW3ILSAS NOILNEINLSIA - AINO T3NNNL 3T9NIS

NMOHS LON S31LIMOV4 3suns .S31O0N

AV0LSN3d 30V4uNS
HLIM  T3NNAL ¥3MOd T3A3T HOH 4

TANNNL ¥3IMOd 9NIJOTIS 3

LAVHS  HIIM T3NNNL | L4VHS 3IMVLNI
m...._>>on_ T13A3T MOT ANV T3A3T HOIH @ - ONV T13NNNL 33MOd T3ATT MO D

- qll'- 1

L4YHS Q3INITONI . ISNOHYIMOJ .
HLIM TTANNNL ¥3MOd 13A37 HOIH ‘g ANNOYOYIANN-AITdNOD - LYOHS 'V

T

AR

-

91



vl .

#a

) OL UNLINED

B o

Y

PRESSURIZED
WATERWAY

x% OF hg

VERTICAL ROCK COVER
30 TO I00%
STATIC HEAD

Vertical Criterion for Confinement

FIGURE -2

92



Ba -

PROFILE OF
MINIMUM ROCK
COVER

- 02Cgy

UNLINED PRESSURIZED WATERWAY

hgd'w
3R -

VERTICAL ROCK COVER
HORIZONTAL ROCK COVER

STATIC HEAD *= .«
UNIT WEIGHT OF WATER

UNIT WEIGHT OF ROCK

Snowy Mountains Criterion for Confinement °

Source: Adapted from Dann et al. [1964 (10)].

FIGURE-3

93



AN X v
—_—— =T T =

UNLINED hg| TNE
PRESSURIZED » c
WATERWAY RM
N
N——
hg ¥y F

C =
TRM Y cos g

Cry = MINIMUM ROCK COVER
hg = STATIC HEAD

¥, = UNIT WEIGHT OF WATER
¥, =UNIT WEIGHT OF ROCK

B = SLOPE ANGLE (VARIES ALONG SLOPE)
F. = SAFETY FACTOR

Norwegian Criterion for Confinement

Source:‘ Adapted from Bergh-Christensen and Dannevig (1971 (1) 1.

FIGURE- 4




G -34N9i4

‘Aydeabodoy buido|s 40) BLUABILAD ueLbamaopn

puR ‘SULRIUNOK AMOUS *[ED1143A 4O UOSLJedwO) 'g-¢ B4nbi4

('93a) ITONV 3dO1S

0. 09 0S Ob og 02 Ol 0
I _ _ _ _ _ 00
(Sy g'0="49)
NOINILIYD (% 0S) 130
TVOILYIA
B NOIMALIYD —-1tv0
NVIOIMYON
1 -1 90

NOIY3LIH¥D
‘SNLWN AMONS

o [ « o

Ollvd d3A00

WHD

95



ACTUAL CONTOURS

CORRECTED CONTOURS

CENTRELINE
~ / PRESSURE TUNNEL

L

/‘ACTUAL SLOPE

CORRECTED SLOPE

r . Wy STATIC HEAD
[ 1
~— _— SURGE. SHAFT-UNSAFE PQSITION
SURGE SHAFT——> :/
SAFE LOCATION :
[ ]

PRESSURE TUNNEL )

BROCH CORRECTION FOR TOPOGRAPHY

FIGURE -6

96



/ CONSOLIDATION CONTACT
GROUTING GROUTING

- Skin, Contact and Consolidation Grouting

FIGURE~7

97



3

APPENDIX I

HEADLOSSES IN TUNNELS.

