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ABSTRACT

This thesis presents the results of geological investigations
carried out at the KiserianWam'site, Kajiado diétrict. The
study was undertaken with fhe-;:; of obtaining information that
could help in the design and construction of the proposed dam.
The main parameters to be determined Were,‘hhe structure,

llthostratigraphica1'sequence/ hydrogeological conditions and
the depth to the bedrock.,

Field investigations were conducted by way of an integrated
approach. The methods .USed included photo-interpretation,
geological mapping, seismic refraction, electrical sounding,
electrical profi}ing and core-logging.

The dam site is underlain by the Ngong Basalts. Seismic
refrgction results suggest a highly irregular bedrock surface.
There ' is a substantial variation in velocity within the
overburden as well as in the sound rock. These variations are
explained in terms of fracturing and weathering of the rocks.
Geoelectrical sections revealed a low resistive zone below the
foundation bed. This is attributed to a weathered zone. Core-
logs show that the overburden materials are underlain by fresh

basalts,weathered basalts, agglomeratic zone and residual soils
resulting from weathering.

The seismic and resistivity results allowed interpolation of
the bedrock surface between drill holes with much more
confidence than would otherwise have been possible. On the
basis of the results obtained, it is recommended that the
overburden be excavated to depths of 1.5 m to 2 m. Grout cap
should be used to seal of f the fractures. This will strengthen

the fractured foundation. A deep cut-off or grout curtain is

recommended at the heel of the dam to provide a better

anchorage which will increase resistance to sliding,
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Dams must stand. Not all of them do, and there are all degrees of uncertainty

about them. Reservoirs must hold water. Not all of them do, and there are many

ways by which water may be lost, The work must be done safely as a

construction job. Not all of them are, and there are many sources of danger. The
whole structure must be permanent and the work has a right to be done within
the original estimates. Not all of them are, and there are many reasons for their
failure or excess cost. Most of them are geologic or geologic dependence.

Charles P. Berkey (1929).
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CHAPTER 1

INTRODUCTION

14 General Introduction

The development of an area is to a large extent hinged on the
existence of reliable sources of water preferably in close
proximity. Water is required for among other uses, industrial,
agricultural, construction and domestic uses. It is therefore
inevitable that the development of an area should go hand in
hand with the development of its water resources. Measures to
ensure adequate water supply include development of aquifers,
conservation of rain water through roof catchment and
construction of dams; and conservation of catchment areas

through implementation of afforestation programs and strict
land use management.

The GoVernment of Kenya embarked on programs aimed at
conserving water after the creation of the Ministry of Water
Development (M.O0.W.D). Since then, several water conservation
projects have been successfully completed throughout the
republic. Several other such projects are in the implementation
stages while others are planned for future implementation. The
Present project falls within the latter category. It is
estimated that through development of aquifers and
intensification of water conservation measures Kenya should be
self sufficient in water by the year 2000.

The present study was conducted on a water conservation project
planned for the Kiserian area of Kajiado District.
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The akea'ys dry aﬁd hence its groundwater potential is very
Tow. It is however known that the Ngong Hills which constitute
its catchment have an unusually high precipitatjon for most
part éf the year. The area receives an average raiﬁfa]] of 790
mm per annum. The task has been therefore, to find a suitable
site within the area where the runoff from the Ngong Hills can
be dammed and eventually used for the purposes mentioned

earlier. A possible site had been located before the onset of
this study.

Selection of the possible site was done purely on the basis of
topographical considerations. The M.0.W.D surveyors did the
surface survey. Essential information such as location of dam-
axis, spillway, extent of the embarkment and location of test-

boreholes were then incorporated on the topographical contour
map, (Fig 1.2 and 4.2)

Since the identification of the site had been based purely on
topographical considerations, further site investigations were
necessary to gain knowledge on the nature of the subsurface.
These further investigations were to be two-fold. One aspect
was to involve the study of the engineering properties of the
subsurface rocks, while the other entailed a study of the
subsurface geology. Test boring and investigations into the
engineering properties was done by the staff of the Ministry
of Transport and communication, (MOTC). At that time, the task
of looking into the geology of the subsurface had not been
assigned to any person or group. Since the author had an
interest in this aspect of dam site investigation, he offered

to conduct the study. Both the MOWD and MOTC offered to assist
the author with logistics.

The main objective of the geological and geophysical
investigations were to determine the 1ithological and
structural set-up of the subsurface.
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The information was then to be used to make recommendations on
the suitability of the site. Apart from contributing towards
the success of the conservation project, the study by the

author was also to constitute part of his studies at the
University of Nairobi.

1:8 nggpign‘of the Area

The Kiserian dam site is situated in Kiserian area of Kajiado
District. It lies some 2 Km to the SE of Kiserian market. The
area of study is however not restricted to the dam site but
extends to cover the catchment area of the dam, (Fig 1.2). The
area of study is therefore bound by latitudes 1°26’'S and 1°30'S

and longitudes 36°38’' E and 36°42'E. This covers an area of

about 60 Km? and lies within Ngong sheet (148/3) of the survey
of Kenya,

The area is well served by roads and tracks most of which

are passable even during the heavy rain season. The Nairobi-
Magadi road which traverses the area in a NE-SW direction is
the principal line of communication. A complimentary road
Joins Kiserian market and Ngong town which lies to the North
of the area. A loose surface road commonly known as the
‘Pipeline Road' located to the south of Kiserian market

Connects the area to Kajiado town. The road passes within 2 Km
of the dam site.

1.3 Physiography

The Kiserian area lies at an altitude of about 1800 m above
sea level, This high altitude contributes to its relatively
fine climate. The area forms part of the eastern flank of the
Rift Valley. Closest to the rift, are the Ngong Hills (Fig.1.2)
which constitute the main catchment for the area.
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The sSOLJt}ﬂérrw section of the area comprises of an eastward
sloping plateau, relatively. undisturbed by faults. There are
few eastward flowing streams over the plateau. These:  streams
have deeply dissected the plateau. The streams are seasonal
and dry out completely during the dry season. The plateau is
underlain by successive sheets of lava and tuffs. These sheets
have a gentle eastward or south esastward dip. The principal

lava sheets terminate in pronounced bluffs.

The river system in the area exhibit juvenile rather than
mature hydrological characteristics. Streams assume a parallel
pattern on the higher slopes due to the linear elongation of

the ridges (plate 1.1).

f A ! Vi i1lls T \ L e
P 1D e road facing W HO L4 Lhe rugged
i ' n ar E east flowing
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One set d%.streams converge to form the tributary which flows
southward to the main confluence, (Fig 1.2).

A tributary from Olchorec Onyore flows in a NNE-SSW direction

and collects waters from the east flowing streams emanating

from the relatively flat plateau, (Plate 1.2). The two

tributaries converge just before the dam site to

Kiserian river. The Kiserian river then

form the
flows in a W-E
direction across a ridge.The gorge cut by the river
ridge constitutes the dam site.

tnkhas

Plate 1.2 Panoramic view of the plateau covering the

southern section of Kiserian area. Note the
gentle slope of the plateau from the southern
end of the Ngong Hills, The stream flowing in

NNE~SSW direction 18 shown with arrows.
The dam site consists of a cut in valley, 150 m wide, with
scarps 18 m high, (Plate 1.3). The valley 1is flat at the
bottom, but rises gently towards the upland. West of the
confluence 1s a vertical cliff 8 m high trending in a N-S

direction, (Fig 1.3)






8

s B ) '
Another cliff 'having a similar trend occurs some 700 m south

of the confluence, and extends southward for another 300 m.

Plate 1.3 Photograph of the dam site taken near BH2,
fanwng upstream. Note the napier grass (Hong
the stream course which deviates to the right
to follow north bound tributary at the
confluence (marked with an ar row). The slopes

on both sides of the valley constitute the

abutments.

The Southern part f the dar L ! 11y \and rugged, and
reaches an elevat ' ! m abovi tLhe leve f the valley.
The 1 ST Nt iNnus nortl f the jam si1te. I this section 1t
ALtains 1 average f ' AboO Ve % val ley. It extends
! rthward pant ' Nait ’ » o 4 DIiate 1.4



Plate 1.4 Photograph of the dam site taken from BHS5
facing north. The dam-axis is indicated with
the dashed line. Note the exposed boulderly
basalts covering the right abutment. The ridge
rises to 100 m above the elevation of the

valley at the far horizon next to Nairobi-
Kiserian road,

1.4 Statement of the Problem

The development f the Kenya Rift valle, was accompanied by

faulting, tectonic movements and

volcanicity. These events
affected both the floor and shoulder: of the Rift. The
shoulders were ther efore affected t y faulting, fractur ing and

eventua) intense weathering alona the fault Zones and

fractures.
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The Kiser%gn area shows these characteristics. Since these can
be detrimental to a dam, the area should be evaluated to
formulate a general model of the geology at the site. It is
also essential to identify any potential problems to aid in
the design and construction of the dam. Location of faults
also need to be identified. |

Varying series of lava flows emerged from different episodes
of volcanicity. As a result, the 1layered sequence is
accordingly varied. It is therefore essential to determine the :
type of layering and identify location of the bedrock; which
if used will ensure a stable foundation. Joints and fractures
which occurred during the cooling and crystallization of lava
are often pervious. These need to be investigated to ascertain

their water tightness by determining the uniformity of the
foundation and the abutments.

Decomposition and disintegration is reported to have preceded
the deposition of succeeding lavas, (Sikes, 1939). Such zones
if present below the foundation can induce substantial
displacement leading to weakening of the foundation. Their
presence should be investigated and remedies be undertaken.
Subsurface weathering has reduced some lavas to clay. Since
the effect is gradational, it has resulted in varying thickness
of the overburden. There is need therefore to determine depth

to the bedrock at several points to obtain some average working
value,

It is well known that if a dam foundation is located above the
water table and the rocks are pervious, impounded water may
leak to the lower levels. It s therefore important to
determine the position and depth of any groundwater bodies and
to assess the suitability of the site from this point of view,
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1.6 Objéctives:

The aims of the present project were:-

(1) To establish the rock formations in the area and
look into their state of weathering at the dam site.

(i1) To establish the stratigraphical sequence at the dam
"~ site.

(111) To locate and map faults and Joints occurring in the
vicinity of the dam site.

(iv) To determine the thickness of the overburden and map
all the weathered zones.

(v) To delineate an aquifer if any, below the dam site.

(vi) To use the information gained from the study to
assess the suitability of the site and make :
recommendations on any special remedial measure to

be undertaken to enhance the suitability of the
site.

1.6 Methodology

Several methods were used in this study. These include photo-
interpretation, reconnaissance geological mapping, geophysical
investigations and core-boring. A brief outline of the
applications of these methods follows:

Photo-interpretation involves studying of aerial photographs
and landsat imagery to obtain the major and minor linearments

in the project area. These are also usefu) for delineating the
various geological formations.

Geological mapping in dam site investigations involves
examination of outcrops and structura)l features in the project
area. Boundaries of geological formations are delineated and
presence of any deleterious minerals or zones noted. Results
are presented in form of geological maps and sections.
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Geophysié;1 methods are useful 1in dam site investigations
mainly to obtain information on lithology of the underlying
strata and its structural features. Seismic refraction and
resistivity have been known to be the most effect%ve. Seismic
refraction yields data on seismic velocities, geometry of the
various formations and depth to the bedrock. Structures such
as faults are easily recognized from refraction depth sections.
The resistivity method in addition to determining the depth to
the bedrock can also isolate the weathered layers. This is done
on the basis of resistivities. Thickness of layers are easily
determined and weathered layers at depth easily identified.

Core drilling is normally conducted to obtain cores which are
tested for different geotechnical properties. Geo]ogiqa]
logging of the cores provide information on the stratification
at the site. Since core drilling is expensive and time

consuming the usual practice is to use the least possible
number of test-boreholes.

The use of the various methods is generally dictated by the
effectivenese in the field area to be investigated,as well as
the cost and time. Where conditions permit an integrated
approach 1is usually recommended as it offers a means of
checking the interpretations. Geophysical methods have the
advantage of being cheap and fast in subsurface investigations.
Since they can best establish continuity from point to point
at the site, they are widely used, It is however important to
note that they also have limitations. They can therefore, only
complgment but not substitute geological mapping and core-
drilling. In this study al)l the methods mentioned above were
used. The study was therefore an integrated one.
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GEOLOGY

The only detailed geological works covering the present area
of study are those by Saggerson, (1961-67). Unfortunately,
his works have so far not been compiled into a report. Only
the geological map exists and is at a scale of 1:125,000.
Other works touching on the area are of regional significance
80 that their coverage of the area is rather sketchy. Among
these, are works by Gregory(1921), Sikes (1926, 1934,1939),

Fairburn (1963), Geaverts (1964), Hunter (1965), Matheson
(1966), and Loupekine (1971).

In view of the above limitations, an authoritative
description of the rock types and structures in the Kiserian
area is lacking. Since such detailed descriptive information
was required for this project, it became necessary for the
author to carry out spot checks in the area. Identification
of structures and description of rocks was done prior to the
geophysical investigations. Further investigations into the
rock types and structures was done during the test-drilling
Phase. The review of the geology given here, therefore
includes information from existing reports as wel)
contributions from the author.

as
In order to emphasize on
information relevant to the present project, the review is
treated under four sub~headings. These are rock formations,
tectonic structures and seismicity, geological history and
hydrogeology.,
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2.2 ock’ tions

The sfddy area is underlain by two main rock types. These
are designated as the Ngong Basalts and the 01 Ddihyo Narok
Agglomerates by Sikes,(1939). The Ngong Basalts comprise of
basic lavas, tuffs and agglomerates. The Doinyan
Agglomerates are coarse rocks containing lava blocks which
vary considerably in size and composition. The lava
fragments include coarse to fine grained phonolites and
trachytes from the older rocks, which distinguish 01 Doinyo
Narok Agglomerates from other agglomerates and tuffs
associated with later volcanicities. The sequences have been
affected by post-deposition tilting so that the original dip
i8 not readily visible. Observations made in deep gorges
however show that the dip is towards the east.

The Ngong Basalts cover the dam site and most of the North
and North Western parts of the area. Exposures are however
rare as the basalts are usually overlain by a thin layer of
soil. Good exposures can be found in gorges, hilltops and
along road cuttings. The rock is usually highly fractured
and in places occurs as highly fragmented boulders, Fresh
basalts are bluish-black, dense and invariably porphyritic,
The phenocrysts vary in quantity and size but are mainly of

augites. On weathering, the basalts assume dark to yellow

brown colouration, (Plate 2.1). In the extremely weathered

cases, the basalts have been reduced to residual soils.
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Plate 2.1 The Ngong Basalts exposed along a road
cutting on the hill slopes. Weathered
basalts are in contact with the red top
soils. Note the blue-black fresh basalt

patches on the middle-right hand side of the
photograph.

The Southern part of the area is underlain by agglomerates

referred to as the O1-Doinyo Narok agglomerates. These

underlie the basalts. The Agglomerates are generally light

coloured, tending to greyish with shades

of yellowish brown,
(Plate 2.2). Roc)

fragments of varied origin can be

ldent_\fu.d in the agglomerates. These 11n¢

lude phonolites,
phonolitic trachytes and

obsidian debris, The fragments are

contained within a tuffaceous matrix. The Agglomerates become

more tuffaceous northwards grading 1nte tuffs at Naru Moro
school, (fig 2.1). Unlike the Basalts

asa v the Agglomerates
! R'O‘) Show fracturing. 8 weather 1ng they aAssume gqrey

yellowish or dark colourat on.
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Plate 2.2 Agglomerates exposed on the sides of an old murram

pit. Note the numerous coloured rock fragments on
the surface.

Another unit in the area worth of mention is comprised of

80ils. The top of Ngong Hills and other conical hills
covered by red soils,

are

These soils usually have a sub-angular

blocky texture and are well drained, They form a thin

blanket over the bedrock, The basin in the central part of

the area, and other smaller basins are filled with dark

soills, These soils are non-granular, cohesive and plastic.

They are poorly drained as can be observed from the many

swamps in the area The thickness of the soi) layer varies

depending on the location in the basin. The layer attains a

maximum thickness of about 5 m.
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2.3 Geological Structures and Seismicity:

Location of the Kiserian area on the flank of the‘Rift Valley
made it prone to the subsequent movements during the
formation of the Rift Valley. The geological structures found
in the area are therefore a result of the rift movements and
volcanism. Structures encountered are mainly faults having
a north-south trend. Evidence for existence of faults is
abundant but mostly indirect. This is in the form of linear
cliffs oriented in the same direction, rectilinear alignment
of stream segments, sharp contacts between basalts and
agglomerates, well defined tonal variations on aerial
photographs and marked linear trends on satellite imageries.
Figure 2.1 shows the four major faults and transverse
structural linea ments in the area. Although other minor
faults exist, they are considered insignificant and have
therefore been omitted from the map.

Evidence for joints also exist. The drainage on the slopes
of the Ngong Hills is subparalle)l and is characteristic of
volcanic areas. Numerous parallel gullies formed by incision
into the slopes occur. The incisions seem to have followed

lines of least resistance caused by tectonic dislocations
such as fractures and joints.

The seismicity of the area is related to contemporary earth

movements within the Rift Valley. Generally the movements

in the area are s)light and infrequent. Loupekine (1971) used
the only existing catalogue of felt earthquakes to produce
a seismic zoning map of Kenya. The map, Fig. 2.2 shows the
maximum expected intensities of future earthquakes. The
Kiserian area is listed in the range VIII-IX, (modified
Mercalli scale). The possible damage on a dam or a reservoir

within this scale would range from slight to considerable
depending on its design.
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Intensities of VIII would result in cracks on wet grounds
and on steep slopes. Intensities of IX may cause conspicuous
cracks on the ground and serious damage to a reservoir. It
should however be noted that these intensities vafués are not
very reliable as they are based on very sparse data. The
only tool that can be used for reliable extrapolation of
future earthquakes in the area is a long term catalogue of
instrumentally recorded and felt earthgquakes. Such a detailed
catalogue has yet to be compiled. On the basis of the
information, of seismicity within and on the shoulders of the
rift, it can be concluded that the area cannot be classified
within the high risk zone. Nevertheless the seismicity factor
need to be taken into account in the design of the dam.