Frictional head loss In waterways due to surface roughness are
determined using the theoratical Darcy - Weishback eguation. (see below;.
Other head losses include intake. trushracks. elbows, expansions. CoOntrecrions
and mainfold. These can be evaluated as described in design of smail] lams -
USBR. Fig 8 is a pictorial I'epresentation of these Josses. Fib 9 indicates
methods which can be adapted to recude head losses in pressure tunnels.

tvpicallv

va,f,

rcy- : — 6-1

Darcy-Weisbach: h, = 2D g | (6-1)
: L V; n2
Manning: h &= — (6-2)
L 1.33

(metric) Rh
where: -"hL = head loss

L = length of waterway

Ve = flow velocity

R, = hydraulic radius of waterway
I D = .diameter of waterﬁay |

g = gravitational acceleration

n = Manning roughness. coefficient

f = Darcy-Weisbach roughness coefficient

. (Q) Headloss Fdrmulas

Darcy-Weisbach: f = {2log(14.88 ;?)]-2
K0.667
Manning: n —_
. 25.4
(metric)
where: K = measured roughness

(in meters)

(b) Roughness Coefficients

Formulas for frictional headlosses
and roughness coefficients due to surface roughness.
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RESERVOIR WATER-TIGHTNESS
Eng. R.L.De S.Munasinghe

Reservoirs - have been and will continue to be
constructed in various types and sizes and for a Variety
of purposes. They are essentially constructed to store:
water abundantly available during certain periods of
time and for usage during lean or dry periods. If this is
the purpose of a reservoir, then it is 1mperat1ve that the

reservoir should be water-tight. Water-tlghtness may

however be within tolerable limits dependmg on the

~ value of the water that might be lost by leakage. This

value depends on the purposé for which the water will

be stored - and also the availability of the water. .
Tolerable limits will also depend on. the problems that

may be created by the l&kage
To determine whether the leakage from a reservoir to

be constructed would be within tolerable limits, one has '

to determine the permeability of the rock strata forming
the impounding basin. Seepages throrugh the sub-strata

. will among others (a) cause loss of water, (b) initiate

the process of erosion which in the course of time could
eadanger the stability of the dam and any weak locations
of the reservoir perimeter and (c) produce uplet
pressures on the structure particularly of the dam.

Determination of rock permeability therefore should.

form a major part of the ﬁmdamentxl investigation in
IeServoir projects.

Any of_these three effects of seepage or a combination
of two-or mere of them could possibly tura out to be a
‘major decisive factor on the feasibility of a project.
Seepage beyond limits, could cause the project to be
uneconomical, sinee-cost-of excessive sealing works are
generally wery high. A reservoir with uncontrolled and
intolerable seepage-through the dam foundations or as a
matter .of-fact, through any. part of the reservoir rim,
can-in-no way be considered an efficient project. If due
to -this. seepage, the reservoir cannot be filled to

capacity, the project is unsuccessful; if the purpose of.

the reservoir cannot be fully achieved due to these
conditions, ‘tiren the project is inefficient; and until the
reservoir is treated to tolerable limits of seepage, the
projectissincemplete. '

An investigation programme with emphasis towards
water tightness of a reservoir would bsically center
around-the-geoiogy-and would cover

1. Stratigraphy and uthology
~2. - Tectonics
3. Weathering Pattern
4. ‘Hydrogeoiagical Conditions and
S. ‘Other Physical and Geological Features.

Study of stratigraphy and lithology, tectonics and also

the weathering pattern can be conducted by surface
geological mapping and bere-hole drilling and the study
of aerial photographs. The effects of these on the water
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tightness of a reservoir can be determined only by
Water Pressure Tests (WPT) conducted during drilling
operations. Hydrogeological conditions can = be
ascertamed by rock permeabilities determined through
WPT, but for a_ clearer and a2 more accurate

'understandmg of the situation, a studv thh the help of

pxezometers are necessary

_ Prolect mvestxgatxons should be performed weH in time

and well ahead of the construction programme and long
before the contractual procedures are set in motion: No
amount of excuses would - suffice for entrusting
contractors to conduct investigations for purposes of
de31gmng cut-off works, since mvestlgatxon data form -
the core of the deciding factor on the scope of the
project. They could be the basis om which a final
declswn on whether the project should be 1mp1ementea B
or not. Gbservational approach which depends on hind-
sight is not believed to be the right approach. Timely
investigations and an approach with fore-sight, as would
an engineer approach a prohiem, 1s cormdered
appropriate. :

Quoting from “Rock Grouting with Emphasis on Dam

‘Sites" by Prof. Kart Ewert (1985),

"It seems advisableto outline the mostimportant aspects
for investigation. programmes related to permeability of
the sub=strata-as well as the for the practical execution
of the-groutimg-works and subsequent controtmeasuzes.