2.4 Geological History

The geological history of the area was dominated by
widespread volcanic activity of the cenozoic era. The
volcanic succession can be divided into groups associated
stratigraphically and petrologically with lavas and
pyroclasts. Volcanism started with outpouring of intermediate
type lava, which culminated in the recent times, in highly
basic lavas (basalts) found in the Kiserian area. The
volcanic succession in the area is considered to have been
preserved. However the volcanic activity was intermittent and
recurred after periods of quiescence. These intervals were
of sufficient duration to enable the process of weathering
to proceed, which resulted in soils. Joints and fractures of
consequence, developed during the cooling of the lavas. The

faults are related to the major tectonic movements within the
RiftL.
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The outbreak of volcanic activity in the area began with
discharge of the Kapiti Phonolites. These also cover other
~areas of Kenya. The chronology of the succession is rather
conjectural. Nevertheless, the Kapiti Phono]ites.are known
to be of tertiary age, (Matheson, 1966). They rest directly
on the folded precambrian rocks.

The next division to erupt was the Doinyan series. These seem
to have been less fluid and hence tended to build mountains.
The division includes flows of phonolites which terminated
in phonolitic trachytes. These flows are generally more basic
than the Kapiti Phonolite. The phonolites of this division
designated the Doinyan phonolites, (Sikes, 1939) and the
Kapitian Phonolites have been referred to as the basal
phonolites. Most of these phonolites originated from N-§
trending fissures. The phonolitic trachytes are represented
in the Kiserian area by the so called the Mbagathi Phonolitic
trachytes. These are occasionally vesicular and have a
distinctive flow oriented feldspar laths within a grey-brown
matrix. The O1 Doinyo Narok agglomerates were later deposited
and overlie the phonolitic trachytes in the area. The
Agglomerates are typical of volcanic tuffs and breccia of
sub-aerial origin. These seem to overlap into the Ngong
basic lavas (basalts) in the study area.

Later there were eruptions of basic lavas and associated
pyroclastics. The eruption of this group discharged a varied
series of lavas which consisted mainly of basalts, basanites
and tephrites; and were more basic than the lower groups.

The lower part of this group is represented in the area by
the Ngong Basalts,
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The seqdéﬁce of volcanism can therefore be represented
(starting from the youngest.to the oldest) as follows.’

s B Ngong Basalts

2 01 Doinyo Narok Agglomerates

3. Mbagathi Phonolitic Trachytes

4, 01 Doinyo Phonolite

5¢ Kapiti Phonolite

........... unconformity
6. Precambrian rocks

A detailed description of the succession at the dam site is
given in chapter 6.

2.5 Hydrogeology

As was mentioned in chapter 1, the Ngong Hills constitute
the main catchment for the present area. Most of the
precipitated waters runoff in the eastward direction 1in
conformity with the topographic gradient. The volcanics and
soils on account of their porosity and degree of fracturing
and jointing allow a substantial amount of water to
infiltrate into them. Although a detailed investigation into
the groundwater in the area has not been done, data from the

few existing productive wells give some clue of the general
characteristics,

The solid lava-rocks transmit water through anastomosing
Joints and fractures along fault planes and cracks, (Sikes,
1934). The tuffs and agglomerates being compact and without
Joints are usually too argillaceous to transmit water
readily. In the Ngong basalt formation, the main aquifers
are struck by deep boreholes which penetrate through the
fresh fractured volcanics into the weathered zone. Large
Quantities of groundwater occur on, or below the old land
surface of disintegrated weathered rocks.
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It is obsérved from the data on water struck levels of the
wells in the area, that the main aquifer in the central basin
region is shallower than those sited on the s1opes of the
hilly ground. This tends to suggest that water accumu1ates
in this zone before moving eastwards.

In the agglomerates, only one borehole data was available
for use, (Fig 1.2). The aquifer was struck in a zone within
the agglomerates where spheroidal weathering had resulted in
a diversity of structures. Because of these structures
agglomerates tended to be pervious at this zone. Elsewhere,
compact tuffs and agglomerates are relatively retentive and
inhibit the infiltration of water beyond the weathered zone.

The Ngong Basalt formation at the abutment showed a top soil'
cover of about 1 m. This thickens to about 3 m at the valley
bottom. The dark soils at the site are soft and argillaceous
so that they soak water but do not transmit it readily.
Swampy conditions prevail during the rain season and ponds
continue to retain water even after the stream has ceased
flowing. At the dam site the soils are underlain by a
weathered zone of the Ngong Basalts. The zone is highly
fractured and invariably filled with soils. The presence of
soils in the fractures tend to check any downward migration
of the waters. The water struck levels obtained from the well
data show that the main aguifer is at depths in excess of 40
m. The maximum depth drilled during the test-boring operation

was 30 m. At this depth, there exists a highly weathered
basalt zone containing no water,

Surface water infiltrating from the streams and held by
clayey layer was at less than 3 m in BH3, BH6, and BH7. These
boreholes are about 2 m from the stream.
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On the whdle it can be said that because of the fracturing
and faulting the groundwater flow regime is fairly
comp]%éated. Since some of the faults in the area are likely
to be deep, chances of striking reliable aquifers for large
scale water supply are rather slim.
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CHAPTER 3
THEORY OF THE GEOPHYSICAL METHODS

3 Introduction

The theory of the two geophysical methods used is well
documented in several standard texts of geophysics. These
include Dobrin (1976), Grant and West (1965), Keller et al
(1982), Musgrave (1967), Parasnis (1979), Telford et al (1980)
and Zohdy (1980). The purpose of this chapter is therefore not
to give details of the theory but rather to outline and
emphasize the various factors and conditions that tend to
invalidate the theoretical assumptions. This approach has been
considered necessary as the structural set up of the area of
study is far from ideal. 1In order to appreciate the types of
geophysical responses expected from non-ideal conditions an
understanding of those from the ideal cases is essential. It

is in this context that a brief outline of the theory is
presented.

3.2 Seismic Refraction

The seismic refraction method involves the timing of
artificially generated pulses of elastic energy propagated

through the ground and picked by the geophones. It is assumed

that the earth is layered and that the various layers are

homogeneous. It is further assumed that the datum is a plane
surface. Where the structure of the ground is close to these
ideal conditions, and the layering is horizontal, values of the

elastic wave velocity and the thicknesses of the various layers
are easily determined, (Fig 3.1).
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Fig 3.1 RAYPATHS AND TIME-DISTANCE CURVE FOR TWO LAYERS
SEPARATED BY HORIZONTAL INTERFACE,

The velocities of the various layers are got from the slope of

the time-distance graph, while the thicknesses are got from the

intercept times. The general expression used is given as
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18 the arrival time.
is the offset distance.

x
0 is the critical angle of the refracted
wave at the n*™ layer.

2, is the thickness of the 1" layer.

vy is the velocity of the i*" layer.

Vo is the velocity of the deepest layer.
vy is the velocity of the first layer,.

n is the number of layers.
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The expression can be applied to any number of layers..

to be detected, it must be thick enough
to contribute to the overall time-distance

However for a layer

curve. The

veloéfty stratification should also increase with depth.

When the layered sequences are dipping, the exp}éssions used

are modified slightly. In this case, the shodting has to be

reversed, (Fig 3.2).
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Fig 3.2 RAYPATHS AND TRAVELTIME CURVES FOR A INCLINED
INTERFACE,

In the single refractor case, the velocity of the second

layer will have to be computed from apparent velocities.
depths are again calculated from the

The
intercept times.
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The exprégsions used for a dipping refractor are:

-1 Vs -1 V2
e_ = | sin v, + sin - sesesssssdaI

v_+ v -

- i b vz
X = Bin‘ - "Sin -n--.n-n--nc3.4
% z z

where 0Oc is the critical angle.
a 1is the angle of dip.
v= is the velocity of the Secondlayer.
vzs and vz- are the updip and downdip
velocities respectively.

The above cases are seldomly encountered in the field. Actual
field situations are usually characterized by distortions of
time-distance curves. These distortions can be attributed to
various factors such as; uneven topography, inhomogeneities

within layers, unevenness of the refractor surface, and errors
in the picking of the arrivals.

When the geophone rests on uneven surface, the traveltimes
obtained are greater or smaller than those which would be
obtained if the surface was plane. This error has an effect
not only on the intercept time but also on the calculated
velocities of the refractor., In such cases, depth computations
using the calculated velocities will also be in errom,
Elevation of the shotpoint and geophone positions should
therefore be measured accurately for subsequent data reduction.

The effect of shooting along a sloping ground surface is
analogous to that of a dipping refractor below a horizontal

surface. In both cases the path length of rays in the upper
medium varies with horizontal distance.
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Unlike thg.dipping refractor case, the slope of the ground is

known before shooting and corrections can be applied to the
observed travel-times.

Even if the velocity increases with depth, not al]lve1ocity
layers are recognizable as first breaks. This happens where
there is a large velocity contrast between the refractor and
an overlying thin layer. If second arrivals are recorded, then
the headwave from the thin 1layer might be seen on the
seismogram. When digital seismic timers are used, where the
-arrival of a single pulse of energy is all that is recorded,
the hidden layer cannot be unveiled. The error due to the
hidden bed makes the computed depth too shallow, as the

overburden is assumed to be less than what it actually is,
(Soskei, 1958).

It is usually assumed that each layer is thick enough to
produce a separate branch of the traveltime curve. When the
refractor is overlain by thin layers of no discrete velocities,
they approximate to one group with a continuous velocity
increase with depth. In such a case the overburden has
velocity-depth relationship which is continuous. This results
in a curved raypath of the upper medium,

If segments of the time-distance curves that are too short are
used, errors in the determination of the slope of the straight
line may be made. This error has an effect on the intercept
time and in the calculation of the velocity of the refractor,
The depth computed with such velocities will also be in error,

Incorrect picking of the inception of the energy at the
geophone may occur at large offset distances. The possibility
of this error occurring increases with offset distances.
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The amp1iﬁﬁde of the signal decreases and the higher frequency
components attenuate more rapidly as the offset distance
increases. This results in a large period of the §1gna1. Thus

the magnitude of the error is ‘a function of the offset
distance. The error affects both depth and dip determination.

3.3 Resistivity

In the application of electrical methods 1in geophysical
exploration, two parameters are of primary importance. These
are the ability of rocks to conduct an electric current and
the polarization which occurs when an electric current is
passed through them. Electric conduction in most rocks is
essentially electrolytic. This is through interstitial water
hence the resistivity of a formation depends on the effective
porosity and the degree of saturation of the fluids present.
In crystalline rocks with low porosity, conduction takes place
mainly along cracks, fissures or fractures. Conductivity of
earth materials can be studied by measuring the electrical
potential distribution produced at the earth's surface by an
electric current passed through the earth,

The resistivity method is an effective method in providing a
quantitative measure of the conducting properties of the
subsurface. Irregularities in the conductivity below the
surface affect the relationship between the current and the
potential drop on the surface., This can be employed to obtain

corresponding layer distribution and hence reveal the sub-
surface structure,

The method can be 1{llustrated by assuming a semi-infinite 3
medium which is the simplest earth mode) of uniform resistivity

e.
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If a current is introduced through electrodes A and B placed
on the surface, (Fig 3.3) and potential difference V,
associated with the current is measured across potential
electrodes M and N on the same surface, '

Power

(0

TTRCT ErrY Ground Surface

Fig 3.3 ARRANGEMENT OF CURRENT ELECTRODES (A&B)
AND POTENTIAL ELECTRODES (M&N)

the measured resistivity P is given by

p. I .-001003-5

This can be expressed as

ko v | ~
p kT ..O‘..........l............‘....slb

where k is the geometric factor of the electrode
arrangement .. (Appendix B,1).
AB and MN are the distances between the current
and potential electrodes respectively,
v is the potential difference measured across
the potential electrodes.

In the field conditions the medium is never a semi-infinite
space of homogeneous and ifsotropic material, hence resistivity
is variable throughout the medium.
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The' effective resistivity calculated from equation 3.6 is
therefore not the true : resistivity but the apparent
resistivity, pa of the depth under 1nvestigation: Furthermore

the layer interpretation theory ié based on a purely horizontal

stratified model while in practice this assumption is rarely

achieved. The apparent resistivity is therefore dependent on

the electrode spacings: AM, BM, AN and BN, (Fig 3.3), the

geometry of the electrode array, and the true resistivities.

Other characteristics that affect the measured resistivities

are layer thickness, dip of beds, faults, non-uniformity of
beds, rugged topography and anisotropy.

The basis of conducting an electrical sounding is that the
larger the current electrode separation, the greater the amount
of current that penetrates to a given depth. Therefore the

greater the current electrode separation, the deeper the
probing.

Several electrode configurations are used for the current and
potential electrode arrangement. Constant electrode array is
used in investigating the lateral variations in resistivity
(horizontal profiling). The arrangement whereby the current
- electrode separation is expanded after every measurement is
used for depth investigation surveys (vertical electrica)
sounding). In the Schlumberger sounding arrangements the
distance between the potential electrodes is assumed to be
infinitely short compared to the current electrode separation.
In this respect it can be shown that, when the ratio MN/AB =
1/3, it may cause an error of about 10% whereas the ratio MN/AB
= 1/56 the error does not exceed 2%, (Chyba, 1986) which is less
than the standard error of the measured data.
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The convégtiona1 interpretation methods of resistivity data
are based on simple models 'such as multiple layerslsebarated
from one another by horizontal interfaces. The rock formation
rarely exhibit such simple stratification of electrical
properties. Resistivity variations are therefore much more
complex in both the lateral and vertical directions. Electrical
soundings conducted over laterally inhomogeneous ground results
in a shift of the whole or a part of the sounding curve, by a
constant on the Jlogarithmic scale. Lateral resistivity
variations are those caused by inhomogeneities and anisotropy
other than the presumed horizontal beds, (Kunetz, 1966).
Presence of lateral inhomogeneity is indicated by the formation
of cusps on the sounding curves. This is well developed
whenever the sounding line makes an azimuth angle close to 90°

with the surface of the vertical plane boundary, (Zohdy, 1980),
A shift on the sounding curve when measurements are made with
different MN spacings is alsc attributed to inhomogeneous
ground. Sounding conducted over steeply dipping geological

structures result in large orientation variations. This is

attributed to resistivity contrast between constituent layers

or from anisotropy within beds, (Matias, 1986).

A given electrical sounding curve can correspond to a variety

of subsurface distributions of resistivities and layer

thicknesses. Thus the layer parameters obtained from the

interpreted sounding curves may not provide a unique layer
model for a particular case. If either the transverse or

longitudinal conductance of two gecelectrical sections are

equal, the resulting sounding curves for both sections wil)

Practically be identical, (Zohdy, 1920).
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When a séunding is carried out with a spread parallel to the
strike of a vertical or inclined contacts, the sounding curve
obtained can be quite similar to that obtained over sections
with horizontal contacts only. Those problems aré attributed
to the so called principle of equivalence, (Van Overmeeren,
1989).

The thickness and resistivity of a layer, relative to the
overlying and underlying layers also plays an important role
in the detectability of the layer on the sounding curve. If
the ratio of the bed thickness to its depth of burial (relative
thickness) is small, its effect on the sounding curve might be
so small that the presence of the thin layer is suppressed. In
such a case, a sounding curve obtained over a four-layer
section may be nearly equivalent to one obtained over a three-
layer section. This problem is attributed to the so called

principle of suppression.
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4.1 n ani ion

Field work in the study area was done between October, 1987
and January, 1988. It involved geological and geophysical
investigations as well as the logging of the drilled cores.
The field crew consisted of eighteen men. The author was
involved in nearly all the aspects of the investigations.
Since these were going on almost concurrently, a tight time
schedule was inevitable. In order to maximise on the time in
the field, a camp was established very close to the site. Thus
no time was wasted travelling to and from the camp. The
weather was also quite favourable and there were very few
delays due to bad weather. A typical field day started at 7
a.m and ended at 3 p.m. The equipments were checked and
serviced in the evening and kept ready for the following days’
work., Trips to Nairobi were made only when extremely
necessary.

In the following sections, details of the field work involving
geophysical investigation and test drilling are given. Details
on geological investigations and core-logging are dealt with
elsewhere.

A "Nimbus ES-1A" pocket type seismic refraction recording unit
was used for the investigation, It is designed to probe shallow
subsurface features in the foundation studies.

“‘ “‘ \s‘-‘h\“o

S b il
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It compriéés of a counting circuit capable of measuring times
in the interval of 0.1 milliseconds (ms) and 999.9 ms. The
other components are the start and stop plugs, a reset switch,
light emitting diode (LED), display screen and a polarity
selector. The various parts of the unit are shown in Fig. 4.1,
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Fig 41 POCKET-SEIS ENGINEERING SEISMOGRAPH,
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The pocket-seis is powered by four 1.5V dry cells (Size AA)
and a 9V dry cell., The 9V dry cell can be utilised for 15 hours
and the 1.5V cells are replaced after 5 hours of continuous
use. Other accessories which go with the equipment are one
geophone, a 30 m extension cable, a sledge hammer and a switch

cable.
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During the field oberation, the start switch is clamped on the
top side of the handle near .the head of the hammer. The former
is cénnected to the extension cable which traverses over the
whole spread to the start plug of the equipment. The geophone
on the other hand is connected to the stop plug. The counting
circuit is started by the closing of the start switch as the
hammer strikes the ground. The circuit continues to count as
the seismic wave travels through the earth towards the
geophone. A small voltage generated when the seismic wave
strikes the geophone stops the counting circuit and the total
count is displayed on the LED readout in milliseconds and'

tenths of milliseconds. On noting the reading, the reset switch
I is depressed and returns the counting circuit to zero.

4.2.2 Field Measurements

The survey lines were laid out to coincide with the test-
boreholes on a straight path along the profiles (Fig 4.2).
Spreads were set intercrossing and continuous along each
profile. A 30 m measuring tape was spread along the survey line
and the hammer position, (shotpoint) placed at one geophone
position inside the preceding spread.The geophone spacing was
1.5 m. Surveys were carried out by moving the geophone to the
next position with the hammer position, (shotpoint) stationary,
The gain was adjusted to a point slightly below where
background noise stopped the timer, This was achieved by
turning up the gain knob until a zero appeared on the LED
display. The gain knob was then turned down while pressing the
reset until the highest gain setting was attained where norma)
background noise did not cause a zero to appear.
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Starting'uith the geophone position nearest to the hammer, the
ground, was struck with the hammer continuously until a
reasonably consistent time was recorded. Four or five arrival
times which were the same or close were sufficient.

The readings and the average data computed where necessary were
entered on the data sheet, (Appendix A.2). The average reading
was then plotted on a field time-distance graph to evaluate the
trend of the curve. If a deviation from the rest of the plotted
curve was noted and the point was not a cross-over point,the
geophone position was shifted toe another position whose
distance was noted. The new reading was taken and plotted. The
geophone was then moved to the next position and the readings
taken the same way until the end of the spread.

The hammer position was then moved to the opposite end of the
spread and the measurement repeated., These were plotted on the
same graph as before but using the end of the forward.sproad
as the origin,(Fig 3.2). The next spread was conducted on the
same azimuth with the hammer position one geophone inside the
preceding spread. Once sufficient spreads were made to cover
a profile,another profile was carried out along a line
coinciding with another test-borehole on about the same
orientation.

Six seismic refraction profiles consisting of a number of
spreads were conducted at the dam site. The profiles were along
the spillway, BH1, BH2, BH4, BHS and along the river course,
(Fig 4.2). These comprised a total of 750 m of seismic
refraction 1ine-length covering an ares of about 0.02 km', Most

profiles had a general SW-NE orfentation parallel to the river
course.However ,thia was not strictly maintained because the
traverses were planned to follow the contour, in cases of
sudden changes in the topography of the valley,
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ground, was struck with the hammer continuously until a
reasonably consistent time was recorded. Four or five arrival
times which were the same or close were sufficient.

The readings and the average data computed where necessary were
entered on the data sheet, (Appendix A.2). The average reading
was then plotted on a field time-distance graph to evaluate the
trend of the curve. If a deviation from the rest of the plotted
curve was noted and the point was not a cross-over point,the
geophone position was shifted te another position whose
distance was noted. The new reading was taken and plotted. The
geophone was then moved to the next position and the readings
taken the same way until the end of the spread.

The hammer position was then moved to the opposite end of the
spread and the measurement repeated. These were plotted on the
same graph as before but using the end of the forward spread
as the origin,(Fig 3.2). The next spread was conducted on the
same azimuth with the hammer position one geophone inside the
preceding spread. Once sufficient spreads were made to cover
a profile,another profile was carried out along a line
coinciding with another test-borehole on about the same
orientation.

Six seismic refraction profiles consisting of a number of
spreads vere conducted at the dam site, The profiles were along
the spilliway, BH1, BH2, BH4, BH5 and along the river course,
(Fig 4.2). These comprised a total of 750 m of seismic
refraction 1ine-length covering an araa of about 0.02 km®, Most

profiles had a general SW-NE orfentation parallel to the river
course.However,thia was not strictly maintained because the
traverses were planned to follow the contour, in cases of
sudden changes in the topography of the valley,
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The profile along the river course was carried out on the
valley bottom along the 1longitudinal axis of the dam.The
proff1é was extended to the reservoir area and across the
eroded southern section of the gcarp on the western side of
the site. The profiles were 20-30 m apart. This happens to be
the separation of the test-boreholes which were located on the
dam-axis.

The 1.5V dry cells were replaced when display became dim and
the 9V dry cell replaced during the third replacement of the
former. Care was taken to make sure that the cells were
attached to the proper connections. Longer lifespan of the
cells was attained by turning off the' pocket-seis or resetting
after every reading. The cells were removed when the pocket-
seis was not in use for extended period of time to prevent
damage from leakage.

$i2:3." Limitations and Data Quality

The refraction data collected in the field area cannot be
considered to be perfect. Like any field data, it had several
limitations. The limitations in this study can be attributed
partly to the type of equipment used and partly to the complex
structura) setup of the lithologies at the dam site. In this
section, these limitations are highlighted,

The depth investigated by the use of the pocket-seis was
limited by the amount of energy produced using a sledge hammer
and the length of extension cable. By rule of thumb, it is
estimated that the distance between the source and detector
should be about four to five times the depth of probe. In this
case, the maximum separation was 30 m. This implies that the
depth of penetration was generally less than 8 m. Where the
overburden was thick, few or no refraction arrivals were
detected.
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Because of the variation in the amplitude of the first arrival,
it was  found necessary to -use both positive and negative
polarities of the first arrival to estimate the arriva] times.
The first positive arrival is normally detected before the
first negative. On the other hand, the first negative arrival
has a higher amplitude. It was therefore found convenient to
use the negative polarity under noisy conditions. The slope of
the plotted line in such instances was not necessarily parallel
to the 1ine plotted from the first positive arrivals. This can
be attributed to 1lack of an averaging facility in the
instrument used. The negative polarity was also used to confirm
if the positive arrival displayed was actually the first wave.
This is easily checked since the first negative wave arrives
within a travel time between the first and second positive

waves.

At some geophone position the first arrival emanating from the
bedrock was not detected due to faint signal amplitude. In such
cases, surface waves were registered. These were recognised
from their high travel times. This problem was also encountered
where the headwaves surfaced beyond the end of the spread. In
such circumstances, the time-distance graph had no cross-over
points. Data collected on such spreads was improved where
possible by placing the geophone off the survey line to
countercheck the reading.

Despite the fact that the data is limited in depth of
penetration, it was found good enough for this study. This is
mainly because the zone of interest was shallow and therefore
within the range of the instrument used. Limitations associated
with 1ithological and structural setup are difficult to assess.
However, the use of resistivity and core-logging data in
addition to refraction provided a means of assessing the
effects of these factors. This point will be discussed further

in later chapters.
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v e Resistivity Measurements

48,4 Equipment

The equipment used for all the resistivity data acquisition
was ABEM SAS 300 Terrameter, (Fig 4.3).

ot WU . . )
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Fig 4.4 SAS 300 TERRAMETER CONTROLS AND TERMINALS

It contains three main units all housed in a single casing:
the transmitter, the receiver and the microprocessor. The
battery pack is attached on the bottom of the whole component,
The transmitter sends out well defined and regulated signal
currents. The receiver discriminates noise and measures
voltages correlated with the transmitted signal current. The
microprocessor monitors and controls all the measurements to
ensure optimal accuracy and sensitivity. It also makes certain
that the instrument is used correctly by sending warnings and
information comprising of beeper and simple error codes, (ABEM
Manual). The battery powered resistivity meter has an output

sufficient for a current electrode separation of 2000 m.

¢
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The voltage to current ratio (dV/I) is automatically calculated
and displayed digitally in Kilo-ohms, ohms and milliohms. The
overall range extends from 0.5 milliohms to 1999 kilo-ohms.

The equipment is powered by a battery which when properly
charged, displays a voltage of 12.5-15V. The battery is
recharged if the reading is less than 11.5V by use of the
special charging device.

4.3,2 Field Measurements

In Schlumberger sounding and Wenner horizontal profiling,
recording stations were located at the positions shown in Fig
4.2. Stainless steel electrodes were driven into the ground to
make proper contacts and the SAS 300 Terrameter was placed
half-way between the electrodes.

Conventional procedures of making Schlumberger sounding
measurements, (Fig 3.3) were followed in the field. The
measurements were made for every current electrode spacing,
(AB/2). Repeat readings were taken for the same AB/2 where the
potential electrode spacing was increased. Measurements were
also repeated where the values of the measured apparent
resistivity deviated from the trend of the earlier readings in
the same spread.

A total of 27 vertical electrical soundings (VES) were made
utilising Schlumberger probe configuration. Seven of these had
an electrode spacing of AB/2 = 250 m, and the other twenty, had
an AB/2 = 100 m. The VES measurements were made along the same
six profiles where the seismic refraction surveys were
conducted. The recording stations of the measurements in the
same profile were 45 m to 50 m apart, (Fig.4.2).
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Nine horizontal profiles using the Wenner probe configuration
were made, at Wenner separations of a = 4, 10, 25 and 40 m,
The céntre positions were at the test-boreholes along the dam-
axis while the others were at the ‘spillway and the SE section
of the dam-axis.

During the field operation, meticulous care was taken in the
‘arrangement of the cables and electrodes. This was to minimize
any current leakage. Current leakage and creep substantially
reduce the attainable accuracy and sensitivity; and thus the
depth of penetration. Care was always taken to connect the
cables to the correct polarities, because wrong connections
caused negative resistivity readings. The electrodes were
always driven deep into the ground to ensure good contact,
Loose contacts resulted in the display of consecutive unsteady
readings.

Other errors such as loose connections, voltage range setting
and interferences during measurements were registered on the
display by error codes which were rectified as per the
instructions set in the ABEM instruction manual,

4.3.3 Limitation and Data Quality

The main limitation experienced during the execution of the
resistivity surveys was the terrain effect, Large topographical
differences between the current electrodes and recording
station caused anomolous values of the measured apparent
resistivities. This problem was encountered where the measuring
stations was close to the valley. when the current electrodes
were placed on the sloping surface of the valley, high
resistivity readings were registered. The readings reached a
maximum at the valley bottom, After crossing the valley the
value of the readings started reducing (normalising).
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The original shape of the apparent resistivity curve was
obtained once the surface elevation on the other side of the
valley was the same as the former side. A repeat of the
measurements yielded the same condition in all the spreads
where the current electrodes were placed on sloping surface,
(discussed in section 5.2.2).

Warnings and information comprising of beeper signals and
simple error codes minimized operational errors by advising on
the right parameters and checks of the circuits. This improved
the overall data obtained by use of the SAS 300 Terrameter.

The Self Averaging System (SAS) in the equipment ensured

“continuous averaging of all the measurements for every reading.
This made the field data acquisition exercise fast and
accurate. In most cases, the measurements were steady and
rarely required repeat readings.

The SAS 2300 Terrameter has an overall system accuracy of 2%
of the reading. This accuracy added to that assumed for the
Schlumberger sounding when MN/AB>1/5 which theoretically is
less than 2%, showed that the field data had an overall error
of less than 4%. Generally the data obtained was of good
quality and adequate for the intended interpretations.

4.4 Geological Core-lLogqing

R

A skid mounted rotary drill was used in the test-drilling
exercise. The soft overburden materials were recovered by using
air as the flushing medium. Once the hard rock was reached,
water was used as the flushing medium, The rate of drilling was
determined by the degree of fracturing of the basalts and the
number of times drilling was stopped to recover the cores and
remove pebbles stuck on the drill-bit,
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Under notmal drilling conditions about 1.5 m of the core was
recovered in an hour.

Once the core was removed, the Pdrker test was carried out 1in
the drillhole to determine the permeability of a particular
zone of the rocks. This was done by sealing off a length of
uncased hole with packers and injecting water under pressure
into the test section. Single packer test method was used where
a 3 m length of the drill hole was sea1éd by a single packer
and tested independently. After the test a further section was
then drilled and another test performed. '

The recovered cores were generally of good quality. A recovery
of 80-100% was achieved in most of the drilled depths. However
poor recovery occurred from highly weathered zones. In such
cases, the total length of the recovered core to the total
length drilled was less than 50%.

The cores were then stored in core-boxes, which were labelled
by the borehole number and the position in the borehole from
which the material was obtained. Geological core-logging was
carried out on the cores in the boxes. Stratigraphical units
were delineated to determine the stratal succession at the
site. Particular emphasize was placed on the depth of the
weathered horizons, the location of bedrock, subsurface voids
and the fractured zones. The fractures induced by the drilling
process was distinguished from natural fractures in the rock.
The weak zones were evaluated soon after the cores were
recovered because materials from the highly weathered rocks
deteriorated after extraction, Completely weathered rocks and
residual soils disintegrated if allowed to dry. The broken as
well as the fractured rocks and weathered zones overlapped into
the fresh rocks, hence the zonal boundaries were subjective.
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A total d%4nine test-boreholes were sunk at the dam site, (Fig
4.2). Two of these were located along the spiliway, five on the
dam-axis and two along the river course, (plate 4.1). Those
on the abutments were drilled to depths of 10 to'16 m, while
those along the river course were sunk to a maximum depth of
30 m.

Plate 4.4 Core drilling in progress at BH2. Note V.E.S.
S17 being conducted next to the borehole,
The spread is along the flat valley bottom with the
steep rise on the right abutment seen on the

background,

A
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CHAPTER &

INTERPRETATION OF GEOPHYSICAL DATA

B oY seismic Refraction
5.1.1 Method of Interpretation

Interpretation of seismic refraction data invariably entails
determination of thicknesses, velocities and dips associated
with a given layering situation. More rigorous interpretation
may also involve identification of faults and other structural
discontinuities. In dam site investigations, the interest is
usually in the determination of the overburden thickness and
delineation of the weak zones.

Several methods exist for interpretation of refraction data.
Where the layering situation is straight forward, simple
formulae or nomographs can effectively be used. However in a
complex structural setup, more involving schemes of
interpretation have to be used. As tedious mathematical
manipulations have to be dealt with in the latter case,
computer programmes are commonly used. Several hand methods
capable of handling complicated layering situations have
however been used in the recent years., These include Delay-time
method (Gardener, 1939); Graphical method (Slotnick, 1950);
Plus-minus method (Hagedoorn, 1959); Reciprocal method
(Hawkins, 1961); Mid-point method (Mcphail, 1967); and
Generalised Reciprocal Method (Palmer, 198‘). These methods #
differ in the nature of the approximations made in the field,
the computational procedures used, and in the relative or
absolute nature of the results obtained. Hence they have their
own merits and demerits. An assumption inherent in al)
refraction interpretation methods is that both the overburden
and refractor velocities do not vary in horizontal directions,
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The Dela;;time method utilises the time difference between the
hypothetical time which would be measured, if the refractor was
at the surface, and the actual time measured. Horizontal
disposition of the refractor is assumed. The method provides
only the depths at the two ends of a reverse profile.

The Graphical Method employs the laws of geometrical optics to
infer velocities from the time-distance curves. In practice,
the accuracy is restricted to an unknown degree by the
assumption that the velocity stratification is inferred
unambiguously from the time-distance curves. When the number
of layers to be considered are many, the method becomes tedious

to apply.

The reciprocal method employs the standard inline arrangement
of geophones and shotpoints with pairs of corresponding
shotpoints bracketing the geophones spread. In addition to the
travel-times along the geophone spread, the travel-time between
each pair of corresponding shotpoints is also recorded and is
termed the reciprocal time. Determination of depths in this
method is based on "time-depth”, which is the time delay
associated with the critical ray in travelling between the
refractor and the surface. In this case the depth is taken
normal to the plane of the refractor,

The mid-point method is an analytical method that exploits the
simplification in the equations of the time-distance curves
when the refracting surfaces are flat. The method provides an
approximation of the average depth of the refractor in the
interval of the offset distance used for the computation. The
method assumes a smooth horizontal surface between the
shotpoints.
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The Generalized Reciprocal Method (GRM).is a technique for
processing and interpreting in-line seismic refraction data
consisting of forward and reverse traveltimes. The processing
involves use of computer programmes to comédte velocity
analysis function and generalized time-depth to obtain the
velocity and depth of the refractor respectively. The GRM
overcomes the ambiguity inherent in intercept time by recording
the reciprocal time in the field and incorporating the value

into calculations involving the arrival times at the geophones.

The Plus-Minus method is an approximation of Thornburgh's
(1930), wave front reconstruction method. It assumes that the
individual layers are homogeneous with a large acoustic
impedance difference between layers, and that the dip of the
slope of the refractor is small. The method employs travel-
times obtained from geophone stations where the first arrivals
from both forward and reverse shots have travelled via the same
refractor. Simple addition of the two travel-times from the
symmetrical shotpoints minus the total travel-time ("plus"
values) gives a relative picture of the depths. Simple
subtraction of the same pairs of travel times plotted against
distance ("minus” value) gives a picture of the refractor
velocities.

Thus before deciding which method to use, the author tried out
some of the above. This was done in an attempt to pick out the
most reliable and efficient for the present problem. The plus-
minus method was considered most appropriate due to 1its
simplicity and quickness. The computations involve simple
addition and subtraction of traveltimes recorded at geophone
stations of interest. This was done manually,
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The main'ébp1ications of the plus-minus method are in shallow
investigations, (one interface). Its application is simple and 

fast to execute manually. The method has a significant
advantage over the standard formula interpretation, in that it
. uses the data collected at each geophone in the interpretation.
In a two-layer case, a standard interpretation utilising text

formulae, (Dobrin, 1976) would produce a depth to the second

layer near each shotpoint. The plus-minus method on the other
hand provides depth to the refracting horizon for each geophone
that receives a refracted wave from the layer,(Fig. 5.1).

The method uses the principles of intercept time and delay time
to determine the depth (z) to the refractor. For a two layer
case, (Cummings, 1979).

where (t,+t,-t,), defined as the plus time is the equivalent

of the intercept time corresponding to different parts of the
time-distance graph. The terms t, and t, are the arrival times

at the same geophone from a forward and reverse shotpoint
respectively and t, is the total travel time between the

shotpoints, (Fig 8.1

The term k, represents the relation of the velocities for the

delay time, A ol 3
V‘ ’
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2
where v, and v, are the velocities of the upper

and lower layers respectively.
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Combining equations 5.1 and 5.2

z = OIS ( t‘ + tz- tx ) -.'I..5-3

Equation 5.3 can be written in a more familiar equivalent

form, from Dobrin (1976) as

V‘Vz

280.5 to ---c-uo--..--o--..5.4
Vz"Vz
1 z

where teo is the mtercept time.

The derivation of the equation is illustrated in Appendix A.1,

The assumption of a emall dip implies that the perpendicular
distance from the surface to the refractor is approximately
equal to the vertical distance, thus the computed depth to
the refractor can be plotted on the geological cross-section

directly below the associated geophone position, (Fig 5.1).