An investiagtien programme should begin with a study
of the follewing complexities:

The basic question to be studied will be whether there
is another valley in the neighbourhood of the reservoir
area. It could drain off water from the reservoir if there
were any permeable rock zones in between functioning
as a hydraulic connection if the original water table
were below the intended reservoir level.

This-complexity cannot always be cleared by geological
mapping alone, which is-particularly true of the position
of the groundwater table. Whenever the groundwater
table seems—to fluctuate below the reserverr lewel,
piezometers -should be instailed. It is also within the

scope of hydrogeology to find out whether the

groundwater table beneath the slopes adjacent to

dam site rises steeply-or proceeds into the abutments-on
the level of the river. A high or deep position of the
groundwater table gives valuable information abeut the
average permeability of the rock mass and helps to
define the adeguate extensiens of the grout curtain
eventuaily needed.



The formation of water carrying openings along joints

. and other types of dicontinuities is a long-lasting
process. Once a certain network of paths has developed,
the direction of groundwater flow cannot change easily,
and it still maintains its influence even under the
conditions of an impounded reservoir.

This calls for the early installation of a sufficient
number of piezometers already in the phase of
preliminary investigations. It is highly advisable to
measure the groundwater table and its
precipitation-depedent fluctuations over a long period
including at least one dry and one rainy season. It is
also important to provide for a good graphical
representation of the readings, maps of groundwater
contours and piezometer hydrographs should be plotted.
The interpretation of maps and hydrographs permits
conclusions concerning

- Average permeability of the rock

- Extension of an eventual grout curtain

- Sections which can possibly be excepted from
the treatment

- Existence of only one or more groundwater
regimes also including sections with perched
water.

- Natural reaction of the groundwater to the
precipitation  (particularly to interpret
groundwater behaviour during impoundment)"

The ground water conditions at a project site (dam site,
reservoir or its perimeter) could be objectively studied
by the use of a network of piezometers. Such a system
would reveal the behaviour of the ground water table in
response to the adjacent water bodies - may be the river
- and the change in climatic conditions. This is a very
important aspect to be studied particularly in weak
locations on the reservoir perimeter. Any indications of
a fluctuating ground water table or a flat ground water
table should not go unheeded. Special attention to such
indications are called for especially when they come in
the form of recommendations or warnings.

Underground permeability values are generally based on
the results of Water Pressure Tests. The method adopted
in conducting a WPT is the injection of water under
pressure into a borehole stage by stage. The stage
examined is sealed off from the balance of the

bote-hole. WPT in its general form is conducted with
" increasing and decreasing pressure steps, eg. 2 - 4 -6 -
4 - 2 bar. Selection of pressures on 2 WPT need to be
selected with care since excessive pressures could
irreversibly increase the perviousness of the rock by
hydraulic fracturing. Hydraulic fracturing could reduce
or cause loss of impervious qualities of a rock mass.
However, it is important to clearly understand the
pressure dependent behaviour of the permeability,
particularly in the case of high dams which would
impound great depths of water. Impounding such depths
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of water could during the course of impounding, cause -
hydraulic fracturing in areas (may be under the dam and

- also on the perimeter of the reservoir) of weakness in

the sub-strata. The pressures at which WP Tests are
conducted are varied during the injection of the water in
order to study the permeability behaviour which may be

_ dependent on pressure. The determination of the

dependency of permeability on pressure is considered
important particularly in the case of reservoirs
constructed to impound deep water.