In practice an extra pair of far shots 1s normally conducted

to obtain first arrivals from the refractor at all geophone

positions. In this project, far shots could not be made due
to limitations of the spread length., Hence the plus time

values were oObtained only for those geophone positions where

the first arrivals from poth forward ano reverse shots

travelled via the same refracting horizon, iFig 8,17

The velocities were calculated from the traveltime curves by

computing the rec iprocal of the slope gradients. The first

slope provided the velocity Vas Of the surface waves hence

the velocity of the surface layer. :
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The velocity v, of the refracted waves was taken to be the
average of the up dip velocity, vp* and downdip velocity,v,_.

This was the velocity of the refracting horizon.-.

The intercept times for the updip end, t,+ and downdip end,
t,~ for every spread was read directly from the time-distance

graph by extending the traveltime curve from the cross-over

point to the abscissa axis. The total traveltime, t, between

each pair of forward and reverse shot points normally termed
as reciprocal time was also obtained from the graph.

The plue time t,, for each geophone, defined in equation 5.1
is the sum of the. travel times, t, from a forward shotpoint
and t, from a reverse shotpoint, minus the total traveltime

e
ThUS tb > (t‘+t2-tl) ---------- o.-.----5-5

In this single interface interpretation t; and t, were obtained

directly from the sections of the curve where the first
arrivals were both from the refracting interface. In the
example shown in Fig 5.1 plus-minus times from the refracting
horizon were obtained between the gecphones at 7.5 m and 15 m,

The critical angle @O¢. made by the refracted wave was

calculated using equation 3.3. The other variables were
obtained as descr ibed above, hence the depths h and h' (of the
updip and downdip ends of the spread) from the surface to the
refractor at the shotpoints were calculated using the standard
formula, (equation 5.4).
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The plug’ 'times t, for every geophone position were used to
calculate depths h, from the surface to the refractor at the
geophone positions.

tb V‘
where h S comeseemctt—— --.n---u---n---un--Sné

b 2c0s6
c
Those provided the depth to the refractor at the shotpoint
positions and geophone position. The refractor-depths were then
plotted to define the topography of the refractor, (section
8.7,

5.1.2 Limitations in the Seismic Refraction Data Interpretation

Most of the first arrival plots fall on a straight line. A few
points were scattered along the general trend of the
time-distance curve. Scattering is normally caused by travel
time errors,fateraI variation in velocity or dip, and
intersection of segments representing arrivals from deeper
layers. Therefore the critical task in the interpretation was
to relate inflection points on time-distance curves to either
crossover points or lateral geological changes. The time-
distance curves were then constructed for the refracting
horizon with the first arrival data on hand.

Inflections corresponding to the crossover points were
manifested by a decrease in slope of the time-distance curve
with increase in distance from the shotpoint, Changes in the
dip or velocity of refracting horizon resulted in crossover
point being marked by an increase in slope with increased
distance. These were easily recognised from the time-distance
curves where gradual change in the dip resulted in different
intercept time of the forward and reverse spreads,
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In this stday, the orientation of the spreads was parallel to
the topographical contours. ‘- This ensured the same surface
elevation for the shot and detector positions. Furtbgrmore the
length of the spreads were too short to have any appreciable
variation in surface elevation. This was confirmed from the
reciprocal times which were the same for the forward and
reverse spreads. The first arrivals data obtained was from the
shallowest refracting horizons (bedrock). Hence the topsoils
and the weathered rocks were interpreted as constituting the
overburden. Therefore the weathering correction did not arise
in the interpretations.

5.1.3 Results of Interpretations

The interpretations of the time-distance curves was relatively
straight forward. The first slope on the curves represented the
direct waves while the second slope represented the first
arrivals from the refracting horizon. The velocities of the
surface layer and refracting horizon were calculated from the
slopes. Combination of the intercept time and the plus times
allowed the depth to the refracting horizon to be determined.

The overburden materials had generally low velocities whereas
the bedrock had higher seismic velocities. Velocities in al)
the profiles were variable for both surface layer and
refracting horizon. The travel-times indicated that the surface
layer had an average velocity of 350 m/sec, but ranged from 280
m/sec to 500 m/sec. The main refractor was found to have an
average velocity of 1000 m/sec, but ranged from 800 m/sec to
1900 m/sec. The depth of the refractor was also variable in all
the profiles ranging between 2 m to 5 m,

The surface velocities in the upstream section were found to
be 9enerally lower than those on the downstream section,
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Refractor ' velocities on the river course profile between
station k and g ranged from.1500 to 1600 m/sec. The rest had
an average velocity of 940 m/sec. The depths to the refractor
on this section were also relatively shallow. The average
depths on spread u and p were 2 m.

The refractor velocities on the abutmants are higher than those
at the valley bottom. The higher velocities are attributed to

a lesser degree of fracturing of the fresh basalts on the

‘abutments. The depth section actoss *he dam axis show an

approximately censtant depth to the refractor, which follows
the surface topography of the valley. The depth sections
calculated from the interpretations are shown in Figs 6.1 and

6.2,
8.2 Resistivity

5.2.1 Methods of Interpratation

The main purpose of carrying out the resiastivity sounding was

to determine the nature and chara-teristics of the subsurface
(resistivity and thickness of layers). Therefore, the
interpretation of the measured resistivity
involved the distinction of the number of

layer parameters. The standard procedure

sounding data
layers and their

of plotting the
results in bi-logarithmic graph wan per formed, (Appendix B,3).
Visual interpretation was carried out in the field by studying

the apparent resistivity (p,) curves. The layer parameters

weres determined using the indirect methode of

interpretations
by matching the obaerved p,

curves yith master curves and by

“omputer modelling. In the Wenner herizontal profiling, Pu

Values were plotted on linear o1 aphe

for .v.ry wenner
Separation,
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5.2.1.1 ' Visual Interpretation

The type of apparent resistivity (p,) curves obtained in an

area are functions of the resistivities, thickness of the
layers and electrode confliguration. The p, curves obtained at

the dam site are composed of many combinations of the simple
H, A, K, and Q type of sounding curves. The curves with the
same relationship were classified together for interpretation
purpose. The dominant resistivity curves in the whole area were
of three types, (Fig 5.2).
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5.2.1.1  Visual Interpretation

The type of apparent resistivity (p,) curves obtained in an

area are functions of the resistivities, thickness of the

layers and electrode confliguration. The p, curves obtained at

the dam site are composed of many combinations of the simple
H, A, K, and Q type of sounding curves. The curves with the
same relationship were classified together for interpretation

purpose. The dominant resistivity curves in the whole area were
of three types, (Fig 5.2).
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Generally, the p, curves in the area were characterized by a

sharp :rise in apparent resistivity between separation AB/2=4
m and 10 m. The first type of curves designated.x have high
apparent resistivities on the surface followed by a gently drop
around AB/2=3 m and then a rise up to a maximum AB/2=10 m.
This is followed by a drop of p, which tends to flatten or rise
at AB/2>100 m. These curves were found in areas where there was
topographical depression. These depressions are filled up by
thick clayey materials at $18, S19, S8 and D2, (Fig 4.2). The
clays contributed to the initial gentle drop in Pa values,

The second type of curves designated y resemble the latter but
they have a continuous rise in P, from the surface up to

AB/2=10 m. At this depth, the maximum P, values were attained
before the final drop. The decrease in P, is attributed to

weathered zones with clayey materials. These curves were
obtained in areas where the surface was covered by a thin clay
layer with exposed boulderly weathered basalts,

The third type of curves designated z have a continuous rise
of P, curve which tends to flatten at AB/2>10 m, and then a

final rise at AB/2>40 m. The flattening at AB/2>10 m is
attributed to a weathered zone within the same formation. The
final rise is attributed to effects of fresh rocks at depth,

Generally the resistivities of the hard rock are low, which
can be attributed to fracturing and slight weathering along

fracture surfaces.
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SIS @S Master Curves.

The common method of interpretation is by use of_gssemblage of
theoretical curves (master curQes). The master curves are
computed apparent resistivity curves plotted on logarithmic
co-ordinate system. They are prepared using the generalized
expression of apparent resistivity where all the variables
occur as dimensionless ratios, (equation 5.7),

": n
e
o =1+ 2 WS by
Py 5 a2
n=4 [1 "‘4!1’ h } ]
a

Where k is the boundary reflection coefficient.
a/h is the thickness of the overburden.
Pa/Py i8 the resistivity of overburden.

n is the n*" layer which assumes a

homogeneous isotropic ground.

The master curves are presented as a plot of apparent
resistivity (p,) versus electrode separation (AB/2) for the

arrangement of electrodes employed in the field. Various
thicknesses, specified layering and resistivity ratios are
assumed for individual layers., The resistivity and thickness
of the first layer is assumed to be unity, which eliminates
two parameters in the calculation of the sounding curve for a
given earth model. Therefore the theoretical curves have no
regard of the units used, absolute values of resistivities,
electrode spacing or bed dimensionc., This forms the basis of
curve-matching interpretation method, The shape of the curve
is preserved in logarithmic ceo-ordinates even when the
ordinate, (AB/2) and abscis=a,(p,) of each point along the curve

are mull!pl'o'l by ambitrary constants, ('Q']p'.'QGZ)‘
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Three-layér theoretical curves by Rijkwaterstat (1980) were
used in the curve matching interpretations. The 3-layer master
curvés. provided the thicknesses and resistivities of the
overburden and those of the bedrock which was theiébjective B
the investigations. However auxiliary point method was employed
to interpret the deeper layers. Auxiliary curves combined the
first two layers into a single fictitious layer so that the
portion not interpreted by the 3-layer master curve could be
interpreted. This provided the layer parameters of the deeper
layers. It was noted that in the 23-layer curve matching
interpretation, the resistivity of the third layer was an
estimation of the earth model assuming infinite thickness of
the layer. Hence the resistivity was unreliable. Therefore the
resistivity obtained using the auxiliary point method was more
reliable and was the one assigned to the third layer,

8:2.4.38 Computer Modelling

Curve matching using the pre-calculated master curves is
limited by the specific parameters of thicknesses and
resistivities of the assemblage of the master curves employed,
The 2268 standard curves from which selection was made in the
curve matching interpretation are just a few of the many
possible 3-layer combinations. Hence computer modelling was
used to generate the actual curves that could be produced by

any model.

Computer interpretations were done by use of Olivetti M24
personal computer. The VES programme designed for interpreting
Schlumberger sounding data was used.In this programme the
inversion of sounding curves 1s achieved fiteratively using
inverse filters,(0'Neil,1975). The match between field and
mode) curves using the programme is controlled by use of the
Root Mean Square (R.M.S) percentage specified to be less than

5%, (Fawzia,et al, 1986).
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The daté’}nput for the VES programme are the measured field Pa

values and the corresponding electrode spacing,AB/2. These
were stored in a floppy disk where every spread had its own
file. THe model menu required an input of the layer depths and
the corresponding expected resistivity for the specific layer.
The computer then computed the O’Neil VES curve to match the
mode] fed by the interpreter. This was adjusted by changing the
depths and resistivities parameters until the computed curve
on the screen matched the field data points.This procedure was
followed to get the correct model for every spread.

The quality of the computer models was improved by starting
with the layer parameters from the curve matching
interpretation. The VES programme had also facilities for
shifting data points on the screen without affecting the stored
field measurements. This facilitated the interpretation of the
field data obtained from different MN spacing by giving them
a uniform shift to fit the left hand section of the resistivity

curve.

After retrieving the particular file of the sounding to be
interpreted,the whole process of plotting the logarithmic
graph, drawing the data points on Lhe screen and the curve to
fit the given model took about 20 seconds. The mode) and the
plot were stored in the same file opened for that particular
spread and could be retrieved for modification,

5.2.2 Limitations in the VES curve Interpretations

The resistivity method assumes homogeneity and isotropy., 1In
reality these conditions are hardly achieved. Even though the

earth may be homogeneous in some instances, it may not

necessarily be isotropic.
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The determination of the layer parameters in the interpretation
thus provide a way of averaging the electrical properties over
1argé volume of rocks, which may not necessarily pe homogenous.
The geoelectrical section boundaries between layers are also
determined by resistivity contrast rather than by the
combination of factors used by the geologist in establishing
the boundaries between beds.

The field curves were displaced as a result of enlarging the
potential electrode spacing after several measurements. Very
often the measurements repeated with unchanged current
electrode spacing showed a shift in the P, curve. In such

cases the curves were smoothened by shifting the right side of
the curve to match the previous section. In the computer
interpretations, a shift of a section could be performed on
the screen for smoothing and subsequent interpretations.

Lateral inhomogeneities also affected the resistivity
measurements which was indicated by formations of cusps on the
p, curves. Field P, curves were distorted as compared to the

theoretical ones. This anomaly was prevalent also in cases
where the current electrodes were placed on inclined surfaces
on the valley slopes. This resulted in anomalous P. values

which normalised when the surface across the valley reached the
elevation of the measuring station on the opposite side.The
latter condition was attributed to the topographica) effect,
which is generally encountered in areas of moderate to strong
relief. The ground surface acts as a streamline for the
current flow, therefore irregularities in the shape of the
ground surface introduces local squeezing together or drawing
apart of the equipotential surfaces. This is registered as
spurious anomalies. These sections in the curves were
smoothened during the interpretations,
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Another sgéious ambiguity 1in the interpretation of the
multilayer sounding curves -was caused by the well ‘known
principles of equivalence and suppreesion. Unique layer-mode]l
solutions could not be found. Many solutions could be obtained
corresponding to a variety of layer thicknesses and
resistivities. It was observed (McCann,1977), that curve
matching or computer programmes do not correctly compute the
resistivity of an earth model containing a perfectly insulating
or perfectly conductive layer., In order to check for the
existence of such a condition in the sounding curves, layer
models of curves increasing or decreasing rapidly with depth
were carefully investigated. This was also for the purpose of
ensuring that a small perturbation of the model did not result
in a large change of computed resistivity,

5.2.3 f_In ! Lon

5.8:8:1 VES Data

Interpretation of the P, curves by curve matching and computer

model11ing provided the subsurface parameters which were used
to draw the gecelectrical sections. The two methods of
interpretation gave results which compared closely, An example,
(Table 5.1) of the interpretation of the sounding curve 87,
(Appendix B.4) yielded the following layer parameters.

Depthim) Resistivity(ohm-m)

Layer curve Matching Computer Curve Matching Comp,
\ $i7 4.7 28.0 24.0

2 3.4 3.5 700.0 710.0

3 130.0 99909.0 56.6 43.0

4 - 1at .
Table 5.1 Layer parameters of VES data at S7, from curve

matching and computer interpretation.
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The surféée geoelectrical layer had resistivities of 4 to 27

ohm-m. The layer has average depths of about 1.2 m. The second
geoelectrical layer had resistivities of 52 to 710 ohm-m, and
attains a maximum depth of 17 m. The third geoeleétrical layer
had variable resistivities which were characteristic of the
different profiles. The valley bottom had resistivities fanging
from 6 to 28 ohm-m, while the abutments had resistivities of
25 to 46 ohm-m. Apparently this layer was thickest at the
valley bottom and tended to thin out on the abutments. It was
also observed that the layer attaine the maximum depths on the
downstream section of the site. The deepest geoelectrical layer
investigated had resistivities exceeding 50 ohm-m. These
corresponded with those of the second geoelectrical layer. The
layer is shallow on the abutments and deeper at the valley
bottom. The interpreted geoelectrical sections are shown in

Figs 6.2, 6.4 and 6.5.

43 2 Profiling Data

o,
N

The wenner horizontal profiling data, (Appendix B.2) was
plotted on resistivity profiles as shown in Figs, 5.2 and 5.4,
Subsurface features are recognized aualitatively from anomalies
in P, at different wennel spacing.

The resistivity profile at wenner 3pacing a = 4 m and
a=10m, (Fig 5.2) reveals the features of the bedrock.

The effact of shallow features of the bedrock are suppressed
in the profile made with 10 m, whereas the effects of the
deeper ones are retained. In the profile made with 4 m, the
effects of shallow features are retained and the deeper ones

suppressed.
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The resistivity profile shows high P, on the right abutment.
The left abutment has high P, at only station H7. The Pa values

show presence of low resistivity materials at the valley bottom
and beyond H7 on the left abutment. Generally the bedrock has
the same characteristics between the two depths which conforms
with the observations obtained from the core-logs.

Pa
(-m)

SE H9 H& H? Hé HS H4 H3 H2 H1
Stations
B—— Qa bW
_ 0o v 2 e B TR L'
Scole (m)

Fig 53 RESISTIVITY PROFILING WITH WENNER SPREAD A CROSS THE
DAM AXIS SEPARATION az4&m, a=z10m.
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Fig. 5.4 shows the resistivity profile at wenner spacing of

a =256 mand a = 40 m. This was conducted to investigate the

weathered zone underlying the bedrock. The P, values show

uniformity between the two depths, across the dams-axis. Low
P, are obtained at the valley bottom while the abutments have

higher values.

H9 H8 H7 H6 HS Hé4 H3 H2
SE
Stations

Re——)t Q8 25M
iy e R wm v vt Q% &OmM

Fig 5.4 RESISTIVITY PROFILE WITH WENNER SPREAD A CROSS THE DAM-AXIS
SEPARATION az=25m, az40m

NV
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‘CHAPTER 6

GEOLOGICAL INTERPRETATIONS OF THE RESULTS

6.4 Seismic Refraction

The low velocity surface layer was interpreted to represent
dry soils occurring with weathered boulderly rocks.These were
directly overlying the hard rock, (bedrock). The extremely low
velocities were associated with the thick dry alluvium along

the valley, where the surface velocities ranged from 280 m/sec
to 330 m/sec. The higher surface velocities were encountered

» NP and 1§,
(Fig.4.2),and were more than 390 m/sec.These materials were
considered as part of the overburden.

The refracting horizon with velocities varying from 800 to 1900

m/sec was interpreted to represent fractured, slightly

weathered to fresh rock masses. The wide range of velocities

portray the varying degree of fracturing of the rock masses.
The refractor velocities at the valley bottom and the abutments

were found to be in the same range which conforms with the
characteristics of the site underlain

interpretation therefore Postulated tha
and not variation of the rock
factor that explains the seismic

by one rock type. The
t extensive fracturing
Properties was the dominant
velocities.