Permeability testing programmes could be adopted to
assess the water conductivity as well, within the rock
mass with the impounding of the reservoir. This
assessment would facilitate the decision on the type and
manner-and even the magnitude of the sealing works if
the need for such works prevail. Such sealing works
may be required in other locations on the reservoir
perimeter, not only in the dam foundations.

Loss of water from a reservoir could be estimated with
sufficient or generally acceptable accuracy on an average
value of the coefficient of permeability. But there is the
more serious aspect of erosion of the rock mass through
which water - due to impounding of the reservoir- will
flow under a much higher head of water than that the
rock mass had ever experienced before. This requires a
more accurate measurement of the water conductivity
since erosion is dependent on the volume of flow and
the velocity of flow of water through the available water
paths and also on the erodibility of the rock upon its
mechanical and chemical resistance.

Water conductivity of a rock mass is a quality that is
complicated and difficult to measure with accuracy due
to the heterogeneity of the rock specifically in relation
to the paths available through it for the passage of
water. Nevertheless the importance of ascertaining the
permeability as accurately as possible and as far as
possible the prevailing pattern of water conductivity, is
not in doubt, since it gives a measure or at least an
indication of the degree of water loss, and other adverse
effects due to the passage of water.

In dam and reservoir construction important decisions

_ are based on the results of the water pressure tests. With

these tests, decisions are taken on sealing or cut-off
works which greatly -contribute to the economic
significance of the project. Technical feasibility of a
project is based on other factors such as the hydrology
and the topography etc. etc.. It should therefore be
ensured and established that the testing techmques and
the evaluation of test data give information - of
reliability.

To assess or estimate the seepage losses and velocities -
of percolating water, a unit of measurement or a
characteristic coefficient need to be established. The
Coefficient of Permeability (k ) indicating the velocity



{cm per sec.) of water through a porous medium is
calculated from the water takes at Water Pressure Tests.
The conversion of WPT results into this coefficient is
difficult. Therefore, an independent or an absolute
absorption value is used as the characteristic value is
necessary. It has become the general practice to regard
a critical rate of infiltration of water per metre section
of the bore-hole in one minute as a characteristic value.
It is common practice now to use the Lugeon Unit for
the crtical absorption rate. One Lugeon Unit
corresponds to Q(wpt) = 1 Litre per metre per minute
at 10 kg per Sq. cm. (10 bar). One Lugeon Unit is
approximately equivalent to k = 10 cm/Sec.
Determination of the characteristic values of
permeability coefficient or the independent or absolute
absorption rates or Lugeon Units are attempts to
establish & scale by which the rock mass permeability
could be measured. This would facilitate assessment of
the sealing measures required to be imposed.

A river is an open path of water along which water
flows with no restriction. The construction of a dam
across the river causes this path to be sealed. With the
closure of its main open path, the water begins to head
up causing impounding of deep waters as planned by the
engineers. With the water impounded to large depths,
the pore pressure in the perimeter of the reservoir
begins to rise subjecting the banks to conditions that it
bad not been subject to before.

Under normal conditions owe would expect the
groundwater table to closely follew the topography of
the land. If it does not, then the groundwater regime
should necessarily be-studied and studied very carefuliy.
Springs of water issuing from hili siopes give a very
good indication of the elevations at which the groumn

water table exists. The actual elevation at whick springs
appear should be taken note of. There have been
locations where springs have appeared at hill tops while
the lower elevations of the hill slope were totally dry.
such a situation should prompt an engineer of the
possible existence of a perched water table and not the
normal ground water table,

Preliminary investigations and designs, hydrologicza!
Investigations during long periods of time, detaiied
investigations and tender designs are those that are
usually conducted prior to the commencement of
construction activities. These phases of mnvestigations
and design are conducted through very long periods of
time. It may sometimes be 10, 20, or ever 30 years
depending on the magnitude-and the complexity of the
project. During this period many experienced engineers
would. be invoived with the ‘preliminary investigations
and analysis of data etc.. The conclusions arrived at and
the rcommendations made by them should necessarily be
given their due recognition, particularly when warnings
of prevailing adverse conditions have been made.
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The general understanding with regard io the weathering
pattern of a rock mass is that the degree of weathering
decreases with depth since the agencies of weathering
are air and water from the ground surface. These could
however be other agencies of weathering such as hot
fluids emerging from within the earth. The effects of
these hot fluids could be dissolution of certain minerals
and rocks and thereby the formation of cavities and
alteration of certain other minerals. These effects
increase with depth unlike in the case of weathering by
air and water. All these effects cause improved water
conductivity within the rock mass. Therefore the water
permeability and hydro- geoiogical conditions should be
a matter of prime concern as the success of the dam and
reservoir would depend much on the water tightness.

Tectonic faults and jointing, karstification and solution
cavities, surface weathering and hydrothermal cavitation
and alteration are those that could cause permeability
and hydraulic conductivity in a rock mass. When rock
masses that have suffered due tc one or more of these
effects form the reservoir impounding basin, loss of
water by leakage could and should be expected. For
mzking optimum use of the stored water, these leaks
should be sealed and the dimensions and the type of the
sealing works should be pre-determined with adequate
and timely investigations. The equipment required to
implement the designed sealing works should be made
available or even manufactured to suit the works
designed. The sealing works shouid never be curtailed
to match the available equipment.

Sealing works are usually provided under the dam
fonndations and the sealing is normally achieved by
means of a grout curtzin. There are of course other
methods of sealing leakages. But to construct a grout
curtain or other sezling works, one should be aware of
from where ana to where the water would lesk. If
sealing is to be effected by a grout curtain, then it is 2
fundamental requirement that the two ends of the grout
curtain should be tied to impermeable strata for it to be
effective. It should aiso be anchored well into
impermeable strata along its bottom. The layout of a
grout curtain and the media to which it would be tied
should be well defined after adequate investigations.
This is fundamental and common sense. Searching for
a media to tie up a grout curtain at its completion
stages is not considered. good engineering practice. A
hanging grout curtain in an area whose permeability or

the water coductivity qualities are not known will not

Tve its purpose.

Engineers and geologists together would design the
layout of a drilling investigations programme required
to gather specific information on the underground

conditions in the project area. This layout may be based

on geological surface mapping which by itself would not
reveal the underground conditions. The information
required are for specific purposes. Jamming of a drill



string or the difficult conditions at drilling sites should
not be made an excuse for terminating any part of this
mvestigation programme. Repeated jamming of the drill
string in any bore hole should indicate adverse
underground conditions. Such occurrences in adjacent
bore holes should prompt the engineer of serious
conditions underground and it is prudent for the
engineer to go into further details to more accurately
establish these conditions. Termination of the
programme of investigation should not be the solution
to a problem of this nature. Further, if for any reason
of urgency, a part of an investigation programme had
been transferred to another section of the proect, lack of
time or funds or both should not be an excuse for
terminating that part of the programme.

Quoting once again from Prof. Karl Ewert’s "Rock
Grouting with emphasis on Dam Sites™.

"A discussion of the complexity of rock permeability for
geological purposes in dam construction must deal with
the question of application of the absolute absorption

rates have, ie. if they are suitable for serving the tasks

defined at the outset, which are to determine the seepage
losses, the erosional behaviour, the reduction of uplift
pressure and the grout takes. Before this is done, the
basic question should first be dealt with; namely, what
amount of seepage loss can be tolerated, and for which
reasons, or to what extent and why they must be
limited. '

Several authors have been occupied with the permissible
rock permeability for dams and have attempted to set

limiting rates on the basis of water pressure tests (Table
15) - Annexed.