Fig 6.1 shows the interpreted depth section of the
between the overburden and the

interface

irregular bedrock along the
longitudinal axis of the dam. Shallow depths to the

and high refractor velocities between
associated with fregh rocks near

refractor
Stations k and Q are
the surface.
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N
The vallay is constricted at this section, (Fig 4.2) with
fresh rocks and boulders extending nevl to the stream course,

Lateral change in sejemic velccfty between station K and j
coincided with a deepening of the surface layer between the
two stations. The abrupt contrast between the deeper downstream
section and the shallower upstream sectinn Was suspected to be
caused by a minor Fault. The fault could be correlated with the
similar deepening of the surface layer in the profiles along
BH1, (Appendix A.3). The fault assumes a HNW-SSE direction with
a downthrow to the east. Simila: daepening of the surface layer
on the downstream section was encountered between stations u
and g which are next to the scarp on the western side of the
dam site, (Fl19ud.2),

SEISMIC REFRACTION SECTION

TR g e m ok e W A RS | 3 a
sw ¥ - ! T T T L T T 1" T T LA T T T T T Y | ﬁNE
. < | Sk
(m) 24 B
00 .

VRS Seismic retracior .
- o Inferred Seismic retracior

m Layer velocity (ms 1)

nl Spread position

I} Minor tayiy
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Fig 6.2  shows the interpreted depth section across the dam
axis. The buried refracting horizon follows extrapotation of
the visible surface topography of the dam-axis. This postulates

an even surface weathering of the basalts to ébout the same
depths.

SEISMIC REFACTION SECTION °

13mZ, 25 10.5mXY  14.2mcd 24.5mLM  12mCD 1480 smuv
T " T T T . T s

NW
58 ol dtimelit R.abutment

a
Scale :
8...58. .50 Al Az Seismic refractor.

(m) 333 Layer velocity (m s-1)

14.2med Spread position

Fig6.2 INTERPRETED SEISMIC REFRACTION DEPTH SECTION
A CROSS THE DAM-AXIS.

The thickness of the interpreted overburden,
across the dam-axis varies from 1.8 to 4 m,
higher velocities than the valley bottom. Th

(surface layer)
The abutments have

@se were attributed
to a lower degree of fracturing and weathering of the basalts
rather than any lithologica) change.

The refracting horizon Across the dam-
Joining the refractor-depths obtained
the refraction profiles Crossed the d

axis was constructed by
from the positions where
am-axis, (Fig 4.2).
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6.2.1 River Course

Fig 6.3 shows the interpreted geoelectrical Cross-section drawn
along the river course profife. This section reveals four
geoelectrical layers decreasing to the three at the sw Timits

of the profile.

Interpreted resistivities suggest a top layer of clays, which
is the conductive zone. This attained a maximum depth of

5.2 m at S18, but the average depth along this profile is 1.3
m. Apparently this geoelectrical layer is controlled by
topographical depression as the deepest Zones were encountered
only where deep clays covered a depression. The resistivities
along this profile also reflect variations in soil moisture,
due to the infiltration of the water from the stream. The
interpreted resistivities of 4 to 11 ohm-m in this layer are
therefore attributed to wet clays. Transitional zone wWith
resistivities of 20 to 22 ohm-m were evident at DS and S15,
These correspond to the resistivities of the boulder1y surfaces
on the abutments. Hence they were attributed to boulders and
weathered rock masses within the overburden,

The second geocelectrical layer was interpreted to be the
resistive zone with resistivities ranging from §2 to 123
ohm-m. This was associated with the bedrock. This layer was
encountered between depths of 1.1 to 17 m. The resistivity
variations were attributed to the degree of fracturing of the
rock mass which varied from slightly to highly fractured.

The third layer is characterized by resistivities of 6 to 28
ohm-m. This was attributed to highly weathered rock mass
resulting in clays (residual 80118) which contributed to the
low resistivities. The layer is thin upstream at depths of 25
m but becomes thick downstream.
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This 1é§er appears as the second geoelectrical layer on the
SW end of the profile. The depths of this layer increase from
the surface on the SW to a maximum of 28.5 m on the NE end.
This conforms with the condition which was obéerved on the
river course profile. The fourth layer is characterized by
resistivities greater than 80 ohm-m. This corresponds to those

of the second layer, but at this depth the rocks are weathered
and fractured to some extent.

6.2.3 Dam-axis

Fig 6.5 shows the interpreted gecelectrical cross-section of
the dam-axis. The section Summarises the geoelectrical sections
discussed for the river course and the spillway profiles.The

section reveals four geoelectrical layers at the valley bottom
and on the abutments.

Surface layer has variable resistivities which can be grouped
into three types. Resistivities of 4 to 9 ohm-m were associated
with top soi) layer which are mainly clays. Resistivities of
17 to 24 ohm-m were associated with soils occurring with the
weathered boulders. The Zones with resistivities of 54 to 60
ohm-m are the weathered basalts outcrops on the abutments. The
average depth attained by the layer is 1.7 m,

The second layer with resistivities of about 60 ohm-m can be
associated with the slightly weathered and fractured rocks

exposed at the abutments. A lensoidal layer of high
resistivities which are greater than 280 ohm-m was delineated
on the abutments, This was attributed to fresh rocks which are
not fractured. The third layer had predominantly low

resistivities, which range from 12 ohm-m, on the valley bottom
to about 30 ohm-m on the abutments.
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These weféiattributed to the highly weathered zone which was
described for the river course section. The extent of
decomposition to clayey materials was evidently greater on the
valley bottom contributing to the lower res1st1v1t1es This is
also evident from the thickness of this layer, which is
thickest at the valley bottom; thinning out completely on the
abutments.

Generally the right abutment has higher resistivity values
which correspond to those from the Wenner horizontal profiles
(section 5.2.5).

The sharp contrast in resistivity of the top boulderly layer
at the abutments and the underlying layer was probably a moist
overburden and a dry fresh rock interface rather than any great
change in the rock properties.

6.3 Core Logs

The geological boundaries were delineated by the degree of
weathering, (Appendix D) owing to the fact that the dam-site
was covered by one formation (Ngong basalte). In all the core
samples from the site, a thin layer of black cotton soil was
recovered, attaining a maximum depth of 2.0 m, but with average
depths of 1 m . The soils were underlain by highly weathered
broken rocks. These vary from boulderly to highly fractured
rocks which were clay filled, on the fracture surfaces.

The fresh basalts occur as slightly to highly fractured rocks.
Fractures were horizontal, sub-vertical and vertical but did
not show any continuity., Slight weathering was visible along
the fracture surfaces discolouring the adjacent rock masses,
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The baé;1t formation was completely weathered in the deeper
zones resulting to a completely weathered zone, moderately to
slightly weathered zone and residual soils. The top basalt
flow is wunderlain by an agglomerate 1aye? which
subsequently deposited above an earlier basaltic flow.
logging results are given in the next sections.

was
Core

6.3.1 River course

Fig 6.6 shows the geological cross-section along the river
course. The top soil layer consists of black cotton soils.
Their depths range from 0.6 to 2 m. The test-boreholes were
bored next to the river course and the infiltrating water rest
level from the stream was found to coincide with the interface
of the top soils and the highly weathered basalts, (Section
2.5).

The highly weathered basalts layer was deeper upstream (5 m)
and shallowest at the dam-axis (2.4 m). These were underlain
by the fresh basalts zone. The fresh basalts occur as slightly
fractured rocks with slight alterations along the fracture
surfaces. The fresh basalts zone is thickest upstream (4.6 m)
narrowing to 1 m downstream. A uniform zone of completely
weathered basalts underlies the fresh basalts. The thickness
of the latter zone increases from 2.6 m upstream to 4.7 m
downstream, with an average depth of 9 m from the surface.

An agglomerate layer underlies the completely weathered zone.
This has a thickness of 4.4 m upstream increasing to 7.9 m
downstream, Generally the lower surface of the agglomerate
layer is sloping downstream, which corresponds with the general
direction of dip. The agglomerate layer is underlain by a
residual soil zone which ranges from 6.7 m thick, upstream to
0.7 m thick, downstream,
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The deeggst zone drilled in this profile consists of highly
fractured basalts which are moderately to highly weathered.
The clays from the residual soil zone have filled the fractures
giving the basalts a soilly appeérance. The fractures in this
zone are thought to be open hence the clays have filled them
to the maximum depths drilled. The zone tends to be thicker
downstream where it attains a thickness of 11.4 m at the end
of BH6. A few fresh rock lenses were encountered in this zone
which were slightly fractured.

6.3.2 Spillway \

Fig 6.7 shows the geological cross-section at the spillway.
BH1 which has been included in the section was 32 m off the
spillway, (Fig 4.2). The top soil layer along the spillway
section has a uniform thickness of about 1 m. The layer becomes
thinner on the NE section, where the highly weathered basalts
are exposed. The boundary delineating the top soil layer and
the highly weathered basalt zone is more or less uniform.

The fresh basalt zone underlies the highly weathered basalts.
This is thickest at BH1 where it attains a thickness of 6 m.
A completely weathered zone underlies the fresh basalts. The
thickness of this zone is not defined at BH9 and BH1 where the
drilling was terminated before it was recovered fully. The
zone was recovered in BH8 between 5 m and 10.8 m deep.
Moderately weathered basalts were recovered at depths of 10.8
m and 15.5 m in BH8,
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o B ..
6.3.3 Dam -axis

Fig 6.8 shows geological section along the dam-qxis, The
black cotton soils attained a thickness of 1 m. The highly
weathered zone is thin at the valley bottom and thickest on
the right abutment where it attained a thickness of 4.2 i
These were underlain by the fresh basalts which.narrows at the—
valley bottom and gets thicker on the abutments. Lenses of
completely weathered basalts are found within this zone at BH5
and BH1.

The completely weathered zone has a uniform thickness.This zone
is not defined at BH4 and BH5 which were terminated at
shallower depths. Agglomerates were encountered at a depth of
9 m in BH3, where it had a thickness of 5.9 m. BH2 and BH4 were
terminated within the agglomerate layer, hence the thickness
on the valley sides cannot be obtained. The other deeper zones
described for the river course cross-section were only
recovered in BH3 which was drilled to a depth of 26 m.

6.4 mmmﬂsﬂmmummmm

Geological core-logs were used as a control to correlate the
various geological zones with the gecelectrical layers, A
comparison between the Ilithostratigraphical column and
interpreted resistivity curve (D5) next to BH3 is shown as an
example. A logarithmic depth scale of the core-log is used to
show which lithological layers were resolved for different
gecelectrical layers, (Fig 6.9),

The depths of the various lithotypes are given in metres along
the column. The abbreviations used (S, H.w, F, A, C.W and R.S)
are as explained in the geological cross-section shown in Fig
6.6,
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The firéé.geoeletrica1 Tayer with Tow resistivity corresponds
to soils and part of the highly weathered basalts, interpreted
as the overburden materials. The high resistive zone (54 ohm-
m) corresponds to fresh basalts, %nterpreted to be.the bedrock.
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Fig 69 COMPARISON BETWEEN LITHOSTRAT IGRAPHICAL
COLUMN AND INTERPRETED RESISTIVITY CURVE
(DS) NEXT TO BM3.

f
The second conductive zone (13 ohm-m) corresponds to the
moderately to completely weathered zone, agglomerate layer and
residual soils. The geoelectrical layer boundary for this layer
extends up to 44 m, but the drilling was terminated at 26 m,
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The relative thicknesses of geological zones in the latter
geoelectrical layer are small as compared to their depth of
burial. This restricted their 1nd1v1dua1 resolution, hence they
were geoelectrically resolved as one layer of res1st1v1ty 13
ohm-m. The thin lenses of the fresh basalts within the highly
weathered zone and vice versa are also geoelectrically
suppressed in the interpreted model.

A better resolution was achieved for VES 8§15, (Appendix B.5)
when a transition layer of 20 ohm-m was inserted between 5,2
and 80 ohm-m geoelectrical layers, shown in table 8.1%%

Layer Depth(m) Resistivity(ohm-m)
1 198 5.2
2 4.4 20.0
3 8.0 80.0
4 22.0 10.0
5 9999.0 1500.0
Table 6.1 Layer parameters of the model

obtained for S15.

The model corresponds with the initia) interpretation of a top
clayey layer of resistivity 5.2 ohm-m reaching a depth of 1.5
m. Then highly weathered basalts (20 ohm-m) to a depth of 4.4
m. The resistive layer with resistivities of 80 ohm-m is the
fresh basalts which comprise the bedrock. This extends to a
depth of 8 m. The bedrock is underlain by residual soils,
completely weathered basalts and agglomerates, which were
resolved as one geoelectrical layer of 10 ohm-m.
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6.5 Discussion of Results

One problem inherent in all geophysical studies is the
ambiguity of any particular geological model to a set of field
data. The source of the problem is that geophysical techniques
measure physical properties of the earth from the surface to
obtain the subsurface information. Several different
combinations of earth materials can give the same signal at the
surface. Hence geological information from other sources is
useful in quantitative interpretation of the data. Geophysical
technigues also have a limitation in that the equipments used
have their own allowed degree of error. This applies also to
the methods of interpretation.

The seismic refraction and resistivity methods which were used
in this study have their own setbacks which were discussed in
chapter 4. The core-logging also presented a problem in
establishing accurately the boundary between the boulderily
overburden and the upper parts of the fractured fresh basalts.,

Therefore the decision making required the evaluation of the

quality of the results in the light of all the geological and
geophysical results.

The Core-logs were used as a control in the interpretation of
the VES and seismic refraction data in terms of stratified
layers of definite thicknesses. The results from the three
methods were correlated to delineate the overburden from the
bedrock, which would be the foundation of the dam,

Table 6.2 summarises the results of the depth to the bodrock
of seismic refraction and resistivity soundings next to oight
test-boreholes,.
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Boreholé" Core log Seismic refraction Geoe]ectr.1ayer
Ner e Depth(m) -travel Depths(m) Depth (m)
BH1 4.2 5.8 2.1
BH2 2.0 ‘2.9 4 §o.2
BH3 2.4 2.6 1.3
BH4 3.2 2.8 2.7
BH5 1.0 3.3 122
BH6 3.0 3.0 1% 2
BH7 5.0 5.0 44
BH9 2.0 85 2 8

Table 6.2 Summary of the core logging,seismic refraction and

resistivity sounding results of the depth to the
bedrock.

The depths of the bedrock obtained from drilling agree with
the seismically determined depths at BH6 and BH7. Those of BH3
and BH4 are within the expected uncertainty of + 15% of the
seismic refraction method. Differences indicate the complex
nature of the bedrock surface which is characterized by
boulderly rocks, fractured and weathered surfaces. This was too
variable to be resolved accurately by the seismic refraction
method. Hatherly et al (1986) points out that variations in
refractor depths can also be caused by travel-time errors,
unmapped near surface velocity variations and errors inherent
in the conventional interpretation method. Furthermore the
refraction depths must vary smoothly to define the boundary
properly. This should dissuade users of the results from
measur ing depths with high precision.

It was difficult to establish the exact boundary between the
boulders and the surface of the highly fractured bedrock during
the core-logging. The rocks on the top surface of the bedrock
occurred as broken pieces. These resembled the discrete
boulders in the overburden materials, hence there was no clear
distinction between the two.
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The adeé limitation was borne in mind when comparing results
from drilling and refraction. In the refraction method, the
dry loose materials on the surface layer constiputed a problem
in determining their velocities. The velocities in this layer
were Tow and relatively small variation in thickness influenced
the recorded times. Owing to the fact that the site is
underlain by the same formation, the velocities of the surface
layer increased uniformly wuntil the fresh basalt zone
(refracting horizon) was reached. Hence the refractof—depths
were affected by all these factors.

Refraction results are consistent with the drilling results
between BH6 and BH7, (Fig 4.2) at the valley bottom.Here the
surface is even and not boulderly, hence the refractor was well
resolved. The results allowed interpolations of bedrock depths
between drill holes with much more confidence than would have
been otherwise possible. The boundary of the refracting layer
can therefore be used as a basis for estimation of excavation
depth of the dam foundation. At this depth, the basalts are

slightly to highly fractured and the foundation would require
treatment.

Comparison of the core-logs and gecelectrical results in table
6.2 show that the geoelectrical boundaries coincide with core-
log boundaries only where there is pronounced change in texture
at the boundary. Such contrasts of soils and the hard rock were
observed at BH4 and BH5, The geoelectrical boundaries of the
bedrock compare well with the refractor depths at BH1, BH4 and
BH9 which are on the abutments. Hence the results of the
shallow seismic refraction and drilling can be used as the
basis for estimation of the required depths of excavation on
the valley bottom. The geocelectrical and refractor-depths can
guide in excavation depths on the abutments.
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The vaTlley bottom is filled by deposits of varying composition.
Such surface deposits generally vary in their electrical
conductivities because of heterogeneity, variable moisture
conditions, and the effects of weathering and erosion.

Hence
the resistivity results realised at the valley bottom are
characteristic of such terrains. Taking into consideration

that the least depth of the first gecelectrical layer that can
be resolved is 1 m, the results in table 6.3 show that the top
soils were well defined by the resistivity method.

Borehole Core log First Geoelectrical layer
No. Depth(m) Depth(m)
BH1 1.0 1.8
BH2 0.8 1.2
BH3 0.6 1.3
BH4 1.0 1.4
BH5 0.5 1.2
BH6 2.0 1.2
BH7 1.0 et
BH8 0.3 1.0
BH9 h.2 3.4

Table 6.3 Summary of the first geocelectrical layer depths and

top soil depths obtained from the core logs of nine
test-boreholes,

The correlation of the geocelectrical layer depths and drilling
lithostratigraphical depths have shown that the former are
deeper than the latter. This could be attributed to the effect
of anisotropy. Soundings conducted over gently sloping beds
such as the lava flows in the area result in large measured
resistivities than the longitudinal resistivity by a ratio
equal to the coefficient of anisotropy, (Keller et al,1982),



91

Consequéﬁt1y, the interpreted thicknesses are greater by the
same ratio as observed in the comparison, shown in Table 6.3.
This study aimed at delineating the conductive overburden from
the resistive bedrock, hence the anisotropy investigations
which require a number of cross spreads at every station,
(Matias M.J.S. et al 1986) was not necessary.