Regardless of the widely differing views of the
permissible permeabilities, the reasons are mot made
completely clear in the literature. .....

Houlsby (1976) suggested a more differential application
of the Lugeon criterion, considering not only the type
of dam but also the relationship between the value of
the water and the expenditure for impermeabilization
(Fig 99)" - Annexed. '
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Problems encountered in Dam Foundations & Remedies*
S.H.C. de Silva, Consultant, Teams (Pvt) Ltd., Secretary SLNCOLD

The function of a dam is to transfer the water load to the

foundation and ground below or to distribute the load partly

to the sides by arch action. For a narrow valley of good rock

an arch dam is best. For a wide valley with poor ground a 1:3°

base to height ratio rock fill is best. The key to success is

selection of the correct type of dam. The main criteria for
. a successful design are:

a. configuration of valley

b. projected water pressure

c. type of soil or rock

d. probability of seismic activity

Dams fail principally due to 2 causes

a. over tapping by unexpected flood
b. foundation failure

If the subject is limited to the latter the failure of a dam
can be due to several reasons.

Dams are thrown across rivers to stop the flow and store it
for controlled use later. Rivers are found in valleys where

rainfall run off collects to form identified surface drainage
paths.

Streams and river beds etch the earths surface and either

erode it further or cause siltation and build up depending on
the slope of the land. Dams of necessity have to be founded
on such terrain. If the terrain consists of alluvial
deposits they have to be removed for good construction if the
bed is rock the foundation is ideal for a concrete dam. But
if the foundation is fragmented or decayed rock or karst then

the problems like heavy seepage, uplift, solution or even
crushing can occur.

The increasing height of dams can mean even the rock on which
it is founded can be stressed beyond its limits and cause
mechanical movement that will trigger new uplift pressures or
lubricate a potential shear zone to initiate a fracture.

The Malpasset arch dam over river Reyran near Frejus suffered
from such a scenario before it failed on 2.2.59. Foundation
inadequacies also caused the failures of Vaiont dam in 1964
and Teton dam in 1979. On the positive side these failure
also focussed attention to the development of new fields of
technology as rock mechanics and engineering geology.
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The skills thus developed have given the dam engineer greater
confidence to combat more and more difficult foundations on
which taller dams could be established.

A safe foundation implies that the dam engineer must obtain
good foundation data. He must then interpret geological data
in terms of physical and mechanical terms. From this basic

premise it is clear that the following sequence is adopted for
a safe structure.

(1) good foundation investigation
(iiy . design of foundation to suit.
(iii) treat inadequacies in foundation to achieve somne

known or stable foundation condition.

The geologist's and hydrogeologist's services in this phase of
investigation 1is never complete. Recent developments in

engineering geology and rock mechanics have perfected drilling

techniques, adits, bore hole samples, permeability and

resistivity techniques to give a 3 dimensional picture of the
geology of a dam foundation.

Dam axis geology is a "sine qua non" for the design of the

dam. But the regional geology is equally important if the
reservoir bed 1is to hold water. The feasibility of the
reservoir can be in gquestion if the regional geoclogy is
downgraded as happened at Samanala Wewa where numerous studies
had indicated heavy seepage, yet the full water fightness of
the bed had not been achieved before impounding commenced.

One could discern from the Samanala Wewa example the following
weaknesses which may be peculiar to Sri Lanka.

(i) Period of investigation too long commencing in

1958. Long gestation periods, interests ebb and -

flow with political change, but is ideal for
engineering investigation and planning.

(ii) Too many consultants from around the world. Some

aspect 1is downgraded by one and prioritized by

other

(iii) Changing authority having control of the project in
1958 the Irrigation department to the C.E.B. in

1975, This leads to loss of historical data with-

physical movement.

(iv) Absence of continuity even in the said departments

or boards by ad hoc changes, that result in loss of
valuable data and information.
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Oother Examples of Peculiar foundation problems

Sampan Baru Dam - Indonesia

This was built by the Japanese in occupied Java but failed in
1945. The dam is 786 m long and meant for hydropower
development.

Dam foundation is pumice which is a highly elastic and
consists of a mix of airborne rock dust and lava. Pumice has
a moduliss of elasticity 60 times that of concrete. A dam
built on such foundation rebounds and reverberates for each
drawdown or any seismric activity.

Verney Dam - France

This is the lower dam in the Grand Maison pumped storage
project in the French Alps. The power produced is 1800 MW.
The Verney dam is 42 m high 430 m long and built on
compressible aluvium foundation up to 80 m deep. As the
foundation is permeable a diaphragm wall of clay and cement
was installed to a depth of 47 m. The wall is capped by a
R.CC. beam in order to keep the dam stable. In case of
fracture of the wall the u/s foundation is composed of a 2 m
thick impervious layer of moronic earth (0-125mm). To improve
the imperviousness a reinforced bituminous geomembrane
"Coletanche NTP 4" has been laid in the centre of the 2 metre
layer. Dam was constructed with 1local aluviun and a
bituminous concrete facing with 10 cm support layer and 2
water tight layers of 6 cm each.

Khao Laem Dam - Thailand

Rock fill Dam over Que Noi at Tambon started in 1972 is a 92

m high, 1,000 m long dam, built on a major fault zone.
Storage is 8860 MCM.

The foundation is a diaphragm wall on calcareous limestone and
a grout curtain. The R.B. is like a giant porous sponge and

rivers used to appear and disappear underground 1like the
Paragala ganga in Pimbura in Sri Lanka.

The water tightness was secured in such terrain by extensive
grouting. There were 377,000 grout holes dug at 1 1/2 m
spacing to average 15 m depth and an interlocking pattern
adopted to fill cavities. In 1984 prices, project cost 9
Billion Baht. Civil works cost 6 B. Baht and of this 3 B.
Baht went for foundation treatment which included constructing
6 galleries for seepage _total 21 km in length. There were 9
different fault zones in the damsite, most prominent being 3
pagodas fault running from Burma to Gulf of Thailand.
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Lar Dam - Iran

1.3 km long, 105 m high had a cheguered history of grouting.

_Investigation after completion of dam and grouting revealed

fractured karstic caverns up to 800 m below dam crest. One
single cavern measured 23 m high 67m wide and was at 300 m
below dam. Dam is de51gned for a capacity 960 Mn>

Constructlon was completed in 1980. Around 1/3 of the inflow o

of 40 m /sec is lost as seepage. Later investigationn disclosed
water tight formation is at 2000 m below the dam.

Zeuzier Dam - Switzerland

Good monitoring of dam behaviour led for the prompt action
taken to save Zeuzier dam in Switgerland. This dam is 156 m in
height and built on La Lienne a tributary of the Rhone river.

The dam was built in 1957 for 82.8 mw power production. In .

1978 one of the pendulums fixed for monitoring swayed after
behaving regularly for 21 years. The reservoir was drawn down
in 1979 and a team of geologists examined the dam after the
snow had cleared. Investigations revealed ,a tunnel for a road

project had been driven 1.4 km away from the dam and 400 m-

below crest level. The tunnel excavation had caused zeyzier

dam crest to move 110 mm. The tunnel had penetrated 3 km into -
vertlcally bedded jurassic limestone draining up to 10% the‘

reservoir storage.

This led to the dam foundation rock to settle and the
abutments to press on the concrete arch. When funnelling was
stopped the dam had settled 110mm and the gorge had moved 60mm -

inwards and a downstream rotation of 20mm. All these movements

left numerous cracks on dan. Punching of the ground water
reservoir was the cause of damage. Repairs were done by .. |-
injecting epoxy resin. About 80 tons were used.

Source (NCE Intl. October'83)

* Paper for presentation at seminar 3-12 -93, Colombo.
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