A minor fault with a downthrow to the east is eminent between
spread k and j of the seismic refraction surveys. This had
a NNW-SSE trend which is parallel to the major fault west of
the dam site. The depression observed between stations u and
q, (Fig.4.2), is suspected to be the surface manifestation of
the fault. The throw is to the east, but the present data
could not furhish enough information to determine the amount
of throw.

The abutments are covered by lava boulders ranging from
continuous boulder cover to shallow dark soils. Dark soils
cover the basalts formation at the valley bottom. Resistivity
profiling results indicate uniform characteristics of the
bedrock between 4 m and 10 m below the dam-axis surface. The
basalts forming the bedrock extend to a depth of about 9 m,
Agglomerates occur at depths of 9 to 11 m below the valley
bottom.

The lithostratification at the dam site obtained from the core-
logs show that a basaltic lava flow was the first to be
deposited. Fractures resulted from contraction during the
cooling and crystallization of the lavas. The fractures in this
zone are continuous, therefore described as open fractures.
Quiescence of the volcanic activity allowed sufficient duration
to enable processes of weathering to proceed. This resulted in
the moderately and highly weathered zone (Fig 6.6).
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Decomposition and disintegration occurred on the top surface
resulting in the residual.soils zone. The infiltrating waters

carried the soils downward into the open fractures filling them
as observed in the lower zone.

These were followed by deposition of volcanic debris of varying
fragment sizes. These consolidated as an agglomerate bed with
no joints or cracks of consequence. The surface weathering of
the agglomerates is very slight indicating short time lapse
before the deposition of a later basaltic lava; which forms the
bedrock at the site. The relatively water retentive agg\omerate
bed might have inhibited downward water passage to deeper zones
resulting in accumulation of water which facilitated weathering
of the lower surface of the latter basalts. This resulted in
the completely weathered zone and lenses of residual soils
above the agglomerate zone.

The weathered zone above the agglomerates would have been the
upper aquifer but the constituent materials were found to be
only moist. It is envisaged that the infiltrating water flows
on the surface of the agglomerates, since the layer dips
downstream. The lower zone of moderately to highly weathered
basalts, (Fig 6.6) is also a possible aquifer. The fractures
at this depth are open (discussed earlier) and it is thought
that the groundwater flows to deeper layers,

The drilling investigations did not strike any zone containing
water. The information from the well data in the Kiserian area
show that the main aquifers are struck at depths greater than
40 m. It is therefore, envisaged that the conductive zones

extending to depths, greater then 44 m are possible aquifers.



CHAPTER 7

EVALUATION OF THE DAM SITE IN TERMS OF GéOLOGY

The investigations have shown that the dam site is made up of
only one lithotype - the Ngong Basalts. However fresh basalts
which compose the bedrock are overlain by overburden materials
consisting of dark soils, boulderly rocks and weathered
basalts. These contribute to varying overburden thickness at
the site. Therefore the excavation depths to the foundation
will vary from point to point. The removal of unreliable
overburden material at the dam site may subject the foundation
rock mass to rebound. The problem of rebound is dependent on
the modulus of elasticity of the rocks concerned, the number
of rock types involved and their permeability. Each rock type
has a characteristic modulus of elasticity. At the Kiserian dam
site, the foundation consists of one rock type and the aspect
of differential rebound therefore is lessened. To counteract
the heave, the dam should impose a 1oad on the foundation equal
to or slightly in excess of the load removed, (Bel1, 1980).
This aspect should be put into consideration during the design.

The stratigraphy at the dam site showed & weak zone of
weathered material in the sequence of the basalt flow. This
is of particular significance as regards the stability of the
dam in respect to sliding. Weathered Zones which are reduced
to clays tend to be slippery under the foundation. Removal by
erosion of the rock supporting the heel of the dam on a
slippery part of the foundation; and presence of percolating
water under the base of the dam may lead to collapse of the
dam,
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The invéstigations showed that the foundation bed is fractured
to varying degrees. The presence of flat lying fractures may
destroy much of the inherent shear strength of a rock mass.
This may reduce the resistance of the foundat1on to horizontal
forces, to one of sliding friction. In this case the continuity
and roughness of fracture surfaces is a critical factor. At the
Kiserian dam site the fractures were not continuous and they
generally formed rough surfaces. However the keying of the dam
some distance into the foundation is advisable. This can be
done by building a key wall or by providing a cut-off at the
heel of the dam. Another alternative would be a grout curtain
keyed to the impervious agglomerate bed below the foundation.
Another method of reducing sliding is to design the dam with
a downward slope, to the base of the dam in the upstream
direction of the valley.

Owing to the extensive fracturing of the basalts, the question
of permeability of the foundation becomes of prime importance.
Percolation of water through the foundation can remove filler
materials which may be filling fractures which in turn can lead
to differential settlement of the foundation. Percolation of
water may also open fractures thus decreasing the strength of
the rocks. Water tightness is essential to ensure that no water
escapes. Any steady flow through a solid rock formation is
bound to have some erosive action, which might gradually
intensify the defective conditions causing the origina)l
leakage.

Another problem which might result from leakage of water
between rock surface and dam structure is the uplift pressure.
Uplift pressure acts against the base of the dam and is caused
by water seeping beneath it, under hydrostatic head from the
reservoir,



95

It might'éﬁerefore be necessary to reduce the permeability of
the foundation bed depending on the water pressure tests,
(Appendix C). Seepage rates can be lowered by feducing the
hydraulic gradient beneath the dam. This can be‘achieved by
incorporating a cut-off into the design. An impervious earth
fill against the lower part of the upstream face of the dam
can also effectively reduce seepage.

Another aspect which is a fundamental factor in dam design is
the pore water pressure. The pore water pressure within
foundation materials is a variable force which acts in all
directions and affects the engineering performance of the
rocks. Variations in pore pressure rauce changes in the state
of stress in rock masses. Pore water in the stratified rocks
of a dam foundation reduces the coefficient of friction between
individual beds and between the foundation and the dam,
Increase of pore pressure may 1ift beds and the dam itself and
so decrease the shearing strength and resistance to sliding
within the rock masses. Therefore an estimation of the pore
water pressure is an essential factor. This should be done
elsewhere and incorporated in the design of the dam.

Leakages from the reservoir are also associated with expoiuro
of fractured underlying rocks or major defects in the
geological structure such as faults. When filling the reservoir
there is a possibility that the superficial material may be
ruptured or partially removed exposing the underlying rocks,
This may result in large and essentially localized flows taking
place. Remedial measure to avert leakage problem is by sealing
the reservoir 1ining in the first instance. Treatment such as
cut-offs and blankets of impermeable material can control
losses within acceptable amounts,
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The formation of a reservoir will upset the groundwater regime
and obstruct the water flowing downstream. At the dam site, the
water table is below the foundation bed. Groundwater recharge
will give rise to a changed hydrogeological envi}bnment as the
water table rises. Some rocks which formerly were not within
the zone of saturation may then become unstable and fail, as
saturated material is weaker than unsaturated. This can lead
to sTumping and sliding on the flanks of the reservoir. In such
instances, the impermeability of the reservoir floor is

important. Seepage in such cases can be controlled by clay
blankets or layers of silt.

The right abutment is covered by fractured basalts which may
require treatment to prevent seepage. Flare of the dam at the
right abutment would also provide large impervious contact.

Within the reservoir area, two faults were mapped which had a
general NNE-SSW direction. Leakage along faults generally is
not a serious problem as far as reservoirs are concerned, since
the length of the flow path is usually too long. The fault
mapped on the upstream section of the proposed extent of the
embankment is at an angle (transversal) to the longitudinal-
axis of the dam. Considering that the fault is on the upstream
section of the heel of the dam and not parallel to the
longitudinal axis, it is thought not to be a major problem. The
chances of the fault being re-activated to any measurable
extent is slim, because the probability of a given fault moving

in the short span of geological time Fepresented by the dam
structure is infinitely small,

The major fault mapped west of the dam site is away from the
proposed extent of the dam embankment. However the reservoir
might extend to the location of the fault., The present study
does not furnish enough information to infer on its activity,
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The main’tributary flowing from the south is controlled by this
fault, and the scarps on the valley sides seem to have been cut
dowh,by the stream. In places where the stream has meandered
off the fault trend, the scarps’ have been eroded down. Hence
no present activity of the fault is visible. Occurrence of
fault in a river generally implies the material along the fault
zone is highly altered. Pressure tests can determine the
permeability of the fault zone and the results can be used to
recommend on the necessary precautions. The hydrostatic
pressure resulting from filling of the reservoir basin can
cause removal of loose material from permeable fault zones and
thereby accentuate leakage. Permeable fault zones can be

grouted or if they are thin, excavated and filled with rolled
clay.

Fault breaks occur in association of large and infrequent
earthquakes, small shocks, and continuous slippage (fault
creep). The nature of dam structures 18 such that, unless due
allowance has been made in design, any movement of the
foundation beds may 1lead to serious structural damage.
Earthquakes impart acceleration to the dam which usually
increase the effective loading on the dam. Usually an allowance
of a horizontal acceleration of one-tenth that of gravity is
made for earthquake shocks, (Creager, 1966). Vertica)
acceleration is neglected,

Although any dam site is subject to earthquake activity, the
probability of having earthquakes in SOme areas is greater than
others. The movements in Kiserian area are slight and
infrequent. However allowance for seismic forces must be made
even for dams founded on the most solid of rock formations,

(Lomnitz, 1976).
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CHAPTER_ 8
CONCLUSIONS AND RECOMMENDATIONS
8.1 Conclusions

The seismic refraction and resistivity methods have mapped the
overburden/bedrock boundary of the dam foundation. Photo-
1ntérpretatioh, geolegical reconnaissance and core-logs have
confirmed the rock formation at the Kiserian dam site.

The dam site is underlain by basalts of fairly uniform
composition. Black cotton soils cover the basalts at the valley
bottom, while the abutments are covered by continuous boulderly
outcrops with shallow dark soils. The thickness of the
overburden materials is more or less uniform and follows the
surface topography across the dam-axis. The overburden
materials on the valley bottom are mainly transported while
those on the abutments are autochthonous,

Although the foundation bed at the dam site is u;iform. and
composed of one formation, it is fractured to varying degrees.
The fracturing of the basalts in the bedrock did not show any
continuity. However, horizontal, sub-vertical and vertical
fractures join at some points constituting some 1imited
openness. The right abutment contain highly fractured boulder\y
basalts exposed between BH1 and BH2. Seepage can occur in such
zones which can exert excessive stress on the structure,

The use of shallow refraction investigation at the dam site
was quite effective in mapping out the bedrock. Use of the
seismic refraction and resistivity method has provided usefu)
and adequate information to aid in the design of the dam.
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During ‘Core-boring, advice on the depth to be drilled is
valuable, when a crucial layer or zone 1? reached which needs'
recovery to unveil its extent.

8.2 Recommendations

It is apparent from the results that excavation of the aamt
foundation will take the shape of the surface topography. The:
overburden materials, composed of the black cotton soils and
weathered.boulderIy basalts should be stripped. J

The overburden/bedrock interface delineated by the core-logging
would be the most appropriate depths to be excavated across the
dam-axis. This would be to a depth of 2.4 m at the valley
bottom, and a depth of 1.2 m at BH5 (left abutment). on the
right abutment, the excavation depth at BH1 should be 2 m to

4 m in order to scale off the loose masses of rocks between BH1 .
and BH2. '

Stripping along the valley bottom (Tongitudinal-axis of the
dam) should be between 2.4 m to 5 m depending on the thickness
of the residual soil layer and the unsound weathered rocks,

Grouting on the foundation is recommended in order to sea) the
open fractures and consolidate the basalt formation to make it
act as a monolith under the structure. A cutoff is recommended
at the heel of the dam so as to reduce uplift of the base of
the dam and increase resistance to sliding. This would also
reduce the danger of piping by increasing the length of the
path of percolation. A “grout curtain” cut-off should be
designed with regard to the results of water pressure tests at
BH3 or BH7. This should be keyed on the impermeable agglomerate
bed below or deeper,
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o et APPENDIX A.1

THE 'FLUS MINUS METHOD OF .SEISMIC REFRACT ION
DATA INTERPRETATION.

The plus = minus method uses the principles of intercept
bime and delay time to determine the depth z of the

refractor as dicussed in sSection 5.1

Time-distance relations for a two-layer media which dips

at an angle «, having respective speeds of v‘ and vz',

are illustrated in Fig. A.1..
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DISTANCE
S N
Oc.0
Mz .
- &

Fig Al Roypaths and travel time curves for
inclined interface.
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The ray path for the first refracted arrival caﬁsists of

three linear seaments:

@R along the sloping interface at speed v

80 and RG in the upper medium making an angle @
c

with the normal to this boundary.

Bhooting downdip, the total time t+ from shot to

detector is

t = tSQ + tQR + tRG .l..II.li.'.!t.l.'l!.!ll!l..ll
— h
SW = cos8
c
- _2COSax
cos
c
1
OR = cCosax
but 86 = x hence NH = »-BN-FG
Therefore,

*



A.1.3

1 oS " z2”cose ; .
" Eosal’” cosg_ Sindi reo cose__ S‘"‘ee*""]
e h”
oo cose
c
= o7 COSx
cose
c
Therefore
’
2" & 3 I zeona e .7 Cosa + {GRY
v cose v cose V_Ccosa
1 c 1 c 2
aF
but 2° = 3 & tana
Hence,
t+ . Sin(@ +a) + —25 Cosacon® ol L L E ¥ T T DO R
V‘ c V‘ <

Similarly the updip time ¢ is

’
-

t -L.‘n“"’ 0—2x-COWO“...-..............S
v‘ e V‘ <

where z and 27 are the depth to the interface at the

updip and downdip ends respectively,



The updip velocity (v;) and downdip velocity -(v+)
2

are not true velocities and can be expressed as

v

"l-== 1
vz Sin(ec+a) li‘l.ll-lllIIUII.II.I.II.IIIIIII4

v
v~=—_‘__ o
2 Bin(ec._a) ll!I--o-n-..u-n-n---c--n--u------\-’

Equations 4 and 5 can be used to determine the critical

angle ec and the angle of dip o, where

A v
8in(@ +x) = 2
c 4
v
2
v
sin(@ o) = s
. v
2z
Therefore,
o’a..‘a‘ v‘ l.............‘.'....'.... - 6
° ‘ - .- " e
v
2
0"0-"'1"'. v‘ A AR LR R R E R E R R R RN 7
c - S E X ENY
v
2



A.1.5

o B

adding equations & and 7, we get

. ] TP 1§

subtracting equation 7 from b6, we get

o \%

ax = —%— [ sin ! — ] "essessensasnans @

The intercept time to, can be determined graphically

from Fig.A.1, or numerically from the constant part of

equations 2 and 3

where,
+
t = cO‘xo.e ...................'..........‘O
L] 1 c
- z/
to--—v—COIﬂ:O|‘e 0-00--...ooooooo.ooooc...o-oonoll

The perpendicul ar distance h to the interface can

be determined by replacing 2”7 cose with h”



B ah”

+ L]

cose
[~

IIIIIII"'III.IIIII..IIII..I..III12

1

2h” - B
= v 1_ \/1 .I.l.l.llll.!ll..lll13
‘ —_——
v

or

'.u.l-n....l'....ll...tls

The total travel time, tx for the refraction path SQRG
is the arithmetic mean of fqQuations 2 and 3

Thus,

1 * -
t.-T(t * 8 )

...............I............l6

» - < 7
-Tco...vh ( h +Nh ,000000.....000000l7

2 '
Considering a forward and Feverse signal detected

at point b
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x

cose

el 1 ¥ c
tsacb = t‘ v‘ coso b - V‘ (h ""hb).-.lqu------ia
and
(x-xt) cosec

\

Difference caused by the ray traveling from (cdb)

instead of going straight on (cd), can be written as

tb = ( ta+tz) - .

Il.l..l.'l.ll.lll..‘l..'...l.2°

x

but tb= 2hb . (from equation 12)

Hence, h, =

b co. .......l..‘...................21

Equation 20 is the plus time which is defined as the
sum of the travel time t‘, from the forward shotpoint

and t. from the reverse shotpoint, minus the total

travel time t- between the shotpoints.

Equation 21 can give the depth of the refractor at any
geophone position where the first arrivals from both
forward and reverse shots have travelled through the

same refractor.



APPENDIX A.2

SEISMIC REFRACTION DATA
Site: Kiserian Dam

Pr. S/W Sp. A-B Pr. BHS Sp. Z21-22 Pr. S/W Sp. V-W
Date 23/11/87 Date 24/11/87 Date 20/11/87
x(m) ty(ms) t,(ms) x(m) ty(ms) t,(ms) x(m) ty(ms) t,(ms)
0.0 0.0 38.0 0.0 0.0 40.5 0.0 0.0 47.0
118 4.5 - O g b N 29.4 B 18.0 =
3,0 8.9 3531 B alias @l Bl 1 50 2392 44 .8
R - B 880 34.4 4.5 201 o
6.0/ dnsh 20.9 8.0 244 <y o | 8.0, 82.9 42.8
T+ 28,3 30.0 i o 20,4 7.5 35.5 =
Y0 2287 29.6 90088 T 28.9 9.0 27:5 40.0
1058 . 2818 - Lo SN T 26.3 10..5 - o
$2.0 29T 256 12,0384 23.0 128 30.6 38.0
13,8 93,8 24.9 18:8 2. 34,0 22.5 19%vh 314 g
18450 .832.9 21.9 515 R - BT 18.6 1650 33.0 33.6
16.56 -~ 19.0 19:B8 372.5 12.8 16.5 - -
18.0 36.0 13.8 18,0 ~ 8.9 18.0 35.5 27.5
'19.5 - 4.9 19.5 38.8 4.8 19.6 = S
2150 388 0.0 21:0% 4% D 0.0 21.0 39.6 25.0
Lo 22.5 22.5 37.5 -
24,0 24.0 24.0 38.3 24.0
25.5 25.5 25.5 - 14,2
g1;0 er,D 27.0 44 .0 8.2
28.5 28.5 28.5 - -
30.0 , 30.0 30.0 47.0 0.0
SEISMIC REFRACTION DATA
Site: Kiserian Dam
Pr. BH1 Sp. D-J Pr. BH1 Sp. F-G Pr. BH! 8p. C-D
Date 18/11/87 Date 17/11/87 Date 12/11/87
x(m) t,(ms) t,(ms) x(m) t,(ms) t,(ms) x(m) t,(ms) t,(ms)
0.0 0.0 49.9 0.0 0.0 33.3 0.0 0.0 28,7
.5 8.2 - 1.8 7.0 35.5 , ) 5.8 27.4
3.0 9.8 46,2 3.0 5.3 34.5 3.0 8.3 21:8
&:0.. 13.8 45.9 4.5 20.6 33.5 4.5 9.5 -
6.0 18.2 41.6 6.0 24 .8 32.6 6.0 1Vt 23.7
1.0 943 35.8 7.5 26.86 29.6 7.5 14.8 -
2.0 .24.0 35.8 9.0 29.3 20.4 9.0 16.2 20.9
10.56 26.6 34.0 10.5 29.7 26.2 10.5 18.8 18.9
12.0. 81.8 - 12.0 31.8 16.3 12.0 21.2 7.2
1.5 W2 33.3 13.5 29.3 12.8 13.5 - -
19.0 22.:B 32.8 15.0 33:3 9.3 15.0 23.6 14.8
05 & 30.4 16.5 34.6 0.0 16.5 - 10.5
18.0 34.8 28.3 18.0 - - 18.0 26.2 8.4
19.8 =~ 26.9 19.5 19.5 - 4.3
2%.0 37.%2 23.2 21.0 21.0 28.4 0.0
2K:8..43.9 18.4 22.5 22.5
24.0 44.9 11.5 24.0 24.0
25.5 41.58 5.4 25.5 25.5
27.0 49.0 0.0 27.0 27.0



APPENDIX A.3
-* INTERPRETED SEISMIC REFRACTION
DEPTH SECTION ALONG BH1 PROFILE

BH1
. I M G - F CE - D J : X
S w' 1 1 L ‘l 1 1 L 1 NE
0 _ Ground surface
1 R ; 345 330
(m),_ 350 =

HORZ
SCALE

s SRVROH Seismic refroctor

== == —=ww- Inferred Seismic refractor

1020 Layer Velocity (ms-y
FE Spread position
‘ Minor foult






APPENDIX RB.1
GEOMETRICAL CONSTANTS (K] FOR SCHLUMBERGER ARRAY

AB/2 MN/2 (m) .
(m) 0.5 5 10 25 50 100
1.6 7.26
2 1158 e
’ GEOMETRICAL CONSTANTS K ’
2.5 18.8 . (Schlumberger array)
- o (AB/2)? - (MN/2)?
3.4 31.74 K =1 v
4 49.5 i it
v I
8 77.8
6.3 124
8 200 .
10 313
Sm
13 530
16 803 72.6
20 1260 118
10m
25 1960 188
32 3220 314 145
40 5030 495 236
50 7850 788 377
25m
63 12500 1240 608
80 20100 2000 990 363
100 31400 3130 1560 589
50m
130 S3100 5300 2640 1020
160 80400 8030 4010 1570 726
200 126000 12600 6270 2470 1180
100m
250 19600 2800 3890 1880
320 32200 16100 6370 3140 1450
400 S0300 25100 10000 4950 2360
500 78500 39300 15700 7780 31%0°-  *-
630 125000 62300 24900 12400 6080
800 101000 40200 20000 9900 : ”
1000 157000 62800 31300 15600




APPENDIX Be2

HORIZONTAL PROFILING DATA

Toare :L:///?g

LOCATION. K/s€r/An DAAM SITE

OPERATOR ABuerl e . ' Resistivity Profiling
: array

SEPARATION e = & /0 25~ g #ony AB AZIMUTH

REMARKS pra/,:Ler ¢ oneluct~A paratlel 4o

e SFream dowrge, £ecord ey statiey, O

WEMNLER

e Aawy. o, .
GEOMETRICAL CONSTANTS K

( Wenner array)
K=2%7aqa

. - Paz2Waq AV
5 I

GEOMETRICAL CONSTANTS FOR SEPARATIONS:

A=¢m, L=21§3 a=2fm,

Aazrom, k= 6283

a = 4om, kK = 2K7.33

a am /0 aq 25 A o
Station ATV_ | Pw %! | Pw —A[Y- | Pw %‘i | Pw
H, 251 lez23 [ren IQS‘-Q 0421 | o0 |0272 loe3¢
Ho 14962 | wa.3) |ro2e |éu.eg 0293 |v6.02 [ 011€3 lc'u.o
K3 0666 | 16.wq |00l 2148 |o- 204l 26 15| 0utfop] 2045
(£ ¢ o.fa-yJ .42 o-ayy,lzq-.ﬂr 0.2/ |3<;.-7/ o3 Il?-“'}
T 1630 | w-a2 (0677 lur.cp orest | 1902 vegg lz?_v/z
Hé 0 16¢ 115293 lorwus |21.92 (0430 |26-30 |00 12762
H 3 2T |eqae | ey 1717 |o2as|2e.220| /5 75| 39.47
HT o-élcflly-ua o-eﬁ|27-t‘3 0130 |2£?o sue 12163
H9 2:69 163 6o [0292 | :3.0g [0 |25« [orracgl 5072




APPENDIX B3

FIELD DATA AND cuRve ror 'VES §7

e
- e s

. o ] -».')
LOCATION: - K/SERIAN DAM SITE pate: 19/1/8%
! OPERATOR: A buvru V.E.S / SPREAD N2
* MAXIMUM, . AB/2 400 m.  AB NIMUTH Sw —WNE -
REMARKS! M/ ok : S7
: ¢ a o O / "
/2 njec){vm .$»~1+f °M;4"t' %?:uom
MN/2| AB/2 K. W/ p |MN72| AB/2 K W/ 1| p [mnefaBr2 K '-...V( ! »
05| 1t | 726 | 427 | 2noolo.s |32 | 3220 [oorse | T el
s 1 ¢ lua 4 3s23| 7 |40 | s230 |ow/sod [t
v 12.51(f% |24R I|49o) " |SO |78S0 o.0ot8l b9/
v 1323 lesq [3gA4lo |40 | 23¢  [0230 |ce.of
v jeo luqs | rl¢2 %58 v | SB | 2797 |o-lgzc |Sy3 ®:
v 151 M3 loge? lwud v |63 | 607 lprogés [52m S
v 16:3 |12y 10597 ey |g0 | 990 00494 |4a./ s
- Lty zpq o.ugL g6 ¢ |10 | ict 0 0-0@66 & &
v 110 123 0202 e ¢ :
w |13 §30 o [T [ro2-3 , .
n |16 | £03 5. (25 1064 . e
v |20 | 1260 |0-0ES/ |i1/(-0 £ t
v |25 | 19¢0 |o04s faves] :
. Station NO
; £t ‘. BESERRER W15 18 97 18 19 2021 22 23 24 23 28 27 28 29
: —— — >
o : : :
9 1C
8 - - = e 9
: -  — t - :
v A .
] i t —8
y — ;——-———r______._‘———-———-ﬁ—s
E 1 E T - < : I . ( 1 T , ' T 4
9 : o s i : : : =T
3
’ — : ——
£
suc
[ - T 9
’ "
. 4
s t s
4 = T - - e - :
o - )
-
: 1
L * -
° $ x
. l;l 1 s L X : i : e— — :
¢ ke
az “Onu-nnaqnonmmuﬁomﬁo&mmmw



APPENDI X

COMPUTER MODEL AND CURVE froR

File ‘hunber 14: 87

N, L./2
1. 1.8
o g0 o
4." 3.2
2B 4.0
6. 8.0
4 6.3
8. 8.0
e 10.0
10, 15 .JO
23 16.0

Resistivity model(s).

Nr. Depth(m) Res.(ohmm) Modelnr.

¥ .7

B4
VB, 87 '
Measured apparent resistivities.
QPa_ NI b AR Fa
fl.u b g 220 0 114 &4
P55 P L . 28 20 ?4.1
41 .0 14. 32.0 82.4
49 .9 18, 40.0 76.9
S56.6 145 40.0 66.0
&4 .4 17 300 69.2
74.0 18. 900 e 1 e
86.4 19, &63.0 4. 82.8
?6.4 20. 80.0 49.1
102.8 21. 100.0 41.5
108. 4 :
. &1 1 begin
g 3.8 710.0
3. 9999.0 43.0 end of 1
RODEL 1 Press <ENTER) 7
1608
VR cens 3
i | |
18 | . 5
: ““,..-'\. - :
i ‘/“ \:si\ { :
o | p % H !
a - ¢ Py .
2em 1. EP” 3
gy , 4
i : | '
1 | ‘ | ’
? ; 3‘ - o -~:
g ; | :
| | -4
H 1 - L ]
r 3 8
{1 < - bt d
1£ AR/2 m 1ee HEL)



APPENDIX B.5
COMPUTER MODEL AND CURVE FOR VE S S15

File number 22: S15

Measured apparent resistivities.

N L/2 Fa NG L Pa -
[ 1.6 5.99 T T 16.0 20.1
o 2.0 6.81 124 20.0 22.6
X 2.5 7.86 - 25.0  23.6
5 X2 8.98 14. 2.0 25.8
i 4.0 10.5 i8. 40,0 27.@
6. 9.0 11,2 16, 5 40.0 Rl
7 6.3 12.6 e 5 30,0 J0.5 &
8. 8.0 14.2 38 . &%5.0 . S7.z
o 10,0 16.2 19. 80.0 . '40.6
10, X.0 18.8 20, 1000 73.6
Resistivity model(s),
Nr. Depth(m) Res. (ohmm) Modelnyr.
i. 1.5 5 begin 1
2. 4.4 20.0
3. 8.0 80.0
4. 22.0 10.0
5. 9999.0 1500.0 end of )
HODEL 1 $15
laaa ettt el oo T R S e s T i & & 1 LT Py
i |
168 . i o
i ’
| , |
e ‘)-m i .,/. | i
' _‘."‘-"y !
‘: .-(“ o
‘a | , [ 98 "f L !
i l ")/
=" ! -
. Bl N
11 T ey . boe: X
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APPENDIX C, 1

PACKER (PUMPING—IN) TESTS : PACKER (PLPWING-IN) TESTS
Packer préssure S.0 Bars Diameter of hole 86 mm. acker pressure 5.0 Bars Diameter of hole 86 =,
7 Depth of section ¢ to o= te 1% 1-2®
Depth of section 4-5oto 7-¢t m/Date 13-1-¥% :
Bottom of casin b5 m|Borehole No.z ?:;f:"" "-'_" - 12 - ':’”1' No. 2
Init. ground water lev.s.ss m.Packer type SinGLE g g a9y afacker type oot
Gauge ht above ground m Type of rogg_ 831\ I-S'L“ 2 — - T TY) rs‘-g_wm
verage
e S S A o o 11/min) Pressure 4]
Flowmeter dipstick (1) |9306.4 93sid930e-493ck 4 °:0 2.0 Flowmeter cipstick (1) |sss3alsneg ms wig’ 22
I-o Water take (1) s.do o clo Hater take (1) - —r—
Flowmeter dipstick (1) |939/7|53%(9| 93679 (93675  _p.6id ic Flowmeter gipstick (1) [We73 950 A%y domize] . E158
I-5 [Water take (1) o TN e, R Water take (1) - ' 13 A
Flowmeter dipstick (1) 2953 "ﬂ"r’"_""’.ﬂ" pou e L b.C £ lowmeter dipstick (1) MeLI e nggy 2
20 [iater - taki 1y vy g te—ndey : Water take (1) v ¢ 3 £:14
5 |Flowmeter dipstick (1) 93033 33094 gﬂ.g ”.—1.‘ o.e2 3C ’_F'lomt.r dipstick (1) ”‘_GL’_“ e _‘_.-.
I Water take (1) ez e.lf ':f&!%:'—"’:“t — ”" L
Flowmater dipstick (1) .- 16| 9306 | 933, H gy gl pedenen —4%e "
ko Tuat:r ‘take (‘1:) e e e . rid e ”“'t" gy B e s
¥ .11 _e.lc _e.lc
: Depth of sectioni3< to iS¢ miDate 20~ - o
Depth of section 7.0v tog9.com.Date i3--
Bottom of casing . 8 mJBorehole No. 192;.%” g;uﬁg‘::t r 14", - :M‘. No. 2
Init. ground water lev.52 m.Packer type swmuie bty L4 - g ” haw S ac ",‘!”."“5“
Gauge ht above ground 0.ic m.Tvpe of rock BASALT . -
Gauge Time (min) 0 5 ' 10 IS Aver?cla7 TI!))N pr“q'ur' 4M® (man) ]
Pressure Q min
; Flowmeter dipstick (1) 9291 5] 92921 5292-49232.¢ p-c73 2.0 IFlowmeter cipstick (17
5 Water take (1) o8  o.}3 ¢, Water take (1) 11
Flowmeter dipstick (1) [92934 3:3_;-192!;7 P p.-o2 3.0 [F lowneter dipstick (1) [FF MINE X NS sas?
2-0 Water take (1) 0.3 c.lc__e. Water take (1) /-
Flowmeter dipstick (1) |9v94.4 9zl~~1s=_ss'-1 3195 2.053 P F lowmeter dipstick (1) | P NnAMMNe 9.3
30 [water take (1) e lg e gl Hater take (1) | - (2 )4
- |Flowmeter dipstick (1) 92971 [92§7-7|9257.9 92983 6.c27 i.c Flowmeter dipstick (1) ”':' WIS Wer] e | pae?t
2.0 F = | =PEE e Water take (1) o L, "2
Water take (1) c. lc oo o4 7T - -
- flomneter dipstick (1) 9299.6)9255- 7/ 93¢ 1-3) 3¢} - - Owmeter dipstick ’ ’2" bt | u" A
|5 Water take (1) b —"_1 < 3 L0847 .0 |H.t.r vk £1) 5’ $r '-L‘ 1 —
e l) e.de ale 2 s 816
Depth of section 3.0« toWvem.Date 15-1-9g Deoth of section 5'¢ to 7-C m.Date 2i-1- 98
Bottom of casin 5.5 m.Borehole No.z ?"?“’"’ ot C“”‘g T = JBorehcle No. 3
Init. ground wager lev.®.¢ m.Packer type SingLe G”"t' round water lev.?5S m. Packer type Srmeil
Gauge ht abpove ground ¢.10 m.Tvpe of rock Asnl% G‘_UQE_L v r € ¢ T - .
auge Time (min) [¢] -3 b 2. o I | Average flow s ime (min) ‘ i 1 'O?' e
Pressure , = y Q {1/min) T Tor GT5sEISE T a {i/ain)
[Flowmeter dipstick (1) $IY2-Y 9392393928 93925 e 7 ; = - — — QI
s Water take (1) o- |t el edo e :Tt" Sahe 11) 040 ob ol
Flawmeter dipstick (1) | 9398.1| Swee] 92094 23 ¢ 10 B vear ginetiek ‘(1) T A 0.
j-o Water take (1) 816 7-l2 e.f» - |5 Water take (1) 04¢ M
IFlowmeter dipstick (1) 93%1-3| 97853194357 yprs-x 833 2-¢ r lowmeter dipstick (1) - - — W
k-0 Water take (1) it Wiion e o5 El:t-r take (1) qz o0 IIH
a |Flowmeter dipstick (1) 9485.9 . %) T Owmeter dipstic
J-0 Water take (1) "‘”1_ 26 | 5 :‘t.l’ take (1) F . 7 5 4 w
IFlowmeter dipstick (1) v527T. 7] D.c73 [Flowmeter dipstick (1) e it
-5 Water take (1) . I-0 Water take (1) o ~¥ - I W




Packer pressure 5.0 Bars Diameter of hole 86 mm. Lackcr pressure 5.0 Bars Diamseter of hole 86 em.
Depth of section 700 to w-tomDate 2¢—2—53 pth of section - IG tonu. te l"- Lt 1
Bottom of casing s-o mJBorehole No.3 Bottom of casi - ie No. 3
Init. ground water lev.cyo m Packer type Swe LS Init. grounn gl Tev. "-"’. acker type
Gauge abpve ground ego mJlType of rock weatwesed Easaiy Atcisbme |53
auge ime (min [} 10 verage Ow auge ime .U"
Pressure q ?llnin) ressure
[Flowmeter dipstick (1) W A pEeL By ©.0 ° Flowmeter dipstick (1) | _
I-S Water take (1) 6. o R ) . ak 1) L
~ |Flowmeter dipstick (1) | __ | - STV [Eimeter digpatick (1) | I—1l 1 TX S ) :
AC [Water take (1) 0.2 d.o olc > » Water take (1)
o |Flowmeter dipstick (1) B ok 4 S R 2:013 F lowmeter dipstick (1) o Faw Lan Lo £:043
A'S  [Water take (1) oo ¥q el i O lWater take (1) e
[Flowmeter dipstick (1) Mo giod oo & B0 W o0 : F lowmeter dipstick (1) o L aw | onl o L0
*®  |water take (1) - - pry P 2.3 |Water take (1) &L o
Flowmeter dipstick (1) l Gro _F).Omt.f dipstick (1) eg
o Srreapmrhiy o RRubey i Aeee § M £ e : Water take (1) B S S g
S ater take (1) % P 5 (Jm 3. o o
1
Depth of section loc0 to3.4cm.Date 25-( - 25 Deoth of section '9 -4 "’1““‘ ate £-2 - 8%
Bottom of casings.o m.J/Borehole No. 3 Bottom of casin 2 ehole No.
- |Init. ground wafer lev.eso mPacker type s(we LE. 1ait. ground wa or lw.o{‘. acker type L oGl
o |Gauge above ground o.30 mJlTvpe of rock Q(-.-—(:Lo“’GQﬂ‘lc' .g‘_UQS_S_ 4 ",—Fﬁ_‘ "'—"‘“‘_‘ Eancr
e [Gauge Time (min) 0 5 10 IS Average Tlow auge
O IBr r g (1/min) L - {l/min
] |[Flowmeter dipstick (1) ) " lowmeter dipstick (17 Q<53
pe S |Wwater take (1) ~ode” el elo ™ Water take (1) NS s ek
|Flowmeter dipstick (1) RS BN RRR e a0 F lowmeter dipstick (1) bt i negl
E A-O  [Water take (1) o0 olo olo (Water take (1) > -
[Flowmeter dipstick (1) S 0 B g Do F lowmeter diostick (1) o B sie Rl ] YOOI
E A-S [Water take (1) 210 o b Nater take (1) <
[ - |Flowmeter dipstick (1) o, 0.0 [Flowmeter dipstick (1) i )
< A-0  [Water take (1) o-p oo ole™ Water take (1) -  ode . 9:
[Flowmeter dipstick (1) o Flowmeter dipstick 117 °
,-{ Water take (1) w5 Sl S o L= Water take (1) s ol Bt B --Q
¢-lo ol ofe ! 1___edo O
Depth of section I3¢Dtolbolom Date 28—2-5% Depth of section 2i-éo todom te S-S -An
Bottom of casings-o -Borehole No.3 Bottom of C“"‘g
Init. ground water lev.e-50 m.Packer type SInG EE Init. ground wa .r lev.Fo n
Gauge ht above ground 0-30 m.lIT ck . Es.scrc s gMS_'._
Gauge ime (min) O = 1 Average Tlow auge
Pr o Li7ain Pressure
F lowmeter dxpst:.ck ) =% Fa [=2F%) F! ter dipstick (1)
A0  [Watef take (1) -~ Rt B - Water take (1)
2 |Flowmeter dipstick (1) pe; 0.0 Flowmeter dipstick (1)
O [Water take (1) elo T oo 4o~ Water take (1)
Flowmeter dipstick (1) 00 Flowmeter dipstick (1)
. %S [Water take (1) "Bl Tak ek Water take (1)
o |Flowmeter dipstick (I) ) ag Flowmeter dipstick (17
4+ Water take (1) 2 S o A Water take (1)
Flowmeter dipstick (1) W Y e g, 0-0 Flowmeter dipstick (1)
A0 Water take (1) [y %) ML'- o ™ Water take (1)



APPENDIX C.3

"PACKER (PUMPING-IN)  TESTS

PACXER (PLR"ING-IN) TESTS

Packer pressure 5.0 Bars Diameter of hole

B6 mm.

acker pressure 5.0 Bars

Diameter of hole 86 w=.

Deoth of section (1<t to Iq«ccm.Eate (6-2 -85
Bottom of casing 3.50 m.Borehole No.& b
e-=

Deoth of section0-0 tod-¢ m.Date '$ = 2-3§
Bottom of casing z< m Borencle No.g
Init. ground a.Packer type s/mei

Depth of section 3760 toreCmlDate (S-2-s% § peoth of section /4#-Coto «3-cmiDate /7 -2 -8%
Bottom of casin 7%;0 - mJlBorehole No.& i Bottom of casing z-c mJBorencle No. C
Init. ground water lev.l.ts m.|Packer type sim6oS FLoUNd water lev./ 63 afacker type = arGLd
Gauge ht above groun mJT of rock weatvered Rasacry |ASGL 2t L4 iLEAT
auge ime (min) 0 3 10 verage Ow ime (main)
Pressure ; =] ?llnxn)
i |Flowmeter dipstick (1) B SRS PR - o =N P Flowmeter dipstick (1)
V'S  [Water take (1) &b olo oo Water take (1)
[Flowmeter dipstick (1) O T S i e ) i . &0 . [Elowmeter gipstick (1)
Ao Water take (1) oo _olo ol 3 < Nater take (1)
: [Flowmeter dipstick (1) L [ B G o 2.0 Yoo, [ Owmeter giostick (1)
RS  |Water take 1) epr ole olo [Water take (1)
|Flowmeter dipstick (1) SO N J - o-0 3.2 lowmeter cipstick (1)
220  lwater take (1) _ob o0lo do et Hater take (1) :
IFlowmeter dipstick (1) e o F’lmtor Gimstiek (1) | __ | ! (J I
) ) — ] — J— o~ oA . Water take (1) & i 4
(5 |water take (1) P bale J'o 23 | _glo oo oe |
Deoth of sectioniO-Co to-com.Date (§-2~-373 Depoth of section (3¢0 o aDate (3-2 -9
Bottom of casing3.c - mJBorencle No. Sottom of casing 3.c e3 iBorencie No.&
Init. ground water lev.(-€S m.Packer type “sinGUE Init. gr‘cuﬂe water lev.i- s Facker type sl E
Gauge ht above ground o. 1S m.JiTvpe of rock LENIERIITE L < £ 2 x . b
Gauge Time (min) 0 , 57 &S IS5 | Average TIow st | TASe _(man) ] ] ! ]
P re I , , g (l/min) —=ssuyre v
[ TeSSure _Floumetgr AR e Y] et e Flowmeter ciostick 117 , s L e 1T ok ‘ oo
A-O , IWater take (1) i —olc—olg il . JWater take (1) -2 s
Flowmeter dipstick (1) ' 5 Flowmeter dipstick (1) | i ) | 09
e - g g ‘o e [ L1t |
QS Water take (1) ol od ole ater cake (1) 2:09 owd olo — | 4
Flowmeter dipstick (1) e R _OJ = 0. 6-v '—FlMt" diostick (1) l iy grad pein GFS ! QRUs" i
2i0 Water take (1) o0 OO olo Water take (1) !
s Flowmeter dipstick (1) (e de) Y-c |Flowmeter diostick tH l we | ] ’ ! p_"‘ 7
AT [water take (1) T0-0 _OIQ— - Water take (1) g-p ﬂﬁ-ﬂﬂ- |
: '_Floumeter dipszick (1) | OcC ) Flowmeter cipstick (17 i | Pl !
Water take (1) i e s - — & Water take (1) ! Sige — | - ’ ]
AO op o oo ! w0 ‘

Init. ground water lev.(ts m.Packer type = L water lev./és”
Gauge ht apcove ground c- m.IT f rock AEELEMCERATE E%.:_J_ ve. (' n ot EaTneass Bngnc
Gauge me (min) [§] - y e B Average tlow ime (man) e Tiow |
Pressure . ' a (1/min) Pressyre | | { 1 g {i/min)
3 |Flowmeter dipstick (1) [l <] I” lowmeter giostick (1] s = e e
2:S liater take (1) l e bt - 3-©  [Water take (1) e
Flowmeter dipstick (1) P .01/ Y.c |Flowmeter gipstick (1) 00
2:0  [Water take (1) ~lo olo Water take (1)
[Flowmeter dipstick (1) C.0SS €.0 [Flowmeter aipstick (1)
& O [Water take (1) et olw - Water take (1) st
" |Flowmeter dipstick (17 oS Flowmeter cipsctick (17 -
2.0 Water take (1) ;i e _obO P 2 ad Water take (1) . Qg ﬁ——— ﬁ
< [Flownster disstick (1) T T — o0 $.Q [flowmeter agipstick (1) e Rk o o0
Lo Water take (1) PRI WY | Water take (1) 0 o



. e " PACKER (PUMPING—IN) TESTS

PACXER (PSP ING-IN) TESTS

Packer pressure 5.0 Bars

Diameter of hole B86& mm.

Depth of section23.©C to24-omDate (8-2- 38
Bottom of casing 3.0 mJlBorehole No.&

Packer pressure 5.0 Bars

Diameter of hole 86 e=.

section 30 t09-© alDate ‘S ~ /2 ~8F

of casing 4-C s Borencle No. 7

arounc water lev. -.’*.cl.r yu P
L had

i - INGLE
T e I T g e e r ey~ Bopisi Y .
Pra_:ggw_e ime (min) W_ 2T ‘ 5 nv-m e - ime (min) r"&’f’!!—
* |Flowmeter dipstick (1) O-C Flowmeter gipstick (1) b B B o-
23S [Water take (1) _o.-—mo—e.c,— S Wa ake (1) e-lo ‘L ° 9—
|Flowmeter dipstick (1) B SR T, S . LCOS Flowmeter giostick (1) ' - Vit Pt L1 R
4-0 Water take (1) 083 o o A Water take (1) lbL tglg_eg
3 Flowmeter dipstick' (1) e G = | J + W S ©o-ci3 _E Flowmeter dipstick (1) L
&o Water take (1) O-lg olce ojc A'S Water take (1)
|Flowmeter dipstick (1) & W R S I O-Q 2.0 Flowmeter dipstick (1)
4°C Water take (1) a5 ole olo Water take (1)
: Flowmeter dipstick (1) s 00 Flowmeter dgiostick (1)
23S |water take (1) R "—O-O—OJC- |5 |Water take (1)
Deoth of section26.0c to2%7m.Date (9~-2 -85 Decth of section 9.0 to 2O aDate (3~ A -8B
Bottom of casing m.o ° _mlBorenole No.&. L Bottom of casing ’? - encle No.
Init. ground water lev.|-€S m.Packer type SimGLE init. groung g e s .-’r“'""\'” Sk LS

WiGauge At above ground o«S mJTvpe of rock WwEATHERSD BhsaLT G
dEﬁgE—'ﬁliTnEg(nun) - ’ 0 [ s lOl i3 | Average Tlow s 'ARe (man) ]
Pressyre g (1/min) ——sasyre |
|Flowmeter dipsctick (17 sy F lowmeter giostick 117 |
b 23S dlnton take (1) e~ o—olo_olo— 'S Water take (1) |
[ Flowmeter dipstick (1) Plige LR, S i it oS > Flowmeter aiostick (1) ay | :
Bl 4 luwater take (1) 6-1!.4: oqu. o,‘cz e 2O lwater take (1) | =k | &5
= - Flowmeter dipstick (1) R g o B J _L Sk o L33 e— [flowmeter diostick (1) oo § ‘i il fXd
B & fhinves take (1) ©-29 oli} okF , 25 h‘"" take (1) ! ng g0 cljc ‘
=t  |[Flowmeter dipstick (1) I o-ocu Flowmeter diostick (1) 0.0
-« 4-c Water take (1) _?., Z_Oib—c oo , ~EUS A© lwater take (1) ’ —0‘ "a.,-J‘.- ’ .
: _ |Flowmeter dipstick (1) | o Flowmeter cipsctick TT7 y ?
3s Water take (1) oM gy llggnnt] e ’ — s Water take (1) r el | - ‘ £°
o-k o oD ! oxr ob oo
'IDeoth of section5.& to #© m.pate 'y —i2-8% Deoth of section Ir.o tol4-Om.Date (8 — 12 -5
Bottom of casing 4-.-c m.3orehole No. Bottom of casing o m Borencle No. 3
Inigs ground water lev.2-4 m.P’acker type minGLE Init. ground water lev.S7 aPacker type s1s bt
Gauge ht apove ground m.Tvpe of rock & H Gauge A : NG o 20 m Tvoe af == ‘
auge ime (min) [¢) - 191 1 Average tlow | auge O
[Pressure = I a {1/min) Eressyre
: Flowmeter Gipstick TIT i 4 oo - ,flomt!r giostTick (1
(-o Water take (1) o-le OLJ-,, A Water take (1)
—  |Flowmeter dipstick (1) e Edy s [=3e) b Flowmeter dipstick (1)
US. [Water take (1) O.D‘OJ_L,,_(,‘ ¥ i S Water take (1)
Flowmeter dipstick (1) " G o FflO""'tO" dipstick (1)
. A0 [Water take (1) i Mg - ' . Water take (1)
< Flowmeter dipstick (1) ) 3.0 Flowmeter cipscick TT7
\ __lWater take (1) —O'O—OJ “olo 3 Water take (1)
[Flowmeter dipstick (1) 000 B '."'lomt.r dipstick (1) ’
iy e take (1) a.o‘olg_ = 3 A'S  fuaser take (1) ST S L=l - =




APPENDIX C.5

"PACKER (PUMPING—IN) TESTS

PACKER (PUr®ING-IN) TESTS

Packer pressure 5.0 Bars

Diameter of hole

86 mm.

Depth of section /4-C to (6-Cm

Date '®—~-12-37%

iPacl:or pressure 5.0 Bars Diameter of hole 86 ss.

Depth of section 2¢ 3 to 235 =i 22~ 12-9F
role No. 7

te

Bottom of casing 4.0 mJBorehole No.7 5 Bottom of casi - -
Init. ground uager lev.3-2% m.JPacker type =/RGLE 3 ! s gr‘ooﬂd ":g" ?'V-b'“- acker type s/imGLE
Gauge ht above ground o-20 mJT of rock A&GhemERATCs[EES. Scils r - " Ans
auge [0 | 5] 10] IS |Average Tlow ime (min
Pressure q (1/min) = /minm )
Flowmeter dipstick (1) PeS9&%iydiedecfiesyel ©-C o [|[Elowmeter dipstick (1) rw -y
3o Water take (1) elo ol olo 4 gcrsr :a_kgdil) - .
|Flowmeter dipstick (1) 59 . 7|1 1o [T Q013 Flowmeter pstick ) oYy
2-S  |Water take (1) Tn G-o Water take U) ‘
: [Flowmeter dipstick (1) [Joko o] Tebol Tkol |Toteg 2877 (0.0 IFlowmeter dipstick (1) o
4'0 Water take (1) il  obo OiC Water take (1)
3.5 |[Flowmeter dipstick (1) R BT T oo G-o [[lov=eter disstick (1) 0-C
£ Water take (1) o0 o ol Water take (1) S
[Flowmeter dipstick (1) o.-c |IFlowmeter dipstick (1) o~
3.0 |water take (1) Pt Ramm ¥t Sopal S 4.0 |water take (1) _
oL - OO
Deoth of section ib-© tors-cm.Date 2/ — (2~BF Deoth of sectionl3 5 toZés s Date
Bottom of casing 4.¢ mJBorehole No. 7 ?3f§°" g' c;'”’i 4-? s Borencle No.
Init. ground water Yev.q-."_cm.Pat:ker type SinG=E . S - ound water Tev.8226 s
Gauge ht above grounde-2¢© m.Tvype of rock vAL Scal S .GL'-LQI_S. -
Gauge Time (min) [¢] ' 15 Average 110w p‘UQ' ime (min)
Pressure g (1/min) Cressyre -
|Flowmeter dipstick (1) P&ﬁ.; A< 1| Ge&S 1 o2 c 3.0 R lowmeter dipstick (1)
4-© Tuater take (1) {8 Ggﬁ.b ::tor take (1)
|Flowmeter dipstick (1) ’io&.sqc(if#&g}qm - Oowmeter dipstick (1)
G-O [Water take (1) 29 ol oo “ 40 Water take (1)
|IFlowmeter dipstick (1) 7 | e 8| Toder Rk -5 . 6.0 IFlowmeter dipstick (1)
I0-C [Water take (1) o g 285 :aur take (1)
' |Flowmeter dipstick (1) | |Tolle-| Fetap |06 | 0.0 lowmeter dipstick (1)
6-C  [Water take (1) " olo ole ,!E g 4 © :ator take (1)
- Flowmeter dipstick (1)  RHeel. g 2lee3 g lowmeter cipstick (1)
c Water take (1) _zqc&h&& =2 =S 2.0 Water take (1)
4 ole el ok |
Deoth of section(€-v to22 m.Date 2(— (2 — 57 Depth of section4¢S™ tpolisim.Date T 1=
Bottom of casing 40 . m.[Borehole No. 7 Bottom of casinga-© m Borencle No. 7
Init. ground water lev. #sSm.Packer type 'SiNELE Init. ground water lev.S 3« a.Packer type t'di"-ﬁ
Gauge ht above ground ¢-20 m.Tvpe of rock ee? DLARL SoILS Gauge ht ve-ground & - *
auge ime (min) [¢) S 1 15 Avera?e flow paug- ime (min)
Pressure q {1/min) —CRSSUCe
4 [Flowmeter dipstick (1) [Sol6-€|5rée € ke d 9etet o.C - [F lowmeter dipostick (1)
4. o [Water take (1) $ A > s 4 - :at'r take (1)
Flowmeter dipstick (1) R T T 0.0 [Flowmeter dipstick (1)
6o hlat:r take (1) o4 el ele 3 G -© [water take (1)
; [Flowmeter dipstick (1) 2 |Ris- A Fet3 0.0 Flowmeter dipstick (1)
_1c-O  [Water take (1) 'I.Zc o.b olo (C-© [Rater take (1)
|Flowmeter dipstick (1) 63 |Yotd~3| bt | Fobs - T Flowmeter dipstick (1)
G:‘O- Water take (1) _a.;c_J,.’& —-" Lo c-0 Water take (1)
~ |Flowmeter dipstick (1) |7eés y|9ohs ¥ ek 4 7es o N3) |Flowmeter dipstick (1)
4-C [water take (1) cp ;r 2o . 4.0  |water take (1)







APPENDIX D

WEATHERING GRADES

FRESH - (F): No visible signs of weathering.

SLIGHTLY WEATHERED - (SF): Discolouration indicating
weathering of rock material and discontinuity
surfaces. The rock .surfaces are discoloured
by weathering and are some what weaker than
in its fresh condition.

MODERATELY WEATHERED - (M.W.): Less than half of the rock

material is decomposed to soil-fresh or
discoloured rock is present either as a
continuous framework Oor as corestones.

HIGHLY WEATHERED - (H.W): More than half of the rock material

is decomposed or disintegrated to a soil,
Fresh or discoloured rock is present either as
a dis-continuous framework or as corestones.

COMPLETELY WEATHERED - (C.W): A1 rock material is decomposed

and/or disintegrated to soil, The original
mass structure ig stil) largely intact.

RESIDUAL SOILS - (R.S): A1l rock material is converted to

8011, The mass structure and material fabric
are destroyed., There is large change in volume,

but the soil has not been transported
(autochtony),



